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In Memory of Graham

The idea of this book originated several years ago from the desire of two friends 
(Graham Fleet and I) to share a project, focused on the role of yeasts in winemaking. 
The project was planned to involve colleagues from all over the world, experts in 
wine yeasts. Our aim was to publish an updated book covering the occurrence and 
activities of yeasts in wine production, with contributions from an impressive cohort 
of international authors. I was well aware of Graham’s scientific production on wine 
yeasts. His work has accompanied many students and researchers over the years, 
always stimulating new and innovative topics. I personally met Graham in Perugia 
in 1988 at the General Congress of the International Yeast Commission. It was a 
great emotion for me to finally meet this great scientist known all over the world for 
his works, in particular concerning yeasts in the wine sector. Since then, a scientific 
bond based on the common interest on food yeasts has grown between us year after 
year discussing yeast topics while attending the symposia of the International 
Commission on Yeasts, of which we were both commissioners.

The project of the book Yeasts in the Production of Wine arose from this knowl-
edge and friendship. We were bound by a great enthusiasm and the desire to orga-
nize an updated and useful book that would cover all the topics of interest. However, 
several drawbacks have delayed the work that Graham and I were doing together. 
The last time we saw each other was in Perugia for the ISSY32, where we dis-
cussed the book’s progress. Unfortunately, a short time later, Graham suddenly 
passed, and his painful loss blocked the book. On the one hand, it was difficult and 
painful to continue this work without him; on the other hand, I felt strongly the 
feeling of having to complete this book to dedicate it to this great scientist of 
yeasts. Therefore, I shared this final stage of the book with our colleague and 
friend, Maurizio Ciani.

For me, he was not only a dear colleague but primarily a benchmark for research 
on food yeasts. Over the years, our friendship was firmly established, and despite 
living in such distant countries, we were in touch via email, talking not only about 
yeasts but also about everyday life. Beyond the great esteem I felt for him, “the scien-
tist”, I admired his depth as a generous person and very caring towards others. I have 
many fond moments and memories of Graham talking about yeasts, and I had the 



vi

pleasure and honour on numerous occasions of sharing with him many wine tastings 
while exchanging opinions. He was an educator and a great scientist who shared 
with all of us his love and passion for yeast and the lifetime he spent in research with 
great commitment, generosity and joy, trying to understand yeast contributions in 
foods and beverages.

It was hard to complete the book without him, but thanks to the availability of 
Maurizio Ciani, who has shared this project, and of all the authors of the various 
chapters, we were able to complete the book. The greatest satisfaction is to dedicate 
it to this great researcher and friend who was Graham.

 Patrizia Romano 

In Memory of Graham
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Preface

The main role of yeasts in the bioconversion of grape juice into wine is well estab-
lished even if other microorganisms may affect the composition of the final product. 
In the last few decades, research on winemaking process has made more clarity on 
the complex interactions of many microbial species and the complex ecological and 
biochemical processes, highlighting the fundamental impact of yeasts on wine 
production. Researchers across the world have demonstrated the great diversity of 
yeasts at the species and strain level, which is expressed through different biochemi-
cal, physiological and molecular mechanisms, which are the basis of the many roles 
of yeasts in wine production.

The aim of this book is to collect the new recent developments on the key role of 
yeast in wine production, evaluating the ecological, genetic and metabolic aspects. 
The book contains 16 chapters, written by international contributors who are recog-
nized authorities in their field, which cover the most important topics concerning 
yeasts and their biotechnological applications in wine production. Chapter 1 
describes the recent developments and new approaches in yeast ecological distribu-
tion from grapes to cellar during the fermentation process and its role in wine pro-
duction. Chapter 2 gives an exhaustive description of the metabolic impact of yeasts 
on wine. Chapters 3, 4, 5 and 6 focus a molecular approach on the monitoring and 
quality assurance of yeasts (Chap. 3), on yeast diversities (Chap. 4), on gene expres-
sion during fermentation (Chap. 5) and on synthetic genome engineering in wine 
yeasts (Chap. 6). Chapter 7 examines the presence and the role of yeasts in a specific 
environment and fermentation process such as botrytized wines, while Chapter 8 
describes the modalities of production of commercial starter cultures in large scale. 
Chapter 9 describes kinetics and control of alcoholic fermentation, while Chapter 
10 is focused on the description of the recent development of strategies for the 
genetic improvement of wine yeasts. Chapter 11 provides an updated overview on 
the role of wine yeasts in determining the content of different compounds affecting 
wine consumer health. Chapter 12 reports the diversity and significance of yeast 
spoilage species in wine production, analysing the appropriate methodologies for 
their control. In the next chapters, the occurrence and role of yeasts in specific and 
peculiar wines are described. Chapter 13 describes the role and influence of yeasts 
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in primary and secondary fermentation during sparkling wine production, while in 
Chapter 14, the peculiar characteristics and the fundamental role of yeasts associ-
ated with fortified wines are discussed. Chapter 15 reports the recent development 
on fruit wines which are an increasingly widespread alternative to winemaking. 
Chapter 16, the last chapter, provides an in-depth review on yeasts associated with 
the production of distilled alcoholic beverages.

In summary, this book provides a comprehensive account on the occurrence, role 
and biotechnological use of wine yeasts written by a group of expert scientists from 
key wine production countries and experts in their field. We believe that each chap-
ter contains information which should be valuable to students of winemaking 
courses, PhD students and researchers who study or work with yeasts. The content 
of this book can also be useful for wineries and wine yeast companies.

Potenza, Italy Patrizia Romano
Ancona, Italy Maurizio Ciani 

Preface
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1  Introduction

Wine fermentation is a complex biotechnological process in which yeasts play an 
essential role. In this context, the ecological distribution of yeasts through the pro-
duction chain of wine production is a crucial factor the quality of wine. Although 
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Saccharomyces cerevisiae is the main microorganism involved during the transfor-
mation of grape juice in wine, many other yeasts species occur in grape juice fer-
mentation and may actively take part in the process. Nowadays, selected starter 
cultures of S. cerevisiae are usually added by oenologists to control the fermentative 
process and to achieve specific desired enological characters (inoculated fermenta-
tions). The aim is that to dominate indigenous yeasts belonging to the vineyard 
environment, winery facilities and cellar equipment. Indeed, it has been clearly 
demonstrated that the microbial population is a multi-comprehensive consortium 
that includes filamentous fungi, yeasts and bacteria with different physiological 
characteristics and different impact on the grape metabolome and final wine quality 
(Pinto et al. 2015; Verginer et al. 2010). The composition of grape microbiota can 
be influenced, in complexity and frequency, by various abiotic or biotic factors, 
including climatic conditions, temperature, UV exposure, rainfall, sunlight and 
winds, ripeness or variety of grapes and interaction within strains that co-habitat. 
The study and the monitoring of microbiota of grape barriers is important to recog-
nize the evolution of yeasts and the relationship between the microorganisms, fun-
damental to predict the progress of fermentative process. The use of conventional 
and innovative molecular methods allow to analyse the microbial members of con-
sortium from grape berries to wine. Indeed, spontaneous wine fermentation is typi-
cally carried out by a complex evolution of microorganisms extensively examined 
during the years. Now, it is well established that together with S. cerevisiae, non- 
Saccharomyces species actively participate during the alcoholic fermentation and 
their contribution was recently positively revaluated. Non-Saccharomyces yeasts, 
coming from grape berry and winery environment, if well managed, can positively 
impact on the analytical and sensory characteristics of wines. In this regard, grow-
ing interest on the use of controlled mixed fermentation with selected non- 
Saccharomyces and S. cerevisiae wine yeasts draw the applied research in 
oenological field.

2  Yeasts on Grapes

Grapes represent a complex ecological niche where filamentous fungi, yeasts and 
bacteria cohabit. The microbial community colonizing this ecological niche includes 
microbial species whose concentration depending on multiple factors; the most 
important are related to grape ripening and nutrients availability. Actually, the 
microbial ecology of grape berry is a wide concept including closed relations 
between the ecosystems and their microbial interactions, microbial vectors and 
sources of microorganisms. Herman Phaff, the pioneer of yeast ecology, described 
the concept of ecology as “where microbes live and why they live in one habitat and 
how yeasts interact with other microorganisms” (Lachance 2003). This comprehen-
sive approach implies that microbial communities may be affected by many other 
variables in grapes, such as viticultural practices, pedoclimatic factors, diseases and 
pests that could modify grape integrity. In general, the yeast populations of mature 
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grapes are comprised of between 103 and 105 cells/g (Fleet et al. 2002), but approxi-
mately one log higher values have often been found on damaged berries in presence 
of higher availability of sugar and nutrients (Barata et al. 2008). Over the last cen-
tury many researchers have described the occurrence and association of yeasts with 
grape surface and the results were reviewed by Amerine and Kunkee 1968; Kunkee 
and Goswell 1977; Kunkee and Bisson 1993. More recently, the yeast ecology of 
wine grapes was reviewed by Fleet et al. 2002, Barata et al. 2012 and Jolly et al. 
2014 evaluating the factors that affect their occurrence and quantitative presence.

2.1  Occurrence and Diversity of Yeasts

The composition, in terms of occurrence and amount, of indigenous microbiota 
naturally present on grape berry surfaces is crucial during winemaking process, as 
it can positively or negatively affect the quality of final wine. The presence and fit-
ness of yeasts are essential in alcoholic fermentation, as promoters of transforma-
tion of grape sugars into principal products of fermentations: ethanol, carbon 
dioxide and hundreds of other metabolites responsible for aroma and flavours 
(Romano et al. 2003; Fleet 2003).

Kurtzman et  al. (2011) already several years ago, ascribed overall yeasts 
potentially associated with grape/wine ecosystem in 15 different yeast genera, 
such as Dekkera/Brettanomyces, Candida, Cryptococcus, Debaryomyces, 
Hanseniaspora/Kloeckera, Kluyveromyces, Metschnikowia, Pichia, Rhodotorula, 
Saccharomyces, Saccharomycodes, Schizosaccharomyces and Zygosaccharomyces. 
On the other hand, the dynamic yeast taxonomy poses challenge on the nomencla-
ture of wine microbiology (Bisson et al. 2017). The yeast Hanseniaspora and its 
anamorph counterpart Kloeckera are the numerically predominant genera present 
on the surface of grape, with more than 50% of the total yeast population (Fleet and 
Heard 1993). To a lesser extent, species belonging to Candida, Starmerella, 
Cryptococcus, Pichia, Metschnikowia and Kluyveromyces (Lachancea) genera are 
detected (Heard and Fleet 1988; Mills et al. 2002; Rosini et al. 1982). However, the 
variability may be reduced to few groups of similar physiological characteristics. 
For instance, the ubiquitous Candida spp. and Pichia spp. are highly heterogeneous, 
and new species are likely to be found in each new survey because the accuracy of 
molecular identifications is constantly increasing. A division of yeast biota of 
grape berries into three main groups with similar characteristics are proposed: (i) 
oxidative yeasts as basidiomycetous Rhodotorula and Cryptococcus along with the 
yeast- like fungus Aerobasidium pullulans and some Candida species; (ii) oxidative- 
fermentative ascomycetes Hanseniaspora spp., Pichia spp., and Metschnikowia 
spp. together with some Candida species;  (iii) strongly fermentative yeasts with 
higher alcohol producing Saccharomyces spp., Starmerella spp. Torulaspora spp., 
Zygosaccharomyces spp., and Lachancea spp. In Table  1.1 are summarized the 
main yeast species colonizing wine making environment.
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Table 1.1 Main yeasts genera found on grape berry surfaces and in winery

Yeast Genera species Presence in grapes and 
characters

Aerobasidium

A. pullulans

Oxidative yeast-like 
fungus present on the 
berries surface still 
before this reach 
maturity and in the early 
stages of fermentation.

Dekkera/
Brettanomyces

D. bruxellenisis

Vineries colonization, 
wine aging; rarely found 
on grapes; spoilage 
yeast.

Starmerella

S. bombicola (formerly Candida stellata)

Occurrence on grapes 
surface at harvest time; 
low production of 
volatile acidity;strong 
fructofilic character;high 
amounts of glycerol 
production.

(continued)
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Table 1.1 (continued)

Cryptococcus

C. flavescens

Occurrence on grape 
berries before and during 
full ripeness.

Debaryomyces

D. hansenii

Potential presence on 
grape surface.

Hanseniaspora/
Kloeckera

H. uvarum

Diffuse presence in 
grape berries 
surfaces;colonization of 
grape treated with 
organic and conventional 
treatment; occasionally 
present in cellar; 
spontaneous 
fermentation process; 
generally limited in the 
first few days of 
fermentation; weak 
ethanol tolerance; less 
efficient fermentation; 
highest ability for 
acetate formation.

(continued)
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Table 1.1 (continued)

Kluyveromyces

K. marxianus

Generally present in 
grape berries; found 
during various stage of 
fermentation.

Metschnikowia

M. pulcherrima

Widely present in grapes 
and at harvest time; 
occurrence during 
various stage of 
fermentation (first few 
days); less efficient 
fermentation; High 
ability for acetate and 
acetate ester formation; 
antimicrobial activity; 
positive features to 
produce polysaccharides; 
glicosidase activity; 
ethanol reduction.

M. chrysoperlae

Present in grape berry; 
occasionally present in 
cellar.

(continued)
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Table 1.1 (continued)

M. fructicola

It possesses divergent 
copy or rDNA GENE in 
comparison with other 
species;unambiguous 
identification.

Issakentia

I. terricola ( Pichia terricola)

Present in grape berry 
surface and in winery 
environment; present 
during various stage of 
fermentation; potential 
enzymatic activity.

Candida

C. californica

Present in grape berry 
surface during various 
stage of ripening; 
fructophilic character.

Whickeramomyces

W. anomalus (Pichia anomala)

Less frequent in grape 
berry; Effect against 
Dekkera/Brettanomyces 
during fermentation or 
aging

(continued)
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Table 1.1 (continued)

Rhodotorula

R. mucillaginosa

Oxidative yeast; colonize 
grape berries; ubiquitous 
yeast

Saccharomyces

S. cerevisiae

Rarely present in grape 
berry; The main 
fermenting yeast 
involved in winemaking 
process; selected starter 
yeast; used to create new 
hybrid strains; strong 
cellar colonization; 
selective pressure by 
ethanol and SO2 in 
winery is widely present 
(30-40% of total yeast 
population)

Schizosaccharomyces

S. pombe

Present in grape/wine 
ecosystem; malo-
alcoholic fermentation; 
increase in pigment 
production; High 
producer of 
polysaccharides

Zygosaccharomyces

Z. bailii

Strongly fermentative 
yeast; occasionally 
present in unripe and 
overripe grapes; high 
ethanol tolerance

(continued)
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Table 1.1 (continued)

Torulaspora

T. delbrueckii

Strongly fermentative 
yeast; increase of fruity 
aroma; high ethanol 
tolerant; low acetic acid 
production; high 
competitiveness with S. 
cerevisiae; frequently 
isolate in grape surface; 
impact of aromatic 
composition of wine; 
increase of acetate 
esters, thiols and 
terpenes and β-phenyl 
ethanol

Lachancea

L. thermotolerans

Strongly fermentative 
yeast; most frequently 
isolated in grape; 
good competitiveness 
with S. cerevisiae with 
exception in limited 
oxygen concentration; 
large amount of acid 
lactic together with 
glycerol and β-phenyl 
ethanol

Oxidative Yeasts
Relatively to oxidative yeasts, these are present on the surface of the berries still 
before this reach maturity when there is a high sugar content and can be found in the 
early stages of fermentation. In the middle and last phase of grape ripeness, the 
oxidative yeasts decrease in concurrently to the detriment of nutrient availability 
due to the competition with other yeast species, but they are still widely present at 
harvest time depending on the agronomical practices (Fleet et al. 2002; Hernández 
et al. 2018).

Oxidative-Fermenting Yeasts
Hanseniaspora/Kloeckera species are the most abundant ascomycetes yeasts colo-
nizing the grape surface of grape berries at harvest time. Regardless of the geo-
graphic distribution of winemaking areas, the presence and colonization of the 
yeasts Hanseniaspora / Kloeckera on grape surface is everywhere dominant over 
the other yeast species. Within the apiculate yeasts the species Hanseniaspora 
uvarum (Kloeckera apiculata) are the most frequent but other species such as 
Hanseniaspora hosmophila or Hanseniaspora guilliermondii can be found at lower 
concentration (Giorello et  al. 2018). Other ascomycetes widely found at harvest 
time on grape surfaces are species belonging to Pichia, Candida and Metschnikowia 
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genera. In this regard, several species have been described. Among the species 
described within Pichia genera, Pichia membranifaciens, Pichia fermentans, Pichia 
kluyvery and Pichia kudriadzvii (synonimum Issatchenkia orientalis) are the most 
widely isolated (del Monaco et al. 2014). In the Candida genus several fermenting 
and non-fermenting species were isolated from grapes. The most diffused ferment-
ing species is Candida stellata that it was successively reclassified as Candida zem-
plinina and more recently enclosed in clade of Starmerella as Starmerella bacillaris 
(Duarte et al. 2012)

Within Metschnikowia genera, new species Metschnikowia viticola was recently 
isolated, studied and characterized from a Hungarian vineyard. From a genetic 
point of view M. viticola is well disconnected species within the genus 
Metschnikowia. However, very little is known about the ecological distribution of 
M. viticola and their frequency on grape berries (Peter et al. 2005; Brysch-Herzberg 
and Seidel 2015). Other many new species have recently been described in the 
Metschnikowia genus, including Metschnikowia chrysoperlae (Suh et  al. 2004), 
Metschnikowia fructicola (Kurtzman and Droby 2001) and Metschnikowia 
andauensis (Molnar and Prillinger 2005). In these cases, there was a real difficult 
in the delimitation among new species and the well characterized Metschnikowia 
pulcherrima The experimental results obtained by Sipiczki et al. (2013) explain 
that the type strains of M. andauensis and M. fructicola possess divergent copies of 
the rDNA gene will lead to further investigations of the species concept in the 
clade. This support the importance of unambiguous yeast identification in any 
study of the yeast diversity in grape habitat.

Strongly Fermentative Yeasts
Regarding to the fermentative, higher alcohol tolerant yeasts, their colonization is 
related to the high nutrient availability resulting from grape damage that possess, 
besides much higher cell counts, wider species diversity than sound grapes (Barata 
et al. 2012). S. bacillaris may be present in higher numbers but its relative propor-
tion also decreases in favour of higher fermentative yeasts such as Zygosaccharomyces 
spp., Lachancea spp. and Torulaspora spp., which, as mentioned above, may occa-
sionally dominate the overall microbiota.

2.2  Factors Affecting Yeast Community

The composition and complexity of microbiota of grape berries depend on the interac-
tions between individuals. The resulting consortium is generally stable over time and 
depending on several biotic and abiotic factors (Fig. 1.1). Relative to abiotic factors, the 
climatic and microclimatic conditions, including the effect of temperature, UV expo-
sure, rainfall, sunlight and winds, can influence microbial populations.

Among biotic factors, microbial vectors, such as bees and wasps, can actively 
transfer yeasts on the grape surfaces (Francesca et al. 2012; Goddard et al. 2010; 
Stefanini et  al. 2012). The microbial habitat associated with birds represents the 
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object of several ecological surveys not only in applied food microbiology. Indeed, 
associations between wild birds and microorganisms have been studied mainly 
focusing on bacteria, whereas limited studies on yeasts are available (Cafarchia 
et  al. 2006). The monitoring of bird movements allows the investigation about 
behavioural and demographical responses to a given environment (Riffell et  al. 
2006). The migration of birds includes a round trip to the resting areas and a return 
to the territories of nesting, which occur in autumn and spring respectively. These 
movements follow the seasonality of food resources. Since birds act as microorgan-
ism vectors, the analysis of the microflora they host may be important to evaluate 
the microbial diversity of the sites visited. From an applicative perspective, yeasts 
carried out by birds have not been deeply investigated. Nowadays, there is a grow-
ing interest of wine producers to perform winemaking employing ‘autochthonous’ 
strains which may ensure typical terroir characteristics (Capozzi et al., 2015). At 
this regard, it was recently reported the dissemination of oenological yeasts by vine-
yard inhabiting birds, mainly Black birds (Turdus merula), although no yeast with 
technological relevant traits was found in the few migratory birds analysed 
(Francesca et al. 2012). Those authors evidenced an issue related to the autochtho-
nous status of yeasts, since they may not be indigenous in each environment. Yeasts 
may be moved at different distances depending on the vector type. Some studies 
provided evidences that insects such as honey bees disseminate S. cerevisiae strains 
until approximately 10 Km (Goddard et al. 2010), so that the investigation of migra-
tory birds need clarifications for the associated movements of yeasts with the sup-
port of technological relevance. During migration, several sites are visited by birds 
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Fig. 1.1 Factors affecting yeast community in vineyard
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because they represent important stop-over points. For example, during migration 
from Africa to Europe and vice versa, Lampedusa and Ustica islands are visited in 
spring when the direction is from sub-Saharan areas to North Europe, while Linosa 
is visited in autumn during the opposite fly.

It is well known that climate change is partly responsible for the elevated sugar 
concentration and lower acidity in grape berry and then in must (Godden et al. 2015; 
Neumann and Matzarakis 2014; Petrie and Sadras 2008; Teslić et al. 2018). This is 
strictly related to the microbial composition in grape berries. Vine sensitivity to 
weather properties (Holland and Smit 2014), narrow spatial surfaces suitable for 
producing high-quality grapes as wine industry raw material, and possibility of 
perennial plant exploitation (Lereboullet et al. 2014) are indicative of the need for a 
climate change assessment associated with winemaking. Despite the importance of 
the global climate change trend, from the vine grower/winemaker perspective, it is 
more essential to understand regional atmospheric conditions (Orlandini et al. 2009) 
and local microclimatic environment as well. Generally, increasing average global 
temperature over the last few decades is more than evident, as is the increasing tem-
perature trend, although is not homogenous in every vine-growing region (Pielke 
et al. 2002; Van Leeuwen et al. 2013). For example, a significant growing season 
temperature trend for the majority of northern hemisphere wine-producing regions 
between 1950 and 1999, with an average increase of 1.26 °C, was demonstrated. 
However, there was also an insignificant trend in the majority of southern hemi-
sphere wine regions, which emphasizes the necessity to focus study on smaller 
study areas.

Since climate modifications are vastly complex, examinations of simple tem-
perature and precipitation values are insufficient to explain climate change trends. 
Therefore, several bioclimatic indices, such as Huglin index (Huglin 1978), Cool 
night index (Tonietto 1999), Winkler or growing degree day index (Winkler 1962), 
number of days with maximum temperatures higher than 30  °C (ND  >  30  °C) 
(Ramos et al. 2008), number of days with precipitations <1 mm (Dry spell index, 
DSI) (Moisselin and Dubuisson 2006), etc. are commonly used in viticulture to 
provide an improved insight into climate change tendencies. However, the selected 
bioclimatic indices were mainly based only on-air temperature, as it has the stron-
gest influence on overall growth, productivity, and berry ripening of the grapevine 
(Jones-Vaid et al. 2012).

Another important parameter influencing the grape microbiota is related to the 
water intended as rainfall. Indeed, moderate water stress may positively affect berry 
sugar accumulation during grape-growing season (Coombe et  al. 1989), while 
increasing temperature advances phenological stages and speeds up sugar accumu-
lation in grape berries (Jones-Vaid et al. 2012; Bonnefoy et al. 2013). The associa-
tion of water stress together with increasing temperature later lead to the production 
of wines with higher alcohol content and other microbiological, technological, sen-
sorial, and financial implications (Mira de Orduña et  al. 2000). As direct conse-
quence, increase of grape sugar content at harvest may cause slow or stuck alcoholic 
fermentations during hot years as well as alter sensory features due to the ethanol’s 
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tendency to increase bitterness perception (Sokolowsky and Fischer 2012), suppress 
the perception of sourness, and reduce astringency perception.

Concerning the total yeast counts, Combina et al. (2005) found that rainy years 
increased yeast presence. This climatic condition probably increases the berry vol-
ume and permits the release of juice in joint areas, such as the part between the 
pedicel and the berry, and higher exosmosis leads to nutrients on the grape surface. 
With careful and sound berry sampling, Čadež et al. (2010) found that colder har-
vests with higher rainfall lead to increased yeast counts. In contrast, Comitini and 
Ciani (2006) found ten-fold less total counts in years with high rainfall. In addition, 
the geographic location, grape variety and vineyard age and size can influence the 
composition and occurrence of microflora that are present on the surface of grape 
berries.

Another important aspect is related to vineyard chemical treatments. A lot of 
studies showed that agronomical practices, such as organic or biodynamic manage-
ment can modify the microbiota of grape and must (Cordero-Bueso et  al. 2011; 
Milanovic et al. 2013; Pretorius 2000; Mezzasalma et al. 2017). Some authors sug-
gested that the occurrence of specific bacteria in must and wine influences wine 
characteristics and typicity (Belda et al. 2017a; Liu et al. 2017).

The main vineyard treatment studied is related with the use of pesticide treat-
ments, mainly those against fungi (downy mildew, powdery mildew and grey rot). 
The studies are either based on analysing grapes after vineyard treatment, which do 
not exclude the influence of other factors, or from auto-enrichment fermentations 
which cannot be correctly extrapolated to evaluate the variations on berry microbi-
ota. Conventional pesticides can produce a decrement in the yeast population and 
diversity in fermenting musts. Ganga and Martínez (2004) detected less diversity of 
non-Saccharomyces species, which was explained using fungicides against Botritys 
cinerea. Differently, there are discordant results on the effect of chemical treatments 
on S. cerevisiae presence on grapes. Ganga and Martínez (2004) did not find reduced 
S. cerevisiae occurrence after fungicide use while other investigations recovered 
lower numbers of this species (Regueiro et  al. 1993; Van der Westhuizen et  al. 
2000). It is quite evident that the influence of chemical pesticides on microbiota of 
grape berry is related to other factors, such as climatic conditions or grape variety, 
which cannot be correctly extrapolated to evaluate the single effect on berry micro-
biota. About this concern, Ganga and Martínez (2004) detected less diversity of 
non-Saccharomyces species, which was explained using fungicides against B. cine-
rea, while Regueiro et al. (1993) and recovered lower numbers of these species. 
Milanovic et al. (2013) found that Candida zemplinina  (synonimus S. bacillaris)   
and Hanseniaspora species colonised surface of grapes treated with both organic 
and conventional treatment, while M. pulcherrima was widely found in conven-
tional samples and only occasionally in organic grapes.

A specific influence of grape varieties on indigenous yeast community of grape 
berries was found. Clavijo and collegues (2010) carried out an ecological survey of 
wine yeasts present on grapes growing in two vineyards located in the southern 
Spain (Serranía de Ronda region). They found that, although Kluyveromyces 
(Lachancea) thermotolerans, H. guilliermondii, H. uvarum and Issatchenkia 
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orientalis (Pichia kudriavzevii) are the most frequent species, a specific distribution 
of strains was found in the three grape varieties studied. The influence of grape 
varieties on the indigenous yeast community of grape berries was also evaluated by 
Raspor et  al. (2006) The frequency of occurrence of yeast species showed their 
preferences for certain grape varieties. The white grape variety mostly attracted 
pigmented Basidiomycetous yeasts belonging to the genera Rhodotorula, 
Sporobolomyces and Cryptococcus that dominated on all sampling locations. 
Differently, yeast populations isolated from the red grape surfaces belonged both to 
Ascomycetous and Basidiomycetous yeasts in the ratio of 1: 1.

In the last 10 years, due to the advances in metagenomics, it has become clearer 
and clearer that in general, plants host a wide array of bacteria and yeasts most of 
which are not cultivable and therefore are almost unknown at the taxonomic and 
metabolic levels. Such microorganisms interact with the plant organs and can influ-
ence plant nutrition, development, productivity, and stress responses (Bacon and 
White 2016).

Another important question regards the influence of grapevine cultivar on the 
grape microbiota. Recently, it was shown that some epiphytic bacteria were shared 
by aerial plant portions and the soil (Martins et al. 2013). This finding led them to 
propose that the physical proximity between soil and the plant might facilitate 
microbial migration through rain splash, winds, pollinators and other foragers, and 
parasites.

Moreover, any grapevine cultivar shows peculiar secondary metabolites, and 
most of these are concentrated in the fruit. Some of these metabolites have antimi-
crobial properties (Chong et al. 2009; Katalinić et al. 2010) and could influence the 
composition of grape microbiota both quantitatively and qualitatively. Based on 
these assumptions, it was hypothesized that each cultivar could have an active and 
specific role in the interaction with and selection of its microbial community 
(Mezzasalma et al. 2017).

2.3  Recent Methodologies for Detecting the Presence of Yeasts 
on the Grape Berry

To know the microbial composition in grape barriers and to further monitor their evo-
lution during wine fermentation understanding the relationship between the microor-
ganisms is of relevant importance in applied studies (Bokulich et al. 2014; Piao et al. 
2015; Stefanini and Cavalieri 2018). The use of conventional methods including cul-
ture-dependent techniques, allow to analyze culturable fungi, yeasts, acetic acid- and 
lactic acid-bacteria associated with grape berries and wine. As well as in many other 
natural habitats, there are several viable but non-culturable wine microorganisms, that 
could not be studied under conventional laboratory microbial conditions, leaving an 
incomplete knowledge about the occurrence and dynamics of the microbial commu-
nity involved in winemaking (Cocolin et al. 2013; Piao et al. 2015). Recent advances 
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in sequencing technologies based on culture-independent techniques allow to capture 
a large proportion of cells (culturable, non-culturable and slight represented species) 
finding a complete microbial ecology picture (Bokulich et al. 2013; De Filippis et al. 
2013; Abdelfattah et al. 2016). The beginning of massively parallel, high-throughput 
sequencing approach (sometimes referred to as next-generation sequencing) repre-
sent a revolution in applied microbial ecology research. Several platforms and chem-
istries exist, such as Illumina, 454/pyrosequencing, ion semiconductor, and nanopore 
sequencing, also if all employ nanotechnology to tether individual strands of DNA 
and detect the incorporation of individual nucleotides into each strand during polym-
erization events. Each system has its strengths and weaknesses, including different 
sequence read lengths, number of strands sequenced, and error rates – but each has 
been a stepping stone in advancing the ability to investigate the inner workings of the 
microbial community. This approach is appropriate for the food sciences, bringing 
manifold improvements over earlier mixed-microbial detection techniques (Bokulich 
and Mills 2012).

These new sequencing strategies rely on the analysis of a single core molecule 
DNA (and by transcription RNA) yet possess many applications for microbial ecol-
ogy analysis. The first is amplicon sequencing whereby marker-genes are amplified 
from mixed genomic DNA by PCR, sequenced directly, and aligned against a refer-
ence dataset to identify the taxonomic composition of whole microbial communi-
ties. This same process can also be applied to RNA, by reverse-transcribed to cDNA, 
to profile the actively transcribing community within a sample. The taxonomic 
information provided by amplicon sequencing is frequently lower-resolution than 
that delivered by metagenome sequencing (which enables reconstruction of full- 
length marker genes) but is substantially higher throughput, facilitating exploration 
of massive numbers of unique microbial communities. With the availability of new 
metagenomic approaches the monitoring and composition of microbial populations 
can be better and faster described. In this regard, the relation between complexity of 
microbial community and geographical wine producing area represent a very inter-
esting current topic. Using the metagenomic approaches, several studies showed the 
variation of the microbial community of grapes in function of regional distribution, 
(Gilbert et al. 2014b; Taylor et al. 2014; Morrison-Whittle and Goddard 2015; Pinto 
et al. 2015; Belda et al. 2017b). Moreover, the correlation among microbial com-
plexity and organoleptic characteristics of wine was studied (Knight et  al. 2015; 
Bokulich et al. 2016). An unambiguously explanation to the diversity of microbial 
communities among geographic locations is not currently known. In addition, recent 
studies showed that microbial populations found in musts may originate also from 
the environment surrounding the vineyard (Morrison-Whittle and Goddard 2018). 
Because of the observation of a putative microbial “terroir”, the role and persistence 
of environmental microbial species in the wine fermentative process gained a 
renewed interest.

In this regard, from the application point of view, studies on indigenous yeasts 
strongly adapted to specific grape musts are growing, both to study the biodiversity 
associated to different geographic area and to select new indigenous strains associ-
ated with “terroir” (Capozzi et al. 2016; Zarraonaindia et al. 2015). These new 
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concepts of microbial colonization and effectiveness showed that microbiomes 
associated with grapes and with the earlier stage of fermentation are biogeographi-
cally defined, illustrating that different regional wine profiles are related with spe-
cific microbial communities.

3  Yeast in Winery

In addition to natural habitats such as woods and agricultural areas near the vine-
yard, vineyard soil, vines and grapes, a relevant and consistent yeast community 
have found niches in man-made environments such as wine cellars. During the vini-
fication process, grape juice and wine encounter a large area of equipment surfaces 
within wineries which may serve as important reservoirs of microorganisms that 
influence and contribute the final composition of the wines. For these reasons the 
surfaces of winery equipments become locations for the developments of so-called 
residential or winery microflora (Peynaud and Domercq 1959; Pretorius et al. 1999; 
Rosini 1984).

3.1  Diversity of Yeasts in Winery Environment

The role of winery environments in shaping the microbiota of wine fermentations 
and vectoring wine spoilage organisms is poorly understood at the systems level. 
Indeed, although the presence and importance of winery yeasts have been known or 
surmised for a long-time year (Peynaud and Domercq 1959) their actual contribu-
tion to must fermentations has been poor investigated and somewhat ignored 
(Pretorius et al. 1999). However there are several factors that potentially determine 
a stable colonization of yeasts in this anthropized environment (Fig. 1.2).

Winery equipment, including crush/press equipment, valves, collectors and bar-
rels, for its difficult to clean, become useful for microbial adhesion and biofilm 
production and consequent potential sources of contamination. In this regard, one of 
the most important features that characterize the winery microbiota is the survival 
and the modality of colonization over the course of harvest campaign (before, dur-
ing and after grape harvest). Therefore, to track the occurrence of equipment micro-
biota and evaluate the fluctuation of yeast population, samplings before, during, and 
after grape harvest are an important aspect to be investigated.

The pre-harvest yeast communities represent the resting state of the winery and 
play an important role since these is the first population encountered by fresh grape 
juice prior to fermentation. The composition of this microbial community may play 
an important role and can impact on wine fermentation qualities downstream.

Most of the studies on the occurrence and yeasts colonization of cellar were car-
ried out on S. cerevisiae the main agent involved in alcoholic fermentation. Indeed, 
colonization of winery surfaces by Saccharomyces has been widely reported and it 

M. Ciani and F. Comitini



17

is probably an important source of this yeast in wine fermentations, particularly in 
non-inoculated wines (Bokulich et  al. 2013). Studies, investigating on the yeast 
biota of winery, showed the constant presence of S. cerevisiae and had identified 
this species as dominant on winery surfaces at pre-harvest time (Ciani and Rosini 
1986; Ocón et al. 2010). Indeed, the winery environment is colonized by many cells 
of S. cerevisiae, which go through innumerable generations during fermentation for 
each vintage (Rosini 1984; Ciani and Rosini 1990; Ocón et al. 2010). Here may 
exist a significant selective pressure on the S. cerevisiae population of the winery by 
factors such as ethanol and SO2 (Cocolin et al. 2004). However, even if S. cerevisiae 
is the most abundant species in winery environments may account only 30–40% of 
the total yeast population, other non-Saccharomyces yeast species may colonize the 
winery surfaces and equipments depending on the spatial variation in the winery 
surface. Indeed, some crush equipment (hopper, elevator, crusher, and press sam-
ples) that entering almost exclusively in contact with the grapes are colonized by 
yeast-like (e.g., Aureobasidium pullulans) and yeast genera that colonize the grape 
surfaces such as Hanseniaspora, Candida or Metschnikowia (Bokulich et al. 2013). 
The occurrence and persistence of non-Saccharomyces in the cellar environment 
was well documented (Ciani and Rosini 1986; Ocón et al. 2010). A more recently 
work, using identification methods at the strain level, found a large number of iso-
lates belong to S. bacillaris, H. guilliermondii and H. uvarum demonstrating the 
persistence of non-Saccharomyces yeast strains from year to year in the cellar. 
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Fig. 1.2 Factors affecting yeast community in winery
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Indeed, some strains of these three non-Saccharomyces species were found in the 
must for two consecutive years and found also in cellar environment before the 
second harvest indicating the persistence of these yeasts in this environment 
(Grangeteau et al. 2016). In fermentation equipment samples (fermentors, hoses, 
filters, and pumps) that all deal strictly with fermenting and fermented wine, S. 
cerevisiae is largely present, together with other fermenting yeasts such as of Pichia 
kudiavzevii (synonimum Issatchenkia orientalis), Torulopsis bacillaris (synonymus 
of Candida zemplinina) and Pichia spp. These non-Saccharomyces yeasts can 
explain for 60–70% of total yeast biota which colonizes the winery surfaces and 
their role in this context has been little investigated (Ciani and Rosini 1986; Ocón 
et al. 2010; Sabate et al. 2002; Bokulich et al. 2013). Some oenological practices 
such as cold maceration prior to fermentation may affect the yeast ecology during 
wine fermentation in favour of non-Saccharomyces species. Hierro et  al. (2005) 
found that cold maceration favoured the presence of H. osmophila, Candida tropi-
calis and Zygosaccharomyces bisporus, the only species isolated from the unripe 
and overripe fermentations after cold maceration.

Another important feature of winery biota that involves ecological and techno-
logical aspect is the flux of specific S. cerevisiae strain from winery surface to must 
fermentation and vice versa.

A series of studies have found an effective flow of strains of S. cerevisiae from 
the cellar equipments and surfaces to fermentation musts. Rosini in 1984 in a new 
pilot scale winery demonstrated the occurrence of a flow of S. cerevisiae cells from 
the winery surfaces to freshly pressed grape musts, and vice versa. These results 
were then confirmed by Costantì et al. (1997) that found a competition of resident 
winery yeasts and pure S. cerevisiae starter cultures. A 6 year follow-up study car-
ried out in a new built winery showed that indigenous winery resident S. cerevisiae 
strains competed with commercial strains inoculated in other fermentation tanks of 
the cellar (Beltran et al. 2002). The contribution of winery-resident S. cerevisiae 
strains to spontaneous grape must fermentation was shown under real vinification 
conditions. The S. cerevisiae strains colonizing the winery surfaces were the ones 
that conducted the natural must fermentation (Ciani et al. 2004). Other investiga-
tions found that specific Saccharomyces strains become established on winery sur-
faces, resulted in repeatable detection over multiple years in uninoculated wines 
(Santamarıa et al. 2008; Blanco et al. 2011; Ciani et al. 2004).These results support 
the role of winery as a man-made niche of S. cerevisiae and a possible reproduc-
ibility, as well as regionality, of wine sensory characteristics produced at a given 
winery. In this regard the selectivity of the winery environment (winery effect) may 
have a selective pressure towards some enological characters as maximum ethanol 
production (ethanol resistance) fermentation rate and SO2 resistance of S. cerevisiae 
population (Cocolin et  al. 2004). On the other hand, the role of S. cerevisiae of 
winery environment on the specificity of wine sensory profile at regional level 
remains unclear.
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3.2  Factors Affecting Yeast Community in Winery

The extended of the development of a residential microflora will depends by several 
factors such as nature of the surfaces (irregular, unpolished surfaces, cracks and 
welds) and cleaning and sanitization procedures and possible biocontrol procedures 
(Fig. 1.2). The nature of the surfaces may strongly influence the colonization of 
yeast species and determines their persistence from one harvest to another.

On the other hand, the modalities of cleaning and sanitization procedures also 
influence the quantitative presence and relative abundance of the different yeasts 
species. However, several works reported that also in well cleaned wineries, the 
widely presence of microorganisms and specifically of yeast biota, was found. 
However, under normal correct procedures of cleaning and sanitization the presence 
of spoilage-related microorganisms (e.g. Brettanomyces spp.) was undetected or 
detected at very low levels (Bokulich et al., 2013; Ocòn et al., 2013).

Classical studies on spoilage yeasts by Van der Walt and van der Kerken (1961) 
on Brettanomyces spp., Rankine and Pilone (1973) and on Zygosaccharomyces bai-
lii, Peynaud and Domercq (1955) on Saccharomycodes ludwigii have demonstrated 
that they may be winery contaminants, even if most results from literature suggest 
that their prevalence is low. Chatonnet et al. (1992) were the first authors to identify 
oak barrels as an ecological niche for Dekkera/Brettanomyces spp., which become 
more dangerous with repeated use. This suggests that barrel sanitation and sulfite 
utilization (sulfur burning in empty barrels) is not enough to eliminate Dekkera/ 
Brettanomyces spp., which develop during the lifetime of the barrel. Connell et al. 
(2002) also recovered Dekkera bruxellensis from air samples of crush, tank, barrel, 
and bottling line areas using BSM medium (Millipore) followed by a filter-based 
chemiluminescent in situ hybridization technique. However, the primary source of 
these yeasts remains obscure.  A recent study investigating on the occurrence of 
Brettanomyces bruxellensis found a flux of isolates form grapes to winery (Comitini 
et  al. 2019). Currently, some of the procedures that applied to limit the risks of 
Brettanomyces/Dekkera colonization in wineries and wines are not particularly 
appropriate for use during wine ageing. This has led to increased interest in the 
exploration of yeasts that can counteract the activities of these undesired microor-
ganisms in wine (Comitini et al. 2004). Investigations on biocontrol topic, relative 
to killer yeasts as producers of mycocins that can neutralize the activities of unde-
sired microorganisms in wines represent a valid strategy for the control of these 
undesired yeasts (Druvefors et al. 2005).

4  Alcoholic Fermentation

Wine fermentation is typically carried out by a complex evolution of microorgan-
isms involving both yeasts and bacteria. During the years, a lot of studies exten-
sively examined the succession of yeasts that occurs during the spontaneous 
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fermentation in must as non-sterile source. Now, it is well established that together 
with S. cerevisiae, non-Saccharomyces species actively participate during the alco-
holic fermentation. In the past these non-Saccharomyces wine yeasts were nega-
tively considered because of reduced fermentation power, high production of 
undesired products that affects the aromatic profile of wines. For these reasons, the 
use of selected S. cerevisiae as starter culture was a common and widely diffused 
winemaking practice to control the fermentation process and give the desired char-
acteristics to the wines. More recently, several studies have been revaluated the role 
of non-Saccharomyces yeasts during alcoholic fermentation and their metabolic 
impact on the analytical sensory characteristics of white and red wines  (Benito 
et al., 2014). In this regard, there are a growing interest on the use of controlled 
mixed fermentation with selected non-Saccharomyces wine yeasts tin co-culture or 
sequential inoculation.

4.1  Spontaneous Fermentation

Grape bunches, the primary substrate of winemaking process, are perhaps the most 
obvious potential source of microbial diversity of spontaneous grape juice fermen-
tation. However, the winery, as previously indicated as a man-made ecological 
niche, may play also an important role in spontaneous grape juice fermentation 
particularly regarding to the fermenting yeasts. Indeed, a serial of ecological sur-
veys of the yeast flora associated with spontaneous fermentation of grape juice in 
almost all the geographical winemaking areas revealed a sequential occupation of 
the substrate: initially apiculate yeasts (Hanseniaspora, Kloeckera) take over, after 
3–4 days they are replaced by S. cerevisiae (Martini 1993; Pretorius 2000). While 
the first one yeasts are abundant on the grape surfaces at harvesting time, S. cerevi-
siae (Saccharomyces uvarum) species colonize the winery surface where resulted 
the most widely diffused species during the different stages of winemaking (before 
during and after the fermentation). With ethanol increasing S. cerevisiae the higher 
resistant to alcohol is the first explanation to this substitution but other contributing 
factors may be involved.

In this sequential occupation of the grape juice by apiculate-elliptical yeasts, dur-
ing the various stages of fermentation it is possible to isolate other yeast genera, 
such as Starmerella, Candida, Pichia, Zygosaccharomyces, Schizosaccharomyces, 
Torulaspora, Lachancea (Kluyveromyces) and Metschnikowia (Fleet et  al. 1984; 
Pardo and Serrano 1989; Belda et  al. 2015, del Carmen Portillo and Mas 2016; 
Garofalo et al. 2016). The indigenous non-Saccharomyces yeasts, are present in the 
grape juice in high numbers in active growth state, which gives them a competitive 
edge (Cray et al. 2013).

The growth of non-Saccharomyces species belonging to the genera 
Kloeckera/Hanseniaspora, Starmerella and Metschnikowia is generally limited to 
the first few days of fermentation, because of their weak ethanol tolerance and less 
efficient fermentation. Other more ethanol tolerant fermenting yeasts such as 
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Torulaspora delbrueckii, Lachancea theromotolerans and Zygosaccharomyces spp. 
are generally present less frequently but occasionally they were found at higher 
concentration. (Clavijo et al. 2010; Zott et al. 2008; Jolly et al. 2003; Garofalo et al. 
2016).

Therefore, spontaneous fermentation contains a mixture of yeast species but, as 
the fermentation progresses, the environment becomes more selective and the domi-
nance of S. cerevisiae is expected and desired. However, S. cerevisiae populations 
showed a genetic variability with the presence of more than one strain. Indeed, 
several studies carried out in various winemaking areas showed that different strains 
of S. cerevisiae are involved during the fermentation process. In this regard, some S. 
cerevisiae strains are present at high relative amount and were able to dominate the 
alcoholic fermentation and are denominated “dominant” or “predominant” strains 
while other strains occur at lower relative amounts and are defined “secondary” 
strains. The association of the dominant S. cerevisiae strains in spontaneous fermen-
tation with the environment is not well defined and it was linked both winery 
(Frezier and Dubourdieu 1992; Guillamón et al. 1996; Ganucci et al. 2018) or grape 
variety (Blanco et al. 2006; Schuller et al. 2012).

As reported above, in a spontaneous fermentation several yeast species and 
strains coexist interacting with each other and environment factors. The specific fit-
ness of yeast species and the evolution occurring in grape must during alcoholic 
fermentation toward more selective conditions determined the sequential occupa-
tion of the substrate and the progressive dominant presence of S. cerevisiae. 
Similarly, within S. cerevisiae strains the dominant strains were selected on the 
bases of its fitness toward the specific environmental factors. Currently, there are 
two lines of research that investigate the origin and occurrence of S. cerevisiae dom-
inating spontaneous fermentation and that characterize the analytical sensory char-
acteristics of the wine of a given territory or winery.

As previously reported, several recent investigations (Bokulich et  al. 2014; 
Gilbert et al. 2014a; Taylor et al. 2014; Morrison-Whittle and Goddard 2015; Pinto 
et al. 2015; Belda et al. 2017a, b), showed evidences for a relation between micro-
bial community of grapes and geographic distribution and organoleptic characteris-
tics of fermenting musts (Knight et al. 2015; Bokulich et al. 2016). This adaptation, 
however, could be due to the selective pressure performed during the winemaking 
process in the winery. Some factors such as ethanol, temperature, SO2 and others 
can play a fundamental role in the yeast species and strains selection during sponta-
neous fermentation and determining the dominant S. cerevisiae strains that for these 
reasons, colonize the man-made winery environment.

4.2  Factors Affecting the Occurrence and Succession of Yeast 
During Spontaneous Fermentation

There are two principal factors determining the evolution of yeast community dur-
ing the spontaneous fermentation: (i) the quantitative occupation of the substrate by 
yeast species; (ii) the progressive increase of ethanol concentration. These features 
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play a key role on the yeast species succession in spontaneous grape juice fermen-
tation. However, the dynamics among the yeast species present during fermentation 
are more complex and strongly influenced by their interactions and other environ-
mental factors (Ciani and Comitini 2015).

Temperature of grape juice fermentation is one of the most influencing factors on 
yeast species dynamics. Indeed, the presence and permanence of non- Saccharomyces 
yeast species during fermentation is affected by temperature. Indeed low tempera-
tures (10–15  °C). increased tolerance to ethanol of K. apiculata and C. stellata 
(formerly S. bacillaris) (Erten 2002; Gao and Fleet 1988: Ciani et al. 2006; Mendoza 
et  al. 2007; Ciani et  al. 2010). Such increase in ethanol tolerance of non- 
Saccharomyces yeasts at low temperatures appear to be the major factor that affects 
their stronger contribution in this condition.

Another factor that regulates the presence and occurrence of yeast species during 
spontaneous fermentation is the availability of oxygen. Reduced oxygen availability 
during fermentation may have a key role in yeast-yeast interactions. Indeed, the 
limited availability of oxygen could explain in part the reduced competitiveness 
showed by K. thermotolerans and T. delbrueckii toward S. cerevisiae (Hansen et al. 
2001).

In the yeast species interactions during wine fermentation cell-to cell contact 
appears to be also involved. Indeed, in the presence of high concentrations of viable 
cells of S. cerevisiae, the growth of T. delbrueckii and K. thermotolerans is inhibited 
(Nissen and Arneborg 2003; Nissen et al. 2003; Arneborg et al. 2005).

The quorum-sensing-like phenomena could also be involved in some yeast inter-
actions during spontaneous wine fermentation and the identification of active mol-
ecules and their influence on gene expression of yeast co-culture deserves to be 
investigated. In this regard, recent investigations on the putative quorum-sensing 
molecules as 2-phenylethanol, tryptophol, and tyrosol have begun to elucidate the 
mechanisms and role of quorum sensing in yeast under winemaking condition (high 
cell density or under low nutrient conditions) (Zupan et al. 2013; Williams et al. 
2015). In addition to ethanol, acetic acid, medium chain fatty acids, acetaldehyde 
and the synergistic action of their combinations, could play an important role on the 
inhibitory mechanism that can occur in wine fermentation (Bisson 1999; Fleet 
2003).

The production of toxic compounds from S. cerevisiae has also been hypothe-
sized as a cause of the early death of H. guilliermondi in mixed fermentations 
(Pérez-Nevado et al. 2006). Indeed, several compounds produced by yeasts during 
must fermentation may become inhibitory to other yeast species or strains. Between 
them, secretion of killer toxins by specific yeasts represents an efficient tool to elim-
inate competitors without direct cell-to-cell contact. Yeasts with killer phenotype 
secrete protein or glycoprotein that generally kill sensitive cells in a two-step 
receptor- mediated manner: First, there is a specific bind to primary cell wall recep-
tors; secondary the killer toxin translocate to the plasma membrane where they 
interact with secondary receptors or enter susceptible cells, thus exerting their 
cytocidal effect through different mode of actions. In addition to killer proteins 
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other proteinacenous compounds have been found in the yeast–yeast and yeast–
bacteria interactions in wine fermentations.

Indeed, it was found that certain S. cerevisiae strains produce proteinaceous 
compounds that are active against malolactic bacteria (Comitini et al. 2005; Osborne 
and Edwards 2007), peptides with molecular mass less than 10 kDa, that inhibit the 
growth of some non-Saccharomyces such as H. guilliermondii, T. delbrueckii, K. 
marxianus and K. thermotolerans (Albergaria et al. 2010; Peña and Ganga 2018). 
However, also if the identity of these antimicrobial peptides remained elusive and 
need some deepness, the possibility of using them as natural biopreservatives in 
alcoholic fermentations could be an interesting alternative for the microbial control 
of winemaking process.

4.3  S. cerevisiae Inoculated Fermentation

From the ecology surveys carried out in different winemaking environments S. cere-
visiae is a minority species and it is difficult to isolate from vineyard soil or the 
surface of ripe grapes, while it is the dominant yeast species of winery and its equip-
ment (Martini 1993). Indeed, S. cerevisiae is generally found in association with the 
production of alcoholic beverages and for this reason it is defined a “domesticated” 
species, strongly specialized for fermenting high sugars substrates. For their fer-
menting features and oenological aptitude, S. cerevisiae is the species that conduct 
and determine the rightness of the fermentation process characterizing the chemical 
and sensory profile of wine. However, for the long time the fermentation of grape 
juice was carried out without yeast starter strain inoculation and spontaneous must 
fermentation occurred. After 1960 scientific and technological improvements 
allowed the diffusion of active dry yeasts commercial preparation belonging to S. 
cerevisiae. The diffusion of commercial starters in active dry form was one of the 
most significant technological advances in winemaking. As direct result, the quality 
and quantity of wine production were highly improved, as the winemaking process 
was controlled and safe (Heard and Fleet 1985; Henick-Kling et  al. 1998). The 
introduction in winemaking process of selected and efficient strains announced the 
concept of innovations revolutionizing the wine industry and market. Nowadays, 
the large-scale wine production, where rapid and reliable fermentations are essen-
tial for wine flavour and predictable quality, the practice of the inoculation of 
selected pure starter strains of known ability is a common practice. However, the 
current challenge of applied research in biotechnology is the producing new yeast 
strains with even more reliable performance, reducing processing inputs, and facili-
tating the production of peculiar and high-quality wines (Pretorius 2000). The 
forces of market and technology continue to challenge the tension between tradition 
and innovation. On the one hand, it is evident the tendency to use commercial strains 
that guarantee controlled processes, from another hand it is still recognized the 
potentially of native yeasts to obtain distinctive features. Indeed, despite the 
immense wealth of natural yeast diversity, the extremely selective and specific 
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conditions of industrial fermentations sometimes require a combination of pheno-
typic traits that might not be commonly encountered in nature. In this picture, a lot 
studies focused on the isolation, manipulation and develop of novel S. cerevisiae 
strains tailored for a specific wine product that bring greater complexity to wine 
than strains currently available to the industry (Bellon et al. 2013). The most intui-
tive way to generate artificial diversity in yeasts is based on genetic manipulation, 
to artificially increase the already existing yeast diversity and generate variants that 
may perform better in industrial settings than the strains that are selected in natural 
environments. A specific approach is the genetic engineering reshuffle in selected 
strains, applied to modify single genes by introducing, disrupting or modulating 
enzymatic key- steps of metabolic networks (Santos and Stephanopoulos 2008). 
However, wine yeasts show complex and continuous variation for most industrially 
relevant traits, such as stress-related response, fermentative performance and profile 
of secondary metabolites and this approach is ineffective in modifying quantitative 
traits. Furthermore, genetically engineered strains are opposed by regulation No 
1829/2003 of the European Parliament and of the Council, which prohibits GMOs 
in foodstuffs. In this picture, genome hybridization techniques, understood as natu-
ral and random rearrangement between strains exploiting the natural phenotypic 
variation within wild yeast populations, is a valid biotechnological tool to create 
genetically non-modified organisms (non-GMO) with improved phenotypes 
(Steensels et al. 2014). The hybridization (both sexual and asexual) produce random 
gene arrangements that are then tested and selected through screening procedures 
and technological simulations. Saccharomyces sensu stricto interspecific hybrids 
have been found in different fermentation processes: in addition to Saccharomyces. 
pastorianus, present in lager brewing, other hybrid strains have also been described 
from wine and cider (Masneuf et al. 1998; Groth et al. 1999; Naumova et al. 2005). 
For example, the type strain of Saccharomyces bayanus, originally isolated from 
beer, has recently been suggested to be a hybrid between S. cerevisiae and S. baya-
nus based on the presence of subtelomeric repeated sequences and genes (Nguyen 
et al. 2000; de Barros Lopes et al. 2002; Nguyen and Gaillardin 2005).

In general, the strength of this approach is the production of new fermenting 
strains that acquire physiological properties from both parents. The principal 
improved phenotype traits concern the ethanol and acetic acid tolerance, the copper 
resistance, the glycerol production, the high osmotic stress resistance, and the utili-
zation of xylose (Brown and Oliver 1982; Aarnio et al. 1991; Adamo et al. 2012; 
Kutyna et al. 2012; Ekberg et al. 2013; Shen et al. 2012).

The prospects to obtain superior industrial wine yeasts are extremely bright. 
Yeasts offer unique advantages for strain improvement: they combine sexual and 
asexual life cycles, they can be easily cultivated in high numbers, and genetic trans-
formation is often easy. Moreover, most strain improved by hybridization could be 
profitable involved in the rectification of fermentation disorders in spontaneous fer-
mentations has been recently described in the literature (König and Claus 2018). 
Recent investigations have provided convincing evidence that fermentation prob-
lems can be overcome when must fermentations are successively performed with S. 
bayanus and the triple hybrid S. cerevisiae × Saccharomyces kudriavzevii × S. bayanus. 
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The triple hybrid uses amino acids as a nitrogen source in the absence of ammonium 
and it also exhibits a fructophilic character with an enhanced uptake of fructose in 
comparison to glucose. This applicative example revealed that hybrid strains could 
be a promising tool for winemakers not always for the creation of novel wine types 
with desired sensory characteristics under more challenging conditions, but also ex 
post to solve fermentation problems during spontaneous fermentation or especially 
when the composition of the must components is not optimal because of critical 
climatic or soil conditions.

Several yeast hybrid strains are already commercially available, such as the 
strain “Oenoferm® X-treme” that is a GMO-free hybrid yeast obtained from the 
protoplast fusion of two different S. cerevisiae strains; the strain “Cross Evolution” 
a natural cross hybrid between S. cerevisiae yeasts; strain NT 202 is a product of the 
yeast hybridization program; the strain S6U a hybrid of S. cerevisiae × S. bayanus 
and the strain VIN7 an allotriploid interspecific hybrid of a heterozygous diploid 
complement of S. cerevisiae chromosomes and a haploid S. kudriavzevii genomic 
contribution (Borneman et  al. 2012, 2016; Hart et  al. 2016; Pérez-Torrado et  al. 
2018).

4.4  Controlled Mixed Fermentation

Although most research on wine microbiology has focused on Saccharomyces 
yeasts, particularly S. cerevisiae, there is a growing interest in studying and charac-
terising non-Saccharomyces yeasts for development of starter cultures.

As already reported above, in the past wine was produced through spontaneous 
non-controlled fermentation by microflora residing on grapes, vineyard and in win-
ery. In this way, many yeast species, not always identified, contribute to wine 
 fermentation to obtain not reproducible and determining sometime failed results. 
Afterwards, the use of pure S. cerevisiae starter cultures, which establishes a domi-
nant yeast population from the beginning of fermentation, has enabled modern win-
eries to produce predictable and reliable wines with established quality standards.

The sensory profile of wines produced by monoculture-inoculated fermentations 
differ substantially from those that are spontaneously fermented, principally for the 
biochemical composition of un-inoculated wines, which are distinctly different 
from wine obtained by pure fermentations (Varela et al. 2009). Certainly, spontane-
ous fermentations imply a higher risk of sluggish and/or incomplete fermentation 
and spoilage trend if compared to pure processes characterized by many default 
desirable characteristics but less complex flavour profiles (Jolly et al. 2014; Ugliano 
and Henschke 2009).

On the basis of this view, in the last years wine researchers have explored the 
controlled use of non-Saccharomyces starter cultures in addition to commercial and 
conventional S. cerevisiae starters. It is certainly known that non-Saccharomyces 
yeasts are generally unable to complete alcoholic fermentation on their own, for 
this they are used in pairs with S. cerevisiae wine strain. This can be achieved by 
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inoculating first with the non-Saccharomyces yeast followed by a wine strain of 
S. cerevisiae to finish the fermentation. This is known as sequential inoculation, as 
opposed to simultaneous inoculation, in which two or more yeasts are added at the 
same time (Ciani et al. 2010; Jolly et al. 2003). In this regard, The use of non-Sac-
charomyces yeast in winemaking has grown enormously in the last years and sev-
eral investigations have been carried out to better understand the impact of 
non-Saccharomyces strains on the chemical and sensorial properties of wine (Ciani 
and Maccarelli 1998; Comitini et  al. 2011; Renault et  al. 2015; Swiegers et  al. 
2005). In this regard, it is well established a wide intraspecific variability of oeno-
logical characters, peculiar positive oenological traits and, above all, a different 
behaviour in co-culture due to interactions with S. cerevisiae. All these aspects have 
highlighted a significant role of these non-conventional yeasts in determining the 
analytical and sensory profile and the aromatic complexity of wine.

4.5  Non-Saccharomyces Yeasts as Biotechnological Tool

The controlled multistarter fermentation with S. cerevisiae is the most profitable 
modality to use of these selected non-conventional wine yeasts. Several objectives 
can be pursued with the use of controlled mixed cultures with non-conventional 
yeasts: (i) enhancement of flavour and aroma complexity; (ii) distinctive features; 
(iii) ethanol reduction; (iv) control of spoilage microflora.

4.5.1  Aroma Enhancement

The contribution of selected non-Saccharomyces yeasts during wine production will 
be provided focusing the attention on the principal features such as aromatic profile, 
the color stability and polysaccharides production, the modulation of acidity, the 
ethanol reduction and concerning about antimicrobial activity toward undesired 
strains.

Certainly, the aromatic profile is one of most important traits that contribute to 
the quality of wine. As in many foods, wine aroma is composed by 100 s of different 
compounds with concentrations that can vary between 10−1 and 10−10 mg/mL. The 
balance and interaction of all of them determine the wine aromatic quality (Padilla 
et al. 2016). In literature, several works investigated on the production of volatile 
aromas, such as esters by different non-Saccharomyces yeast species that positively 
contribute to enhance the aroma profile of wines. (Moreira et al. 2008; Rojas et al. 
2003; Viana et al. 2008). Between them, ethyl acetate and isoamyl acetate is often 
produced by yeast strains in natural grape juice during fermentation. For example, 
Kloeckera apiculata exhibited the highest ability for acetate formation; Hansenula 
subpelliculosa, Kluyveromyces marxianus, T. delbrueckii and S. cerevisiae pro-
duced intermediate levels and P. membranaefaciens and C. guilliermondii very low 
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levels of the two esters. In general, the high production of esters did not always 
negatively influence the aromatic profile of wines Moreira et al. (2008).

Several applied studies focused the attention on T. delbrueckii, a species low 
frequently isolated on grape surface but one of the most studied species to increase 
flavour and aroma complexity in alcoholic beverages. Indeed, T. delbrueckii pos-
sesses several positive features that could be profitable used. Several investigations 
agree that T. delbrueckii impact on aromatic composition and sensory attributes of 
wines in both simultaneous and sequential fermentation through an increase of ace-
tate ester (Cordero-Bueso 2013), thiols (3-sulfanylhexan-1-ol and 3-sulfanylhexyl 
acetate (Renault et al. 2015; Zott et al. 2008), terpenes (α terpineol and linalool) 
(Čuš and Jenko 2013), 2 phenyl-ethanol (Comitini et al. 2011).

Another non-Saccharomyces yeast is M. pulcherrima, species, frequently pres-
ent on the grape surface and often recovered during the initial stages of alcoholic 
fermentation. M. pulcherrima is a high producer of β-glucosidase (Rodriguez et al. 
2010), and its presence in mixed cultures can provide significant enhancements in 
the wine of higher alcohols, esters and terpenoids. Its aromatic profile in mixed 
fermentation was characterized by “citrus/grape fruits” some smoky and flowery 
attributes in Risling and Macabeo grape varieties respectively González-Royo et al. 
2015). Also W. anomalus (formerly P. anomala) resulted in positive contribution to 
aroma profile of wines in mixed fermentation determining an enhancement of iso-
amyl acetate and ethyl esters (Kurita 2008). Finally, an interesting non- 
Saccharomyces wine yeast to enhance complexity and overall aroma profile is 
Zygotorulaspora florentina, a yeast responsible of increased fruity and floral notes 
as well as lower perception of astringency (Lencioni et al. 2018). A wide and deep-
ened information about the aroma enhancement of non-Saccharomyces yeasts in 
winemaking are dealt in the Chap. 2.

4.5.2  Distinctive Features

It has long been known the ability of some yeast species to metabolize malic acid. 
Schizosaccharomyces yeasts (Schizosaccharomyces pombe, Schyzosaccharomyces 
japonicus) are characterized by malo-alcoholic fermentation and they are capable to 
completely metabolize the malic acid present in grape must and wine (Magyar and 
Panyik 1989; Ciani 1995) and could be profitable used in winemaking. In addition, 
more recently works showed that these yeasts species in mixed fermentation deter-
mined and increase in the production of pigments and large amounts of polysac-
charides (Domizio et al. 2017; Escott et al. 2018). On the other hand, biological 
acidification is a desired feature in grape juices deficient in acidity generally coming 
from wines of warm climates. In addition in the last years, there is an increasing 
interest due to a progressive reduction of the total acidity of wines caused by global 
climate change and variations in viticulture and oenology practices. In this context 
Lachancea thermotolerans showed a peculiar ability to produce large amounts of 
lactic acid, together with glycerol and 2-phenyl ethanol during fermentation of 
grape musts (Kapsopoulou et al. 2007; Comitini et al. 2011; Gobbi et al. 2013). 
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Glycerol production is another relevant feature of non  - Saccharomyces yeasts. 
S.  bacillaris (synonym Candida zemplinina) (Rantsiou et  al. 2012;  Duarte et  al. 
2012) and Starmerella bombicola (formerly C. stellata) exhibit strong fructophilic 
character and shows the ability to produce high amounts of glycerol (Ciani and 
Ferraro 1996). In mixed fermentation with S. cerevisiae these yeast species exhib-
ited positive interactions in the production and degradation of metabolites (Ciani 
and Ferraro 1998). In addition to large glycerol production M. pulcherrima exhib-
ited some positive features such as polysaccharides and glycosidase activity 
(Comitini et al. 2011). Various enzymatic activities important for enzymatic release 
of aromatic compounds in winemaking, were found in several other non 
Saccharomyces yeasts such as Hanseniaspora, Pichia and Candida genera 
(Rodríguez et al. 2007) and well as large production of polysaccharides (Domizio 
et al. 2011).

Another positive trait desired and pursued by non-Saccharomyces yeast is the 
low production of volatile acidity. This feature is one of the fundamental character 
to select strain for the oenological use. Some non-Saccharomyces species such as T. 
delbrueckii and C. stellata (now reclassified as Starmerella bombicola) exhibited a 
very low production of volatile acidity (Ciani and Maccarelli 1998). In mixed fer-
mentation with S. cerevisiae both T. delbrueckii and C. stellata showed a consistent 
reduction of volatile acidity (Ciani and Ferraro 1998). Similarly a reduction of ace-
tic acid production was obtained in sweet wine fermentations in mixed fermenta-
tions using C. zemplinina (now reclassified as S. bacillaris) (Rantsiou et al. 2012).

4.5.3  Ethanol Reduction in Wine

Nowadays, the progressive increase in alcohol levels in wine, is a growing problem 
affecting the winemaking industry. Indeed, over the last two decades, there has been 
a progressive increase in the ethanol content in wines of c.a. two degrees over the 
viticulture areas (Alston et al. 2011; Gonzalez et al. 2013). This increase is mainly 
due to two main concerns: global climate change and the new wine styles often 
associated with increased grape maturity. For example, in wine the harvest the 
grapes at complete phenolic maturation may determine a overripe grapes and con-
sequently the production of wines with high ethanol content. On the other hand, 
global climate change has deeply influenced the vine phenology and the grape com-
position, resulting in grapes with lower acidity, phenolic maturation and tannin con-
tent modifying other wine sensory attributes.

In order to overcome these issues, the market focus is directed to wines with a 
moderate alcohol content. In addition, lowering ethanol content has an economic 
interest due to the high taxes imposed in some countries. In this context, there are a 
rising interest in ethanol reduction in wine. Microbiological approach for decreas-
ing ethanol concentrations appears a promising way and there is a growing interest 
to evaluate the use of non-Saccharomyces wine yeasts. There are several features 
possessed by non-Saccharomyces wine yeast that are a potential tool for the reduc-
tion of alcohol content in wine: a wide variability in ethanol yield (Contreras et al. 
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2014; 2015; Gobbi et  al. 2014; Magyar and Tóth 2011) and the differences in 
regulatory respiro-fermentative metabolism with S. cerevisiae (Gonzalez et  al. 
2013). Indeed, among non-Saccharomyces wine yeasts some strains/species showed 
and sugar consumption by respiration (Crabtree negative). Therefore, both of these 
features of non-Saccharomyces yeasts have indicated a promising way to limit etha-
nol production. The approach used to use non-Saccharomyces wine yeasts to limit 
the production of ethanol is the mixed culture (simultaneous or sequential) since the 
inability of these yeasts of completing alcoholic fermentation (Ciani et al. 2016).

4.5.4  Control of Spoilage Microflora

Another possible applicative use of non-Saccharomyces yeasts in winemaking 
regards the control of spoilage microorganisms. During different stages of fermen-
tation, a punctual and timely control of potential spoilage microorganisms is needed. 
In particular, during fermentation and aging stages of wine, the most spoilage yeast 
is B. bruxellensis responsible of undesired odors and considered the current major 
concern for winemakers, since an effective method to control their growth has not 
yet been developed.

Dekkera/Brettanomyces are described in the literature as part of the microbiota 
of many fermented beverages including cider, some type of beer, kombucha and 
kefyr, etc. (Morrissey et  al. 2004). Dekkera/Brettanomyces can grow during the 
wine aging and even after their bottling; on the contrary, these yeasts are rarely 
found during the alcoholic fermentation of grape must. A few studies have reported 
their presence on grapes due to the difficult cultivation while in winery, in particular 
in vats, pumps or equipments difficult to sanitizes, Brettanomyces yeasts are more 
easily found (Fugelsang and Zoecklein 2003; Pretorius 2000; Renouf and Lonvaud- 
Funel 2007).

Different strains of Brettanomyces can show great differences in their production 
of volatile phenols. The variety of grape used also affects the sensorial perception of 
ethylphenols. Phister and Mills (2004) indicate detection thresholds to be high in 
monovarietal Cabernet Sauvignon wines, and lower in Tempranillo wines. The treat-
ments to reduce the negative effect caused by Dekkera/Brettanomyces are based on 
both preventive and curative actions. Certain additives can inhibit the growth of 
Brettanomyces, including sulphur dioxide (SO2). The recommended molecular dose 
of SO2 is highly variable, from 0.3 to 0.8 mg/L. But these doses do not consider dif-
ferences of strain resistance to sulfites or yeast population levels. Moreover, SO2 is 
known as a chemical stressor inducing a viable but nonculturable (VBNC) state of 
B. bruxellensis that are non-detectable by plate counting, can lead to new contamination 
when the amount of sulfite decreases over time (Capozzi et al. 2016). Moreover, the 
SO2 preservative agent has been largely demonstrated to have negative effects in 
wine consumers, including allergic reactions, asthma and headaches. This led to the 
establishment of strict regulations governing its use in the wine industry (Guerrero 
and Cantos-Villar 2015) with a direct consequence that the industry is interested to 
new ways to reduce sulphur dioxide levels, without changing the sensory quality of 
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the wine. On the basis of this, a valid and natural alternative could be represented by 
bioactive compound produced by yeasts (Muccilli and Restuccia 2015). 
Biopreservation or biocontrol refers to the use of natural or controlled microorgan-
isms, or their antimicrobial products, to extend the shelf life and to enhance the 
safety of food and beverages. This can be achieved by the addition of antimicrobial 
metabolites, such as killer toxins, or the direct application of pro- technological killer 
strain. A number of microorganisms and other biological agents have been regarded 
to be crucial in the biopreservation of food and beverages. In this context, a large 
group of non-Saccharomyces killer yeasts, able to produce killer toxins, can counter-
act Dekkera/Brettanomyces spoilage yeasts in wine.

Yeast killer toxins, also named mycocins or zymocins were initially defined as 
extracellular proteins, glycoproteins or glycolipids that disrupt the cell membrane 
function in susceptible yeast bearing receptors for the compound, whose activity is 
directed primarily against yeast closely related to the producer strain, which has a 
protective factor. The first mycocins were identified in association with S. cerevisiae 
in the brewing industry, but several others have since been isolated, frequently 
where yeast populations occur in high density and in highly competitive conditions, 
as for example fermented olive brine and fermenting grape must. Biological control 
could have an important application during the maturation and wine ageing of 
wines. In this regard, killer toxins secreted by W. anomalus (Pikt) and K. wicker-
hamii (Kwkt) were tested to control Dekkera/Brettanomyces spoilage yeasts. The 
stability in wine and the fungicidal effect of these two zymocins were demonstrated 
(Comitini et al. 2004). Thus, a potential application for the two toxins as antimicro-
bial agents active on Dekkera/Brettanomyces during wine ageing and storage can be 
hypothesized. Also, another killer toxin produced by Ustilago maydis it was seen to 
have efficacy to control B. bruxellensis, in mixed cultures under winemaking condi-
tions Santos et al. (2011).

Recently, two new killer toxins produced by Candida pyralidae with an antimi-
crobial effect against B. bruxellensis, was tested in wine (Mehlomakulu et al. 2014). 
The killer toxins were stable under winemaking conditions and the activity was not 
affected by the ethanol and sugar concentrations typically found in grape juice and 
wine. Another new killer toxin from T. delbrueckii was identified and partial char-
acterized. This zymocin, showed also a potential biocontrol effect on B. bruxellensis 
and other spoilage non-Saccharomyces yeasts such as Pichia spp.

However, other biological methods besides killer yeasts, were evaluated to control 
B. bruxellensis using non-Saccharomyces specific strains. For example, M. pulcher-
rima secretes pulcherriminic acid that exhibits an effective inhibitory effect to the 
growth of B. bruxellensis. In this case, the antimicrobial activity of M. pulcherrima 
does not seem due to proteinaceous compounds but to the precursor of pulcherrimin 
pigment that depletes iron present in the medium, making it not available to the other 
yeasts. Moreover, cell-to-cell contact and quorum sensing have been investigated as 
mechanisms involved in non-Saccharomyces-mixed fermentation (Oro et la. 2014). 
Quorum sensing was recently examined in H. uvarum, Torulaspora pretoriensis, 
Zygosaccharomyces bailii, C. zemplinina (S. bacillaris), and B. bruxellensis. Results 
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indicated species-specific kinetics for the production of 2- phenylethanol, tryptophol, 
and tyrosol, considered the main molecules involved in the quorum sensing mecha-
nism (Zupan et al. 2013; Avbelj et al. 2016).

5  Conclusions

Grape must is a complex matrix where grapes, microbes and technological process 
determine the final composition of wine. Yeasts associated with grapes and winery 
environment may influence both the analytical composition and sensorial profile of 
final wine. Indeed, the ecological distribution of microbial community along the 
whole of the wine production chain plays an important role in the composition of 
the final wine. For these reasons investigations on yeast microflora of the different 
wine regions, interactions among them and with other biotic and abiotic factors are 
of significant importance in wine production. The use of new metagenomic tech-
niques such as new generation sequencing (NGS) strategies will allow to acquire 
additional knowledge to have a more complete picture on wine yeast ecology. 
Investigations on physiology features of selected wine yeasts (Saccharomyces and 
non-Saccharomyces yeasts) may positively contribute to achieve some goals as: 
enhanced aroma profile and complexity, ethanol reduction and biocontrol strategy. 
In this way, applied studies on fermentative yeasts could provide new opportunities 
in the oenological field, such as the introduction on the market of products with 
distinctive analytical and sensory characteristics due to recognized yeast strains.
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1  Introduction

The aroma and flavour of wine are one of the main characteristics that define the 
differences among the vast array of products and wine styles produced throughout 
the world. The flavour of wine is a sensory perception that varies with the individ-
ual, the context of the consumer experience and the chemical composition of the 
product. The final response is the outcome of complex chemosensory interactions 
that are difficult to predict because of the influences of many variables. The chemi-
cal composition of wine is the foundation of the sensory response and is determined 
by many factors, determining innumerable possible variations in wine production, 
both in viticulture and in winemaking. These include grape variety, geographical 
and viticultural conditions of grape cultivation, microbial ecology of the grape and 
fermentation processes, winemaking practices and, in the inoculated fermentation, 
the individual characteristics of the starter culture used.

Microorganisms have a prominent role in determining the chemical composition 
of wine. They affect the quality of the grape prior to harvest and recent results 
(Bokulich et  al. 2016) suggest that the microbial profile of grapes can influence 
composition and abundance of secondary compounds affecting wine aroma and 
many microbial species, both fermentative and dominant grape epiphytes, that can 
have potential incidence in wine flavour (Belda et al. 2016), although the specific 
role of microbial species present on the grapes on wine flavour is still poorly under-
stood. In general, the largest percentage of the total aroma composition of wine is 
represented by fermentation-derived volatile compounds. Yeasts, bacteria and fila-
mentous fungi all contribute to the microbial ecology of wine production and the 
chemical composition of wine, although yeasts have the dominating influence 
because of their role in conducting the alcoholic fermentation. Yeasts do not only 
convert sugars to ethanol and carbon dioxide; they also produce a range of minor but 
sensorially important metabolites that gives wine its vinous character (Lambrechts 
and Pretorius 2000). Yeast impact upon wine flavour is largely determined by the 
array of volatile substances (e.g. higher alcohols, acids, esters, carbonyls, thiols) 
produced by the metabolism of grape juice components. These reactions vary with 
the yeast species and strains contributing to the fermentation (Lema et  al. 1996; 
Henick-Kling et al. 1998; Garcia et al. 2002).

2  Origin of Wine Aroma

Many biosynthetic pathways in wine yeasts are involved in the formation of wine 
aroma and are affected by various factors, such as the composition and pH of the 
grape must and the nature and prevailing temperature of the fermentation. In addi-
tion, viticultural factors influencing the quality of the grapes and, consequently, the 
wine include the cultivar, soil quality, water management, vine canopy management 
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and the ripeness of the grapes. Technological aspects and vinification practices, like 
the method of grape crushing, must treatment and skin contact time also signifi-
cantly influence the final aroma of wine (Lambrechts and Pretorius 2000; Ribéreau- 
Gayon et al. 2000a, b).

The contribution of yeasts to wine flavour is carried out by several mechanisms: 
(a) producing enzymes that transform neutral grape compounds into flavour active 
compounds (pre-fermentative aroma), (b) producing many hundreds of flavour 
active, secondary metabolites (e.g. acids, alcohols, esters, polyols, aldehydes, 
ketones, volatile sulphur compounds, volatile phenols) (fermentative and post- 
fermentative aroma), (c) producing ethanol and other solvents that help to extract 
flavour components from grape solids, and (d) autolytic degradation of dead yeast 
cells (Lambrechts and Pretorius 2000).

3  Primary Aroma: Associated with Grape

Although some volatile aroma compounds arise directly from chemical components 
of the grapes, yeast metabolic activities release or modify grape-derived com-
pounds, determining the formation of a further substantial portion of wine flavour 
substances (Fig. 2.1).

Fig. 2.1 Yeast metabolic activities in determining flavour substances in wine
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3.1  Precursors of Primary Aroma

Primary wine aroma is largely due to the presence of monoterpenes, which are 
present as free as well as glycosylated flavourless conjugates amongst the secondary 
metabolites of certain varieties of Vitis vinifera. In general, bound glycosides are 
prevalent on free terpenoids, and the ratios of bound to free terpenoids can also vary 
amongst different grape cultivars. The majority of grape terpenes appears as glyco-
sides, the sugar moiety of which is represented by glucose, rhamnose, arabinose, 
and apiose, as well as disaccharides.

Carotenoids, which are structurally related to terpenes, accumulate in ripening 
grape berries and their oxidation produces the so-called C13-norisoprenoids, which 
are strongly odoriferous. These compounds include β-ionone (aroma of viola) and 
damascenone (aroma of exotic fruits), the threshold concentrations of which are 
equal to 7 and 9 ng/l, as well as β-damascone (aroma of rose and fruits), β-ionol 
(aroma of fruit and flowers), 3-oxo-β-ionone (tobacco smell), and others. These 
compounds are present in grape in microgram amounts; for example, the total con-
tent of C13-norisoprenoids in muscat wines may be as high as 280 μg/kg.

Terpenes, as well as other volatiles compounds such as straight-chain alcohols, 
norisoprenoids and benzenoids, contribute to improve wine aroma. These odorous 
compounds may occur as free forms in grapes, or bounded to sugar molecules (glu-
cose, disaccharides) to form odourless non-volatile glycosidic complexes. The free 
aroma compounds commonly are dominated by linalool, geraniol and nerol, 
together with additional monoterpenes, i.e. citronellol, α-terpineol, hotrienol, nerol 
oxide, plus several other oxides, aldehydes and hydrocarbons. These monoterpenes, 
as well as their oxides, furan derivatives, and pyran derivatives account for the 
aroma of muscat wines, where their content ranges from 5 to 30 mg/l. Low aroma 
grape cultivars contain up to 1 mg/l terpenoids. In wines, several monoterpene ethyl 
ethers and acetate esters have also been found among the free aroma compounds. 
Other categories are the polyhydroxylated forms of the monoterpenes, or free 
odourless polyols. A most significant feature of the polyols is that, although these 
compounds make no direct contribution to the aroma, some of them are reactive and 
can break down with great ease to give pleasant and potent volatiles.

Reports indicate that not all glycosides are present in all grape varieties, and that 
concentrations vary according to variety, ranging from 500 to 1700 μg/l of must 
(Gunata et al. 1985). Major precursors include structures such as β-d glucopyrano-
side, 6-O-α- l-arabinosil-β-d-glucopyranoside, 6-O-α-l-ramnopyranosyl-β-d- 
glucopyranoside and 6-O-β-d-apiofuranosyl-β-d-glucopyranoside apiosylglycosides.

Aglycon chemical structure (volatile when free) may vary, taking the form of a 
terpenol (linalol, geraniol, nerol, citronelol, ho-trienol or α-terpienol), linalol oxide, 
linear or cyclic alcohol (hexanol, phenylethanol, benzyl alcohol), C13 norisopren-
oid, phenolic acid and/or volatile phenol. It is the mixture of these compounds, 
rather than the influence of any individual compound, that defines the varietal char-
acteristics of a wine; the olfactory threshold of the mixture is lower than that of any 
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individual component. These compounds are released through the action of 
β-glucosidase enzymes, which break the terpene–sugar bond, contributing to 
increased intensity of wine flavour. Mainly, enzymatic hydrolysis of glycosides is 
carried out with various enzymes which act sequentially according to two steps: 
firstly, α-L-rhamnosidase, α-L-arabinosidase or β-D-apiosidase make the cleavage 
of the terminal sugar and rhamnose, arabinose or apiose and the corresponding β-D- 
glucosides are released; subsequently liberation of monoterpenol takes place after 
action of a β-D-glucosidase. Hydrolysis during winemaking is caused by enzymes 
from the grapes themselves or from the microorganisms taking part in the process 
(Delcroix et al. 1994).

Another set of primary aroma compounds released from odorless bound precur-
sors are volatile thiols, i.e., 4-methyl-4-mercaptopentan-2-one and 3-mercapto- 1-
hexanol, which impart tropical fruity’ characters. These compounds are present in 
grape must as odorless, non-volatile, cysteine-bound conjugates. During alcoholic 
fermentation, wine yeasts cleave the cysteinated precursors with a carbon–sulphur 
lyase enzyme, releasing volatile thiols (Swiegers et al. 2009; Swiegers and Pretorius 
2007).

3.2  Factors Affecting Primary Aroma

Yeasts developing during grape must fermentation can release glucosidases and 
other enzymes useful for hydrolysis of the glycosidic bonds of the odorless bound 
forms of monoterpenes, releasing more odor-contributing compounds to the wine.

Wine yeasts have been studied for the presence of useful hydrolytic activities, 
mainly β-glucosidase as well as other glycosidases. While S. cerevisiae, the main 
wine yeast, is not believed to be a significant producer of extracellular enzymes, in 
fact low α-rhamnosidase, α-arabinosidase or β-apiosidase activities were detected 
in this species (Delcroix et al. 1994), non-Sacccharomyces wine yeasts are described 
as potential sources of glycosidases (Mendes-Ferreira et  al. 2001; Mateo et  al. 
2011). Non-Saccharomyces yeasts, such as Brettanomyces/Dekkera, Candida, 
Debaryomyces, Hanseniaspora and Pichia have been screened for β-glucosidases 
with properties desirable for winemaking, that are: (a) high affinity for grape- 
derived terpenoid aglycones; (b) optimal activity at wine pH (pH 2.5–3.8); (c) resis-
tance to glucose inhibition; and (d) high tolerance to ethanol. The β-glucosidase 
from Debaryomyces pseudopolymorphus resulted to be suitable for use under wine 
conditions (Cordero-Otero et al. 2003) as it was resistant against wine-associated 
inhibitory compounds, such as glucose, ethanol and sulphur dioxide, its optimum 
pH lies within the wine range (2.5–3.8) and it has high substrate affinity. Among 
grape yeasts, some strains belonging to Candida spp. and Debaryomyces spp. are 
producers of extracellular β-glucosidase, while in Hanseniaspora/Kloeckera spp. 
the enzyme has been localized essentially within the cell.
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Also among wine-spoilage yeasts, some strains belonging to Brettanomyces 
spp., Dekkera spp., Pichia spp., and Hansenula spp. have been reported to produce 
β-glucosidase, both intra- and extracellularly (Manzanares et  al. 2000). In these 
yeasts, the repression of the enzyme biosynthesis was observed when glucose was 
used as carbon source.

Data on β-glucosidase activity on Saccharomyces are contradictory. First results 
showed that these yeasts had a very low activity (Gunata et al. 1990), but Delcroix 
et  al. (1994) found three enological strains showing high β-glucosidase activity. 
However, generally the β-glucosidase activity of S. cerevisiae towards glycoside 
precursors seems to be very low.

Nevertheless, it was found that the formation of some aromas associated with 
varietal character can be related to yeast metabolism and not to a simple hydrolytic 
process, as previously thought. In fact, it was found de novo synthesis of monoter-
penes by the principal wine yeast species, Saccharomyces cerevisiae, demonstrating 
the biosynthesis of these compounds in the absence of grape derived precursors 
(Carrau et al. 2005). In this study, several strains of S. cerevisiae tested in parallel 
model fermentations with one Hanseniaspora uvarum strain in a simple chemically 
defined medium, lacking of grape juice, terpenes or their glycoconjugates, exhibited 
an intraspecific variability to accumulate terpenes in this chemically artificial 
medium. Among monoterpene alcohols, linalool and α-terpineol were produced in 
greatest abundance by all the S. cerevisiae wine strains tested. It was demonstrated 
that the contribution of S. cerevisiae to the monoterpene composition of a wine 
could be increased by some fermentation conditions, such as the use of musts con-
taining high concentrations of assimilable nitrogen, like the ammonium ion, in com-
bination with microaerobic fermentation. H. uvarum also produced similar 
concentrations of linalool and α-terpineol, but little citronellol was formed despite a 
relatively high amount of geraniol being present. This occurrence could be explained 
by the inability of this H. uvarum strain to reduce geraniol to citronellol, as it has 
been described for Torulaspora delbrueckii species when compared to Saccharomyces 
strains during biotransformation experiments. Other studies demonstrated that  
S. cerevisiae is capable of modifying the terpenic profile of the wine; thus, it can 
produce citronellol from geraniol and nerol; the intensity of this transformation 
depends on the yeast strain used (Hernandez et al. 2003). Other authors propose a 
more complex scheme: geraniol was transformed by these yeasts into geranyl ace-
tate, citronellyl acetate and citronellol, while nerol was transformed into neryl 
 acetate; in addition, geraniol was transformed into linalool and nerol was cyclized 
to α-terpineol at the grape must pH.

Also, the production of a particular terpene alcohol was not only related to the 
hydrolysis of the corresponding glycoside, but to other reactions involving these 
terpenic aglycons, such as chemical isomerization, hydration or reduction con-
ducted by metabolic activity of wine yeasts.
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4  Secondary Aroma: Must Fermentation

The wine aroma appears mainly during the alcoholic fermentation which represents 
the secondary aroma (Fig. 2.1). In general, the fermentation-derived volatile com-
pounds compose the largest percentage of the total aroma composition of wine. The 
primary role of wine yeast is to catalyse the rapid, complete and efficient conversion 
of grape sugars to ethanol, carbon dioxide and other minor, but sensorially impor-
tant metabolites without the development of off-flavours (Pretorius 2000). Most of 
the fermentative aroma compounds have high sensory thresholds and therefore do 
not contribute, in a significant way, individually to the distinctive aroma of wines, 
although their combination constitute the basic matrix of wine aroma. Otherwise, 
most of the aroma impact compounds are present at low concentrations, but, in 
consequence of their very low sensory thresholds, they have a higher influence on 
the overall wine aroma.

Metabolites that are direct products and by-products of glycolysis, represented 
by ethanol, glycerol, and acetic acid, are quantitatively the prevalent compounds, 
although usually these metabolites present low odor activity value (OAV, also 
known as flavour activity), which is calculated by dividing the concentration of an 
aroma component by its detection threshold level.

Ethanol is the main component, which determines the viscosity (body) of wine 
and acts as a fixer of aroma. Recently, wines with increased ethanol concentration 
are producing as a consequence of increased grape sugar concentrations due to 
worldwide climatic changes. The high sugar concentrations affect not only yeast 
cells, by increasing the osmotic stress that the yeast has to tolerate during the first 
steps of the fermentation, but also the content of fermentation metabolites, primar-
ily ethanol, as well as other by-products, glycerol, and acetic acid (de Orduña 2010).

The high level of ethanol affects negatively the perception of flavour and aroma 
in the wine, i.e. higher ethanol levels change the perception of a wine from fruity to 
herbaceous (Goldner et al. 2009) and can also determine an increase in the percep-
tion of astringency of the tannins and the bitterness, roughness, and hotness of wine 
(Obreque-Slíer et al. 2010). Furthermore, high ethanol content can affect different 
aspects of yeast cell metabolism, such as by inducing various stress responses, influ-
encing global gene expression, and modifying the structure of the cell membrane.

After ethanol, glycerol is the most abundant by-product of fermentation. 
Traditionally, this compound is considered affecting the overall mouthfeel of wine, 
whereas little attention has been given to the interaction of glycerol and flavour 
compounds and the role that this compound plays in the formation of the aroma 
profile. Earlier studies on sensorial analysis showed that this compound does not 
affect wine aroma, whereas further studies demonstrated the existence of a relation-
ship statistically significant between concentration of glycerol and the perceived 
quality of all styles of white wine (Styger et al. 2011).

Acetic acid is the most important organic acids present in wine. Although the 
quantity of organic acids in the wine is small, they are sufficiently volatile to 
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 contribute to its aroma. Other organic acids, such as propanoic, butanoic and lactic 
acid are usually below the perception threshold.

Other metabolites produced during fermentation are esters, which are present in 
small amounts in grapes, but their formation is parallel to ethanol formation. Ethyl 
and acetate esters, together other flavour compounds, such as fusel alcohols, carbon-
yls, and volatile fatty acids, form the so-called “yeast bouquet”, which are second-
ary metabolites synthesized by a wide range of yeast species.

4.1  Acid Composition

The acidity of grape juice and wine has a direct impact on sensory quality and 
physical, biochemical and microbial stability of the final product. Acids can have 
both positive and negative impacts on aroma and flavour, depending on concentra-
tion and the type and style of wine. This acidity, particularly pH, influences the 
survival and growth of all microorganisms; the effectiveness of anti-oxidants, anti-
microbial compounds and enzyme additions; the solubility of proteins and tartrate 
salts; the effectiveness of bentonite treatment; the polymerisation of the colour pig-
ments; the oxidative and browning reactions; and the freshness of some wine styles. 
Wine contains a large number of organic and inorganic acids and the wine acid 
content is sub-divisible in volatile and non-volatile acidity.

4.1.1  Volatile Acidity

Volatile acidity (VA) includes a group of volatile organic acids of short carbon 
chain-length. The volatile acid content of wine is usually between 500 and 1000 mg/l 
(10–15% of the total acid content) and of this, acetic acid usually constitutes about 
90% of the volatile acids. The rest of the volatile acids, principally propionic and 
hexanoic acids, are produced as the result of fatty acid metabolism by yeast and 
bacteria.

Volatile acidity, principally acetic acid, can play a significant role in wine aroma 
and an excessive concentration of this alcoholic fermentation by-product is highly 
detrimental to wine quality because at elevated concentrations it imparts a vinegar- 
like character to wine. The amount of volatile acidity produced is usually low (0.25–
0.50  g/l), but may be higher under certain fermentation conditions. Acetic acid 
becomes objectionable at concentrations of 0.7–1.1 g/l, depending on the style of 
wine; the optimal concentration is 0.2–0.7 g/l. In particular, during fermentation of 
high gravity musts, such as botrytized musts, the volatile acidity content may be 
1.8 g/l or even higher, which is over the EEC legal limit of 1.5 g/l expressed in acetic 
acid. The OIV (2010) states that the maximum acceptable limit for volatile acidity 
in most wines is 1.2 g/l of acetic acid.

Although several enzymatic reactions have been suggested to contribute to acetic 
acid formation by yeast during fermentation, it seems that under anaerobiosis, 
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 acetate is produced by yeast as an intermediate of the pyruvate dehydrogenase 
(PDH) bypass, a pathway responsible for the conversion of pyruvate into acetyl-
CoA through a series of reactions catalysed by pyruvate decarboxylase (PDC), acet-
aldehyde dehydrogenase (ALD) and acetyl-CoA synthase. The PDH bypass supplies 
the cell with cytosolic acetyl-CoA, which is needed for anabolic processes, such as 
lipid biosynthesis. The reaction catalysed by acetaldehyde dehydrogenase (ALD) 
also generates reducing equivalents, which are needed in many synthetic pathways 
and for redox reactions (involving NAD(P)H). Acetaldehyde dehydrogenase forms 
acetate by oxidising the acetaldehyde produced from pyruvate during the fermenta-
tion. Five ALD isoforms have now been identified in S. cerevisiae. Three of them 
are cytosolic (encoded by ALD6, ALD2, and ALD3), and the other two are mito-
chondrial (encoded by ALD4 and ALD5). The major isoforms involved in wine-
making are Ald6p, Ald5p and Ald4p.

4.1.2  Non-Volatile Acidity

The predominant non-volatile organic acids are tartaric and malic acids, accounting 
for 90% of the titratable acidity (TA) of grape juice. Citric and lactic acids also 
contribute to the acidity of grape juice; succinic and keto acids are present only in 
trace amounts in grapes, but concentrations are higher in wines as a result of fer-
mentation. Succinic acid produced by yeast is considered responsible for the largest 
part of the increase in TA. Its taste has been reported to be a mixture of acid, salt and 
bitterness. Occasionally malic acid has been produced concurrently with succinic 
acid, however, at a much lower concentration.

Succinic acid is a non-volatile, dicarboxylic organic acid produced during fer-
mentation and can derive from either sugar or amino acid catabolism by yeast, 
depending on growth conditions and available nitrogen sources. Its direct formation 
is dependent on the reactions of the tricarboxylic acid (TCA) cycle, also known as 
the citric acid cycle or the Krebs cycle, of which it is an intermediate. In contrast to 
other wine non-volatile organic acids, such as tartaric, malic and citric acids, suc-
cinic acid is resistant to microbiological attack (particularly by lactic acid bacteria), 
both anaerobically and aerobically. While succinic acid is only present in trace 
quantities (<0.1 mg/kg) in the ripe berries of Vitis vinifera cultivars, it is a normal 
by-product of alcoholic fermentations and has been reported to be the main non- 
volatile carboxylic acid produced by yeasts during wine fermentations, where it 
typically accumulates to 2 g/l.

4.1.3  Factors Affecting Volatile Acidity

Saccharomyces cerevisiae produces acetic acid as a by-product of alcoholic fermen-
tation; it was demonstrated that, under winemaking conditions, this yeast produces 
volatile acidity mainly at the beginning of alcoholic fermentation. Wine yeasts also 
produce acetic acid to equilibrate the redox balance in response to the hyperosmotic 
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stress caused by high sugar concentrations, such as grape must with high °Brix (>35 
°Brix) and wines from botrytized grapes.

Although Saccharomyces can produce acetic acid, excessive concentrations in 
wine are largely the result of the metabolism of ethanol by aerobic acetic acid bac-
teria and by activity of some non-Saccharomyces yeasts, such as Kloeckera/
Hanseniaspora and Zygosaccharomyces, which have been traditionally described 
as producers of excessive amounts of acetic acid (du Toit and Pretorius 2000; 
Romano et al. 2003; Mendoza et al. 2007) and, in consequence of this, they have 
been considered for long time as spoilage yeasts. High level of acetic acid is com-
monly associated also to Schizosaccharomyces pombe species. However, results on 
acetic acid production among non-Saccharomyces yeasts are highly variable, prob-
ably as this compound is produced with a considerably strain variability. For H. 
uvarum strains, levels of acetic acid ranging from about 0.6 g/l to more than 3.4 g/l 
were found (Romano et al. 2003) and some strains exhibited a similar behaviour to 
S. cerevisiae in this regard (Romano et al. 1992; Ciani and Maccarelli 1998; Capece 
et al. 2005). Similar results were found for Schiz. pombe; in fact, a screening of 
Schiz. pombe strains allowed to find strains producing less than 0.4 g/l of acetic acid 
(Benito et al. 2014a).

Different studies on T. delbrueckii strains showed that this species is character-
ized by low production of volatile acidity when compared to S. cerevisiae (Ciani 
and Maccarelli 1998; Comitini et al. 2011). This characteristic is also present in 
Lachancea thermotolerans (previously known as Kluyveromyces thermotolerans), 
together with the high production of L-lactic acid. Candida stellata/C.zemplinina, 
species presenting a strong fructophilic character, is able to produce low amounts of 
ethanol and acetic acid and high amounts of glycerol (Englezos et al. 2015).

Under usual winemaking conditions, with initial sugar concentrations around 
200 g/l, the production of volatile acidity by S cerevisiae was correlated to numer-
ous factors. Some authors (Millan et al. 1991) report the impact of physiological 
conditions and quantity of yeast inoculum on volatile acidity concentration. This 
production is affected by yeast strain, medium composition, vitamins, initial sugar 
concentration and fermentation conditions, such as variation in temperature. Other 
studies have demonstrated the stimulating effect of fermentation by insoluble mate-
rials, which reduce the production of volatile acidity by providing saturated and 
unsaturated fatty acids to yeasts.

Nitrogen has an important impact on volatile acidity production by S. cerevisiae, 
which is especially high in conditions of high sugar fermentation. This production 
can be reduced by controlled nitrogen addition. Bely et  al. (2003) found that a 
reduction of 40% was obtained during addition up to 210 mg/l of nitrogen at the 
beginning of fermentation in high sugar must with low assimilable nitrogen content 
(92 mg /l). In order to limit the production of volatile acidity by S. cerevisiae the 
optimal nitrogen concentration found in the must was 190  mg/l. These authors 
found that the best moment for nitrogen addition was at the beginning of fermenta-
tion, whereas the addition at the end of growth phase had less effect on volatile 
acidity reduction. They suggested that by stimulating cell growth, nitrogen addition 
provides NADH in the redox-equilibrating process, which in turn reduces volatile 
acidity formation.
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4.2  Higher Alcohols

The term ‘higher alcohol’ refers to alcohols that possess more than two carbon 
atoms and have a higher molecular weight and boiling point than ethanol. Higher 
alcohols, also known as fusel alcohols, include aliphatic and aromatic alcohols, and 
are quantitatively the largest group of aroma compounds in many alcoholic bever-
ages. The main aliphatic alcohols include propanol, isoamyl alcohol, isobutanol and 
active amyl alcohol, whereas tyrosol and 2-phenylethanol are the main aromatic 
alcohols. During alcoholic fermentation, S. cerevisiae produces amounts of higher 
alcohols that can have a significant effect on the sensorial quality and character of 
wine (Pretorius and Høj 2005; Swiegers and Pretorius 2005). They can have both 
positive and negative impacts on the aroma and flavour of wine: excessive concen-
trations of higher alcohols can result in a strong, pungent smell and taste, whereas 
optimal levels impart fruity characters. It has been reported that concentrations 
below 300 mg/l add a desirable level of complexity to wine, whereas concentrations 
that exceed 400 mg/l can have a detrimental effect. The sulphur-containing alco-
hols, for example methionol, might also have a strong influence on taste and flavour 
(Lambrechts and Pretorius 2000). Yeasts produce higher alcohols mainly during 
fermentation from α-keto acids, involving degradation of an amino acids, by the so-
called Ehrlich pathway (reviewed by Hazelwood et  al. 2008). Isoamyl alcohol, 
active amyl alcohol and isobutanol are also known as branched-chain alcohols, 
being the degradation products of the branched-chain amino acids, leucine, isoleu-
cine and valine, respectively.

Amino acid uptake is performed by different amino acid transporters located in 
the yeast cell membrane; these transporters have mainly broad substrate specificity, 
although only few are very specific transporting only one amino acid. The assimila-
tion of the branched chain amino acid valine, leucine and isoleucine is mediated by 
the branched chain amino acid permease of S. cerevisiae, encoded by the BAP2 
gene, which has broad substrate specificity.

The Erlich pathway is composed by three steps:

 – an initial transamination, in which the amino group from the amino acid is trans-
ferred to α-ketoglutarate to form an α-keto acid (leucine to α-ketoisocaproic 
acid, valine to α-ketoisovaleric acid, and isoleucine to α-keto-β-methylvaleric 
acid) and glutamate. Alternatively, these α-keto acids can be generated through 
the de novo synthesis pathway from glucose via pyruvate;

 – decarboxylation of the α-keto acid to form a “fusel aldehyde”;
 – aldehyde reduction to generate the “fusel alcohol”.

In S. cerevisiae, it has been shown that the transamination reaction for the 
branched-chain amino acids is catalyzed by mitochondrial and cytosolic branched- 
chain amino acid aminotransferases (BCAATases), encoded by BAT1 and BAT2 
genes respectively. During transaminase reaction of the aromatic amino acids, tryp-
tophan, tyrosine, and phenylalanine, the Aro9p enzyme is involved. It seems that 
regulation of Ehrlich pathway is dependent on the growth phase, temperature and 
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amino acid content, among others. For example, BAT1 is preferentially expressed 
during the exponential growth phase, whereas BAT2 is overexpressed during the 
stationary growth phase.

In the further step of Ehrlich pathway, decarboxylation of α-keto into an alde-
hyde, the pyruvate decarboxylases Pdc1p, Pdcp5, and Pdc6p, are involved, although 
these proteins are apparently not essential. Other proteins that could possibly be 
involved in this reaction are the phenylpyruvate decarboxylase Aro10p, and the car-
boxylase Thi3p (Styger et al. 2011), which plays a role as a regulatory protein of the 
enzymes regulating thiamine biosynthesis.

The final step of Ehrlich pathway reaches a fork: the aldehyde can be reduced 
(via a NADH-dependent reaction) or it can be oxidized (via a NAD+-dependent 
reaction) to form its respective higher alcohol or volatile carboxylic acid, respec-
tively, in function of redox status of the yeast cell. It was suggested that the reduc-
tive reaction is catalyzed by an alcohol dehydrogenase (Adh1p to Adh7p), whereas 
an aldehyde dehydrogenase is involved in oxidation reaction. Other oxidoreduc-
tases involved in the formation of the fusel alcohols are the formaldehyde dehydro-
genase Sfa1p, the 3-methylbutanal reductase Gre2p, and the NADPH-dependent 
aldo-keto reductase Ypr1p, and at least one of the putative aryl-alcohol dehydroge-
nases (AAD6).

The higher alcohols are transported outside the cell probably by simple passive 
diffusion across the lipid layer as no membrane transporter in S. cerevisiae is known 
until now.

Enzymes involved in Ehrlich pathway, and those responsible for later ester syn-
thesis, are also present in non-Saccharomyces yeasts. Furthermore, as some enzymes 
of the Ehrlich pathway (such as Aro10p) are specific for broad-substrate, different 
fusel alcohols can be formed also if the medium contains only one amino acid as 
nitrogen source. However, different yeast species in similar fermentative conditions 
produce different higher alcohols and in different amounts, indicating that in non- 
conventional yeasts the mechanisms involved in Ehrlich pathway are different com-
pared to Saccharomyces species.

The physiological function of higher alcohol production by yeast is unclear, 
although many hypotheses have been postulated. It has been suggested that, phys-
iologically, oxidative deamination provides the yeast with a mechanism for 
obtaining nitrogen when its pool has become depleted. A second hypothesis 
 proposes that higher-alcohol production contributes to the maintenance of the 
redox balance in the cell because the final reduction step in higher-alcohol pro-
duction involves the reoxidation of NADH+H+ to NAD+. However, it has also 
been stated that there appears to be enough acetaldehyde to maintain the redox 
balance and that the formation of higher alcohols is not considered to be an impor-
tant means for the reoxidation of NADH. Finally, higher alcohol production might 
act as a detoxification process for the intracellular medium of α-keto acids and 
aldehydes, or as a means of regulating the metabolism of amino acids (Ribéreau-
Gayon et al. 2000a).
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4.2.1  Factors Affecting Higher Alcohols

It is widely recognized that the yeast strain involved in wine fermentation influences 
considerably the higher alcohol profiles and concentrations in wine.

It was found that the total production of higher alcohols by pure cultures of 
Hanseniaspora species is lower than production level exhibited by S. cerevisiae 
(Moreira et  al. 2008; Viana et  al. 2008). Similar results were found in 
Zygosaccharomyces strains isolated from grape musts. By contrast, wines obtained 
by fermentation with C. zemplinina contained high levels of fusel alcohols, with 
concentrations exceeding 400 mg/l (Andorrà et  al. 2010). High production of 2- 
phenylethyl alcohol, a compound associated with pleasant aromas, has been 
described in the non-Saccharomyces species M. pulcherrima (Clemente-Jimenez 
et al. 2004), L. thermotolerans (Beckner Whitener et al. 2015), and C. zemplinina 
(Andorrà et al. 2010).

The concentration of amino acids (the precursors for higher alcohols) in the must 
also influences higher alcohol production, which increases as concentrations of the 
corresponding amino acids increase. The catabolism of amino acids is controlled by 
NCR (nitrogen catabolite repression), a complex regulation system that enables 
yeasts to select nitrogen source able to provide the best growth. NCR is mainly 
mediated by four transcription factors (GATA factors) and by the regulatory protein 
Ure2p. When in the medium the preferred nitrogen source become limited, genes 
involved in the use of non-preferred nitrogen source are gradually derepressed and 
NCR is removed.

Furthermore, ethanol concentration, fermentation temperature, pH and composi-
tion of grape must, aeration, level of solids, grape variety, maturity and skin contact 
time also affect the concentration of higher alcohols in the final product (Fleet and 
Heard 1993).

Excessive levels of higher alcohols in wines are typically associated with yeast 
assimilable nitrogen (YAN)-deficient grape must, as reported for amyl alcohols pro-
duction (Bohlscheid et  al. 2007). Increased concentrations of higher alcohols can 
result from nitrogen catabolism of valine, leucine, isoleucine and phenylalanine, or by 
overproduction of a-ketoacids because of a loss of feedback inhibition Hernandez- 
Orte et al. 2002). Other studies, however, suggest that the anabolic pathway of higher 
alcohol formation appears to predominate over the catabolism of amino acids in low 
YAN media, but the results of Bohlscheid et al. (2007) indicate a dependence on yeast 
strain and higher alcohols. Overproduction of higher alcohols can be a result of very 
low or very high YAN, but has been rarely reported as a result of biotin deficiency.

4.3  Esters

Esters make the greatest contribution to the desirable fermentation bouquet of wine 
(Nykänen 1986) as they are the most abundant compounds found in wine, with 
around 160 identified to date. During the primary alcohol fermentation of grape 
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juice, a number of odorous esters are formed. Although various esters can be formed 
during fermentation, acetate esters and fatty acid ethyl esters are the two main cat-
egories of flavour-active esters in fermented beverages. Acetate esters are more 
important for wine aroma than fatty acids ethyl esters, which derive from the conju-
gation of an alcohol with an acid. In particular, the acyl group is derived from  acetate 
(as acetyl-CoA), and the alcohol group is ethanol or a complex alcohol derived from 
amino acid metabolism. The most important acetate esters are ethyl acetate (“fruity”, 
“solvent-like” aromas), isoamyl acetate (“banana” aroma), and 2- phenylethyl ace-
tate (“honey”, “roses”, “flowery” aromas). In the formation of fatty acid ethyl esters, 
the alcohol group is ethanol, and the acyl group is derived from activated medium-
chain fatty acids. Ethyl hexanoate (“apple-like” aroma), and ethyl octanoate (“apple” 
aroma) are included in this group.

During wine fermentation, maximum concentration of esters is obtained when 
yeasts are in the stationary growth phase. Esters can be considered as metabolic by- 
products of yeasts for three reasons:

 1. these compounds usually are less toxic than their correspondent alcohol or acidic 
precursors, as a consequence, ester formation represents a detoxification 
mechanism;

 2. they are insect attractants, representing a mechanism for yeast spread;
 3. their synthesis represents a mechanism for the regeneration of free Coenzyme A 

from its conjugates.

Volatile esters have a higher impact in wine aroma than higher alcohols, although 
esters are present in small amounts. However, if these compounds are present in too 
high amounts, they can mask varietal aromas, decreasing wine complexity. Ethyl 
acetate is the most abundant ester in wine and it can have favourable effects on wine 
aroma at concentrations below 80 mg/l. Wines containing more than 90 mg/l of 
ethyl acetate or 200 mg/l of total esters are considered defective; in particular, high 
values of ethyl acetate are largely responsible for the altered sensory properties typi-
cal of acescency. Isoamyl acetate is one of the esters most markedly contributing to 
the aroma profile of white wines.

The rate of ester formation during fermentation is function of two factors: (1) the 
concentration of the co-substrates, the acyl-CoA and the alcohol; (2) the activity of 
enzymes involved in their synthesis and hydrolysis (acyltransferases and esterases). 
The best characterized enzymes involved in the formation of esters are alcohol ace-
tyl transferases I and II (AATase I and II), which are encoded by the genes ATF1 and 
ATF2, respectively. As the most common acyl-CoA molecule found in yeast is 
acetyl- CoA, the most common esters are acetate esters. These acetyltransferases are 
sulfhydryl enzymes which react with acetyl coenzyme A (acetyl-CoA) and, depend-
ing on the degree of affinity, with various higher alcohols to produce esters. It has 
also been shown that these enzymatic activities are strongly repressed under aerobic 
conditions and by the addition of unsaturated fatty acids to a culture. The ATF1- 
encoded AAT activity is the best studied acetyltransferase activity in S. cerevisiae. 
Atflp and Atf2p are partially responsible of isoamyl acetate and ethyl acetate 
 production. It was reported that the differences found among three Saccharomyces 
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species (S. cerevisiae, S. kudriavzevii and S. uvarum) for the formation of aroma-
active acetate ester are due, to some extent, to the distinct properties of Atf enzymes 
(Stribny et al. 2016).

The formation of fatty acid ethyl esters is catalysed by Eht1 and Eeb1 acyl- 
coenzymeA/ethanol O-acyltransferases (AEATases), encoded by the genes EHT1 
and EEB1.

The net accumulation of esters in wine is determined by the balance between the 
activities of enzymes able to synthetize esters and esterase produced by yeasts, 
responsible for cleavage and, in some cases, in formation of ester bonds (Swiegers 
and Pretorius 2005).

Extracellular esterases are known to be present in S. cerevisiae, although the 
relevance attributed to the ester synthase (EST, a reverse esterase) as an ester- 
synthesizing activity is rather limited: two esters, ethyl caprylate and ethyl acetate 
have been reported as been produced, respectively, by breadmaking and beer yeast 
strains of S. cerevisiae from ethanol and the respective acids (Rojas et al. 2002). As 
regards extracellular esterases, the situation for non-Saccharomyces needs further 
investigation.

4.3.1  Factor Affecting Esters

Esters are compounds ubiquitous to all wines, but the level formed varies signifi-
cantly. Apart from being dependent on numerous factors, such as grape cultivar and 
rootstocks, as well as grape maturity, fermentation temperature, insoluble material 
in the grape must, vinification methods, skin contact, must pH, sulphur dioxide 
amount, amino acids present in the must, the concentration of esters produced dur-
ing fermentation is significantly and sometimes considerably dependent on the 
yeast strain(s) performing the process (Mateo et al. 1992). Ester production during 
alcoholic fermentation is closely related to the particular yeast specie/strain involved 
and with respect to acetate esters is widely believed to be dependent on the balance 
of ester synthesis by alcohol acetyltransferases and ester hydrolysis by 
ester-hydrolases.

Traditionally, non-Saccharomyces wine yeasts are considered good producers of 
esters and are associated with negative effects due to the high production of ethyl 
acetate, whereas these yeasts generally produced much lower amounts of ethyl 
esters than S. cerevisiae (Rojas et al. 2001, 2003).

Species belonging to the genera Hanseniaspora, Candida, Hansenula, and 
Pichia were described as having a greater capacity to produce ethyl acetate than S. 
cerevisiae wine strains.

Hanseniaspora and Pichia produced similar levels of ethyl acetate, but 
Hanseniaspora is able to promote the esterification of various alcohols, such as 
ethanol, geraniol, isoamyl alcohol and 2-phenylethanol, thus increasing concentra-
tions of esters with a fruity aroma, such as fruity acetate esters, i.e. 2- phenylethyl 
acetate and isoamyl acetate (Rojas et  al. 2001; Viana et  al. 2008). Among 
Hanseniaspora species, H. uvarum is reported to be a good producer of esters in 
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general, whereas H. guilliermondii and H. osmophila are strong producers of  
2- phenylethyl acetate. Pichia and Rhodotorula are considered producers of remark-
able amounts of isoamyl acetate. Torulaspora delbrueckii is reported as a producer 
of small amounts of ethyl acetate, whereas the production of ethyl caprylate seems 
to be a characteristic of this species (Viana et al. 2008).

The new yeast species Kazachstania gamospora produced more esters than the 
S. cerevisiae control strain, in particular phenylethyl propionate, a desirable ester in 
wine in consequence of its floral aroma (Beckner Whitener et al. 2015).

C. pulcherrima is also known to be a high producer of esters (Clemente-Jimenez 
et al. 2004), especially the pear-associated ester ethyl caprylate (Lambrechts and 
Pretorius 2000; Clemente-Jimenez et al. 2004).

4.4  Carbonyl Compounds

A very important volatile aroma fraction of alcoholic beverages is composed of 
carbonyl compounds, which comprise aldehydes and ketones. They are key com-
pounds in the biochemical reaction when the yeast produces fusel alcohols from 
amino acids and sugars and are formed in the yeast cells and then transferred to the 
medium.

4.4.1  Acetaldehyde

Acetaldehyde is one of the most common and important sensory carbonyl com-
pounds formed during vinification and constitutes more than 90% of the total alde-
hyde content in wine (Nykanen 1986). Various levels of acetaldehyde are found in 
wine, with average values of about 80 mg/l for white wine, 30 mg/L for red wine 
and 300 mg/l for sherries. While high levels of acetaldehyde are generally undesir-
able in table wines, high concentrations of this volatile compound are considered a 
unique feature of sherry-type wines. Acetaldehyde at low levels gives a pleasant 
fruity aroma, but at high concentrations it possesses a pungent irritating odour. 
Indeed, an excess of acetaldehyde produces a green, grassy or apple-like off-flavour 
in wine.

The sugar is the primary substrate of acetaldehyde formation, but metabolism of 
amino acids such as alanine also contributes to the formation of this compound. 
During alcoholic fermentation, acetaldehyde arises from yeast metabolism of sug-
ars via the action of pyruvate decarboxylase (PDC) and alcohol dehydrogenase 
(ADH).

In addition, acetaldehyde may also be produced after alcoholic fermentation 
through oxidation of ethanol, which can be chemical (when wine is exposed to air) 
or biological (by the activity of film yeasts). Acetaldehyde is also extremely reactive 
and readily binds to proteins or individual amino acids to generate a wide range of 
flavour and odour compounds.
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Acetaldehyde is also a precursor metabolite for acetate, acetoin, and ethanol 
synthesis. Generally, acetaldehyde reaches a peak value during the early fermenta-
tion phases, and is then partly reutilized by yeast. Furthermore, the acetaldehyde 
levels reach a maximum when the rate of fermentation is at its fastest, then decreases 
towards the end of fermentation, only to slowly increase again thereafter.

Acetaldehyde is also very polar and may cause water stress in yeasts. Thus, its 
accumulation (both intracellularly and extracellularly) is one of the central mecha-
nisms of ethanol inhibition of cell yeast growth in ethanol fermentations. Recent 
evidence shows that acetaldehyde accumulates in fermenting cells of S. cerevisiae 
to concentrations greatly exceeding extracellular levels. In contrast to the inhibitory 
effect, some evidence indicates that low levels of acetaldehyde stimulate yeast 
growth under certain conditions. The reason(s) for acetaldehyde stimulation is not 
fully understood, but may be ascribable to its role in NAD+ regeneration and energy 
generation via glycolysis. Acetaldehyde inhibition and stimulation of yeast growth 
have implications for alcoholic fermentations in winemaking. While low levels of 
acetaldehyde may be stimulatory to yeast growth, high concentrations of this com-
pound (both intracellular and extracellular) may retard or even inhibit yeast ethanol 
fermentations, resulting in sluggish or stuck alcoholic fermentations.

In the presence of acetaldehyde, reaction of rapid polymerization between antho-
cyanins and catechin or tannins occurs with increased colour intensity and stability, 
but further reaction with polymerized catechin and tannins leads to instability, pre-
cipitation and decreased colour. Enhanced colour stability is due presumably to the 
new compounds formed being partly or wholly resistant to bleaching by sulphur 
dioxide.

4.4.2  Diacetyl

An important odorant formed from acetaldehyde is the diketone 2,3-butanedione or 
diacetyl, which is better known for being the compound responsible for the charac-
teristic aroma and flavour of butter. In wine, the concentration of diacetyl is gener-
ally low relative to its flavour threshold (8 μg/l) and appears to be important to 
determining wine style. This diketone is a major flavour metabolite produced by 
lactic acid bacteria (LAB); yeasts are also able to synthesise diacetyl during alco-
holic fermentation, but the majority of this diacetyl is further metabolised to acetoin 
and 2,3 butanediol. Diacetyl at low concentrations, and in combinations with other 
wine aroma compounds, imparts yeasty, nutty, toasty aromas, whereas at high con-
centrations, it has a characteristic buttery aroma that is associated with a lactic char-
acter. When present at a high concentration (exceeding 5–7  mg/l), diacetyl is 
regarded as undesirable in wine, or a spoilage character.

This compound is highly reactive and has been found to react with cysteine, 
forming sulphur compounds that can influence wine aroma.
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4.4.3  Factors Affecting Carbonyl Compounds

There are considerable species and strain differences in acetaldehyde production by 
yeasts. Saccharomyces cerevisiae strains usually produce higher acetaldehyde lev-
els (about 5–280 mg/l) than non-Saccharomyces species (up to 40 mg/l), such as 
Kloeckera apiculata, Candida krusei, C. stellata, H. anomala, and M. pulcherrima 
(Fleet and Heard 1993). A mean acetaldehyde concentration of around 25 mg/l was 
described for H. uvarum strains, although significant differences in production 
among strains were observed (Romano et al. 2003), with a range of 9.5–66 mg/l.

It must be considered that factors, such as temperature, oxygen and sulphur diox-
ide (SO2), affect the production of acetaldehyde by yeasts. Fermentation tempera-
ture can affect the final total acetaldehyde content in wine, although conflicting 
results are reported. Some authors found that high fermentation temperatures deter-
mined high level of acetaldehyde in wine; i.e. Romano et al. (1994) demonstrated 
that fermentations at 30 °C produced more acetaldehyde than those at 12 °C, 18 °C 
or 24 °C and others (Torija et al. 2003) observed that fermentations at 20 °C led to 
an acetaldehyde content of 90 mg/l in the final wine, while concentrations of 50 and 
20 mg/l were obtained at 15 °C and 35 °C, respectively. However, these results are 
inconsistent with those obtained by other authors. Jackowetz et al. (2011) demon-
strated that cool fermentation temperatures (12 °C versus 20 °C) led to higher acet-
aldehyde residues. Among the enological parameters, the use of SO2 affects the 
acetaldehyde concentrations during alcoholic fermentation; in particular, SO2 
induces acetaldehyde formation by yeasts and wines fermented with SO2 have con-
siderably higher acetaldehyde levels than wines made without SO2 added. Sulphur 
dioxide is characterized by the binding capability to acetaldehyde and other com-
pounds, such as pyruvic acid and α-keto-glutaric acid (Romano and Suzzi 1993). 
The bond SO2-acetaldehyde is very strong (Kd = 2.06 × 10−6) and hence, SO2 scav-
enges the terminal electron acceptor of the alcoholic fermentation. It was demon-
strated (Park and Hwang 2008) that SO2 induced transcription of enzymes involved 
in carbohydrate metabolism, particularly PDC, and the authors highlighted the role 
of acetaldehyde in detoxifying SO2, which can negatively affect energy metabolism 
in S. cerevisiae. As a consequence, the SO2-induced production of acetaldehyde 
appears to be related to SO2 resistance in yeasts.

The total SO2 consists of bound and free forms. At wine pH of 3–4, free SO2 
consists mainly of bisulphite anion (HSO3

−1) and a small proportion of molecular 
SO2 (SO2.H2O) and sulphite anion (SO3

−2). A number of carbonyl compounds 
(mainly acetaldehyde, pyruvic acid and α-keto-glutaric acid) can bind with free SO2 
(especially the bisulphite ion) to form a complex compound (bound SO2), which has 
only weak antimicrobial properties. One of the properties of added SO2 is to limit 
acetaldehyde formation and to bind acetaldehyde formed, so that a wine’s taste and 
aroma are protected or improved. Anaerobiosis, low pH and/or high sugar content 
apparently promote acetaldehye production by yeasts.
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4.5  Sulphur Compounds (hydrogen sulphide, volatile thiols)

Among the volatile metabolites released by yeasts and involved in wine aroma, the 
sulphur-containing compounds strongly affect wine organoleptic properties in con-
sequence of their very low detection thresholds.

Sulphur compounds comprise a structurally diverse class of molecules that pro-
vides a whole range of characteristic aromatic notes. These compounds in wine can 
be a “double-edged sword”. On the one hand, certain sulphur-containing volatile 
compounds such as hydrogen sulphide, imparting a rotten egg-like aroma, can have 
a negative impact on the perceived wine quality, and on the other hand, some sul-
phur compounds such as 3-mercaptohexanol, imparting fruitiness, can have a posi-
tive impact on wine flavour and aroma. Furthermore, these compounds can become 
less or more attractive or repulsive depending on their absolute and relative 
concentrations.

Generally, the aromatic contributions of these compounds are considered detri-
mental to wine quality; however, new developments in wine research allowed the 
differentiation of a family of sulphur compounds responsible for a varietal aroma of 
wines.

The main volatile sulphur compounds detected in wine (Table  2.1) are: (1) 
hydrogen sulphide; (2) methanethiol (methylmercaptan); (3) dimethylsulphide, 
dimethyldisulphide, and dimethyltrisulphide; (4) methylthioesters (S-methyl 

Table 2.1 Sensory impact of some volatile sulfur compounds in wine

Compound Sensory impact

Hydrogen sulfide Rotten egg aroma
Mercaptans (also known as thiols) This is a large group of very smelly sulfur 

compounds. Terms such as cabbagey, rubbery, 
struck flint or burnt rubber are used as descriptors

Ethyl mercaptan Burnt match, sulfidy, earthy
Methyl mercaptan (methanethiol) Rotten cabbage, cooked cabbage, burnt rubber, 

stagnant water
Dimethyl sulfide Vegetal, cabbage, onion-like at high levels. Cooked 

vegetables, cooked corn, canned tomato at high 
levels; blackcurrant drink concentrate at lower 
levels. Quince, truffle

Diethyl sulfide Rubbery
Carbon disulfide Sweet, ethereal, slightly green, sulfidy
Dimethyl disulfide Vegetal, cabbage, onion-like at high levels
Diethyl disulfide Garlic, burnt rubber
4-Mercapto-4-methylpentan-2-one 
(4MMP), 3-mercaptohexan-1-ol (3MH), 
3-mercaptohexyl acetate (3MHA)

Tropical fruit/passion fruit at low levels; cat’s urine 
at higher levels

Benzenemethanethiol Smoky/gunflint aromas
Methylthioesters (S-methyl thioacetate, 
S-methyl thiopropanoate, and S-methyl 
thiobutanoate)

Cooked cauliflower, cheesy, and chives aromas
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 thioacetate, S-methyl thiopropanoate, and S-methyl thiobutanoate; (5) the “fruity” 
polyfunctional thiols 3-mercaptohexan-1-ol (3MH), 4-mercapto-4-methyl-pentan-
2-one (4MMP), and 3-mercaptohexyl acetate (3MHA).

The mechanism of production of many sulphur compounds is still not well- 
known. Beside enzymatic formation resulting from yeast metabolism, other non- 
enzymatic reactions may occur during winemaking and storage through the 
influence of temperature, light and chemical transformation. Moreover, sulphur- 
containing pesticides or other breakdown products can be used as precursors in 
biochemical reactions arising from grape juice enzymes or yeast metabolism. Yeasts 
form sulphur compounds by three main mechanisms: (1) degradation of amino 
acids containing sulphur; (2) degradation of sulphur-containing pesticides; (3) 
release and/or metabolism precursors containing sulphur deriving from grapes.

4.5.1  Hydrogen Sulphide

The best known sulphur compound in wine is probably hydrogen sulphide, a highly 
volatile thiol, conferring ‘rotten egg’ aroma. In consequence of the common fre-
quency and very low odour threshold (50–80 μg/l) of this compound, its production 
during wine fermentation is a frequently encountered problem in winemaking and 
it’s necessary to limit H2S content in wine in order to avoid a loss in quality and 
rejection by consumers. In S. cerevisiae, H2S is the product of the sulphate reduction 
sequence (SRS) pathway. The wine yeasts metabolism forms H2S from inorganic 
sulphur compounds (sulphate and sulphite) or organic compounds, such as cysteine 
and glutathione. Generally, grape must is deficient in organic sulphur compounds, 
such as the sulphur containing amino acids methionine and cysteine. These amino 
acids are essential for the growth of S. cerevisiae and, if they are not present, or 
exhausted in the growth medium, sulphur compounds have to be assimilated from 
inorganic sources, such as extracellular sulphate, usually abundant in grape must.

In the first step of the SRS pathway, sulphate is transported into the cell by two 
specific permeases; a first step of reduction produces sulphite which is further 
reduced to sulphide. In the presence of a suitable nitrogen supply, the sulphide pro-
duced is combined with a nitrogenous precursor, O-acetyl serine or O-acetyl homo-
serine, to form cysteine and methionine. When nitrogen sources are insufficient or 
unsuitable, free H2S can accumulate in the cell and diffuses from the yeast cell into 
the wine.

4.5.2  Other Sulphides

Hydrogen sulphide is a highly reactive species, which can take part in a range of 
reactions to generate compounds that impact on wine flavour. For example, mercap-
tans, such as ethanethiol can be formed by the reaction of hydrogen sulphide with 
ethanol or acetaldehyde.
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Dimethyl sulphide (DMS), which usually elicits odours described as  ‘asparagus’, 
‘corn’ and ‘molasses’, is considered a beneficial compound in low concentrations, 
contributing to the aroma of bottle age. The concentration of DMS found in wine is 
well above the sensory threshold of 25 μg/l (white wine) and 60 μg/l (red wine). The 
formation of DMS is not clear. It could be formed in a similar way to other mercap-
tans. During fermentation, DMS is synthesized by yeast from cysteine, cystine and 
glutathione or it can be produced from dimethyl sulphoxide by yeast reductase 
(Ribéreau-Gayon et al. 2000b). During wine maturation, DMS is formed through a 
yeast mechanism by cleavage of S-methyl-L-methionine to homoserine and 
dimethyl sulphide.

In wine, the formation of the polysulphides dimethyl disulphide, dimethyl trisul-
phide, and dimethyl tetrasulphide is thought to occur through the oxidation of mer-
captans, e.g. oxidation of methyl mercaptan to form dimethyl disulphide. Yeast can 
reduce disulphides to mercaptans.

4.5.3  Volatile Thiols

Volatile thiols, in particular 4-mercapto-4-methylpentan-2-one (4MMP), 
3- mercaptohexan-1-ol (3MH) and 3 mercaptohexyl acetate (3MHA), are some of 
the most potent aroma compounds found in wine. At optimal concentrations in 
wine, these compounds impart flavours of passionfruit, grapefruit, gooseberry, 
blackcurrant, lychee, guava and box hedge. Of these, 4MMP has the lowest sensory 
detection threshold of 3 ng/l in wine, followed by 3MH and 3MHA, having reported 
detection thresholds of 60 ng/l and 4 ng/l, respectively (Tominaga et al. 2000; Murat 
et al. 2001). These compounds are of particular importance for the varietal character 
of Sauvignon Blanc wines and were highly appreciated by consumers in some styles 
of these wines. These volatile thiols are virtually non-existent in grape juice and 
only develop during fermentation. Although the wine yeast Saccharomyces cerevi-
siae is responsible for the formation of volatile thiols during wine fermentation, it 
does not synthesize these types of volatile thiols de novo, but yeast is involved in the 
production of these aromatic compounds during wine fermentation cleaving of the 
thiols from precursors found in grape juice. For the formation of 4MMP and 3MH, 
cysteinylated (cys) and glutathionylated (glut) conjugates are taken up by yeast and 
converted to their respective thiols. No cysteine or glutathione precursor of 3MHA 
has been identified, and this compound is formed during fermentation and through 
esterification of 3MH by the alcohol acetyltransferase ATF1 to yield 3MHA 
(Dubourdieu et al. 2006; Coetzee and du Toit 2012). Carbon-sulphur lyase enzymes 
are necessary for the cleaving of cysteine- glutathione conjugated precursor with 
release of the correspondent volatile thiols. In grape must, the cystenilated forms are 
generally more abundant than the gluathionylated forms. However, the contribution 
to total thiols deriving from cys and glut precursors has come under increasing 
exploration as the yield from the pathway is low, as the concentrations of cys and 
glut conjugates are high, whereas conversion rates of precursor added to synthetic 
medium is very low. Moreover, the concentration of 3MH precursors in juice does 
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not correlate with the concentration of thiols in the final wine. It seems that 
additional pathways contribute to formation of varietal thiols; i.e. an alternative 
pathway proposed for thiols formation (Schneider et al. 2006) suggests that 3MH is 
derived from E-2-hexenal, a ‘green leaf volatile’ found in grape juice, which could 
react directly with H2S to form 3MH or react with cysteine and/or glutathione to 
provide precursors which yeast then biochemically converts to thiols.

The yeast genes involved in the pathway from cys and glut precursors to thiols 
are not yet clearly established. The uptake of the precursors is mediated by general 
amino acid transporters, such as GAP1 and OPT1 transporters, which are responsi-
ble for the uptake of the major part of the cys and glut precursors, respectively. For 
the cleaving of cysteinylated precursors inside the cell, a carbon-sulphur β-lyase 
enzyme is involved and four yeast β-lyase genes (BNA3, CYS3, GLO1 and IRC7) 
influence the release of volatile thiol 4MMP, with Irc7-p the main enzyme respon-
sible for its production. STR3 β-lyase is also responsible for thiol release, with high 
incidence in 3MH but with a low specific activity. The glut precursors, which enter 
the cell through Opt1p, are degraded to the cys form as an intermediate in a 
 multi- step pathway, in which the genes DUG1, DUG2, DUG3, CPC, CPY and 
ECM38 are involved. Also the gene CIS2 gene, encoding γ-glutamyl transpeptidase, 
is also required for the conversion of glutathione precursors to volatile thiols  
(Belda et al. 2017).

S. cerevisiae is able to release as volatile thiols about 10% of the precursor 
 originally present in the must and the low efficiency is probably due to NCR, one of 
the most important regulation controls of thiol releasing pathways. NCR affects 
transport genes (such as GAP1) and genes involved in precursors cleavage (such as 
IRC7).

4.5.4  Factors Affecting Sulphur Compounds

It is well established that S. cerevisiae is responsible for H2S off-flavour in wine and 
that the production is strain dependent, although not all wine strains produce H2S, 
as it was found that about 1% of naturally occurring wine strains are unable to pro-
duce this compound. The strain ability to produce H2S in variable amounts might be 
related to activity of sulphite reductase, one of the main enzymatic activities respon-
sible for the production of this compound. It was found that sulphite reductase activ-
ity is a rare feature among the majority of non-Saccharomyces species (Belda et al. 
2016), since among the 15 non-Saccharomyces species tested, only species belong-
ing to Hanseniaspora genus (mainly H. osmophila and H. opuntiae) had quite high 
sulphite reductase activity. Furthermore, some T. delbrueckii strains, apart from  
S. cerevisiae, exhibited a certain H2S production ability. However, as found in  
S. cerevisiae, a behaviour highly variable in function of strains was found in other 
wine related yeast species, such as Dekkera, Lachancea, Hanseniaspora, and 
Metschnikowia.

Other environmental and nutritional factors that can affect H2S production 
include: (i) high residual levels of elemental sulphur used in the vineyard for plant 
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protection; (ii) presence of sulphur dioxide; (iii) presence of sulphur-containing 
organic compounds; (iv) vitamin deficiency; (v) high concentration of amino acids 
like threonine, methionine or cysteine, and nitrogen limitation.

One of the main factors affecting content of sulphur compounds in wine is the 
yeast metabolism of nitrogen compounds in the media. A starvation for nitrogen 
could be expected to increase flux of sulphur through the pathway involving the 
reduction of inorganic sulphur to H2S by SRS. The activity of the SRS pathway is 
tightly regulated to match the metabolic demand for methionine and cysteine, which 
in grape juices usually are not sufficient to meet the metabolic needs of growing 
cells. A starvation for nitrogen could be expected to deplete the cell of these regula-
tory end products, resulting in a de-repression of the structural genes of the SRS 
enzymes and hence an increased flux of sulphur through the pathway. A similar 
methionine shortage and hence overproduction of H2S can develop from deficien-
cies of vitamins which act as cofactors to SRS enzymes, but the common use of 
vitamin supplements prevents this route of H2S overproduction from being 
 significant. Furthermore, in some strains the sulphite present in the fermentation 
medium readily diffuses in the cell, determining a consistent production of 
H2S. Therefore, the presence of sulphite, in conditions of nitrogen starvation, gives 
rise to high and continuous production of H2S.

Cells which undergo autolysis after fermentation can also release H2S, probably 
in consequence of degradation of sulphur-containing amino acids.

Fermentation temperature influences the amount of volatile thiols in wines. 
Masneuf-Pomarède et al. (2006) found that the final levels of 4MMP and 3MH in 
wines were higher when the alcoholic fermentation was conducted at 20 °C than at 
13 °C. The 3MHA, which was correlated with the amount of 3MH determined in 
wines, was also higher when the alcoholic fermentation was conducted at 
20 °C. Usually, low fermentation temperature enhanced the aromatic characteristics 
of wines, possibly because of greater synthesis and a greater retention of volatile 
flavours (Ribéreau-Gayon et al. 2000a), whereas results concerning levels of vola-
tile thiols in wines show opposite conclusions. Probably, the change of membrane 
fatty acids depending on fermentation temperature can be one hypothesis to explore 
the negative impact of low temperature on the level of volatile thiols.

Other factors, such as addition of nutrients in rehydration media to active dry 
yeast (Winter et al. 2011), pre-fermentation operations, such as skin contact (Peyrot 
Des Gachons et al. 2002), as well as oxygen, phenol, and sulphur dioxide content, 
affect the production of polyfunctional thiols (Blanchard et al. 2004).

Other than the factors previously cited, the genetic and physiological nature of 
the yeast strain used to conduct the fermentation is one of the most important factors 
that affect thiol releasing (Cordente et  al. 2012) and therefore selection of yeast 
strain is highly important to modulate the concentration of these compounds in wine

Several studies (King et al. 2010; Zott et al. 2011) have highlighted natural yeast 
variation in capacity to release and esterify polyfunctional thiols and the ability of 
some non-Saccharomyces yeasts to contribute positively to release of volatile thios 
from their cysteinylated precursors, but generally with a higher incidence in 
3-MH. It was reported (Anfang et al. 2009) a significant enhancement of 3-MHA 
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production by Pichia kluyveri in co-fermentation with S. cerevisiae; also Renault 
et al. (2016) found that an industrial T. delbrueckii (Zymaflore® AlphaTDn.sacch) strain 
was able to release 3-MH in co-culture fermentation with S. cerevisiae, but not 
4-MMP. Belda et al. (2016) evidenced a remarkable β-lyase activity from cysteinyl-
ated precursors in T. delbrueckii, Kluyveromyces marxianus and Meyerozyma guil-
liermondii. It also reported that Saccharomyces interspecies hybrid yeasts produce 
relatively high concentrations of polyfunctional thiols (Swiegers et al. 2009).

5  Tertiary Aroma: Post-Fermentative Aroma

The wine is a dynamic product that is submitted to ageing or maturation (performed 
in oak barrels or bottle), an important step to improve sensorial characteristics 
(Fig. 2.1). This step has been traditionally associated with red wines but, nowadays 
with more frequency, it is used also for white and rosé wines. During aging, the 
wine acquires a more complex aroma and better taste due to the loss of sensations 
of astringency and bitterness. In this process, the wine lost characteristic aromas 
linked to the grape varietal and fermentation, but new compounds appear from oak 
wood and from the evolution of the primary and secondary aromas. In particular, it 
was found that the concentrations of ethyl esters of branched-chain fatty acids 
changed during ageing. If the maturation is performed on lees, deriving from yeast 
cells autolysis, the concentrations of volatile compounds imparting a fruity aroma 
decrease, whereas contents of long-chain alcohols and volatile fatty acids increase.

During the process of autolysis, the cells release various cellular components 
into the wine, such as compounds containing nitrogen, amino acids, peptides, and 
proteins, mannoproteins and lipids. Lipids released during autolysis liberate fatty 
acids, that can give rise to volatile components, such as esters, aldehydes, and 
ketones, affecting aroma and flavour of wine.

Among compounds influencing tertiary aroma, those affected by yeast activity 
are, principally, the volatile phenols. These compounds greatly influence wine 
aroma in consequence of their relatively low detection threshold and, therefore, they 
are easily detected. The most important molecules in this class are 4-ethylphenol 
and 4-ethylguaiacol, among others (4-ethylcatechol, 4-vinylguaiacol, 4-vinylphenol 
and 4-vinylcatechol). Although volatile phenols can contribute positively to the 
aroma of some wines, they are better known for their contribution to off-flavours 
known as “Brett character”. These phenolic off-flavours are described as horse 
sweat, humid leather, smoky, plastic, phenolic, medical, band-aid and poultry yard. 
When the sum of the two volatile phenols exceeds 620 μg/l, the ‘Brett’ character 
becomes too pronounced. The sensorial threshold of 4-ethylphenol is 230 μg/l, and 
therefore small quantities of 4-ethylphenol are easily appreciable in wine. 
4- ethylguaicol affects wine aromas to a lesser extent, but it is also related to the 
‘Brett character’ of adulterated wines and have been associated with descriptive 
expressions, such as “bacon” or “smoked”. It has been reported that wines with 
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high, medium and no ‘Brett’ character have average 4-ethylphenol concentrations 
of 3.0, 1.74 and 0.68 mg/l, respectively.

The origin of volatile phenols involves the sequential action of two enzymes on 
a hydroxycinnamic acid, which is highly widespread in plants and in grapes primar-
ily consist of ferulic, p-coumaric or caffeic acid. Hydroxycinnamate decarboxylase 
first turns p-coumaric and ferulic acids into hydroxystyrenes (4-vinylphenol and 
4-vinylguaiacol respectively). Following this, vinylphenol reductase converts 
4-vinylphenol and 4-vinylguaiacol into 4-ethylphenol and 4-ethylguaiacol. (Dias 
et al. 2003). The precursors, p-coumaric acid and ferulic acids, are naturally present 
in must. The enzyme that facilitates the decarboxylation is present in a large number 
of bacteria, fungi, and yeasts, but the reduction step is only performed by the species 
Dekkera bruxellensis, D. anomala, Pichia guilliermondii, Candida versatilis, C. 
halophila and C. mannitofaciens. Initially, the presence of ethylphenols in wine was 
attributed to lactic acid bacteria. Indeed, these are capable of producing significant 
quantities of vinylphenols, but under oenological conditions they only produce 
small amounts. Other yeasts present in wines, such as S. cerevisiae, Pichia spp., 
Torulaspora spp. and Zygosaccharomyces spp. can produce 4-vinylphenol but do 
not reduce it to 4-ethylphenol (Dias et al. 2003). In particular, Brettanomyces yeasts 
or the members of the sporulating genus Dekkera, i.e. D. bruxellensis shows 
hydroxycinnamate decarboxylase and vinyl reductase activities under oenological 
conditions to the extent that this species is considered an undesirable yeast capable 
of producing high concentrations of 4-ethylphenol and 4-ethylguaiacol.

5.1  Factor Affecting Tertiary Aroma

The amounts of volatile phenols detected in wine is proportional to the the 
Brettanomyces/Dekkera population (Gerbeaux et al. 2000). However, the capacity 
to produce volatile phenols is a strain character, different strains of B. bruxellensis 
vary in the production of these compounds (Gerbeaux et al. 2000). Other factors 
influence the presence of volatile phenols in wine, such as alcohol content, which is 
inversely related to the concentration of these compounds. Also the temperature 
affects volatile phenol production: higher levels are produced at 18  °C than at 
13 °C. Low influence is attributed to the pH value of wine or the presence of residual 
sugars. The intensity and temperature of maceration and the use of pectolytic 
enzymes may be other possible factors conditioning the formation of volatile phe-
nols by Brettanomyces and Dekkera from hydroxycinnamic acids released from 
grape skins (Gerbeaux et al. 2002). It also been shown that the volatile phenols can 
be removed by wine ageing on the lees due to its biosorbent activities (Mazauric and 
Salmon 2005). Wide and deepened information about spoilage yeasts are dealt in 
the Chap. 12.

The Fig. 2.2 reports the list of the main yeast genera/species involved in primary, 
secondary and terziary aroma.
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6  Influence of Starter Cultures on Wine Flavour

Taking into account that grape must is a natural substrate, not sterilized or filtered, 
it can be freely metabolized by the present microorganisms, whose dominance and 
activity vary in function of different internal and external factors occurrence. For 
this reason, it is not always possible to obtain the same product from spontaneous 
wine fermentation, even if the grapes are of the same variety and derive from the 
same vineyard. In spontaneous fermentation, several different strains of S. cerevi-
siae compete with each other and also with non-Saccharomyces yeasts, determining 
non-homogenous final products in the organoleptic quality.

6.1  Single Starter Cultures: Saccharomyces

The problem of uncontrolled aromatic composition in wines produced by spontane-
ous fermentation can be solved by the use of starter cultures, which are inoculated 
into the grape juice in order to establish a high population and accomplish a 

Fig. 2.2 Main yeast genera/species involved in primary, secondary and tertiary aroma
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well- controlled must fermentation. The yeasts used as starter cultures are selected 
strains, mainly of the species S. cerevisiae, Metabolic scheme of major aroma com-
pounds produced by S. cerevisiae during fermentation is reported in Fig. 2.3.

Strains of this species have distinct physiological properties rendering them suit-
able for wine fermentation. This had led to the widespread use of commercially 
available dried yeast strains of S. cerevisiae.

As regards wine aroma, numerous reports confirm that different strains from the 
same yeast species produce the same fermentation metabolites, but in different con-
centrations, which affect wine flavour. Fermentations inoculated with different S. 
cerevisiae strains reveal the impact of selected strains on wine quality. It’s widely 
recognized that the metabolic characteristics of a particular yeast strain may lead to 
the formation of metabolites and the transformation of grape molecules that may 
sensorially affect the wine. An extensive literature is available reporting the 
 considerable strain variability within the species S. cerevisiae in the production of 
secondary compounds, such as acetaldehyde, fusel alcohols, esters, fatty acids 
(Estévez et al. 2004; Nikolaou et al. 2006). The wines have significantly different 
volatile characteristics, which determine large sensory differences in the final prod-
uct. Production of wines with different sensory characteristics from the same grape 
variety may be of commercial advantage in order to satisfy the different pleasure of 
the consumers. In addition, it was reported (Regodón Mateos et al. 2006) that wines 
elaborated with different grape varieties and under different fermentation conditions 
exhibit more homogeneous properties when the must fermentations are conducted 
with the same yeast strain.

As the importance of the role of S. cerevisiae in winemaking has been firmly 
established, the number of wine yeast strains available in the world market for use 
as winemaking starters has increased in the last years. These commercial strains 
have been isolated by prestigious wine research Institutes and characterized for their 
technological traits, but their use for the production of wine of different variety and 

Fig. 2.3 Metabolic scheme of major aroma compounds produced by Saccharomyces cerevisiae 
during fermentation
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origin could be inappropriate and detrimental for wine’s autochthonous character. 
Their individual activities can determine a potential uniformity of aromatic charac-
teristics in the final product. In fact, the active dry oenological yeasts available on 
the market are not yet representative of the indigenous yeasts of most of the wine 
regions. Today, the need is also for S. cerevisiae strains better adapted to the differ-
ent wine production regions in the world with their respective grape varieties, viti-
cultural practices and winemaking techniques. As wine quality is directly dependent 
on wine yeast attributes, the starter cultures to be used have to be chosen in function 
of the wines to produce. Thus, yeast strains for inoculated fermentation can be dif-
ferentiated in “universal” and “specific” starter cultures. The “universal” starter cul-
tures can be considered strains to be used in inoculated fermentation to produce 
wide-diffused wines with stable and uniform organoleptic quality. Not all universal 
strains enhance the organoleptic quality of all wines, but they can guarantee more 
standardized products, which satisfy a wide-ranging commercial market. On the 
other hand, specific strains starter cultures can be used in inoculated fermentation 
for specific variety/grape must, producing niche wines with optimized varietal 
quality.

The common practice to use active dry “universal” yeasts can determine a pro-
gressive substitution of natural local microflora and the consequent reduction of 
some typical organoleptic properties. In order to avoid a loss of wine typicality it is 
necessary to highlight the importance of selecting indigenous wine strains from 
each area with the aim to preserve the typical sensory properties of wine produced 
in that region. In fact, some researchers believe that each microclimate, such as the 
vineyard, is characterised by a specific S. cerevisiae yeast flora, where some strains 
can remain for many years and become representatives of an ecological area.

The existence of specific S. cerevisiae strains in different wine regions indicates 
that this species exhibits at least some degree of geographic population structure, 
perhaps reflecting an adaptation to specific microenvironments (Knight et al. 2015; 
Capece et al. 2016). It is demonstrated that yeast strains are fully adapted to a cer-
tain specific climatic environment and substrate and some oenologists admit that 
good results can be obtained only with selected yeast starters originating from the 
microarea where wines are produced (Capece et al. 2010).

This result supports the idea that some strains are better adapted to certain must 
conditions and, therefore, they should be recommended for those cultivars if the 
final wine quality is improved. This does not mean that only native local strains can 
perform their grape must fermentation, but it means that the strain selection for 
winemaking must consider the individual characteristics of each grape must.

On the other hand, strain metabolic behaviour seems to be correlated also to 
isolation origin. Some authors reported a common metabolic pattern among strains 
isolated from the same regions, which differed from that of other wine strains iso-
lated from different regions. This result can be a consequence of a better adaptation 
of the strains to the chemical and microbiological characteristics of the specific 
grape must (Lema et al. 1996; Mauriello et al. 2009; Capece et al. 2012).
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These findings emphasize the beneficial to select specific strains for specific 
 fermentations as a function of the vine variety characteristics in order to take the 
major advantage from the combination grape must/S. cerevisiae strain.

6.2  Mixed Starter Cultures

The contribution by the numerous grape-must-associated non-Saccharomyces 
yeasts to wine fermentation has been debated extensively. These yeasts, naturally 
present in all wine fermentations, are metabolically active and their metabolites can 
impact on wine quality. Although often seen as a source of microbial spoilage, in the 
past three decades there is substantial contrary evidence pointing to a positive con-
tribution by these yeasts (Jolly et al. 2006). Numerous studies has underlined the 
important role of non-Saccharomyces yeasts to improve wine complexity and speci-
ficity (Comitini et al. 2017).

As non-Saccharomyces yeasts are in general poor fermenters, the current trend 
in the wine industry is the design of mixed starters composed by non- Saccharomyces 
with optimized biotechnological characteristics and S. cerevisiae to ensure a com-
plete fermentation. The use of mixed cultures in wine fermentation processes, com-
bined with vinification technology, may lead to the production of wines with 
different characteristics, allowing to winemakers tailoring wines to the changing 
demands of consumers. Different mixed starters have been designed in order to 
enhance wine quality (reviewed by Padilla et al. 2016); some of them were formu-
lated with aim of modifying specific targets, such as terpenic profile or concentra-
tion of final esters, whereas others to affect the overall complexity of wine aroma. 
For this reason, several authors have studied fermentation with mixtures of different 
yeast species, either applied simultaneously or in sequential cultures. In the first 
case (co-inoculation) the selected non Saccharomyces yeasts are inoculated at high 
viable cell concentration together with S. cerevisiae, whereas in the second case 
(sequential inoculation) the selected non-Saccharomyces yeasts are first inoculated 
at high level, allowing to ferment for a given time, before inoculation of S. cerevi-
siae to complete the fermentation. The use of both practice are feasible, the choice 
of more appropriate inoculation strategy is based on the potential interaction 
between yeasts (Ciani et al. 2016).

The use of mixed starter can affect both primary and secondary aroma, by the 
production of enzymes and metabolites, respectively.

As regards primary aroma, T. delbrueckii, M. pulcherrima, D. hansenii, and  
D. pseudopolymorphus, able to secrete β-D-glucosidase enzyme, were used in com-
bination with S. cerevisiae to enhance the terpene content in wine.

The mixed starter composed by T. delbrueckii/S. cerevisiae increases the content 
of α-terpineol and linalool in Gewürztraminer wine, enhancing the overall quality of 
this wine.
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The use of Metschnikowia pulcherrima, in either simultaneous or sequential 
inoculation, yielded wines with concentration of nerol and geraniol significantly 
lower than those observed in grape must, probably in consequence of the S. cerevi-
siae ability to transform nerol and geraniol into α-terpineol at must pH, demonstrat-
ing the fundamental role played by yeast interaction in mixed starter fermentation.

Among Debaryomyces species, a D. vanriji strain was found to influence the 
concentrations of several volatiles, such as terpene, in consequence of the produc-
tion of pectinase, amylase, and xylanase activities along the fermentation and a  
D. pseudopolymorphus strain increased the concentration of citronellol, nerol, and 
geraniol during the fermentation of Chardonnay juice (Cordero-Otero et al. 2003).

Strains of C. zemplinina and P. kluyvery produced wines with increased concen-
tration of the volatile thiols 3MH and 3MHA compared with the S. cerevisiae single 
fermentation, although the effect could not be explained as simple additive assump-
tions, but as the result of interaction between the co-fermenting partners. 
Furthermore, it was demonstrated that this interaction may not be generalized to the 
species level, but it is dependent from specific S. cerevisiae strain used together the 
non-Saccharomyces yeast. Nowadays, for the improvement of wine primary aroma 
selected non-Saccharomyces strains are available on the market, such as a M. pul-
cherrima strain (recommended for Riesling and Sauvignon Blanc wines) and a 
selected strain of P. kluyveri, recommended for its ability to assure a more efficient 
conversion of flavour precursors into volatile thiols.

As regards the influence of mixed starter on secondary aroma, one of most investi-
gated use of these starters is correlated to the regulation of wine acidity, in order to 
reduce the volatile acidity, for acidifying wines or for biological deacidification of 
must and/or wine. Schizosaccharomyces pombe and Issatchenkia orientalis  (alternative 
name Pichia kudriavzevii) were tested to reduce malic acid in grape juice and/or wine. 
The combination S. pombe/S. cerevisiae was successful in biological deacidification 
of white and red wines (Benito et al. 2014b), such as wines co- fermented by I. orien-
talis and S. cerevisiae showed decrease in malic acid concentrations and high score in 
sensory evaluation (Kim et al. 2008; Del Mónaco et al. 2014).

Recently, the combined use of selected S. pombe and Lachancea thermotolerans 
strains has been reported as an alternative approach to malolactic fermentation as 
malic acid is totally consumed by S. pombe, whereas L. thermotolerans produces 
lactic acid, maintaining or increasing the acidity of wines produced from musts with 
low acidity. Furthermore, the fruity character of wine was increased, while content 
of acetic acid or biogenic amines was lower compared to traditional malolactic fer-
mentation controls (Benito et al. 2015). A commercial yeast strain of S. pombe is 
now available in immobilized form to reduce the malic acid content in wine 
(ProMalics; Proenol, http://www.proenol.pt/files/products/ProMalic_09_2008.pdf).

L. thermotolerans, characterized by high production of fixed acidity and low 
production of volatile acidity, is a potential acidifying microorganism, very useful 
to compensate the insufficient acidity of specific grape varieties, an aspect of 
increasing interest, as global climate change and variations in viticulture and oenol-
ogy practices determined a reduction in total acidity of wines. Other than enhance-
ment in the total acidity and reduction in the volatile acidity, compared to single  
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S. cerevisiae cultures, the use of this species determined an increase in glycerol and 
main esters and sensory analysis tests showed significant increases in the spicy 
notes (Comitini et al. 2011; Gobbi et al. 2013).

The use of non-Saccharomyces yeasts was proposed as a tool to reduce high 
levels of acetic acid in wine. Different authors (Bely et al. 2008; Comitini et  al. 
2011) observed significant reductions in volatile acidity by using T. delbrueckii, 
described as a low acetic acid producer both under standard conditions and in high- 
sugar media, in mixed fermentation with S. cerevisiae. Similar results were obtained 
by inoculating mixed starters composed by C. stellata/C. zemplinina and S. cerevi-
siae; furthermore, C. zemplinina co-inoculated with S. cerevisiae reduced the con-
tent of acetic acid, maintaining high levels of glycerol and ethanol (Rantsiou et al. 
2012). Also the use of Pichia fermentans, in different combinations with S. cerevi-
siae, produced less acetic acid than single cultures of S. cerevisiae, other than an 
increase in content of some aromatic compounds, such as acetaldehyde,  ethylacetate, 
1-propanol, n-butanol, 1-hexanol, ethylcaprilate, 2,3-butanediol and glycerol 
(Clemente-Jiménez et al. 2005).

Numerous studies reported the use of apiculate yeasts belonging to Hanseniaspora 
genus, the non- Saccharomyces yeasts found in the highest numbers in grape must, 
to make a contribution to wine quality, mainly for the ability to increase the content 
of fruity acetate esters, such as 2-phenylethyl acetate and isoamyl acetate (Rojas 
et al. 2001; Moreira et al. 2005; Viana et al. 2008). As regards Hanseniaspora genus, 
H. uvarum is reported as a good producer of esters in general, whereas H. guillier-
mondii and H. osmophila are considered strong producers of 2-phenylethyl acetate 
(Rojas et al. 2001, 2003; Viana et al. 2008). In general, non-Saccharomyces wine 
yeasts are considered as good producers of esters and traditionally have been associ-
ated with negative influence on aroma in consequence of high production of ethyl 
acetate. Candida, Hansenula, and Pichia species were reported as producers of 
higher amounts of ethyl acetate than wine strains of S. cerevisiae. As regards ethyl 
esters, T. delbrueckii is described as producer of ethyl caprylate (Viana et al. 2008), 
whereas the new discovered species Kazachstania gamospora produced more esters 
than S. cerevisiae, in particular phenylethyl propionate, an ester conferring to the 
wine the desirable floral aroma (Beckner Whitener et al. 2015).

The presence of T. delbrueckii in mixed starters with S. cerevisiae affected the 
content of other volatile compounds, such as 2-phenylethyl alcohol, isoamyl ace-
tate, fatty acid esters, C4–C10 fatty acids and vinyl phenols. In particular, the pres-
ence of T. delbrueckii in mixed starters has been associated with increases in the 
production of 2- phenylethyl alcohol in different wine styles. Other mixed starters, 
including M. pulcherrima, L. thermotolerans, Kazachstania gamospora, deter-
mined an increased production of 2-phenylethyl alcohol (Comitini et  al. 2011; 
Dashko et al. 2015).

In this context, actually blends of active dried yeasts have become commercially 
available, such as blends of S. cerevisiae/K. thermotolerans/T. delbrueckii, denomi-
nated Vinfloras Harmony.nsac (Christian Hansen) and a blend of K. thermotolerans 
and S. cerevisiae (Viniflora® SYMPHONY.nsac). This last blend has been devel-
oped for the improvement of aroma and flavour in white and red grape varieties as 
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its use can lead to the enhancement of floral and tropical fruit aromas, and more 
complex and rounded flavours in white and red wine, respectively.

At this aim, it was suggested the use of C. stellata, which was reclassified as 
Starmerella bombicola This species frequently predominates in the early fermenta-
tion phase together with apiculate yeasts and it is known as a high glycerol pro-
ducer. It was reported (Ciani and Picciotti 1995) that wines obtained by mixed 
fermentation at lab scale with C. stellata and S. cerevisiae showed increased con-
centrations of glycerol and succinic acid and reduced concentrations of acetic acid 
and higher alcohols, whereas other by-products were similar to those found in the  
S. cerevisiae control fermentation. These finding were then confirmed at pilot-scale 
production of wine (Ferraro et al. 2000).

7  Novel Methodologies to Select Wine Yeasts in Function 
of Their Influence on Wine Aroma

The wine industry requires rapid, comprehensive methods and techniques to answer 
the new challenges driven by the market demands.

New markets and consumer demands are pushing the need to produce different 
and novel wine styles with particular characteristics. To do this, understanding how 
changes in the yeast genome influence potential flavour metabolites is essential. 
Recent advances in technology have brought about a revolution in the manner in 
which biological systems are visualized and analysed. The measurements of all 
small molecules (metabolites) present in the organism, which represent the interac-
tion of the genome, transcriptome and proteome with the environment, is called 
metabolomics (Dunn and Ellis 2005; Nielsen and Oliver 2005). The development of 
metabolomics has depended on advances in a diverse range of instrumental tech-
niques, such as liquid chromatography (LC), electrospray ionization mass spec-
trometry (ESI–MS), capillary electrophoresis (CE) and microchip arrays, among 
others (Nielsen and Oliver 2005). Each of these methods provides unique capabili-
ties to separate different chemical classes of metabolites. At the same time, develop-
ments in mathematics have provided algorithms capable of unravelling the 
complexity of the datasets generated. Large-scale metabolome analysis is tradition-
ally based on the use of gas chromatography– mass spectroscopy (GC–MS), liquid 
chromatography–MS (LC–MS), high performance liquid chromatography (HPLC), 
ESI–MS, mid-infrared (MIR) and high resolution mass spectrometry. It has been 
generally accepted that a single analytical technique will not provide sufficient visu-
alization of the metabolome, therefore holistic techniques are needed for compre-
hensive analysis. Near-infrared (NIR) spectroscopy has gained wide acceptance as 
a rapid analytical tool and it is mainly used in the wine industry to measure the 
alcohol content of wines. Spectroscopy in the NIR wavelength range offers the 
advantage of rapid, non-destructive analysis and routine operation can be obtained. 
One of the advantages of NIR spectroscopy is its ability to assess chemical  structures 
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through the analysis of the molecular bonds in the NIR spectrum (O-H, N-H, C-H). 
Additionally, the spectrum of a given sample is considered to behave as a ‘finger-
print’ of the sample. The power of spectroscopy techniques as compared with other 
conventional approaches (i.e. enzymatic, GC–MS, ESI–MS) is that it measures 
changes in a complex metabolite environment. The use of NIR spectroscopy has 
been proposed for a rapid screening of yeasts (Cozzolino et al. 2006), allowing the 
initial clustering of yeast strains with similar extra cellular metabolomes, followed 
by a more precise method, such as GC–MS, MS or HPLC.

The spectral differences can be used to classify strains on the basis of their 
metabolome. As the selection of potentially useful commercial wine strains requires 
the evaluation of their fermentation profiles and of their impact on wine quality by 
expensive analysis, developing a rapid metabolomic method will be valuable in 
facilitating the selection of beneficial strains.
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1  Introduction

Winemaking is the process by which grapes are transformed into wine through the 
fermentative activity of yeast and bacteria. Different factors have key roles in the 
making of a good wine, including grape quality, winemaking technology, and the 
properties and performances of the microorganisms that participate in the grape 
must fermentation. It can be debated which of these factors is the most critical to 
wine production, and probably all of them are equally important. Indeed, in addition 
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to sound and healthy grapes and skillful winemaking, yeast choice is essential for 
successful fermentation.

Investigations of vineyard, grape, and wine mycobiota have revealed great yeast bio-
diversity within wine-related environments. According to Bisson et al. (2017), grapes 
and wine mycobiota include over 40 genera and 100 different species, although this 
composition varies depending on regional and climatic factors, vineyard practices, grape 
varieties, and the sanitary state of the grapes. In spite of these variations, Saccharomyces 
cerevisiae is always the main actor in grape-must transformation. However, the so-called 
non-Saccharomyces yeast also participate in the winemaking process, although with 
different effects depending on the quantitative and qualitative variability of the species 
found on the grapes and in the must in the early stages of fermentation. Due to these 
variations, spontaneous fermentations are relatively unpredictable, with positive or neg-
ative outcomes on the composition, taste, flavor, and appearance of the final product. 
On the contrary, inoculation of pure or mixed yeast starter cultures allows the fermenta-
tion in the winemaking process to be controlled and managed consistently. However, it 
is well known that in spite of the use of yeast starters, the natural grape microbiota that 
comprises S. cerevisiae and non-Saccharomyces yeast can persist during must fermenta-
tion, and this can result in poor quality wine, or even wine spoilage.

Thus, to enumerate and identify the wine yeast that operate contemporarily or in 
succession during grape must fermentation, to detect spoilage yeast, and to evaluate 
the dominance and persistence of the starter cultures at different stages in the wine-
making process, a plethora of different methods have been developed. As reported 
in the present chapter, these methods have different degrees of complexity and vary 
in terms of cost, rapidity, sensitivity, and reliability.

For a long time, the study of wine microflora was based on the use of culture- 
dependent methods. Now microbiologists can take advantage of different culture- 
independent methods. Depending on the approach followed, these can be used to 
implement a quality control system based on real-time detection and quantification of 
specific targets, such as the inoculated starter(s) or the spoilage yeast, or to provide 
further insights into the composition of the microbial communities involved in the 
grape must transformation. Indeed, their application to the study of the microbial ecol-
ogy of wine-related environments now contributes to the determination of the influence 
of a number of different parameters on wine microbial diversity, such as climate, soil 
composition, water management, vineyard management, host genotype, and others.

This chapter presents an overview of the methods available for the detection and 
identification of yeast in winemaking.

2  Monitoring Yeast Cell Populations With  
Culture-Dependent Methods

Culture-dependent methods for detection, quantification, and identification of wine- 
related yeast are carried out in two steps, for their cultivation and their identification 
(Fig.  3.1). For yeast cultivation, Yeast Extract, Peptone, Dextrose agar and Malt 
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Extract Agar are commonly used, with antibiotics added (e.g., chloramphenicol, 
oxytetracycline; 50–100 μg L-1) to inhibit bacterial growth. Molds can be controlled 
with the addition of Rose Bengal (30 mg L-1) or dichloran (2 mg L-1), which are also 
available in a commercial form (Dichloran Rose Bengal Chloramphenicol agar). 
The differential medium known as WL (Wallerstein Laboratory) nutrient agar con-
tains 0.1% bromocresol green, which allows some general discrimination between 
yeast species based on colony morphology and color (Pallmann et al. 2001). WL 
medium can be supplemented with 100 mg L-1 cycloheximide, 10 mg L-1 p- coumaric 
acid, and 50 mg L-1 chloramphenicol for detection of Dekkera/ Brettanomyces yeast 
(Couto et al. 2005; Morneau et al. 2011). Malt extract agar with Rose Bengal (30 mg 
L-1), chloramphenicol (50 μg L-1), erythromycin (70 μg L-1), and dichloran (2 mg 
L-1) can also be used for some general discrimination between different yeast, again 
based on colony morphology and color (Pallmann et al. 2001). Lysine agar (Yeast 
carbon base supplemented with L-lysine-HCl) is used for selective detection of non- 
Saccharomyces yeast, because unlike Saccharomyces species, they can use lysine as 
sole carbon source (Beuchat et al. 1998; Loureiro et al. 2004; Domizio et al. 2011; 
Wang et  al. 2016). Cycloheximide (0.1%) can be added to any general-purpose 
medium, as this eliminates Saccharomyces yeast and allows growth of many non- 
Saccharomyces species. Saccharomyces species are generally more tolerant to etha-
nol and sulfur dioxide than other wine yeast, and can be selectively quantified on an 
ethanol-sulfite agar medium (Sabate et al. 1998; Li et al. 2010). For the analysis of 
winery surfaces and equipment, Rodac plates that contain an appropriate agar 
medium can be used.

Yeast isolation

CULTURE-DEPENDENT 
METHODS

Phenotypic and biochemical methods

Molecular methods

SequencingPCR Electrophoresis
DNA  

isolation

CULTURE-INDEPENDENT 
METHODS

Real – time PCR

PCR-TGGE High-throughput 
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Molecular methodsFlow cytometry
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Yeast identification
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Fig. 3.1 Schematic overview of culture-dependent (green lines and boxes) and culture-independent 
(blue line and boxes) methods
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Difficulties can arise in the detection of yeast cells that might be metabolically or 
structurally injured after exposure to the stressful conditions of winemaking, which 
include low pH, and high ethanol and SO2 contents. Such cells might be in a viable 
but nonculturable (VBNC) state, in that they show some metabolic activity but can-
not undergo cell division and growth, particularly in selective media (Millet and 
Lonvaud-Funel 2000; Mills et  al. 2002; Divol and Lonvaud-Funel 2005). VBNC 
yeast can be detected by culture-independent molecular techniques.

Over recent decades, numerous modified cultivation methods have been intro-
duced to facilitate the microbiological analysis of foods and beverages, and various 
novel, non-conventional techniques have also been developed for rapid detection, 
quantification, and identification of yeast, often using automated instruments (Deak 
2003, 2008). These refinements and developments can be applied to the analysis of 
yeast in winemaking. Sample preparation and suspension can be facilitated with the 
use of a gravimetric diluter, stomacher and pulsifier. Spiral plating systems auto-
mate the inoculation of agar media into Petri plates, and eliminate the need for serial 
dilutions. Petrifilm and Simplate present a range of ready-to-use prepared media on 
membranes and plastic devices, respectively, thereby eliminating the need for the 
preparation of agar plate media. The hydrophobic grid membrane filter technique 
has been commercialized as the Iso-Grid/ Neo-Grid system, and this facilitates the 
estimation of cell populations, including yeast, by the most probable number 
method. Comparative studies have shown no significant differences between these 
novel cultivation methods and conventional plate counting (Entis and Lerner 1996; 
Spangenberg and Ingham 2000; Taniwaki et al. 2001).

Identification of yeast to genus and species levels has traditionally relied on tests 
for phenotypic characteristics (i.e., morphology, as well as physiological and bio-
chemical tests) (Barnett et  al. 2000a). Nowadays, identification using molecular 
techniques is proving to be faster and more reliable. Nevertheless, some basic 
phenotypic information is necessary to understand how yeast survive and grow in 
their habitat.

2.1  Phenotypic Identification

Methods for conducting traditional phenotypic tests and the keys for applying them 
to genus and species identification are given in the books by Kurtzman and Robnett 
(1998, 2003) and Barnett et al. (2000a). Generally, about 100 tests need to be per-
formed, which is laborious and time consuming, and requires laboratory experience 
for accurate application and evaluation. Deak (2008) developed a simplified identi-
fication method that usually requires 15–20 physiological tests and a diagnostic key 
for selected food and beverage yeast. The latest version applies 30 tests and includes 
120 yeast species.

Another line to develop rapid and simple techniques of identification led to the 
miniaturization of tests. Manual methods using serological microtiter plates with 
small amounts of substrates allow faster developing of the results. This showed 
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the way for the development of commercial ready-to-use systems in various 
microwell formats, and automated identification systems (Fung 2002). Efforts 
have been made to make this identification of yeast easier by using commercially 
available identification kits. Some of these come with automated and computer-
ized processing of data. The performance of these kits has been evaluated in 
numerous studies, and most compare relatively favorably with standard identifica-
tion systems. The main limitations include the range of tests covered and the 
range of species included in their databases, which often have a clinical emphasis 
(Paugham et al. 1999).

The API 20C system has been widely used, and has often been considered as a 
reference method for evaluation of other systems (Deak and Beuchat 1993). These 
systems can be automated, semi-automated or manual, and have been developed 
based on probabilistic data matrices (Barnett et al. 2000b). Automated systems still 
require time for preparation and incubation of identification panels, but subjectivity 
in the reading and evaluation of the results is eliminated. The Biolog system is a 
semi-automated computer-linked system that is based on 94 tests arranged in a 
microtiter tray. However, less than one-third of substrates are usually used for iden-
tification of the yeast (Stadlwieser et al. 2006).

Barnett and co-workers were the first to construct computerized identification 
keys for yeast identification (Barnett et al. 2000a), and the program has been com-
mercialized (Barnett et  al. 2000b). Another system known as YeastIdent-Food/ 
ProleFood has been developed for the identification of yeast from foods (Velázquez 
et al. 2001). Automated systems usually provide an on-line database and identifi-
cation matrix (e.g., API-BioMerieux, Microlog YT for Biolog, ID-YST for Vitek 2). 
Robert (2003) provided an extensive review of the computerized identification 
systems for yeast, and also introduced the polyphasic identification systems 
known as BioloMICS (Robert 2000). BioloMICS was also revised in 2011 (Robert 
et al. 2011).

2.2  Identification Based on Biochemical Methods

To overcome the inherent slowness of traditional phenotypic identification methods 
or to refine yeast identification, instrumental methodologies based on the analysis of 
proteins, isoenzymes, and fatty acids have been developed.

Separation of soluble proteins using polyacrylamide gel electrophoresis, with or 
without sodium dodecyl sulfate, is a well-established technique that has been used 
to distinguish strains within a single species or to compare strains of closely related 
species. This method allows good species discrimination, although the preparation 
of the extracts is time consuming. Electrophoretic protein patterns have been used 
to differentiate wine and brewing yeast (Dowhanick et al. 1990). The results can be 
somewhat contradictory though, as the results of protein electrophoresis are depen-
dent on the growth conditions, and therefore the reproducibility of the protein pat-
terns requires rigidly standardized methods.
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Another technique for yeast identification and characterization is Fourier 
transform infra-red spectroscopy (FTIR). This technique is based on irradiation of 
the yeast with infra-red light at different wavelengths. The different components of 
the cell (i.e., proteins, fatty acids, polysaccharides, among others) absorb the light 
and produce specific absorption profiles. Comparison of the profiles obtained with 
an appropriate database allows identification to the genus, species and even strain 
level (Grangeteau et  al. 2015). Although this technique has attracted interest in 
many fields, it has rarely been used for any in-depth wine ecological studies 
(Grangeteau et al. 2016). Some studies have used it to discriminate between S. cere-
visiae, Saccharomyces bayanus (Adt et al. 2010), and Brettanomyces bruxellensis 
strains (Oelofse et  al. 2010). Others have applied it to differentiation of 
Hanseniaspora guilliermondii and Hanseniaspora uvarum (Grangeteau et al. 2015), 
and Starmerella bacillaris (synonym C. zemplinina) at the strain level (Grangeteau 
et al. 2016).

Recently, matrix-assisted laser desorption/ ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) has emerged as a reliable, fast, low cost and high- 
throughput technique for rapid identification and classification of microorganisms. 
This technique is based on the identification of specific protein patterns (mainly, 
ribosomal proteins). Basically, cell extracts or whole cells are embedded in a chemi-
cal matrix and ionized by a laser. The ionized microbial molecules migrate toward 
a detector, through a charged field in a vacuum tube and generate a mass spectrum. 
This is a fingerprint, that is distinctive for each microorganism and that can be com-
pared to a database of known species to arrive at a rapid identification at the genus 
and species level (Marcos and Pincus 2013). In this regard, MALDI-TOF MS rep-
resents a strong challenge to microscopy and molecular biology methods (Chalupová 
et al. 2014). Du Plessis et al. (2017) used MALDI-TOF MS analyses to identify 
H. uvarum, M. pulcherrima, S. cerevisiae, S. pombe, and T. delbrueckii at the spe-
cies level. More recently, a database of yeast isolated from vineyards and wineries 
has been developed that is based on MALDI-TOF MS spectra analysis. This data-
base is based on an extensible open-source platform for MALDI data processing 
and analysis with statistical techniques (Gutiérrez et al. 2017). Recently, kits for the 
identification of microorganisms through mass spectroscopy have been developed 
(Vitek MS MALDI-TOF).

2.3  Identification Based on Molecular Methods

Accurate identification is obviously crucial for the study of microbial communities. 
It is accepted that classical identification techniques can provide incorrect data. 
Moreover, the reproducibility of classical identification techniques is somewhat 
questionable, as they can depend on the physiological state of the cells. Molecular 
techniques circumvent these difficulties by allowing direct analysis of the genome, 
irrespective of the physiological state of the cell, which provides more precise 
identification (Barata et al. 2012) (Fig. 3.1).
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Since the 1990s, molecular techniques have become the most important tools for 
such investigations, and they have revolutionized all fields of microbiology and 
wine microbiology. It is no longer possible to comprehensively review the vast lit-
erature on the progress made in recent years. Therefore, selected examples will be 
referred here to provide an overview and to update the use and applications of 
molecular techniques for the detection, identification, and typing of wine-related 
yeast. For reviews, see Deak (2003); Querol and Ramón (1996); van der Vossen 
et  al. (2003); Schuller et  al. (2004); Beh et  al. (2006); Fernández-Espinar et  al. 
(2006); Ivey and Phister (2011); Fernàndez-Espinar et  al. (2011); Barata et  al. 
(2012); and Fröhlich et al. (2017).

Techniques for detection of differences at the nucleic-acid level can be broadly 
categorized into four groups: (i) direct detection using gel electrophoresis; (ii) 
detection based on hybridization; (iii) detection based on PCR amplification and gel 
electrophoresis; and (iv) sequencing of rDNA. Before any investigation, DNA or 
(sometimes) RNA needs to be extracted from yeast cells that are isolated from the 
grape or wine samples.

2.3.1  Direct Detection Using Gel Electrophoresis

Separation of DNA molecules and fragments can be achieved by embedding them 
in agarose or polyacrylamide gels and subjecting these to an electric field. Two 
methods are used widely: one for separation of smaller DNA fragments obtained by 
cutting the DNA with restriction enzymes; and the other for separation of large 
DNA molecules (whole chromosomal DNA) through the use of an alternating 
(pulsing) electric field.

Mitochondrial DNA-RFLP

Due to distinct polymorphisms of wine Saccharomyces strains, analysis of mito-
chondrial (mt)DNA by restriction fragment length polymorphism (RFLP) has 
proven useful to explore yeast biodiversity (Sabate et al. 1998; Valero et al. 2005, 
2007; Agnolucci et al. 2007; Martinez et al. 2007; Mercado et al. 2007), and to 
monitor population dynamics during wine fermentation (Querol et al. 1994; Lopes 
et al. 2002). The efficiency of this technique depends on the choice of the restric-
tion enzymes applied; e.g., HinfI reveals a high level of RFLP for strains belong-
ing to species of Saccharomyces sensu stricto (Guillamón et  al. 1994; 
Fernández-Espinar et al. 2001), whereas RsaI cuts more frequently and is used to 
support the hybrid status of S. bayanus and its similarity to S. uvarum (Nguyen 
et al. 2000). Lòpez et al. (2003) simplified this method with a modified protocol 
that reduced the time required from 77 h to 25 h. This protocol allows analysis of 
greater numbers of strains in shorter times, and is ideal for industrial applications 
(Fernàndez-Espinar et al. 2011).
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Pulsed-Field Gel Electrophoresis

Pulsed field gel electrophoresis allows separation of large (chromosome sized) 
DNA molecules. The banding pattern is characteristic of the species (i.e., number 
and size of chromosomal DNA bands, known as the karyotype), although extensive 
intraspecific chromosomal length polymorphisms has been reported (Versavaud and 
Hallet 1995; Pataro et al. 2000; Carro and Piňa 2001). These are due to gross chro-
mosomal rearrangements, such as translocations, inversions, duplications, and dele-
tions of large chromosomal regions, which can be associated with physiological 
characteristics of industrial importance. This technique was used to provide identi-
fication and typing, but due to extensive sample preparation, lengthy electrophoretic 
separation, and expensive equipment, it is not frequently used anymore. Moreover, 
although pulsed field gel electrophoresis is very reproducible, the high frequency of 
karyotypic changes in yeast makes it necessary to apply specific hybridizing probes 
if the method is to be used for species identification. The development of this tech-
nique led to the description of electrophoretic karyotypes for a number of species in 
Saccharomyces and other yeast genera that are relevant in winemaking, such as 
Dekkera/ Brettanomyces, and Hanseniaspora/ Kloeckera (Vaughan-Martini et  al. 
1996, 2000; Mitrakul et al. 1999; Povhe Jemec et al. 2001 Guillamón and Barrio 
2017). Characteristic banding patterns can distinguish between Saccharomyces 
sensu stricto species and allow recognition of natural hybrids (Le Jeune et al. 2007; 
González et  al. 2006; Nguyen and Gaillardin 2005; Antunovics et  al. 2005b). 
Karyotyping has been extensively applied to the differentiation of wine yeast, and 
has been used to monitor the diversity and development of species and strains 
through fermentation (Guillamón and Barrio 2017). Nowadays, its use is mainly 
limited to karyotype studies.

2.3.2  Detection Based on Hybridization

DNA hybridization is an indirect method to identify microorganisms, and it can 
include simple probes or microarrays to examine similarities between whole 
genomes (Ivey and Phister 2011). Hybridization serves to support a number of 
detection, identification, and typing techniques, and in particular those connected to 
PCR-based methods. Moreover, under certain conditions, DNA hybridization can 
be used independently. Basically, single-stranded nucleic-acid molecules are treated 
with a short, labeled oligonucleotide sequence (i.e., the DNA probe) and allowed to 
anneal and form a hybrid. Detection of hybridization can be seen directly using 
fluorescent labels, or indirectly with enzyme reporters. In general, the target nucleic-
acid molecules are immobilized on a membrane, either after separation on an elec-
trophoretic gel (i.e., Southern blotting) or from solutions (dot blots).

Hybridization using nuclear DNA sequences (DNA-DNA reassociation) has 
become a standard procedure in yeast taxonomy and identification (Kurtzman and 
Robnett 1998; Cardinali et  al. 2000; Vaughan-Martini et  al. 2000), although in 
recent years appears to have become less important (see below). Analysis of genomic 
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DNA is rarely used without probe hybridization. DNA probes provide specific 
identification and subtyping that depend on the specificity of the oligonucleotide 
sequence used. Specific DNA probes can be based on conserved coding sequences, 
such as single copy and polymeric metabolic genes (Querol et al. 1992; Naumov 
et al. 1994). Variable sequences, such as insertion elements, retrotransposons, repet-
itive microsatellite or minisatellite sequences, or even synthetic oligonucleotides, 
are also useful for typing (Baleiras Couto et al. 1994; Nguyen et al. 2000; Casaregola 
et al. 2001). Species-specific probes can be developed from characterized sequences 
identified by PCR amplification (Manavathu et al. 1996; Corredor et al. 2000).

2.3.3  Detection Based on PCR Amplification and Gel Electrophoresis

Sequences within mtDNA and ribosomal (r)DNA genes (PCR ribotyping), repeti-
tive regions of genomic DNA, and nuclear genes are most commonly targeted for 
PCR amplification (Giesendorf et al. 1996). These sequences can contain species- 
specific sites or universal sequences that are characteristic of all yeast or fungi. The 
PCR products can be analyzed after separation by agarose gel electrophoresis, ana-
lyzed by RFLP (Esteve-Zarzoso et al. 1999), or sequenced to confirm species iden-
tification as reported in paragraph 2.3.4.

PCR of Repeated Genomic Elements

Repetitive regions of genomic DNA are good targets for molecular identification of 
yeast strains. These regions are known as microsatellites and minisatellites, and 
they vary considerably in length and are present as tandem repeats that are distrib-
uted randomly throughout the genome (Fernàndez-Espinar et al. 2011). PCR prim-
ers can be devised for amplification of tandem repeated genomic elements of known 
sequences dispersed throughout the genome of yeast. These are highly variable, and 
the banding patterns obtained by PCR provide a ‘fingerprint’ that is useful to dis-
criminate organisms at the strain level. Various simple repeats, such as microsatel-
lites and minisatellites, δ-elements associated with the Ty transposon, intron splice 
sites, and even synthetic repeats can be amplified by PCR in a rapid and reproduc-
ible way, to offer a powerful method for yeast typing (Baleiras Couto et al. 1994; 
Gallego et al. 1998; Marinangeli et al. 2004; Schuller et al. 2004).

The δ-elements were among the first to be used for yeast identification (Ness 
et al. 1993; Lavallée et al. 1994). The method has been subsequently improved and 
is still frequently used (Legras and Karst 2003; Renouf et al. 2006a). Amplification 
of intron splice sites is based on the use of oligonucleotides that are complementary 
to the intron splice sites in yeast (de Barros Lopes et al. 1996, 1998), and this has 
been shown to provide comparable results to other fingerprinting methods (Hierro 
et al. 2004, 2006). Microsatellites and minisatellites are short and longer sequences 
that are repeated throughout the yeast genome, of which several can be selected for 
differentiation between wine strains of S. cerevisiae (Gallego et al. 1998; Hennequin 
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et al. 2001; Legras et al. 2005; Pérez et al. 2001b; Marinangeli et al. 2004). Using 
three primer pairs in a multiplex PCR reaction provides a rapid and powerful finger-
printing method (Legras et al. 2005; Vaudano and Garcia-Moruno 2008). Synthetic 
repeats such as (GAC)5 or (GTG)5 can also be used to characterize yeast strains 
(Fernández-Espinar et  al. 2001; Caruso et  al. 2002; Capece et  al. 2003; Senses- 
Ergul et al. 2006; Ramìrez-Castrillòn et al. 2014; Barbosa et al. 2018).

Random Amplified Polymorphic DNA

Random amplified polymorphic DNA (RAPD) analysis, or arbitrary primed PCR, 
uses short, synthetic primers with no prior sequence information of the template 
DNA (Williams et  al. 1990; Welsh and McClelland 1990). A variety of 10-base 
(decamer) oligonucleotide primers are available commercially. RAPD is a very 
popular method because of its simplicity (i.e., no need for prior sequence data). 
RAPD methods are particularly useful to determine relationships at strain level, but 
they can also help to discriminate between species (Baleiras Couto et al. 1994; Di 
Maro et  al. 2007; Urso et  al. 2008). RAPD-PCR allowed differentiation of 
Saccharomyces strains (Grando et al. 1994; Martinez et al. 2007), and species and 
strain discrimination within the genus Dekkera/ Brettanomyces (Mitrakul et  al. 
1999). Pérez et al. (2001a) digested the amplicons obtained by RAPD for the genetic 
characterization of S. cerevisiae isolated from must and wine. This method, termed 
cleaved amplified polymorphic sequence, detected a greater degree of polymor-
phism and strain-specific bands.

Based on the principle of RAPD-PCR, nested specifically amplified polymorphic 
DNA-PCR (nSAPD-PCR) was developed as a useful method for identification and 
discrimination of strains and genotypes from various yeast, like S. cerevisiae, Dekkera 
bruxellensis, and Candida sp., and from fungi (Fröhlich et al. 2017). nSAPD-PCR 
uses specific primers, including the NotI recognition site, and additional nucleotides. 
The whole primer set consists of 20 primers (first PCR, four primers; nested PCR, 16 
primers). In contrast to RAPD- PCR, the nSAPD-PCR primers are not restricted to a 
small group of species, so nSAPD-PCR improves the strain discrimination power of 
RAPD-PCR in combination with high reproducibility. Pfannebecker et al. (2016) used 
this method for identification of natural isolates of food spoiling osmophilic species of 
the genera Zygosaccharomyces, Torulaspora, Schizosaccharomyces, Candida, and 
Wickerhamomyces. Christ et al. (2015) studied the restart of stuck fermentations of 
spontaneously fermented wines and used nSAPD-PCR for discrimination of their 
 species and strains.

PCR of Ribosomal DNA

Ribosomal genes (e.g., 5.8S, 18S, 26S) are grouped in tandem to form transcription 
units that are repeated 100–200 times throughout the genome. Each transcription 
unit contains another two regions, the internal transcribed spacer (ITS) and the 
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external transcribed spacer (ETS), both of which are transcribed but not processed. 
The coding regions are separated by intergenic spacers, which are also known as 
nontranscribed spacers (NTSs) (Fernàndez-Espinar et al. 2011).

Ribosomal DNA sequences are most frequently chosen for identification, and for 
taxonomic and phylogenetic studies. Often, PCR-amplified rDNA is further sub-
jected to RFLP analysis or sequencing. This technique is also known as amplified 
rDNA restriction analysis. Using various primers, part or all of the rRNA genes or 
the intergenic regions can be amplified (i.e., ITS, ETS, NTS) (White et al. 1990). By 
way of conservative as well as variable regions of rDNA, the differentiation of 
organisms at various taxonomic levels is possible (Esteve-Zarzoso et  al. 1999; 
Dlauchy et al. 1999; Cadez et al. 2002; Caruso et al. 2002).

Restriction fragment length polymorphism of the entire ITS1-5.8S rDNA-ITS2 
fragment is one of the most frequently used methods for yeast identification and 
typing (Guillamón et al. 1998; Esteve-Zarzoso et al. 1999; Fernández-Espinar et al. 
2000; Renouf et  al. 2006a). Using three restriction enzymes (i.e., HaeIII, HinfI, 
CfoI), this has been applied to a large number of yeast species, and a database is 
available online (www.yeast-id.com). Differentiation is based on the size and num-
ber of fragments produced by each enzyme. A similar system based on the region of 
18S rDNA and ITS1 was developed by Smole Mozina et al. (1997) and described in 
full by Dlauchy et al. (1999). This has been applied to studies on the biodiversity of 
Saccharomyces and non-Saccharomyces yeast in winery ecosystems (Redzepovic 
et al. 2002; Raspor et al. 2006; Valero et al. 2007).

Although the variable ITS sequences are widely used in yeast species identifica-
tion and typing, other parts of the rDNA gene complex have also been chosen to 
design specific primers in PCR ribotyping. Currently, the variable D1/D2 region of 
the 26S rRNA gene is the one most used for identification and classification of yeast 
(Nardi et al. 2006). Although the size of PCR amplicons of this region is species 
specific, sequencing of the fragments provides more reliable information (see 
below), in particular, since large databases have been developed for ascomycetous 
(Kurtzman and Robnett 1998) and basidiomycetous (Fell et al. 2000) yeast species. 
Moreover, other databases are available, such as NCBI (https://www.ncbi.nlm.nih.
gov) and MycoBank (http://www.mycobank.org). A recent study by Arbefeville 
et al. (2017) showed that D1/D2 and ITS are equivalent for identification of fungi to 
the genus level, where the percentage of identification depended strongly on the 
database used.

Other PCR-Based Techniques

In addition to the rRNA genes, primers are known to amplify other nuclear genes 
and mtDNA sequences. Many specific probes can also be used as primers for ampli-
fication in PCR. Among the molecular targets analyzed by PCR elongation factor 
(EF)3, ACT1, and the MET2 genes are examples of nuclear genes (Daniel and Meyer 
2003; Antunovics et  al. 2005a; González et  al. 2006), and COX2 and ATP8 are 
examples of mitochondrial genes, with the mitochondrial COX1 gene used for 

3 Detection, Quantification, and Identification of Yeast in Winemaking

http://www.yeast-id.com
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
http://www.mycobank.org


92

detecting Lachancea termotolerans (Zara et al. 2013). Transposable elements (Ty) 
and plasmids (2 μm) can also be used as probes (Naumov et al. 1998; Pearson and 
McKee 1992). Primers have also been developed for species-specific PCR detec-
tion, e.g., for Dekkera species (Cocolin et al. 2004; De Souza Liberal et al. 2007), 
C. krusei (Manavathu et al. 1996), and C. albicans and other Candida species of 
clinical significance (Mannarelli and Kurtzman 1998; Soll 2000).

The sensitivity and specificity of PCR-based analyses has been improved by 
modification of the standard protocols. One example is given by nested PCR, in 
which the product of the first PCR amplification is subjected to a second round of 
PCR using primers internal to the sequence of the first product. Sensitivity is 
increased because in the second round, the already amplified first-round products 
are further multiplied. Specificity is increased when broad-specificity primer pairs 
used in the first round are followed by species-specific primers in the second round. 
Nested PCR methods have been used for the detection of Dekkera/ Brettanomyces 
strains in sherry (Ibeas et al. 1996).

In multiplex PCR, more than one pair of primers is applied simultaneously under 
the same PCR conditions (Fujita et al. 2001). Egli and Henick-Kling (2001) used 
one universal and four species-specific primers in multiplex PCR for differentiation 
of Brettanomyces species. Six primers for introns in the COX1 (cytochrome oxidase 
subunit 1) gene of mtDNA were used in multiplex PCR to monitor wine fermenta-
tion (López et al. 2003). Nardi et al. (2006) applied specific primers selected from 
regions of 18S and 26S rDNA for rapid identification of Saccharomyces sensu 
stricto species. Microsatellite repeats have been applied in multiplex PCR (Pérez 
et al. 2001b; Schuller et al. 2004; Howell et al. 2004); these primer pairs can be used 
with differential labeling by the HEX (yellow), FAM (blue), and TET (green) fluo-
rescent dyes (Gallego et al. 2005). In both nested and multiplex PCR, care needs to 
be taken to prevent interference between primers, and also the occurrence of cross- 
contamination, which can cause false positive results.

Amplified fragment length polymorphism (AFLP) analysis is a specific mod-
ification of PCR-RFLP, as a technique that amplifies DNA fragments that are 
randomly chosen from a restriction digest. The amplified products are separated 
by denaturing polyacrylamide gel electrophoresis to produce a specific finger-
print of high resolution (de Barros Lopes et  al. 1999). Although this method 
requires additional steps to be performed, it allows more discrimination among 
strains, and has been applied to the clustering of Saccharomyces sensu stricto 
strains (Azumi and Goto-Yamamoto 2001; Lopandic et al. 2007), and identifica-
tion of brewery yeast strains (et al. 2001), as well as D. bruxellensis in wineries 
(Curtin et  al. 2007). Recently, this technique was used also to characterize 
genetic variability within the H. uvarum species (Albertin et al. 2015). A modi-
fied form of AFLP is known as Sau-PCR, which is based on digestion of genomic 
DNA with the restriction endonuclease Sau3AI, and the subsequent amplifica-
tion with primers where the core sequence is based on the Sau3AI recognition 
site (Corich et al. 2005). This technique has been used recently for the charac-
terization of 36 isolates of S. bacillaris (formerly C. zemplinina) (Fernandes 
Lemos Junior et al. 2016).
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Another DNA amplification technique that is known as loop-mediated isothermal 
amplification (LAMP) has been applied for detection and identification of Dekkera/ 
Brettanomyces species from wine, beer, and soft drinks (Notomi et al. 2000; Hayashi 
et  al. 2007), and for differentiation of species belonging to Saccharomyces sensu 
stricto (Hayashi et al. 2009).

Recently, a new rapid PCR protocol based on high-resolution melting analysis was 
used to identify Saccharomyces cerevisiae and other species within this genus. This 
new approach is based on real-time PCR followed by high-resolution melting analysis. 
Through the use of this two-step protocol it was possible to differentiate S. cerevisiae, 
S. uvarum, and S. paradoxus, first at the genus level and then at the species level 
(Nadai et al. 2018). High-resolution melting analysis provides a rapid, simple, high-
throughput, cost-effective, and alternative single-tube approach to direct DNA 
sequencing for the detection of DNA polymorphisms (Gori et al. 2012).

2.3.4  Sequencing of rDNA

Sequencing is the final and most accurate way of post-PCR analysis. With the 
emergence of PCR-based direct DNA sequencing technologies that use automated 
instruments (e.g., ABI Prism capillary electrophoresis sequencer) and gene-bank 
databases for comparisons of sequences, this technique has become a common, rou-
tine tool in molecular studies (Piskur and Langkjaer 2004). In two decades, sequenc-
ing has become the most reliable aid to the identification of yeast species. Complete 
and partial sequences of rRNA genes are most widely used in taxonomic studies 
(Valente et al. 1999) and to establish phylogenetic relationships (Fell et al. 2000; 
Kurtzman and Robnett 1998, 2003). Currently, classification of yeast is based on the 
analysis of rDNA sequences, and in particular those of the ITS1-ITS2 and D1/D2 
domains of 26S rDNA regions. Although commercial systems are available, direct 
sequencing in house is still too expensive and laborious for routine use in an indus-
trial setting. Generally, PCR products from yeast isolates are sent off to a specialized 
gene-sequencing facility for identification within 1-2 days, at reasonable cost.

3  Monitoring Yeast Cell Populations Using  
Culture-Independent Methods

Culture-independent methods are widely applied in food and beverage microbiol-
ogy, to either detect targeted groups of microorganisms, or to determine the compo-
sition of the microbial populations associated with the transformation of raw 
materials. In winemaking, their use is aimed at real-time assessing of the dominance 
of inoculated starters and the occurrence of spoilage yeast and bacteria. They pro-
vide rapid quantification and identification of the microbial species associated with 
grapevines, and they can be used to monitor the evolution of the microflora involved 
in must fermentation (Andorrà et al. 2010; 2011; Branco et al. 2012; Cocolin and 
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Mills 2003; Hierro et al. 2006; Röder et al. 2007). To reach these goals culture- 
independent methods bypass cultivation of the microorganisms, thus avoiding any 
bias introduced by their isolation (Fig. 3.1). By doing so, culture-independent meth-
ods can generally provide more accurate descriptions of the sizes and diversities of 
wine microbial communities, as compared to culture-dependent methods. In par-
ticular, as well as highlighting the dominant species within a population, they can 
detect VBNC and injured cells, and taxa that do not benefit from the cultivation 
conditions used for isolation, or that show low abundance in the sample of interest. 
Indeed, the uncovering of cell populations undetected by culture-dependent meth-
ods might be really important, to better understand the impact of all of the compo-
nents of the wine microbiota on the quality of the final product, also in view of the 
implementation of quality control systems. For example, culture-independent meth-
ods allow the detection of wine yeast that can enter into the VBNC state upon SO2 
exposure (Divol and Lonvaud-Funel 2005; Salma et al. 2013; Capozzi et al. 2016) 
and that, under these conditions, might alter the final wine, as observed for B. 
bruxellensis (Agnolucci et  al. 2013; Serpaggi et  al. 2012). Culture-independent 
methods rely on several approaches that differ in complexity, depth of classification 
(genus, species, strain), reliability, reproducibility, cost, laboratory skills and equip-
ment required. Thus, the choice of the technique to be used depends on all of these 
factors and on the question posed by the investigations.

3.1  Direct Microscopy, DEFT and FISH

Direct microscopic observation and hemocytometry can be used to estimate total 
yeast cell populations, provided they are in excess of 106 cell mL-1. Yeast can be 
stained with methylene blue to differentiate between living and dead cells (Strehiano 
et  al. 1999). This rapid staining can be used in the wine industry for estimating 
starter yeast vitality, although this stain overestimates yeast viability compared to 
colony counting. Hence, the use of alternative stains has been suggested, such as 
methylene violet, trypan blue, rhodamine B, and fluorescent dyes (Smart et al. 1999; 
Oh and Matsuoka 2002; Agnolucci et al. 2010).

A valid alternative to direct microscopic observation is the Direct Epifluorescent 
Filter Technique (DEFT). This is based on the use of fluorescent dyes that can high-
light total or viable cells. 4,6-Diamidino-2-phenylindole (DAPI) stains DNA and 
can be used for total cell evaluation, and Propidium Iodide (PI) stains DNA of cells 
with damaged membranes, and thus has proven useful to quantify yeast and evalu-
ate their viability during fermentation and in the finished wine (Kopke et al. 2000). 
The commercially available kits called LIVE/DEAD BacLight (Molecular Probes, 
USA) have been proposed to determine active dry yeast viability after rehydration. 
These kits include SYTO9, which stains all cells regardless of their viability, and 
propidium iodide, which stains damaged cells and masks the SYTO9 stain fluores-
cence, thus providing total and viable cell counts (Rodriguez-Porrata et al. 2009).
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Wine yeast can also be detected by fluorescence in-situ hybridization (FISH). 
FISH combines the sensitivity and precision of molecular techniques with the direct 
visualization of microorganisms within their natural habitat (Amann and Ludwig 
2000; Bottari et al. 2006). FISH is based on the use of specific nucleic-acid probes 
that contain about 15–30 nucleotides and are labeled with different fluorescent dyes, 
such as fluorescein, Texas red, tetramethyl-rhodamine, carbocyanine, and others 
(Bottari et al. 2006). Among these, carbocyanine 3 is one of the most commonly 
used, due to its reduced bleaching, pH insensitivity, quantum yield, and absorption 
coefficient. FISH probes are designed to hybridize rRNA, due to the abundance and 
stability of this target in living cells. Moreover, rRNA contains both highly conserved 
and variable sequence domains (Amman et al. 2001). Thus, depending on the region 
of rRNA targeted by the probe, it is possible to widen or reduce the range of micro-
bial taxa detected. According to Bottari et al. (2006), special care must be taken in 
designing FISH probes, which should easily access the target sequence. FISH probes 
might also consist of peptide nucleic acid (PNA), a pseudopeptide in which the 
sugar-phosphate backbone of the DNA is replaced by a polyamide chain to which the 
nucleotide bases are bound with the same spacing as in DNA (Stender et al. 2002). 
Due to its uncharged backbone, PNA shows more favorable hybridization character-
istics than traditional DNA probes, such as higher specificity and more rapid hybrid-
ization, and similar to traditional DNA probes, PNA probes can be labeled with 
fluorescent dyes. For wines, FISH-PNA was successfully used for identification of 
Dekkera/ Brettanomyces wine spoilage yeast (Stender et al. 2001). In general, this 
technique is well tailored to rapid detection of spoilage or specific groups of micro-
organisms, but not for the study of microbial communities. Moreover, when FISH is 
coupled to DEFT and cell quantification is carried out by hemocytometry, the detec-
tion limit of this technique is relatively low (about 104 cells mL-1) (Andorrà et al. 
2011), and visual counting is time consuming and subject to operator variability.

3.2  Flow Cytometry

Flow cytometry has far more potential than microscopic techniques, and can be used 
for automated detection of fluorescent signals (Longin et al. 2017). Flow cytometry is 
widely used for the analysis of heterogeneous microbial populations at the single-cell 
level, it provides morphological and physiological data, it is highly automated, it shows 
high resolution, and it can be used for rapid detection and quantification of wine micro-
organisms, to assess their viability and vitality, and to monitor fermentation activity 
(Attfield et al. 2000; Malacrino et al. 2001; Rodriguez-Porrata et al. 2009).

Flow cytometry relies on fluorescent dyes, but it has advantages over the use of 
FISH probes or fluorescent antibodies. Numerous different fluorescent dyes are cur-
rently commercially available that can be used for the analysis of cell populations. 
Propidium iodide was used as a marker of membrane permeability to evaluate cell 
membrane integrity under unfavorable conditions of fermentation (Mannazzu et al. 
2008; Landolfo et  al. 2010). Fluorescein di-acetate detects esterase activity in 
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metabolically active cells, and this has been applied to the evaluation of yeast 
vitality in grape must and in red and white wines (Malacrino et al. 2001; Gerbaux 
and Thomas 2009). FUN-1 differently stains dead (yellow-green) and metabolically 
active (red) cells, and it can be used to provide information on cell numbers and on 
the physiological state of a yeast population. Flow cytometry coupled to FISH 
probes has been used for automated detection and quantification of Saccharomyces, 
non- Saccharomyces, and spoilage yeast in finished wines (Andorrà et  al. 2010; 
Serpaggi et al. 2010; Wang et al. 2014). The use of polyclonal fluorescently labeled 
antibodies has demonstrated high efficiency for flow cytometric discrimination of S. 
cerevisiae from other yeast genera in natural must fermentations (Rodriguez and 
Thornton 2008), and for detection and quantification of Brettanomyces in wine in 
less than 2 h (Longin et al. 2017). However, antibodies are expensive and their insta-
bility limits their use in the wine industry.

3.3  Culture-Independent PCR-Based Methods

Among culture-independent methods, those based on PCR are widely used to detect 
and identify microorganisms in their ecosystem, through the analysis of their nucleic 
acids. The great advantage of these techniques is that isolation of total microbial DNA 
(or RNA) directly from samples without cultivation and isolation eliminates any bias 
caused by enrichment or selective culture media. While DNA analyses are generally 
aimed at quantification of microbial cell populations and evaluation of microbial 
diversity, the analysis of RNA is aimed at highlighting metabolically active popula-
tions. Amplification of nucleic acids might be achieved through universal or species-
specific primers. Universal primers amplify virtually all microbial DNA/RNA present 
in the ecosystem analyzed, thus widening the number of microbial targets that can be 
recognized. On the contrary, species-specific primers are designed to highlight spe-
cific targets and their use limits the number of species that can be detected within a 
single sample. The amplification of nucleic acids is generally coupled to downstream 
techniques that are aimed at detection/ analysis/ quantification of the amplicons gen-
erated. These might work after completion of amplification (i.e., post-amplification 
techniques), or during amplification, as in the case of quantitative PCR. Indeed, PCR-
based techniques represent a true advance in targeted analyses and for microbial com-
munity profiling, although all of them require DNA/RNA extraction and PCR primer 
amplification, and amplicon separation bias might lead to limited understanding of the 
composition of the microbial community.

3.3.1  PCR–D/TGGE

Denaturing (DGGE) or temperature (TGGE) gradient gel electrophoresis are among 
the post-amplification techniques utilized to resolve complex mixtures of amplicons 
that are produced by universal PCR primers. Briefly, after extraction of total DNA/
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RNA from the sample, and PCR amplification of target sequences, the PCR products 
are separated using a polyacrylamide gel containing either a gradient of chemical 
denaturants (e.g., urea, formamide) or a denaturing temperature gradient. As the 
DNA molecules reach the appropriate denaturing condition, the double strand par-
tially separates, which causes a change in migration rate. To avoid complete strand 
separation, a sequence rich in guanine (G) and cytosine (C) is added to the 5’-end of 
one of the PCR primers. DGGE and TGGE allow separation of DNA molecules that 
differ by a single base. This results in a band pattern from the mixture of DNA mol-
ecules from the different microbial species in the habitat. Using primers specific for 
relatively conserved regions of the genome, the diversity of complex microbial 
communities in ecosystems can be analyzed. Accordingly, PCR-D/TGGE were first 
applied to the study of microbial communities in natural habitats (e.g., soil, sea 
water, phyllosphere), and subsequently used to investigate microbial diversity in 
different food systems (Ercolini 2004; Giraffa 2004), which included wine (Cocolin 
et al. 2000; Manzano et al. 2006; Renouf et al. 2006b; Nisiotou et al. 2007; Di Maro 
et  al. 2007). These methods have greatly contributed to the elucidation of the 
dynamics and ecology of wine yeast during must fermentation (for a review, see 
Cocolin et al. 2011). Moreover, detection of RNA through reverse transcript (RT)
PCR-DGGE contributed to confirmation of the occurrence of VBNC throughout the 
transformation of grape must. Indeed, these techniques show a detection limit of 
about 103 CFU mL-1 (Cocolin et al. 2000). Thus, although still widely used for the 
study of wine microbial ecology (Cameron et al. 2013; Wang et al. 2015), these are 
not suitable for the detection of species that occur below their threshold of sensitiv-
ity. In addition, they can lead to underestimation of microbial biodiversity if similar 
sequences co-migrate or show common melting properties on denaturing gels. On 
the other hand, biodiversity might be overestimated in the formation of heterodu-
plexes and chimeric fragments (Bokulich et al. 2012a).

3.3.2  Other Culture-Independent PCR-Based Methods

Other PCR-based methods that have been applied to the study of wine yeast micro-
flora include single-strand conformational polymorphisms (SSCP) (Martins et al. 
2014), terminal (T)-RFLP (Martins et al. 2012), amplified fragment length poly-
morphism (AFLP) (Balselga et  al. 2017), and automated ribosomal intergenic 
spacer analysis (ARISA) (Bagheri et al. 2017). SSCP is based on the evidence that 
subtle differences in DNA sequences result in the formation of different secondary 
structures and therefore in measurable differences in electrophoretic migration of 
single-stranded DNA. Thus, SSCP analysis of PCR-amplified 26S rDNA was car-
ried out to study the composition of the grape must microflora (Duarte and Baleiras- 
Couto 2012; Martins et al. 2014).

(T)-RFLP relies on PCR amplification of heterogeneous DNA samples with one 
or more fluorescently labeled primers that targets the rRNA genes. PCR products 
are digested separately with one or more restriction enzyme(s), and terminal 
restriction fragments are separated by capillary electrophoresis. Exclusively, 
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fluorescent- labeled restriction fragments are detected, and each of these is meant to 
represent a single operational taxonomic units or rybotype. Thus, analysis of the 
size, numbers, and peak heights of the resulting terminal restriction fragments 
allows an estimation of community diversity. This technique has been applied to 
the study of the wine yeast community (Bokulich et al. 2012b), although it is char-
acterized by poor discrimination between yeast species (Sun and Liu 2014).

For AFLP, total DNA extracted from a sample of interest is restricted and ligated 
with enzyme-specific adaptors, and then PCR amplified. A second round of PCR 
follows, with selective primers labeled with fluorescent dyes, and the PCR fluores-
cent products are resolved by capillary electrophoresis. Balselga et  al. (2017) 
designed seven pairs of primers that were labeled with fluorescent dyes, to generate 
a database of AFLP profiles for the differentiation of Saccharomyces and non- 
Saccharomyces yeast, and used AFLP for the identification of the yeast species and 
strains in grape must and wine. They also reported that AFLP is relatively laborious, 
and requires laboratory skills and use of complex bioinformatic software for data 
analysis, which renders this as relatively difficult for application to the wine 
industry.

ARISA is based on amplification of the ITS1-5.8S rRNA-ITS2 gene, a region 
that is characterized by great length and sequence polymorphism. Using fluorescent 
primers for PCR and capillary electrophoresis for amplicon analysis, separation of 
the amplified DNA has improved and this technique has been used in several eco-
logical studies in the wine environment (Ghosh et al. 2015; Bagheri et al. 2017). 
Indeed, ARISA does not differentiate between strains within a species. Moreover, 
its sensitivity is comparable to that of PCR-DGGE.

In general, all of these techniques show interesting potential. However, as 
reported by Morgan et al. (2017), each of these methods has a number of drawbacks 
that pose a limit on their efficacy for describing the compositions and/or evolution 
of the yeast communities associated with winemaking.

3.3.3  Quantitative PCR

In contrast to conventional PCR-based techniques, where the amplicon is detected 
after completion of the amplification (i.e., end-point detection), quantitative (q)-
PCR visualizes the synthesis of amplicons during each cycle of amplification 
through the use of fluorescent reporter molecules like SYBR Green or fluorescent 
probes. SYBR Green intercalates into dsDNA as this is formed during each PCR 
cycle, and the fluorescence increases as the target sequence is amplified (Morrison 
et al. 1998; Rasmussen et al. 1998). Fluorescent probes can be categorized as hydro-
lysis probes, hairpin probes, and hybridization probes. Among the hydrolysis 
probes, Taq-man is the most widespread. This is labeled at the 5’-end with a reporter 
dye and at the 3’-end with a quencher dye. During PCR, when the probe binds to the 
target sequence, the reporter dye is released from the quencher and activated due to 
the 5’ exonuclease activity of Taq polymerase. This provides an exponential increase 
in fluorescence that is proportional to the amount of DNA that is amplified 
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(Brinkman et  al. 2003; Hanna et  al. 2005). Hairpin probes (Molecular Beacons, 
Scorpions) have inverted tandem repeats at their 5’-end and 3’-end, and a fluoro-
phore and a quencher linked at the 5’-end and 3’-end, respectively. In the absence 
of the target sequence, the probe is hairpin shaped, the fluorophore and the quencher 
are in contact, and fluorescence emission is inhibited. Fluorescence is restored when 
the probe binds to the target sequence. Hybridization probes contain two oligonu-
cleotide probes that bind the target region and are labeled, one with a donor fluoro-
chrome, and the other with an acceptor dye. The probes are designed to hybridize to 
the target sequence with a head-to-tail orientation. Thus, the donor fluorochrome of 
the first probe emits energy that excites the acceptor dye of the second probe, which 
in turn emits fluorescence at a longer wavelength. On the contrary, if the hybridiza-
tion probes do not anneal to the target sequence, no fluorescence is generated. In 
general, although easy to use and relatively cheap, SYBR Green can lead to an 
overestimation of the concentration of the target sequence, by binding to primer 
dimers and nonspecific products. On the contrary, the use of fluorescent probes 
guarantees much higher specificity. However, probe use is more expensive, and their 
design can be labor intensive. In any case, the final result of q-PCR is that during the 
amplification of the target sequence there is an increase in the concentration of the 
fluorescent dye/ probe. Thus, q-PCR enables not only detection, but also quantifica-
tion of the target molecule, based on the number of cycles at which the amplicons 
reach a threshold fluorescence level (Ct) above the background fluorescence. On this 
basis, q-PCR is broadly used to evaluate abundance and/or expression of taxonomic 
and functional markers (Bustin et al. 2005; Smith and Osborn 2009). The amplified 
product can be further characterized by the analysis of its melting curves. Based on 
melting peak (Tm) analysis of the amplified ITS-5.8S rDNA region, Casey and 
Dobson (2004) differentiated between Zygosaccharomyce bailii, Z. rouxii, Candida 
krusei, Rhodotorula glutinis, and S. cerevisiae. A number of different species- 
specific primers have been designed based on rDNA for q-PCR–based quantifica-
tion of wine microorganisms. Phister and Mills (2003) detected and quantified D. 
bruxellensis in wine using specific primers of the D1/D2 domains of 26S rDNA in 
a real-time PCR assay. Martorell et al. (2005) developed a specific primer that dif-
ferentiated S. cerevisiae from its sibling sensu stricto species, and used this in real- 
time quantitative PCR to detect and quantify S. cerevisiae directly from wine, 
without pre-enrichment or culturing. The detection limit was as low as ~5 cells 
mL-1, and the results were obtained rapidly (within 5 h). Rawsthorne and Phister 
(2006) and Phister et al. (2007) used primers designed on the D1/D2 domain of the 
26S rDNA and were able to detect Zygosaccharomyces bailii and Hanseniaspora 
species, respectively, after extraction of DNA directly from fruit juice and wine. The 
detection limit was only 6–22 cells mL-1 even in the presence of 107 S. cerevisiae 
cells. Hierro et  al. (2007) monitored Saccharomyces and Hanseniaspora popula-
tions during wine fermentation.

Also, primers that target other genes have been used in wine microbiology. For 
the detection of D. bruxellensis, Willenburg and Divol (2012) tested primers 
designed on the ACT1 and on RAD4 genes, as well as those designed by Phister and 
Mills (2003) on the D1/D2 domain of the 26S rDNA, and they tested these primers 
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on either DNA or mRNA. Indeed, if DNA is targeted by PCR, real-time assays 
correlate with total cell counts that include dead and living cells. Therefore, detection 
of mRNA by reverse transcription real-time PCR (RT-q-PCR) is the technique of 
choice to detect and quantify cell viability. Accordingly, Cocolin and Mills (2003) 
demonstrated that in SO2-treated wine, while no viable counts were detected by 
plating, both RT-PCR and PCR-DGGE showed molecular signs for a persistent 
population of non-Saccharomyces yeast. Hierro et al. (2006) targeted 26S rRNA for 
detection and quantification of viable yeast cells using RT-q-PCR, and showed that 
rRNA is more stable than mRNA, but much less stable than rDNA.

According to Andorrà et al. (2010), to quantify exclusively viable yeast cells, 
q-PCR can be coupled to cell staining with ethidium monoazide or propidium 
monoazide. These are DNA-intercalating dyes that enter cells with damaged cell 
walls and membranes, and following exposure to light, they covalently bind to DNA 
and inhibit PCR amplification. Moreover, they reduce DNA levels that are extracted 
from dead cells (Nocker and Camper 2006). It follows that only the DNA of intact 
viable cells can be amplified by q-PCR, and so this technique might represent a 
valid alternative to RT-q-PCR.

Indeed, q-PCR popularity is increasing in the wine industry due to its rapidity 
and sensitivity. Accordingly, this technique is widely used for the detection of wine 
microorganisms during fermentation, including VBNC (Rawsthorne and Phister 
2006; Andorrà et al. 2008; 2010; Tofalo et al. 2012; García et al. 2017). Due to the 
use of species-specific primers, q-PCR is suitable for targeted analyses of the sam-
ples of interest and cannot be applied to the characterization of any unknown yeast 
communities. As with other techniques, q-PCR can also underestimate yeast levels 
due to a number of wine compounds that can affect PCR reactions. For this reason, 
different DNA extraction methods have been compared, and Tessonnière et  al. 
(2009) indicated that the use of polyvinyl polypyrrolidone enables the elimination 
of the majority of these PCR inhibitors.

3.4  High-Throughput Sequencing

High-throughput sequencing (HTS) approaches are culture-independent techniques 
that are commonly applied to investigate the microbial ecology of a number of dif-
ferent environments. They are gaining increasing interest also for the study of the 
microbial ecology of grapevines and wine fermentation. According to HTS 
approaches, the microbial biodiversity of a matrix of interest can be characterized 
through PCR-based ITS phylotyping (meta-barcoding) or shotgun metagenomics. 
Meta-barcoding is based on the use of universal primers that are targeted to rDNA, 
and that amplify short DNA sequences with high taxonomic resolution (bar-codes). 
PCR is followed by HTS of the amplicons using next-generation sequencing 
platforms. Shotgun metagenomics differs from meta-barcoding as it is based on 
the untargeted sequencing of all microbial genomes present in a sample. In more 
detail, DNA extracted from all of the components of the microbial community is 
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sheared into small fragments, which are then sequenced. By sequencing the 
complete genome of all of the microorganisms present, the shotgun metagenomics 
approach gathers information on the whole gene set of all the members of the com-
munity. Thus, it can be used to unveil both the taxonomic composition and func-
tional potential of microbial communities, and to obtain whole-genome sequences 
(Quince et al. 2017). The main next-generation sequencing platforms differ in terms 
of the sequencing chemistry, sequence (read) lengths, number of sequences per run, 
and cost.

The result of HTS is a massive amount of reads, where their multivariate statisti-
cal analysis leads to a comprehensive description of the microbial biodiversity 
(Bokulich and Mills 2013). In particular, the data obtained can be subject to 
taxonomy- independent or taxonomy-dependent analyses. In the first case, genetic 
diversity is ordered through grouping of the sequences with those of related species. 
These groups of sequences are meant to correspond to taxonomic clades, and are 
defined operational taxonomic units (Santamaria et al. 2012). In the second case, 
reads are identified according to their similarities to reference sequences in taxo-
nomically annotated databases (Ribeca and Valiente 2011; Santamaria et al. 2012). 
The quantification of taxonomic diversity within a population reveals which micro-
organisms are present (i.e., the richness), and at what abundance. This is very useful 
for the comparison of two or more communities, as their similarity can be evaluated 
based on the number of shared taxa, and to gather information on the biological 
function of the community, which will depend on the characteristics of the taxa that 
occur at higher frequency. Gene prediction and functional annotation of metage-
nomes is carried out to characterize the biological functions associated with the 
community and to identify novel genes. Also in this case, the results can be used to 
evaluate similarities between microbial communities and their variations, to iden-
tify new taxa and genes, and to highlight the metabolic pathways within the com-
munity (Sharpton 2014).

The application of HTS to the study of wine-related environments is fairly recent. 
Different studies have shown that the microbial diversity of grapes is shaped by a 
number of factors, including region, grape variety, and climatic and environmental 
conditions, and that the wine microbiota depends on the grape microbiota and on the 
winemaking technology (Bokulich et al. 2014; David et al. 2014; Setati et al. 2015; 
De Filippis et al. 2017a). Other studies have shown that the soil microbiota is influ-
enced by the viticultural farming practices, and is highly correlated to the grape and 
wine microbiota (Belda et  al. 2017; Grangeteau et  al. 2017; Zarraonaindia et  al. 
2015). The application of HTS enabled Bokulich et al. (2016) to demonstrate that 
the grape and wine microbiota have regional patterns that affect the fermentative 
behavior and wine characteristics, and that the microbial composition of grapes 
serves as biomarker for predicting the final quality of wine.

All of these studies continue to increase our knowledge of microbial diversity 
during fermentation, and to help in the identification of sources of microbial 
contamination (Belda et  al. 2017). However, further insights into the metabolic 
functions of wine-related microbial communities might be derived from the appli-
cation of metatranscriptomics (De Filippis et al. 2017b).
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High-throughput sequencing approaches are much more sensitive and accurate 
in the quantification of target sequences with respect to other culture-independent 
methods, such as PCR-DGGE. However, they can suffer from the limitations that 
characterize other culture-independent methods. For example, DNA extraction can 
be a limiting step, and different DNA extraction methods (Keisam et al. 2016) and 
DNA contamination might impact on the final results. For meta-barcoding, it is well 
known that the DNA primer sequence, amplification of the target sequences, and 
variations in the target sequence repeat numbers can be misleading in the evaluation 
of the final abundance of the components of the microbial community (Bokulich 
and Mills 2013). Also, different HTS technologies can generate artifacts. For all of 
these reasons, Sternes et al. (2017) combined meta-barcoding and shotgun metage-
nomics analyses to define the dynamics of the yeast microflora during wine fermen-
tation. In doing so, they observed that the meta-barcoding approach generated a 
significant overestimation of yeast ascribed to Metschnikowia spp. Moreover, 
although the cost is diminishing, this approach is still too expensive for regular 
application to the wine industry.

4  Conclusions

Yeast have a fundamental role in winemaking. They carry out alcoholic fermenta-
tion and they contribute to the quality of the wine, although they can also cause 
spoilage during production and in the final wine. To control yeast activities, effec-
tive methods for yeast detection, quantification and identification need to be used 
during winemaking.

Not surprisingly, despite the limitations of slowness, inadequacy for detection of 
VBNC, and poorly represented taxa, culture-dependent methods are still used to 
define the composition of the microflora associated with wine-related environments. 
Indeed, as well as allowing yeast identification at the strain level, they provide a 
means for ex-situ preservation of wine yeast biodiversity.

Culture-independent methods generally have several advantages over culture- 
dependent methods, in terms of rapidity and depth of analysis. Thus, they are better 
suited for quality assurance and real-time fermentation monitoring and manage-
ment. In addition, their application to wine-related environments is gathering a 
wealth of information on the composition and dynamics of microbial communities 
of grapes and wines.

Indeed, there remain great differences in the complexity, speed, resolution, and 
cost of various culture-independent techniques, and some of these factors represent 
obstacles to their use in wineries. Many challenges remain and further advances are 
required in the analytical techniques to provide an integrated quality assurance 
system. However, the manifold possibilities offered by the novel molecular methods 
is opening up new perspectives and providing the basis for future innovations in the 
wine industry.
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5  Dedication

This chapter is dedicated to the memory of Prof. Tibor Deak (Corvinus University, 
Budapest, Hungary) who was meant to be one of the co-authors of this book and 
first proposed the topic treated.
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1  Introduction

The consumption of fermented fruits is very likely one of the most ancient habits of 
primates as the specific mutation that enable ADH4 to oxidize ethanol appeared in 
our last common ancestor with the chimpanzee and gorilla, more than seven million 
years ago (Carrigan et al. 2014), far before the advent of fermented beverages. 
In contrast, archeological evidence suggests that the production of fermented foods 
appeared simultaneously with the development of agriculture at the Neolithic period 
(Gibbons and Rinker 2015), and for wine, the most ancient indication of fermented 
grape products on ceramics excavated in Georgia dates back to 6000 BC (McGovern 
et al. 2017). The following millennia have witnessed the progressive expansion of 
grape culture over the world, and the evolution of wine making technologies, leading 
to actual controlled fermentations with tailored yeast starters (Pretorius 2000).

Multiple studies have revealed the richness of the fungal microbial community of 
grape must and wine (Fleet et al. 2002; Bokulich et al. 2013), which are under the 
influence of environmental and anthropogenic factors (Grangeteau et  al. 2017). 
While we have genetic evidence of the origins and evolution of wine grape varieties 
(Arroyo-García et al. 2006; This et al. 2006), until recently we had no evidence of 
how these historical processes may have impacted the diversity of the yeasts found 
on grapes and developing during wine alcoholic fermentation (AF) (Fleet 1993). 
The different generations of molecular methods have provided progressively more 
and more information for S. cerevisiae, and recently for other yeast species of the 
grape must microbial communities, revealing progressively how the development of 
wine technology has shaped the diversities of wine yeasts. This chapter focuses on 
these recent advances starting from S. cerevisiae for which population genomics 
has offered the most comprehensive view of its evolution including population 
structure genomic specificities, and demographic history. We then expand to 
other non- Saccharomyces yeast species members of the wine community that also 
contributes to the wine sensory perception (Fleet 2003).

2  Evolution of Molecular Methods Used 
for the Characterization of S. cerevisiae Diversity

The differences between S. cerevisiae strains have long been a matter of debates. 
The development of the restriction profile of mitochondrial DNA (Aigle et al. 1984) 
and of pulsed field gel electrophoresis (PFGE) (Schwartz and Cantor 1984) have 
open the way to a wealth of studies when applied to wine isolates (Dubourdieu et al. 
1987; Vezinhet et al. 1990) (Fig. 4.1).

Starting from these pioneering methods, different generations of typing methods 
relying on DNA polymorphism have been developed. In the case of mtDNA RFLP, 
after separation from nuclear DNA, the digestion of mitochondrial DNA with 
appropriate enzymes revealed the polymorphism of S. cerevisiae strains and 
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 especially of wine strains (Querol et al. 1992b). This protocol has been simplified 
with the use of restriction enzymes digesting specifically nuclear DNA (López et al. 
2001) and has become the most widely used method (278 citations). mtDNA RFLP 
and PFGE enabled the first ecological studies of wine yeast such as the study of the 
implantation of yeast starters in a vat (Querol et al. 1992a), the evaluation of the 
genetic diversity of yeast strains in a cellar (Frezier and Dubourdieu 1992; Beltran 
et al. 2002) or in the vineyard (Versavaud et al. 1995), or the estimation of the 
dissemination of yeast starters in a vineyard (Valero et al. 2005).

The discovery of DNA amplification by polymerase chain reaction (Saiki et al. 
1988) has allowed the development of a second generation of methods targeting 
polymorphic regions. The polymorphism of the distances between insertion sites of 
delta element dispersed in the genome of strains has been used as the ground for a 
fingerprint technique (Ness et al. 1993; Legras and Karst 2003), that has become 
very popular too. Despite the similar resolution obtained by mtDNA RFLP, PFGE, 
and interdelta typing (Schuller et al. 2004), these three methods present different 
weaknesses: low resolution of PFGE, the exclusive focus on mitochondrial DNA for 
mtDNA RFLP, and the small number of bands and possible homoplasy for inter-
delta typing event for the improved version proposed by Legras et  al. 2003. 
Following the example of plant or animal geneticists, several authors proposed new 
methods in order to increase discrimination power, AFLP and microsatellite typing 
have been used for yeast characterization. AFLP has been used in few studies (de 
Barros Lopes et al. 1999; Azumi and Goto-Yamamoto 2001). In contrast, the analy-
sis of the polymorphism of microsatellite loci has progressively expanded because 
of their ease to use (González Techera et al. 2001; Hennequin et al. 2001; Pérez 
et al. 2001; Howell et al. 2004; Legras et al. 2003). Microsatellite loci are regions 

Fig. 4.1 Electrophoretic patterns obtained for different molecular methods for strain characteri-
zation. From left to right mtDNA-RFLP, Pulsed Field Gel electrophoresis, interdelta PCR, and 
fluorescence pattern measured with capillary electrophoresis for a microsatellite loci for 3 strains. 
A peak is equivalent to a band on one of the gels shown on the left
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containing a variable number of repeats of motifs of two, three, or four bases, and 
provide co-dominant data: in case of a diploid heterozygote the two alleles are 
observed and taken into account for further genetic analysis. The differentiation of 
yeast strains can be easily achieved with a combination of 6–12 loci (Hennequin 
et al. 2001; Pérez et al. 2001; Legras et al. 2003; Bradbury et al. 2006). In a similar 
manner, minisatellite that are repeated motif of larger size (i.e. 20–150 bp) have  
also been used for strains differentiation (Marinangeli et al. 2004; Carvalho-Netto 
et al. 2013).

Multi locus sequence typing has been proposed slightly later for yeast (Fay and 
Benavides 2005; Ayoub et al. 2006; Eeom et al. 2018), but the first schemes were 
less efficient for strains differentiation (Ayoub et al. 2006). However the decrease of 
sequencing costs has progressively made feasible the sequencing of large fraction of 
the genome or of the whole genome of tenths or hundreds of wine strains (Cromie 
et al. 2013; Borneman et al. 2016; Legras et al. 2018; Peter et al. 2018). These last 
population genomic studies present the ultimate vision of Saccharomyces cerevisiae 
diversity

3  Genetic Diversity of Saccharomyces cerevisiae

The development of these molecular methods has progressively permitted to untan-
gle the complexity of Saccharomyces cerevisiae diversity. Starting in 1996, the first 
evidence of some regional differentiation by region or by grape varieties were 
obtained with mtDNA RFLP (Guillamón et al. 1996). However the shift to multilo-
cus sequence, microsatellite typing, which are more efficient and reliable markers 
for population genetic analysis has offered a more detailed vision of S. cerevisiae 
diversity.

3.1  Population Structure and Demographic History  
in S. cerevisiae

A first indication of yeast population structure was given by AFLP data (Azumi and 
Goto-Yamamoto 2001) for Asian strains, but the first MLST study (Fay and 
Benavides 2005) and a large multilocus microsatellite study (Legras et al. 2007) 
revealed the high impact of human activities on yeast diversity. Indeed strains 
 isolated from most fermented food are found in specific clusters in the different 
phylogenetic trees indicating that the denomination of yeasts as “bread”, “beer”, 
“wine”, “sake”, or “palm wine” yeasts is highly relevant.

Population surveys relying on RADSeq (Cromie et  al. 2013) or on genome 
sequencing confirmed these features (Liti et al. 2009; Almeida et al. 2015; Borneman 
et al. 2016; Gallone et al. 2016; Legras et al. 2018; Peter et al. 2018). Today, the 
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genome of almost 2000 strains has been sequenced, and the most comprehensive 
view of S. cerevisiae diversity has been obtained from the exploration of the genome 
of 1011 strains from multiple sources (Fig.  4.2). This study revealed that the  
S. cerevisiae species has very likely an Asian origin (Duan et al. 2018; Peter et al. 
2018). Wine and flor S. cerevisiae strains appear as two closely related monophy-
letic group with low genetic diversity (π=0.001, π=0.0003 respectively) (Liti et al. 
2009; Legras et al. 2014; Coi et al. 2017; Legras et al. 2018; Peter et al. 2018). The 
wine population is closely related to a population of isolates obtained from oak 
forests around the Mediterranean sea (Almeida et  al. 2015), that represent very 
likely its ancestral genepool. An historical demographic model inferred for these 
two populations (wine and Mediterranean oak) indicated a split, accompanied by a 
bottleneck for the wine population and followed by a demographic expansion for 
the two groups with bilateral gene flow between them. Dating this historical split 
between wine and Mediterranean oak strains is difficult given the lack of knowledge 
of the accurate mutation rate and of the number of generation of wine yeast per year, 
but the estimates attempts are compatible with the recent development of agricul-
ture. When considering their life style, wine yeast have a mainly clonal lifestyle, 
with infrequent sex, and an effective outcrossing rate about 12% leading to approxi-
mately one outcrossing event every 20000–25000 mitoses (Magwene et al. 2011; 
Legras et al. 2018), which is clearly more frequent than that of natural oak popula-
tions (one outcrossing event every 100 000–1 000 000 mitoses).

3.2  Genomics Specificities of Wine Yeast

The most comprehensive analysis of S. cerevisiae diversity based on 1011 strains 
revealed a pangenome containing a total of 7796 open reading frame s (ORFs), 
composed of 4940 core ORFs and 2856 disposable ORFs (Peter et al. 2018). Among 
these strains of different ecological niches, wine strains present a specific genomic 
makeup with tailored gene content, specific copy number variation of several genes, 
and different genes potentially under selection (Legras et al. 2018).

3.2.1  Horizontally Transferred and Introgressed Genes

Horizontal gene transfers (HGT) and introgressions are the main mechanisms that 
permitted an expansion of the gene repertoire in S. cerevisiae (Liti et al. 2006; Novo 
et al. 2009; Dunn et al. 2012; Legras et al. 2018; Peter et al. 2018). (Dunn et al. 
2012) have analyzed introgressions in wine S. cerevisiae yeast strains. Using Array- 
Comparative Genomic hybridization (aCGH) on 69 commercial S. cerevisiae wine 
strains and 14 strains collected from various environments, they detected five intro-
gressed regions from S. paradoxus and one from S. mikatae. The five S. paradoxus 
regions were found in 15 among 83 strains and 12 isolates out of 15 were wine 
strains. Among these regions, some genes could have an interest in sugar-rich 
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Fig. 4.2 Neighbour-joining tree of 1011 S. cerevisiae strains built using the biallelic SNPs identi-
fied from genome sequencing. (from Peter et al. 2018)
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environments such as grape must or sugar cane juice: SUC2 gene encoding a 
sucrose-hydrolyzing invertase, HPF1 gene encoding a glucan alpha-1,4- glucosidase 
that when overexpressed reduces protein haze formation in white wines (Brown 
et al. 2007) and AWA1, encoding a putative GPI-anchored protein localized to the 
cell wall that could be responsible for the foam formation in sake mash (Miyashita 
et al. 2004).

Besides introgressions, eukaryote-to-eukaryote gene transfers have been found 
in S. cerevisiae strains (Novo et al. 2009; Borneman et al. 2011; Strope et al. 2015; 
Legras et al. 2018; Peter et al. 2018). The sequencing of 82 S. cerevisiae strains 
from different fermentation environments have highlighted 42 potentially trans-
ferred regions (Fig. 4.3) ranging in length from 1.5 to 42kb and predicted to contain 
155 hypothetical ORFs encoding proteins longer than 145 aa (Legras et al. 2018). 
In addition to the 6 first regions that had already been found in the genome of the 
wine strain EC1118 (A; B; C1 to C5) and originate from a non-Saccharomyces spe-
cies (Novo et al. 2009; Marsit et al. 2015), we identified 12 regions likely to be the 
result of HGT according to phylogenic tests (Legras et al. 2018). These 6 regions 
originally called A, B and C (120 kb in total) are prevalent in wine strains. The yeast 
species Zygosaccharomyces bailii and Torulaspora microellipsoides, also found in 
wine fermentations, were identified as the donors of regions B and C, respectively 
(Novo et al. 2009; Galeote et al. 2011; Marsit et al. 2015), while the origin of the 
region A was associated to the genus Torulaspora (Legras et al. 2018). Assessing 
the beginning of wine making 9000 ago, the transfer of region B and C should have 
occurred less than 3000 and 2000 years ago (Galeote et al. 2011; Marsit et al. 2015) 
and are thus extremely recent. Evidence for the amplification of the region B (17 kb) 
in the genome of S. cerevisiae wine strains was provided (Borneman et al. 2011; 
Galeote et al. 2011). The organization of this region differs considerably between 
strains and the identification of an autonomously replicating sequence functional in 
S. cerevisiae strongly suggests an expansion mechanism in yeast genomes involving 
an extrachromosomal circular DNA molecule. Recently, Peter et  al. (2018) pro-
posed that this region results from a size reduction of an ancestral event transfer of 
117 kb. The identification of additional genes of region C in some strains suggests a 
similar transfer event of the whole T. microellipsoides chromosome followed by 
several rearrangements, including gene loss and gene conversion (Marsit et  al. 
2015; Legras et al. 2018; Peter et al. 2018).

The 3 regions A, B and C comprise 39 genes potentially encoding important 
metabolic functions in winemaking, such as metabolism and transport of nitrogen 
and sugar, suggesting a role of HGT in adaptation to the wine environment (Novo 
et al. 2009). To assess the adaptive value of these events, the functions of several 
genes of the T. microellipsoides were characterized. The first example concerns the 
FSY1 gene encoding a high affinity fructose/H+ symporter (Galeote et  al. 2010). 
This gene that is mainly conserved in flor yeast might be advantageous when traces 
of fructose are present in wine at the end of the fermentation or in the velum process 
(Marsit et  al. 2015; Coi et  al. 2017; Legras et  al. 2018). Another gene, XDH1, 
encodes a putative xylitol dehydrogenase involved in xylose metabolism (Wenger 
et  al. 2010). Two other tandem duplicated genes FOT1-2 encode oligopeptide 
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 transporters, which considerably increase the range of oligopeptides typically 
transported by the carrier proteins Ptr2p and Dal5p in S. cerevisiae (Damon et al. 
2011), especially towards oligopeptides containing glutamate or glutamine which 
are the most abundant amino acids in oligopetides fraction of the grape must (Marsit 
et al. 2015). These two FOT genes are found in half of wine strains, even when the 
region C is incomplete. In oenological conditions, these genes improve biomass 
formation, fermentation efficiency and cell viability that might result from a remod-
eling of central carbon and nitrogen metabolic pathways. A major modification was 
observed at the level of the glutamate node and the NADPH/NADP+ balance result-
ing in decreased acetic acid production and increased ester formation, which might 
improve the organoleptic balance of wines (Marsit et al. 2016). Furthermore, Marsit 
et al. (2015) demonstrated by using competition experiments the strong competitive 
advantage of yeast strains containing these FOT genes on grape must. Thus the 
coexistence of Z. bailii and T. microellipsoides with S. cerevisiae in fermentative 
environments suggests that these gene transfers could be favored by common eco-
logical niches. In addition, Peter et  al. (2018) have found an enrichment for 
Torulaspora and Zygosaccharomyces species for 85 potential HGT transfer, among 
the 183 detected, present in S. cerevisiae strains from Wine/European clades which 
also supports this hypothesis.

3.2.2  Copy Number Variations and Translocations

Copy number variation is a mechanism known for favoring adaptation to a changing 
environment (Dunham et al. 2002; Pavelka et al. 2010; Kondrashov 2012). Gene 
losses participate to the variation in the gene content per population, and genome- 
scans for the variations in the number of genes copies revealed a higher frequency 
of gene loss in some population such as wine, beer or cheese strains, in a population- 
dependent manner (Gallone et al. 2016; Legras et al. 2018). In contrast to gene loss, 
genes amplification was less frequent. The amplification of only two genes CUP1 
and ADH7 was reported for wine strains with up to 18 or 22 copies of CUP1 in the 
genome of some strains (Treu et al. 2014; Strope et al. 2015) and two for ADH7 
(Legras et al. 2018). CUP1 has a prominent role for yeast in the vine/wine ecosys-
tem as it confers resistance to copper which has been used massively as a fungicide 
for pest management. The gene ADH7 codes for an alcohol dehydrogenase which is 
involved in vanillin detoxification (Nguyen et al. 2015) and may be important for 
the detoxification of phenolic compounds of the grape must during AF.

Chromosomal rearrangements participate as well to the specificities of the 
genomic make-up of wine strains. Two translocations giving a positive advantage in 
the wine environment in presence of sulfite have been described. A translocation 
between chromosome VIII and XVI is widely spread in wine yeast (Pérez-Ortín 
et al. 2002). It generates a highly induced allele of the sulfite pump SSU1 that con-
fers resistance in presence of sulfite. The strength of selection at that loci can be 
inferred by the finding of a second translocation between chromosomes XV and 
XVI, asides the SSU1 gene, that has been detected in a QTL program aimed at 
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reducing lag phase in grape must fermentation and in a second study relating 
 expression levels of different strains to their genomic diversity (Treu et al. 2014; 
Zimmer et al. 2014).

3.2.3  Indications of Positive Selection

Indication of adaptation can also be obtained from the analysis of the spectrum of 
genome wide nucleotide diversity. The comparison of wine and Mediterranean oak 
S. cerevisiae strains has revealed a higher proportion of fixed non -synonymous 
SNPs than synonymous SNPs attesting non neutral evolution at several sites along 
the genome and the specific differentiation of 9 genomic regions (Almeida et al. 
2017). A similar evidence of adaptive divergence can be seen from the comparison 
of flor and wine yeast genomes, two closely related groups with contrasted lifestyles 
(Coi et al. 2017). The presence of several highly differentiated regions between the 
two groups was observed, some of which could be related to the differences in eco-
logical niches. Several statistical tests using population comparison or allelic fre-
quency spectrum analysis of wine strains revealed multiple other sites potentially 
under selection (Legras et  al. 2018). It is noteworthy that these different studies 
pointed to genes involved in nitrogen assimilation or transport (Almeida et al. 2017; 
Legras et al. 2018) or to sterol uptake and transport which are the two main limiting 
steps for AF.

3.3  Factors Explaining Diversity of Vineyard Associated S. 
cerevisiae

In addition to the better knowledge of the genomic specificities of wine yeast, new 
insights into yeast ecology has been obtained during the last decade. Because of the 
importance given to the concept of “terroir”, many efforts have been made into the 
exploration of factors explaining the diversity of S. cerevisiae associated to geo-
graphic areas.

The first indication of regional differentiation was mentioned in the pioneering 
study of Guillamón et al. (1996) based of mtDNA RFLP profiles. Further popula-
tion differentiation was then observed between vineyards of the same region 
(Schuller and Casal 2007) and between populations of different regions (Legras 
et al. 2007). The relationships between populations of different regions suggest a 
striking relationship with migration routes, and are in agreement with the hypothe-
sis of a middle east origin associated with the expansion of viticulture (Legras et al. 
2007). Several other studies confirmed population differentiation between different 
regions or appellations (Anfang et al. 2009; Gayevskiy and Goddard 2012; Schuller 
et al. 2012; Knight and Goddard 2015; Viel et al. 2017). A recent exploration of  
S. cerevisiae diversity performed in Açores in 32 locations from 6 islands revealed 
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a global pattern of differentiation between islands (with some exceptions) that may 
result from their geographic separation and also some differentiation between popu-
lations isolated from Vitis labrusca and Vitis vinifera grape varieties (Drumonde- 
Neves et al. 2018). Analyses led in New Zealand between 5 distant vineyards located 
in the northern island (Hawke’s Bay and Martinborough) and the southern island 
(Nelson, Marlborough and Central Otago), all planted with Sauvignon blanc grape 
revealed more complex relationships between metapopulations of the different 
regions, resulting from variable gene flow (Gayevskiy and Goddard 2012; Knight 
and Goddard 2015) that could not be solely explained by distance. Lastly, for conti-
nental vineyards in Portugal and Italy, differentiation between one appellation and 
the two others (Schuller et al. 2012; Viel et al. 2017), but this differentiation did not 
fit strictly with appellation. In addition to site-to-site variation, vintage can also 
contribute significantly to population differentiation in the vineyard and in the cellar 
(Schuller and Casal 2007; Börlin et al. 2016).

Besides geographic differentiation, the question of the relationships between cel-
lars and vineyards is another long lasting and debating question. Indeed, given the 
high diversity of strains isolated from the vineyards and from the cellars, it is diffi-
cult to estimate the flow of strains entering or leaving the cellar from the identity of 
genotypes. The entrance of S. cerevisiae strains into a winery could be seen from the 
entrance of vineyard strains into a newly established winery (Constantí et al. 1997). 
The first attempt to answer the issue of the release of cellar strains into the vineyard 
was performed on several wineries in Portugal and France (Valero et al. 2005), and 
relied on a diversity analysis obtained with pulsed field gel electrophoresis and 
mtDNA RFLP. This first analysis revealed that 7.8% of the S. cerevisiae isolates 
corresponded to yeast starters used in the nearby cellars. As these strains were found 
mainly after harvest, it suggests that yeast starters do not remain in the vineyard 
(Valero et al. 2005). However, recent studies performed in Canada, Italy and France 
describe a different picture in which yeast starters used in the cellar were isolated on 
grapes before harvest in higher significant proportions in the population collected in 
the vineyard (Martiniuk et al. 2016; Viel et al. 2017; Börlin et al. 2018). These three 
studies, took into account genotypes closely related to the yeast starters used in the 
nearby cellars, leading to a higher proportion among the population of vineyard 
isolates: between 25 and 51% in these three studies. This implies that the exchange 
between these two compartments, cellar and vineyard, are much higher than 
described before.

The use of co-dominant biallelic loci such as microsatellite or SNPs permits as 
well to infer the demographic history that has led to actual diversity pattern. 
Different methods exist such as Approximate Bayesian Computation (ABC) frame-
works (Cornuet et al. 2014) that has permitted to infer historical scenario for inva-
sive species (Guillemaud et al. 2009). Interestingly, little attempts have been made 
in order to infer historical demography between S. cerevisiae populations of differ-
ent vineyards, and compare to known historical data. The sole attempt has been 
performed in New Zealand, in order to explore the origin of local S. cerevisiae 
population from genomic data: (Gayevskiy et  al. 2016) inferred that nowadays  
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S. cerevisiae population derives from at least 10 founder lineages that have 
 progressively colonized New Zealand vineyards. The development of microsatellite 
or genomic data should open the way to such inferences.

4  Genetic Diversity of Saccharomyces non-cerevisiae Species 
and Their Related Interspecies Hybrids

In the actual yeast classification, the Saccharomyces genus comprises eight species: 
S. arboricolus, S. cerevisiae, S. eubayanus, S. jurei, S. kudriavzevii, S. mikatae,  
S. paradoxus and S. uvarum (Libkind et al. 2011; Boynton and Greig, 2014; Naseeb 
et al. 2017). Apart from S. cerevisiae, only two species are reported to be associated 
to a large extend with the wine environment: S. uvarum and S. kudriavzevii. The 
latter has been reported in winemaking production only as S. cerevisiae × S. kudria-
vzevii hybrids. As a paradox, S. kudriavzevii has however never been isolated from 
wine-related environment. The only available data concerning the genetic diversity 
of wine-related S. kudriavzevii were reported by Legras et al. (2014). By applying a 
set of S. kudriavzevii microsatellite markers on wine hybrid S. cerevisiae × S. kudri-
avzevii isolates, the authors showed a clear population structure for S. kudriavzevii. 
Some clusters were clearly assigned to their source of isolation despite close geo-
graphical proximity (Switzerland and Alsace). Due to the lack of data in literature 
concerning wine S. kudriavzevii isolates, only the genetic diversity of S. uvarum 
will be described as non-S. cerevisiae species in this chapter.

4.1  S. uvarum, the Sister Species of S. cerevisiae

S. uvarum (discovered by Beijerinck in 1894) was initially considered a synonym of 
S. bayanus and later a variety of the latter (Vaughan Martini and Kurtzman 1985; 
Naumov et al. 2000). However the S. bayanus and S. uvarum taxonomic position 
has been confusing for decades in both the literature and databases. Two indepen-
dent studies, presenting congruent results, proposed to reinstate S. uvarum as a bio-
logically meaningful species (Libkind et al. 2011; Nguyen et al. 2011). The species 
is closely related to S. eubayanus but distantly to S. cerevisiae from which the sepa-
ration was estimated to be 20 million years of evolution. Strains of S. uvarum have 
been isolated world-wide from both natural habitats and anthropic environments. 
The species was associated with plant and trees exudates, barks, insects, in Europe 
(Naumov et al. 2011), North America (Sampaio and Gonçalves 2008; Almeida et al. 
2014), South America and Australasia (Libkind et al. 2011; Almeida et al. 2014; 
Rodriguez et al. 2014), and coexists in these environments with S. eubayanus.

Like its sister species S. cerevisiae, S. uvarum is associated with different fer-
mented beverages among which cider and apple chicha from Europe (Coton et al. 
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2006; Suárez Valles et al. 2007) and South America (Rodríguez et al. 2017). Many 
studies reported the association of S. uvarum with wine fermentations, generally in 
mixed cultures with S. cerevisiae (Naumov et al. 2000; Sipiczki 2002; Demuyter 
et al. 2004; Zhang et al. 2015). Usually described as cryotolerant, S.uvarum contrib-
utes to AF of must obtained from grapes cultivated in northern European vineyards 
(Burgundy, Alsace, Champagne and Val de Loire) (Massoutier et al. 1998; Naumov 
et al. 2000; 2001; Demuyter et al. 2004) or fermentations conducted at low tempera-
tures. Cold climate in the vineyard during harvest period in October and/or low 
temperature management during the vinification process may constitute favorable 
conditions for the development of cryotolerant yeasts on the grapes and in the must. 
S. uvarum has also been frequently isolated from natural fermentations of botrytized 
grape must (Naumov et al. 2000; Sipiczki et al. 2001; Antunovics et al. 2005) and 
of Recioto and Amarone wines (Torriani et al. 1999; Tosi et al. 2009). S. uvarum is 
less tolerant to ethanol compared to S. cerevisiae and produces lower levels of acetic 
acid, high levels of phenyethanol and its acetate (Castellari et al. 1994; Antonelli 
et al. 1999; Masneuf-Pomarede et al. 2010).

In a first diversity study, (Naumova et al. 2011) used mitochondrial DNA poly-
morphism and showed that the mtDNA of S. uvarum is much less polymorphic than 
that of S. cerevisiae. This observation is in good agreement with results obtained by 
electrophoretic karyotyping. Unlike wine S. cerevisiae, strains of S. uvarum display 
a low level of chromosome length polymorphism. Later, thanks to the availability of 
the genome sequence data for S. uvarum (Bon et al. 2000; Cliften et al. 2001; Kellis 
et al. 2003; Scannell et al. 2011), microsatellites markers were proposed and applied 
to molecular typing of isolates originated from different environments (Wine, ciders 
and nature) (Masneuf-Pomarède et al. 2007; Zhang et al. 2015; Isabelle Masneuf- 
Pomarede et  al. 2016b). In contrast to S. cerevisiae genetic diversity, wild and 
human origin isolates were intertwined. A total of 75% of strains were proven to be 
homozygous and estimated heterozygosity suggests a selfing rate above 0.95 for the 
different population tested. From this point of view, the S. uvarum life cycle appears 
to be more closely related to S. paradoxus or S. cerevisiae of natural resources than 
S. cerevisiae wine isolates. Population structure could not be correlated to distinct 
geographic or technological origins suggesting lower differentiation that may result 
from a large exchange between human and natural populations mediated by insects 
or human activities. A broad population genomics study carried out on S. uvarum 
strains obtained from diverse geographic origins and habitats (Almeida et al. 2014) 
revealed the global diversity of the wine and cider yeast S. uvarum. Three main 
clades were clearly distinguished: one clade contained Holarctic strains and a few 
strains from South America, the second clade phylogenetically related to the first 
clade and composed of strains from South America and a distant clade correspond-
ing to the Australasian population. The genetic diversity of the South American 
isolates was higher than that found in the Northern Hemisphere, which contrast with 
the vast geographical area colonized ranging from temperate North America to 
Europe and Asia. Moreover, coalescence analyses suggest that a Patagonian sub- 
population gave rise to the Holarctic population through a recent bottleneck. As for 
S. cerevisiae, this study highlighted the presence of multiple introgressions, mainly 
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of S. eubayanus genomic DNA, into the genomes of European wine or cider strains 
of S. uvarum. These introgressions are absent in the large majority of wild strains 
and gene ontology analyses indicate that several gene categories relevant for wine 
fermentation are overrepresented. The analysis of a larger subset of Holarctic iso-
lates confirmed that introgressions are widely disseminated in the holartic popula-
tion and are more frequently associated with strains isolated from fermentations 
(Albertin et al. 2018). Some loci were found to be overrepresented thus suggesting 
their positive selection by human activity (Albertin et al. 2018). Altogether, such 
findings constitute a first indication of domestication in S. uvarum.

4.2  Interspecies Hybridization: A Mechanism Allowing 
Genome Interaction, Recombination and Evolution 
in Saccharomyces

Interspecies hybrids are very good models to explore fundamental questions con-
cerning biology, evolution and adaptation. Like in plant kingdom, the production of 
hybrids in the Saccharomyces genus is quite frequent. Indeed, Saccharomyces 
yeasts possess a low prezygotic barrier and through mating in specific conditions, 
could generate viable interspecies hybrids (Sipiczki 2008; Morales and Dujon 
2012). In the wine-related environment, hybrids S. cerevisiae × S. uvarum and  
S. cerevisiae × S. kudriavzevii and even triple hybrids between the three species are 
the most frequently reported in natural fermentation or as industrial starters 
(Table  4.1) (Masneuf et  al. 1998; Bradbury et  al. 2006; González et  al. 2006; 
Lopandić et al. 2007; Masneuf-Pomarède et al. 2007; González et al. 2008; Erny 
et al. 2012). However, the occurrence of interspecies hybrids in spontaneous fer-
mentation is difficult to assess unless using specific molecular methods to detect the 
presence of different parental genomes. For that reason, the detection frequency of 
wine interspecies hybrids may have been underestimated till now.

Several studies suggested a significant role of birds and insects in yeast dissemi-
nation and hybrid formation. Indeed, the digestive apparatus of a number of inver-
tebrate species could hydrolyze the ascus wall without affecting spore viability and 
then, once ejected with the feces, spores may conjugate and form hybrids under 
advantageous conditions (Pulvirenti et al. 2002; Stefanini et al. 2016). In the case of 
S. cerevisiae × S. uvarum hybrids, the two species share the same niche and this 
situation may lead to the emergence of natural interspecies hybrids. Co-migration 
with grape varieties has also been suggested as an important means of the dissemi-
nation of hybrid yeasts (Sicard and Legras 2011). However, in winery environments, 
the conditions that favor hybrids formation are not fully understood.

Hybridization of different species produces an alloploid genome consisting of 
copies of the parental genomes. Hybrids of the first generation possess both parental 
mtDNA (heteroplasmy) but this status is transient and after few generations, homo-
plasmic cells with only one parental mtDNA are recovered, with rare cases of 
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Table 4.1 List of natural and commercial wine interspecies hybrids

Strains Parental donors
Geographic 
origin

DNA 
ploidy mtDNA References

S6U S. cerevisiae ×  
S. uvarum

Italy 2 or 4 Sc Ciolfi (1994); 
Masneuf et al. 
(1998); Naumov 
et al. (2000); 
González et al. 
(2006); Pérez- 
Torrado et al. (2015)

RC1-1, RC1-11, 
RC2-12, RC2-19, 
RC4-87, RP1-4, 
RP2-5, RP2-6, 
RP2-17

S. cerevisiae ×  
S. uvarum

Alsace, France 2 nd Le Jeune et al. 
(2007)

CECT 1885 S. cerevisiae ×  
S. uvarum

Valadolid, 
Spain

nd Su González et al. 
(2006)

1T1a, Eg8,Eg2, 
Vin7, UHA5, 
UCD505, Eg12, 
Eg24, Eg 17, Eg6, 
UHA6, UHA4, 
UHA3, UHA2, 
Eg1,

S. cerevisiae ×  
S. kudriavzevii

Alsace, France 2.7- 
3.1

nd Bradbury et al. 
(2006); Erny et al. 
(2012); Peris et al. 
(2012b)

EL1D4 S. cerevisiae ×  
S. kudriavzevii

Alsace, France 4 nd Erny et al. (2012)

SOY3 S. cerevisiae ×  
S. kudriavzevii

Daruvar, 
Croacia

2.9 nd

H10418, H10423 S. cerevisiae ×  
S. kudriavzevii

Alsace, France 3 nd Erny et al. (2012)

HWD441, 
HWD77, 
HWD278, 
HWD78, 
HWD205, 
HWD216, 
HWD319,

S. cerevisiae ×  
S. kudriavzevii

Switzerland 3 nd Erny et al. (2012)

HWD231 S. cerevisiae ×  
S. kudriavzevii

Switzerland 1.7 nd Erny et al. (2012)

AWRI 1116 S. cerevisiae ×  
S. kudriavzevii

Epernay, France nd nd Heinrich (2006)

Uvaferm CEG S. cerevisiae ×  
S. kudriavzevii

Epernay, France 1.9 nd Erny et al. (2012)

HA 1835, 
HA1844, HA 1842

S. cerevisiae ×  
S. kudriavzevii

Perchtoldsdorf, 
Austria

3 nd Lopandić et al. 
(2007); Peris et al. 
(2012b)

(continued)
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recombination between parental mtDNA (Albertin and Marullo 2012). Molecular 
analysis of natural and industrial wine hybrids revealed high genetic and chromo-
somal diversity with extensive variation in the genome organization and structure: 
number of mosaic genomes, gene copy number variation, ploidy (allodiploids, allo-
triploids and allotetraploids) and sequence polymorphism (Dunn et al. 2008; Peris 
et al. 2012b, 2014). Indeed, hybridization event and resulting polyploidy are fre-
quently followed by genomic modifications and genome stabilization such as gross 
chromosomal rearrangement (Piotrowski et al. 2012; Dunn et al. 2013), loss of het-
erozygosity (Peris et al. 2012a), formation of particular mitotypes (de Barros Lopes 
et  al. 2002), aneuploidies (Peris et  al. 2012a) and introgressions (Almeida et  al. 
2014). S. cerevisiae × S. kudriavzevii hybrids genomes diversity have been well 
studied. They exhibit complex mosaic chromosomal structures (González et  al. 
2006; Belloch et al. 2009; Navarro 2012) and three types of mitochondrial genome 
(mtDNA), S. cerevisiae-like, S. kudriavzevii-like and recombinant (Peris et  al. 
2012a). The majority of the wine S. cerevisiae × S. kudriavzevii hybrids are allotrip-
loids, containing a diploid set of S. cerevisiae and a haploid set of S. kudriavzevii 
chromosomes (Erny et al. 2012; Peris et al. 2012b). The origin of the S. kudriavzevii 
subgenome donor was questioned and recent genetic analysis of S. kudriavzevii 
isolated from oak trees in Portugal and Spain have suggested that European  
S. kudriavzevii population rather than Japan S. kudriavzevii one is more closely 
related to S. kudriavzevii of natural hybrids and could be the true donor (Sampaio 
and Gonçalves 2008; Lopes et al. 2010; Lopandic 2018). By studying the genotypic 
profile (microsatellites markers) and ploidy levels of 32 S. cerevisiae × S. kudriavze-
vii hybrids isolated from wine and beer, Erny et al. (2012) showed that different 
hybridization events occurred and some hybrids were widely dispersed, suggesting 
specific adaptation to winemaking in northern European vineyards.

Environmental stress can contribute to genome instability, thus generating differ-
ent evolved hybrids. Some S. cerevisiae × S. kudriavzevii hybrids isolates demon-
strated a significant reduction of the S. kudriavzevii subgenome (Belloch et al. 2009; 
Erny et al. 2012; Peris et al. 2012a). One hypothesis to explain this non-symetric 
genome reduction is a better adaptation of S. cerevisiae genome to stressfull fer-
mentation conditions. Only the S. kudriavzevii genome portion with adaptive impor-
tance (e.g. low temperature tolerance) was maintained (Peris et al. 2012b). Various 

Table 4.1 (continued)

Strains Parental donors
Geographic 
origin

DNA 
ploidy mtDNA References

AMH S. cerevisiae ×  
S. kudriavzevii

Germany nd nd Ortiz-Tovar et al. 
(2018)

CBS 2834 S. cerevisiae ×  
S. kudriavzevii × 
S. uvarum, 
(unknown 
species)

Wadenswill, 
Switzerland

nd Sk González et al. 
(2006)

nd: not determined
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selective pressures could influence the genome evolution of hybrids; in the case of 
S. cerevisiae × S. uvarum hybrids, Piotrowski et al. (2012) showed that increased 
temperature resulted in loss of the S. uvarum genome, whilst elevated ethanol 
 concentration influences neither the S. cerevisiae nor the S. uvarum genomes. 
Phenotypic traits are affected by hybridization but also their stability over environ-
mental changes referred as homeostasis (Da Silva et al. 2015). By studying labo-
ratory interspecies S. cerevisiae × S. uvarum hybrids, the authors showed that 
interspecies hybridization could generate multi-trait phenotypes with improved 
oenological performances compared to the parental backgrounds and better homeo-
stasis with respect to temperature. Interspecies hybridization can be considered as 
an evolutionary mechanism that helps hybrid yeast to overcome the fluctuating con-
ditions of fermentation environment and to colonize a new ecological niches 
(Lopandic 2018).

Hybrid yeasts usually possess technological traits of the parental strains in new 
combination and were demonstrated to have higher fermentation abilities and 
improving qualities of the final product (González et al. 2007; Belloch et al. 2008; 
Gangl et al. 2009; Pérez-Torrado et al. 2015). The construction of artificial yeast 
hybrids by crossing different Saccharomyces species is a promising approach to 
select yeast of biotechnological interest, through a non-GMO strategy (Bellon et al. 
2011; Bizaj et al. 2012; Bellon et al. 2015; Da Silva et al. 2015).

5  Genetic Diversity of the Main Species of the Wine 
Microbial Community

In contrast to S. cerevisiae and S. uvarum that can complete AF in a grape must and 
are thus able to consume all fermentable sugars, little was known until recently 
about other yeast species of the grape must microbial community, that can remain 
throughout alcoholic fermentation. The total cell counts of non-Saccharomyces 
yeasts in grape must usually range from 1.10e3 to 1.10e6 cells/ml (Jolly et al. 2003; 
Zott et  al. 2010). The abundancy of non-Saccharomyces yeast usually drops as  
S. cerevisiae grows and AF unfurls, due to alcohol production, temperature increase 
and negative yeast-yeast interactions or other phenomena (Nissen et  al. 2003; 
Goddard 2008; Salvadó et al. 2011; Varela et al. 2012). In grape must and during the 
early stages of fermentation, the predominant yeast species include yeast  abundantly 
present at the grape surface like Hanseniaspora (syn. Kloeckera) spp. or Starmerella 
(syn. Candida) spp. Other frequently isolated species include Debaryomyces spp., 
Rhodotorula spp., Kluyveromyces spp., Zygosaccharomyces spp. or Aureobasidum 
pullulans (Esteve-Zarzoso et  al. 1998; Jolly et  al. 2003; Alessandria et  al. 2013; 
Lederer et al. 2013; David et al. 2014; Nemcová et al. 2015; Wang et al. 2015; Mas 
et al. 2016). Less abundant species comprise Metschnikowia spp., Torulaspora spp., 
Pichia (syn. Hansenula) spp., Issatchenkia, Lachancea spp. (Zott et al. 2010; David 
et al. 2014; Vigentini et al. 2015).
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For a long time, these yeast species were considered as undesirable (Padilla et al. 
2016) for several reasons. They usually result in stuck or sluggish fermentations 
when used alone, and some of them produce high levels of acetic acid and other 
negative compounds (Jolly et al. 2014). However, this last decade, several authors 
showed that they contributed to the first stages of fermentation and they could mod-
ify the organoleptic properties of final wine (Fleet 2008; Jolly et al. 2014; Masneuf- 
Pomarede et al. 2015a, b). The use of mixed-inoculation, including a S. cerevisiae 
partner to secure AF completion and other yeast species, has partly overcome the 
problem of stuck/sluggish fermentation and has gained interest for winemakers 
(Contreras et al. 2014). Indeed, mixed inoculations were reported to have several 
oenological interests, including positive impact on wine’s aroma, or acidity modula-
tion, fructophily (that may improve fermentation completion, particularly in harsh 
conditions), or the lowering of ethanol content of wines (Ciani and Maccarelli 1998; 
Domizio et al. 2014; Capozzi et al. 2015; Ciani et al. 2016). Nowadays, several non- 
Saccharomyces (NS) species are commercialized as Active Dried Yeast (ADY), but 
NS remains a recent niche market for yeast producers: the first commercial release 
of non-Saccharomyces species as ADY for oenology dates back 2003 and involved 
a blend of 3 species (S. cerevisiae, T. delbrueckii, L. thermotolerans as MelodyTM 
from Chr. Hansen). It was followed by the commercialization of T. delbrueckii as 
pure culture, in 2009 (Azzolini et al. 2015; Benito 2018). Indeed, few yeast species 
are commercially available as starter culture, among which Torulaspora delbrueckii, 
Metschnikowia pulcherrima, Pichia kluyveri or Lachancea thermotolerans for 
example. In a context of low/zero SO2 wine making process, NS are also now pro-
posed as bioprotection agent as an alternative to sulfites (Simonin et  al. 2018; 
Roudil, et al. 2019).

In oenology, these yeast species are collectively referred as ‘non- Saccharomyces’. 
The vagueness of the term allows different meanings: for winemakers, ‘non- 
Saccharomyces’ usually refer to non-Saccharomyces species available as ADY and 
their use is associated with an expected positive oenological benefit. Subsequently, 
for winemakers this name cannot refer to spoilage yeast. However, the non- 
Saccharomyces term also extends to wine species whose oenological interest is 
controversial, like Hanseniaspora uvarum or Starmerella bacillaris (I Masneuf-
Pomarede et al. 2016a, b; Chasseriaud et al. 2018). Moreover, at odds with wine-
makers, many scientific authors design wine spoilage species (like Brettanomyces 
bruxellensis) as ‘non-Saccharomyces’ (Esteve-Zarzoso et al. 1998; Shinohara et al. 
2000). To finish with terminology, another expression is sometimes used: non- 
conventional yeasts usually design non-Saccharomyces as well as non-S. cerevisiae 
species used in the wine industry (Mas et al. 2016).

The exploration of the oenological interest of non-Saccharomyces species com-
pelled the consideration of their genetic diversity, and the development of dedicated 
tools. In order to commercialize reliable starter cultures of non-Saccharomyces, the 
first step is usually to compare several strains for the phenotype(s) of interest in 
order to select the best one(s). Thus, the assembly of a collection as far as possible 
representative of the genetic diversity of the species is mandatory. The recent 
advances in next-generation sequencing (NGS) have allowed the de novo assembly 
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of several genome sequences of non-Saccharomyces (I Masneuf-Pomarede et  al. 
2016a, b). In its wake, genetic tools were developed, of which AFLP and microsat-
ellite markers, which can be successfully used to address population diversity and 
structuration.

5.1  Torulaspora delbrueckii, a Declassified Saccharomyces

Historically, Torulaspora delbrueckii has been used for the production of specific 
Italian wines with low initial sugar content (Castelli 1955). It is able to produce rela-
tively high ethanol concentrations (up to 12% vol.) for a non-Saccharomyces 
(Renault and Bely 2011), which may explain why T. delbrueckii has long been clas-
sified within the Saccharomyces genus (as S. rosei or S. roseus). The use of mixed 
fermentation including T. delbrueckii/S. cerevisiae allows a lower production of 
acetic acid than S. cerevisiae alone, and is particularly useful for grape must with 
high sugar content (Bely et  al. 2008). It is reputed as a ‘high-purity’ fermenter 
(Renault et al. 2009) because of the low production of undesirable compounds, and 
it can increase wine complexity and fruitiness (Renault et al. 2015).

Besides its use in winemaking, T. delbrueckii has several other biotechnological 
interests: it is used for bakery applications (Pacheco et al. 2012), it is naturally asso-
ciated with food and beverage fermentation including dairy product (Albertin et al. 
2014a). T. delbrueckii also has large natural reservoirs and is frequently isolated 
from soils, plants, insects.

The genetic diversity of the species was initially addressed using RFLP markers 
(Pacheco et al. 2012), restriction endonuclease analysis associated with pulse-field 
gel electrophoresis (REA-PFGE, Renault et al. 2009) or minisatellites (Canonico 
et  al. 2015). However, although discriminant, those markers are not suitable for 
population genetics studies. In 2014, microsatellites genotyping was performed on 
a collection of 110 strains, roughly one third from natural environment, one third 
from grapes and wine and the last third from other bioprocesses (Albertin et  al. 
2014a). Both dendrogram and population structure (Pritchard et al. 2000) analyses 
showed a clear clustering of the strains depending on the substrate of origin 
(Fig. 4.4): two clusters contained most natural strains from America and Old World 
respectively, while one group contained winemaking isolates. Finally, two clusters 
were associated with other bioprocesses, one more specifically with dairy products. 
Analysis of molecular variance (AMOVA) confirmed those results (Table 4.2): the 
substrate origin explained a significant part (12.3%) of the total variation of the 
microsatellite dataset, while it was only 7.6% for the geographical origin. 
Furthermore, when considering only bioprocess and grape/wine isolates, the geo-
graphical factor was no longer significant, while it explained up to 17% when con-
sidering nature isolates. This confirmed that human activities significantly shaped 
the genetic variability of the species, with nature isolates still being differentiated on 
the basis of geographical localization, as expected. The domestication of T. delbrueckii 
could date back to the Neolithic era for bioprocesses (around 4000  years ago).  
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Lachancea thermotolerans
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Fig. 4.4 Population genetics of non – Saccharomyces wine yeast using microsatellite markers. 
The original datasets were extracted from the following publications: T. delbrueckii (Albertin et al. 
2014a), L. thermotolerans (Hranilovic et al. 2017), M.guilliermondii (Wrent et al. 2015), Starm. 
bacillaris (Masneuf-Pomarede et al. 2015a, b), H. uvarum (Albertin et al. 2016) and B.bruxellensis 
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For winemaking, the estimated domestication period is more recent (around 
1900 years ago), and coincides with the expansion of Vitis vinifera across Europe 
and beyond, suggesting that, alike S. cerevisiae, T. delbrueckii domestication may 
reflect vine migrations. It has to be noted that, although microsatellite analysis 
showed strong evidence for wine and bioprocess domestication, substrate clustering 
was not perfect, suggesting frequent exchanges between wild and domesticated 
 subpopulations. These exchanges could be mediated by insects or human activities 
(Albertin et al. 2014a). The intra-specific diversity in winemaking conditions was 
also evaluated: the analysis of strains isolated from the same grape must or wine 
samples allowed the calculation of diversity index like Shannon’s equitability index 
(Table 4.3). Within oenological environments, the diversity of T. delbrueckii varied 
greatly from one sample to another, ranging from 0.39 (mildly clonal) to 1 (fully 
diversified population). Fully diversified populations can be interpreted as the 
absence of competition between genetically different individuals, while more clonal 
population implicates that a few strains are more fit than others and outcompeted 

Fig 4.4 (continued) (Avramova et al. 2018a). All dendrograms were drawn using the same genetic 
distance (Bruvo’s distance) and Neighbour Joining (NJ) clustering (Saitou and Nei 1987; Bruvo 
et al. 2004) using various R packages including poppr (Kamvar et al. 2014) and ape (Paradis et al. 
2004). The substrate origin of the main clusters is represented by different colors: purple for grape/
wine, blue for bioprocess, green for nature and grey for mixed anthropic/wild groups. 2N and 3N 
stand for diploid and triploid respectively

Table 4.2 Analysis of molecular variance (AMOVA) for different factors impacting population 
genetic diversity

Species AMOVA, factors tested (p-value): % variance References

T. delbrueckii Continent (p-value <0.001): 7.61% Albertin et al. (2015)
Continent, wild isolates (p-value <0.001): 
17.19%
Continent, anthropized isolates:  
non-significant
Substrate (p-value<0.00001): 12.29%

L. thermotolerans Continent (p-value <0.001): 20.85% Hranilovic et al. (2017)
Substrate (p-value <0.001): 13.58%

H. uvarum Country (p-value = 0.0009): 8.54% Albertin et al. (2016)
Year of isolation (p-value << 10e-6): 20.62%
Substrate: not determined

Starm. bacillaris Country (p-value << 10e-6): 12.17% Masneuf-Pomarede et al. 
(2015a, b)Wine region (p-value << 10e-6): 15.86%

Substrate: non-significant
B. bruxellensis Country (p-value<0.0001): 4.89% Albertin et al. (2015)

Country, non-wine isolates 
(p-value<0.0001):54.8%
Substrate (p-value<0.0001): 5.93%
Ploidy (p-value<0.0001): 46.9%
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Table 4.3 Genetic diversity in winemaking environments for several wine yeast species. The 
Shannon’s equitability index (EI) was calculated and ranged from 0 to 1 (fully clonal population to 
fully diversified population)

Species EI References

S. cerevisiae 0.39–0.65 Granchi et al. (2003); Albertin et al. (2014b)
T. delbrueckii 0.35–1 Albertin et al. (2015)
H. uvarum 0.86–1 Albertin et al. (2016)
Starm. bacillaris 0.9–0.97 Masneuf-Pomarede et al. (2015a, b)
B. bruxellensis 0–0.31 Albertin et al. (2015)

totally/partly the ecological niche. Here, the large range observed in T. delbrueckii 
species suggests that intraspecific competition may arise, depending on the matrix, 
and that phenotypic variability exist and could be used for subsequent selection 
program for winemaking purpose.

5.2  Lachancea thermotolerans, the Acidifier

Lachancea thermotolerans (formerly classified as Kluyveromyces thermotolerans), 
was, along with T. delbrueckii, the first non-Saccharomyces to be proposed as ADY 
for winemakers. In oenological conditions, it can produce up to 13% v/v ethanol, 
depending on the strain and grape must (Ciani et al. 2006). L. thermotolerans is able 
to produce relatively high levels of lactic acid (up to 16g/l) during AF, which is quite 
unique amongst yeast (Banilas et  al. 2016). The resulting acidification improves 
wine microbial stability and organoleptic balance, while limiting the use of external 
inputs like tartaric acid (Gobbi et al. 2013). This is particularly interesting for grape 
must from warmer climates/vintages, or in a context of global warming. Another 
drawback of global warming is an increased sugar content in grape must, leading to 
high ethanol concentrations in wines while health prevention policies and consum-
ers promote wines with moderate ethanol level (Dequin et al. 2017). L. thermotol-
erans has a lower alcohol yield than S. cerevisiae, and several works reported that 
mixed cultures of L. thermotolerans/S. cerevisiae showed significantly lower etha-
nol content (0.2-0.9% v/v) than with S. cerevisiae alone (Gobbi et al. 2013; Benito 
et al. 2015; 2016). Finally, L. thermotolerans shows high glycerol production, low 
acetate release, partial degradation of malate and improvement of wine aroma and 
flavor (Gobbi et  al. 2013; Jolly et  al. 2014; Su et  al. 2014; Benito et  al. 2016), 
explaining its growing use in winemaking.

Regarding its ecological niches, Lachancea thermotolerans occupies a large 
range of natural habitats, including insects, plants, and soil, as well as anthropized 
environments (mostly from grape/wine fermentations). A population genomic anal-
ysis, using mitochondrial genomes, showed no specific structuration regarding hab-
itats for a subset of 50 strains (Freel et al. 2014). A first set of five microsatellite 
markers was then developed and applied to 47 grape/wine isolates from Greece 
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(Banilas et al. 2016). The isolates appeared to be clustered depending on the region 
of isolation, but no wild isolates were included, limiting the conclusion at the spe-
cies level. More recently, a second set of 14 microsatellite markers was applied to 
172 isolates from various niches including oenological and wild environments 
(Hranilovic et al. 2017). The resulting dendrogram (Fig. 4.4) showed that the evolu-
tion of L. thermotolerans has been driven by the geography and the substrate of 
isolation. Two distinct clusters contained mostly isolates from grape/wine environ-
ments, and were called domestic 1 and domestic 2 groups. Three groups contained 
mostly nature isolates, furthermore differentiated on the basis of geographical local-
ization (Americas, Canada, Hawaii/California), as expected for a wild population 
(Slatkin 1987). Finally, three clusters were mixed and composed of strains from 
both wild and anthropic environments, indicating imperfect genetic differentiation 
depending on the substrate. AMOVA results confirmed the significant impact of 
both geographical localization and substrate origin that explained respectively 20.8 
and 13.6% of the genetic diversity of the species (Table  4.2). Altogether, these 
results suggested the occurrence of at least two independent domestication events 
for grape/wine environments, although the actual separation between wild and 
anthropized group seems less plain than for S. cerevisiae or T. delbrueckii.

5.3  Other Non-Saccharomyces Commercially Available 
for Winemakers

Besides T. delbrueckii and L. thermotolerans, a few other species of the grape 
microflora are available for winemaking as starter culture. This is the case of 
Metschnikowia pulcherrima that has been selected because of its positive impact on 
wine aromas when used in mixed culture with S. cerevisiae (Parapouli et al. 2010; 
Jolly et al. 2017). M. pulcherrima also presents an important proteolytic activity, a 
feature that could help reducing haze formation and release mannoproteins 
(Chasseriaud et al. 2015). A few records also reported a negative impact, suggesting 
that the combination of mixed culture and grape variety could impact the oenologi-
cal outcome (Jolly et al. 2014). M. pulcherrima occurs naturally in the fermentation 
process for wine and cider-making. In addition, a high number of researches consid-
ered its potential as biocontrol agent against postharvest decay of various fruits 
(Spadaro et  al. 2008). The genetic diversity of M. pulcherrima species remains 
poorly explored. In fact, much confusion exists within the Metschnikowia genus, 
compelling the need for a deep taxonomic reassessment. However, due to the com-
plexity and intricacy of the genus, its taxonomy can only be resolved using com-
parative genomics (Kurtzman et  al. 2018). AFLP markers were developed and 
applied to 26 strains of M. pulcherrima from Mediterranean regions (Spadaro et al. 
2008). A clear distinction between grape/wine isolates and apple ones was observed, 
suggesting bioprocess specialization. Tandem repeat-tRNA (TRtRNA) was devel-
oped and applied to isolates from a unique origin (grape/wine) (Barquet et al. 2012), 
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and was not able to confirm/infirm the possibility of domestication event within the 
species. The recent genome announcement of strain UCD127 (Venkatesh et  al. 
2018) will help resolving the taxonomy of the genus and developing future tools for 
insightful genetic diversity studies.

Schizosaccharomyces pombe is another non-Saccharomyces used by winemak-
ers. In fact, it was the first NS to be commercialized in 2003, not as ADY but as 
immobilized yeast (Rosa et al. 2003). The main use in oenology is the total/partial 
deacidification of grape must. A comparative genomic approach was applied to 161 
isolates from various geographical localisation and substrate. The main result sug-
gested a recent European origin for S. pombe in the Americas, coincident with the 
European colonization of the continent (Jeffares et al. 2015). However, this analysis 
provided very few input regarding potential domestication of the species or diver-
sity in winemaking conditions, underlying the need for subsequent research 
program.

Finally, Pichia kluyveri has been only recently commercially released, with 
claims of higher levels of extraction of flavor precursors. Anfang et al. showed that 
mixed fermentation with P. kluyveri/S. cerevisiae allowed higher concentrations of 
varietal thiols, key aromatic compounds for some Sauvignon blanc wines (Anfang 
et al. 2009). From a population genetics viewpoint, very few data are available: the 
relationships between 46 strains were assessed using a combination of AFLP and 
RAPD, and showed a strong influence of geography on the population structure of 
P. kluyveri (Ganter and de Barros Lopes 2000). However, no individuals from grape/
wine environments were included, so that no data are available regarding the popu-
lation structure for winemaking conditions.

5.4  Hanseniaspora Species, the Profuse non-Saccharomyces 
Species

Hanseniaspora uvarum (syn. Kloeckera apiculata) is probably one of the NS yeasts 
universally present in grape must, usually at relatively high population level (Jolly 
et al. 2014; Capozzi et al. 2015). Although some works address the potential use of 
H. uvarum/S. cerevisiae mixed cultures for winemaking (Romano et  al. 2003; 
Moreira et al. 2008), H. uvarum is viewed by most authors as neutral at best, and as 
detrimental in many case: it can produce high acetic acid and acetaldehyde contents 
and other compounds impacting negatively wine quality (Ciani and Maccarelli 
1998; Ciani et  al. 2006; Moreira et  al. 2008; Chasseriaud et  al. 2018). Other 
Hanseniaspora species frequently found in grape must are H. guilliermondii,  
H. vineae or H. osmophila. Alike H. uvarum, some works tested the use of mixed 
cultures of S. cerevisiae/Hanseniaspora spp. In particular, their use was associated 
with increased amounts of 2-phenyl-ethyl acetate and other compounds, particu-
larly esters (Rojas et al. 2003; Viana et al. 2009; 2011). However, some of these 
experiments also showed increased concentrations of heavy sulphur compounds, 
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with negative sensory impact (Moreira et al. 2008). Thus, Hanseniaspora species, 
as a whole, are considered by most as undesirable species to be inhibited (Chasseriaud 
et al. 2018).

Regarding their genetic diversity, the most studied species is H. uvarum. Several 
approaches have been developed along the years, including RAPD (Random 
Amplification of Polymorphic DNA) fingerprinting (Capece et al. 2005), or FTIR 
(Fourier transform infrared spectroscopy) (Grangeteau et  al. 2015). In 2015, the 
genetic relationship between isolates was evaluated using 11 microsatellite markers, 
in a collection of 115 strains, mostly from grape/wine origin and from France and 
South Africa (Albertin et al. 2016). A few strains (6) from nature or other biopro-
cesses were also included: indeed, H. uvarum is frequently isolated from natural 
reservoirs, or from food and beverage fermentations either as part of the fermenta-
tion microbiome (cider, tequila, coffee, cocoa, etc.) or as an occasional spoiler 
(orange juice, yogurt, beer, etc.). The resulting dendrogram (Fig. 4.4) showed three 
main genetic clusters, one associated with South African isolates, the two other with 
French strains isolated after or before 2009. These results evidenced for the first 
time the occurrence of both spatial and temporal genetic differentiation. The iso-
lates from wild or other bioprocesses environments were dispatched within these 
groups. Although their small number prevents concluding definitively about the 
structure at the species level, it is noteworthy that no hint of domestication was evi-
denced so far in H. uvarum. Geographical localization explained 8.5% of the total 
genetic variation (Table 4.2), while the year of isolation explained up to 20.6%.  
A striking result of the study is the high intraspecific variability at the sample level 
in oenological conditions. Shannon’s equitability index ranged from 0.86 to 1 
(Table 4.3), indicating highly diversified populations and suggesting that no indi-
viduals were able to outcompete the other in the grape/wine niche. Thus, it can be 
hypothesized that H. uvarum is a species associated with fruit flora, without evident 
specialization and showing relatively high genetic turnover within a time-scale of a 
few years. Further analysis of a larger number of isolates will help describing the 
extent of such results in winemaking.

5.5  Starmerella bacillaris, the Low-Ethanol Producer

Starmerella bacillaris shows various interesting oenological features: it is highly 
fructophilic, meaning it is able to consume most fructose contained in grape must, 
sometimes at the expense of glucose (Englezos et al. 2015). Fructophilic character 
has gained interest to prevent stuck/sluggish fermentation, particularly in grape 
must with high sugar content (Magyar and Toth 2011). Another feature lies in its 
ability to produce low quantities of ethanol and acetic acid, but high amounts of 
glycerol (Magyar and Toth 2011; Rantsiou et al. 2012; Englezos et al. 2015, 2016; 
Rantsiou et al. 2017). Thus, Starm. bacillaris emerged as a perfect candidate of so- 
called ‘low-alcohol’ yeasts (Bely et al. 2013; Dequin et al. 2017; Englezos et al. 
2017). Mixed fermentations including both Starm. bacillaris/S. cerevisiae were 
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shown to increase the production of terpenes and lactone and the degradation of 
malic acid (Sadoudi et al. 2012; Rantsiou et al. 2017). However, Starm. bacillaris 
may have a negative impact on wine perception due to the production of sulphur 
compounds (Masneuf-Pomarede et al. 2015a, b) and is thus commonly designed as 
an undesirable species (Chasseriaud et al. 2018).

Starm. bacillaris is almost exclusively isolated from grape must (red or white), 
or from winery environments. It is particularly abundant in high sugar grape must, 
particularly during the fermentation of sweet or botrytized wine (Sipiczki 2003; 
Urso et al. 2008; Tofalo et al. 2009). Starm. bacillaris is rarely found on other sub-
strates, and very few wild isolates are indisputably described. This suggests that 
Starm. bacillaris primary ecological niche is grape/wine environment, with occa-
sional dispersion to other favorable substrates (Masneuf-Pomarede et al. 2015a, b). 
Different molecular tools were developed to assess the intraspecific diversity of the 
species, including RAPD-PCR fingerprinting (Tofalo et  al. 2012; Csoma et  al. 
2018), SAU-PCR (Englezos et al. 2015) and tandem repeat-tRNA (TRtRNA) PCR 
(Barquet et al. 2012). However, these different approaches are not completely con-
gruent (Csoma et al. 2018). Thus, 10 microsatellites were developed and applied to 
a collection of 163 isolates, 157 from various winemaking regions, and 6 from 
nature (Masneuf-Pomarede et  al. 2015a, b). Four main clusters were identified 
(Fig. 4.4), associated with specific geographical localization: one cluster contained 
mostly isolates from France, the second from France/Spain, the third from Italy/
Greece and the last one from various countries. The 6 wild strains were distributed 
within the dendrogram, showing no evidence for a genetic separation between wild 
and anthropized isolates. Structure analysis and AMOVA confirms that the 
genetic diversity of Starm. bacillaris was shaped by geographical localization with 
country or wine region explaining 12–15% of the genetic variability, while the sub-
strate factor (wild versus anthropized) was not significant (Table 4.2). The intraspe-
cific diversity at the sample level was also studied (Table  4.3), and Shannon’s 
equitability index was very high (0.9–0.97), indicating that Starm. bacillaris is not 
under selective pressure in winemaking environments.

5.6  Brettanomyces bruxellensis, Once a Spoiler,  
Always a Spoiler

Brettanomyces bruxellensis (syn. Dekkera bruxellensis) is a major cause of wine 
spoilage worldwide. It affects up to 25% of red wine (Gerbaux et  al. 2000) and 
provokes rejection by consumers and thus important economic losses for winemak-
ers (Wedral et  al. 2010). In wine, B. bruxellensis produces aromatic molecules 
(called volatile phenols) associated with unpleasant aromas described as barnyard, 
horse sweat, burnt plastic, and usually designed as ‘Brett’ taint (Chatonnet et al. 
1992). The main treatment used by winemakers to limit B. bruxellensis spoilage is 
sulphur dioxide addition. However, it was recently demonstrated that 35–40% of  
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B. bruxellensis strains are tolerant to sulfite treatments at concentrations recom-
mended for winemaking (Avramova et al. 2018b).

Conversely, B. bruxellensis is known for its positive, even indispensable, contri-
bution in the elaboration of some beer specialties such as Belgium lambic and 
Gueuze beers, American coolship ales, and so-called ‘Brett beers’ (Bokulich et al. 
2012; Schifferdecker et al. 2014; Steensels et al. 2015). Likewise, it is considered as 
a beneficial microorganism in the production of kombucha (a traditional fermented 
sweetened tea). B. bruxellensis is also found in other food processes such as cider, 
dairy products, sourdough, olives fermentation, soft drinks (Steensels et al. 2015) 
where its impact (beneficial or detrimental) is often unclear and debated. In addi-
tion, B. bruxellensis is frequently isolated from bioethanol production where it was 
initially considered as a contaminant (De Souza Liberal et al. 2007). More recent 
work demonstrated that it can be exploited for high productivity and quality bio-
ethanol production (Passoth et al. 2007; Reis et al. 2014). So far, all B. bruxellensis 
isolates were sampled exclusively from man-made ecological niches, and no wild 
isolates were described. B. bruxellensis thus forms a remarkable example of 
anthropized species.

Several molecular tools were developed to explore the genetic diversity of  
B. bruxellensis, including RAPD (Agnolucci et al. 2009), AFLP (Curtin et al. 2007), 
REA-PFGE (Miot-Sertier and Lonvaud-Funel 2007), SAU-PCR (Di Toro et  al. 
2015), infrared spectroscopy (Oelofse et al. 2009), mtDNA analysis (Martorell et al. 
2006) or genome sequencing (Curtin et al. 2012; Borneman et al. 2014). All these 
studies highlighted a high intraspecific diversity, with the existence of diploid and 
allotriploid individuals (Borneman et al. 2014). Recently, microsatellite genotyping 
was applied to a large collection of 1488 isolates of B. bruxellensis from 9 different 
substrates and 29 countries (Avramova et  al. 2018a). Six groups were identified 
(Fig. 4.4): one group containing diploid strain from wine environments, two distinct 
groups of triploid strains from wine (that probably arise through independent allo-
triploidisation events), a diploid group mostly associated with kombucha process, 
and the last group of triploid strains associated with tequila/bioethanol production. 
AMOVA confirmed that polyploidy explained 46.9% of the genetic variation of the 
species. The substrate explained significantly 5.9% of the variation, and the geo-
graphical localization shaped drastically non-wine isolates (58.4%).

Noteworthy, the two triploid groups associated with wine were shown to be toler-
ant/resistant to sulfite treatments, while all other groups were sulfite-sensitive 
(Avramova et al. 2018b, a), suggesting that allotriploidisation could play a major 
role on the adaptation of B. bruxellensis species to highly selective anthropized 
niche.

Microsatellites analysis also revealed interesting features regarding clonal per-
sistence: clonal populations were isolated over a long period of time (>20 years) in 
the same winery (Albertin et  al. 2014b; Cibrario and Dols-Lafargue 2017). 
Consistently, isolates from a given wine sample usually shows relatively high clon-
ality, with Shannon’s equitability index ranging from 0-0.31 (Table 4.3). Population 
genetics using microsatellite genotyping opened new avenues, but more works are 
needed to understand the different evolutionary forces shaping B.bruxellensis 
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genetic diversity. In particular, comparative genomics may help unravel more 
 precisely the selective pressure associated with B.bruxellensis specialization to 
 different anthropic environments.

5.7  The Genetic Diversity of Other Wine Spoilage Yeasts

Some other spoilage yeasts are occasionally reported in winemaking. This is the 
case of Meyerozyma guilliermondii (syn. Pichia guilliermondii), usually considered 
as a wine spoiler (Lopes et al. 2009; Wrent et al. 2015) even if some works showed 
potential application of sequential fermentations regarding color stability (Benito 
et  al. 2011). M. guilliermondii is also associated with other fermented food and 
beverages where it can cause spoilage. However, it has several biotechnological 
applications like vitamin production, xylose bioconversion, the biocontrol of post-
harvest spoilage or more recently dough fermentation (Wrent et  al. 2015). In a 
recent paper, Wrent et al. applied 4 microsatellite markers to the genotyping of 48 
strains from various substrates and geographical origins (Wrent et al. 2015). The 
resulting dendrogram (Fig. 4.4) shows three clusters containing strains from mixed 
substrate and geographical localization. This may indicate that no specific special-
ization event is ongoing in this species, although more markers should be tested on 
a larger collection to confirm/infirm this preliminary result.

Zygosaccharomyces is another spoilage genus associated with wine, but also 
many other food and beverages product such as fruit juice, soft drinks, cider, honey, 
vinegar, etc. (Martorell et  al. 2007; Dakal et  al. 2018). The taxonomy of the 
Zygosaccharomyces genus is in constant evolution: 5 new species have been pro-
posed since 2010, and the existence of hybridization and polyploidization events 
drastically complicates the precise delineation of the different species (Gordon and 
Wolfe 2008). Recently, Dakal et al. evaluated the potential of three typing methods, 
including fingerprinting and RFLP, to 76 strains from various substrates. Their 
results suggest that the genetic diversity within Z. sapae and Z. mellis could be 
shaped by isolation source (Dakal et al. 2018). Further work will help refine the 
evolutionary forces driving the evolution of this anthropized genus.

6  Conclusion

In the past, wine microbiology has mostly focused on S. cerevisiae, for which a 
vast knowledge has been accumulated on its ecology, phylogeny and population 
structure, and its specific genomic content that has been strikingly shaped by the 
grape must/wine environment. Despite its essential role in the completion of alco-
holic fermentation, this model species is not representative of all the yeasts of the 
wine community that also contributes to the complexity of wine perception. In 
order to explore and exploit pertinently the phenotypic diversity of the 
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non-Saccharomyces yeast, a great effort has been done for two decades to investi-
gate their genetic variability, and the use of codominant markers providing repro-
ducible data has changed the resolution that can be attained. Interestingly, the 
comparison of the population diversity of distinct wine yeast is quite revealing: 
first, while S. cerevisiae stood alone in the podium of domesticated yeast for a few 
years, it was quickly caught up by its two runners-up T. delbrueckii and L. thermo-
tolerans that show intermediary degree of specialization for grape/wine environ-
ments. The spoilage yeast B. bruxellensis also appears as highly specialized and 
adapted to anthropized environments, indicating that winemaking has significantly 
shaped the diversity of this species too. Conversely, some highly abundant species 
in grape must (H. uvarum, Starm. bacillaris) show no evidence of domestication. 
This could suggest that their occurrence in grape must and wine is an inevitable 
and inadvertent outcome of their presence on the grape berry. Altogether, this 
shows that the development of winemaking by Man has created a new ecological 
niche colonized by different species that evolved according to different trajecto-
ries. Wine fermentation has favored simultaneously the specialization of the 
desired S. cerevisiae, of other passengers of the grape must microflora such as  
T. delbrueckii and of the undesired B. bruxellensis species.

However, the field of population genetics applied to non-Saccharomyces is still 
in its infancy, and future works will unravel the extent of wine yeast adaptation and 
eventually domestication, as well as the underlying selective pressure(s). In particu-
lar, there is a great need for genomic approaches applied to non-Saccharomyces 
species to gain thorough insights into their genomic content and into the genetic 
basis of adaptation and domestication to winemaking environments.
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1  Introduction

Wine production is one of the world’s oldest biotechnologies. The agent of the alco-
holic fermentation, Saccharomyces cerevisiae, has been studied extensively as a 
model eukaryote resulting in a wealth of information on the biological activities of 
this organism. It was the first eukaryotic organism to have its genome sequenced, 
thereby enabling systematic analyses of gene expression (Goffeau et  al. 1996; 
Oliver et al. 1998). The vast majority of these studies have been conducted under 
laboratory conditions using laboratory strains. However, the natural environment of 
S. cerevisiae is quite different from the typical analytical growth conditions that 
have been investigated.
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Of the 6604 verified open reading frames (ORFs) in S. cerevisiae, 78% have 
been verified and the rest are uncharacterized or dubious (http://www.yeastgen-
ome.org/). Approximately 12–13% of the verified ORFs are of unknown function 
despite extensive phenotypic screens of comprehensive mutant databases (Dwight 
et al. 2002; Winzeler et al. 1999). It is likely that many of these roughly 800 genes 
function under conditions not being replicated in the laboratory environment 
(Pena- Castillo and Hughes 2007). Timing of expression has been used to define 
the potential function of some of the verified ORFs but often this is “function-by- 
association” rather than a clear demonstration of biological role. The development 
of quantitative trait loci (QTL) analyses and particularly of expression QTL 
(eQTL) is enabling analysis of complex phenotypes and the broader assignment 
of function to verified genes (Liti and Louis 2012). It has been estimated that 
more than 75% of transcripts map to at least one QTL in analysis of yeast strains 
(Ehrenreich et al. 2009). Therefore, it is important to analyze both gene function 
and regulation of expression under conditions more closely mimicking the yeast 
natural environment.

The use of bulk sequencing technologies in transcript profiling rather than 
hybridization to sequences based on ORF characterization has revealed the exis-
tence of non-coding RNA species or “Stable Untranslated Transcripts” (SUTs) of 
unknown significance (Sardu et al. 2014). One possible role of SUTs is in the regu-
lation of gene expression as antisense and binding to mRNA and preventing tran-
scription or as regulatory and binding to transcription factors and modifying 
functionality of those proteins (Sardu et al. 2014).

There are two key considerations in interpretation of gene expression data from 
wine yeasts operating under winemaking conditions. First, significant genetic diver-
sity exists among the wine strains and many of the genetic differences can lead to 
large differences in gene expression profiles, suggesting that genetic differences 
impacting regulatory systems are highly selected in innate populations of wine 
yeast. Direct comparisons of transcript profiles conducted using different strains 
will need to appreciate the underlying genetic differences that affect the transcrip-
tional response to specific conditions.

The second important consideration relates to the composition of the yeast’s 
natural environment of grape juice, especially its variable nature, and the presence 
of concurrent and sequential stressors during fermentation (Bisson et  al. 2007; 
Pizarro et al. 2007). Ethanol accumulates during the fermentation of sugars, attain-
ing concentrations inhibitory to growth and eventually to metabolism (Bisson and 
Block 2002). In the presence of other stressors, such as high proton concentrations 
or extremes of temperature, tolerance to ethanol is reduced (Bisson 1999). During 
fermentation, heat and protons are released to the environment, simultaneously rais-
ing the temperature of the medium and lowering the pH, as ethanol is steadily 
increasing. The combination of these stressors is thought to be the major factor 
limiting yeast growth and metabolic activities (Marks et  al. 2008). Most yeast 
strains ferment sugars to 11–12% (w/v) ethanol before arrest of fermentation, and 
there are commercial strains that can easily yield 14–16% (w/v) ethanol (Bisson 
1999). Significant changes in gene expression have been observed at ethanol 

L. F. Bisson

http://www.yeastgenome.org/
http://www.yeastgenome.org/


167

 concentrations as low as 2% (Marks et al. 2008). At 6% ethanol, nuclear export of 
bulk poly (A)+ mRNA is inhibited, and stress-related transcripts are preferentially 
exported from the nucleus (Izawa et al. 2005). Thus, the accumulation of ethanol 
has a profound effect not only on gene expression, but also on translation and pro-
tein activity. Native yeast strains display significant genetic diversity that, most 
likely, is a natural consequence of higher rates of spontaneous mutagenesis in com-
bination with the evolutionary catalyst of multiple and simultaneous stressors which 
vary in nature and severity across grape varieties and seasonal conditions. This 
review will summarize current information on gene expression in wine yeasts both 
under laboratory growth conditions and in environments resembling grape juice 
fermentation. Since comparisons among strains are influenced by the underlying 
genetic differences of those strains, the review will also discuss wine yeast strain 
diversity and the impact of that diversity on the interpretation of genomic expres-
sion data.

1.1  Origins and Diversity of Saccharomyces

Saccharomyces is considered to be a domesticated organism (Fay and Benavides 
2005a: Legras et  al. 2007; Liti et  al. 2009). It is a common winery contaminant 
(Boulton et  al. 1996). Saccharomyces can be found in vineyards; even in those 
where the practice of placing spent yeast lees in the vineyard as fertilizer has not 
occurred (Clemente-Jimenez et  al. 2004; Martini et  al. 1996; Torok et  al. 1996; 
Valero et al. 2005). Saccharomyces is commonly isolated from heavily damaged 
grapes (Mortimer and Polsinelli 1999). Direct inoculation of vineyards with com-
mercial yeasts did not lead to their establishment among the vineyard flora (Comitini 
and Ciani 2006; Valero et al. 2005), even when damaged berries were inoculated 
(Comitini and Ciani 2006). Thus, the yeast’s natural environment can be considered 
to be the surface of a grape where it is a minor resident among other yeast genera, 
but conditions leading to the seepage of berry components enrich for Saccharomyces. 
The creation of fermentative conditions upon crushing of the fruit is more strongly 
enriching for this microbe. Saccharomyces, initially present below detectable levels 
in spontaneous grape juice fermentations, will often be found as the dominate spe-
cies at the end of fermentation, even under aseptic grape cluster harvesting condi-
tions (Comitini and Ciani 2006; Valero et al. 2005). These observations have led to 
the view that S. cerevisiae is a minor resident in vineyards with population amplifi-
cation occurring under high-sugar, low-oxygen environments.

However, alternative views of Saccharomyces as a nomadic yeast with no clear 
single habitat or niche have also been proposed (Goddard and Greig 2015). The 
observation of recent genetic exchanges between winery and oak strain populations 
also suggest that a nomadic view may be more consistent with genetic profiling of 
diversity (Almeida et  al. 2015; Marsit and Dequin 2015). The finding that gene 
transfer, cell fusion and genetic exchange can occur within the gut of insects 
(Stefanini et al. 2012, 2016) also offers insight into both the origins of yeast  diversity 
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and niche variability (Bisson 2016). Saccharomyces may be dispersed in the 
environment and isolatable from diverse niches due to the vectoring role of various 
insect species. In this case the search for a primary niche may be less important than 
understanding the relationship between niche and vectors.

Two primary species of Saccharomyces are found during the alcoholic fermenta-
tion: S. cerevisiae and S. bayanus (formerly S. uvarum), with S. cerevisiae being the 
more prevalent (Sipiczki 2002). Occasionally, S. pastorianus can be found as can 
hybrids of these yeasts (Naumov 1996). Sequence comparisons between S. cerevi
siae and S. bayanus indicate approximately 80% identity of coding sequences and 
roughly 74% identity of non-coding sequences (Cliften et  al. 2003). Significant 
genetic diversity exists among wine strains of both S. cerevisiae (Baleiras Couto 
et al. 1996; Briones et al. 1996; Gallego et al. 2005; Khan et al. 2000; Lopes et al. 
2002; Sabate et al. 1998; Schuller et al. 2005; Schutz and Gafner 1993, 1994; Valero 
et al. 2006; Van der Westhuizen et al. 2000a, b; Versavaud et al. 1995) and S. baya
nus (Sipiczki 2002). Analysis of over 1600 isolates of S. cerevisiae from 54 sponta-
neous fermentations demonstrated the existence of 297 unique strains (Schuller 
et al. 2005). In a more limited study, 13 out of 16 isolates (81%) were determined to 
be unique strains and the four identical strains were isolated from the same location 
(Baleiras Couto et  al. 1996). Even higher ratios of unique genotypes have been 
found, 87.5 % (Valero et  al. 2006), 81–91% (Gallego et  al. 2005) and 91–96% 
(Schuller et al. 2005), depending on the technique used. The greatest numbers of 
genotypes in these studies are represented by a single isolate, indicating that the true 
extent of the diversity present in the wild is still being underestimated. Significant 
strain diversity exists within the same vineyard environment, suggesting the impor-
tance of localized conditions for the selection of genetically modified strains or, 
alternately, the existence of factors driving genetic change. One such factor may be 
exposure to ultraviolet light. Metabolites produced either by the plant or by other 
microbes in the environment, such as mycotoxins, may also serve to accelerate the 
appearance of genetic differences in the absence of any direct selective pressure.

Not surprisingly, the fitness of strains for specific fermentation niches also has 
been found to vary. In some cases, only one or a few strains dominate throughout 
fermentation (Versavaud et al. 1995). In contrast, other researchers have found that 
different strains dominate at different stages of the fermentation (Sabate et al. 1998) 
or that several strains of Saccharomyces appear to be simultaneously present in 
equivalently high numbers (Torija et al. 2001; Vezinhet et al. 1992). Presumably, the 
biodiversity of wine strains in the environment results in these different patterns of 
dominance in fermentations. Strains that are dominant in one environment may not 
show the same degree of dominance in another, because the strain attributes confer-
ring dominance may be best suited to the fermentation conditions of a specific win-
ery or vintage. As conditions of production change, different strains may become 
dominant. Assessment of strain diversity across vintages has shown that different 
strains are present each year (Gutierrez et al. 1999; Schuller et al. 2005).

The genetic diversity of wine yeasts has also been documented using genomic 
sequence comparisons and functional genomic analysis of transcript profiles 
(Borneman et  al. 2008; Dunn et  al. 2005; Fay et  al. 2004; Gresham et  al. 2006; 
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Legras et al. 2007; Liti et al. 2006, 2009; Schacherer et al. 2009; Townsend et al. 
2003; Tsai et al. 2008; Winzeler et al. 2003). Strains that are undistinguishable from 
each other by genomic or mitochondrial DNA profiling may carry mutations lead-
ing to changes in important enological phenotypes, particularly if the genetic differ-
ences are targeted to high impact genes (such as transcription factors) or genes 
involved in flavor modification or production. Indeed, analyses of the presence of 
single nucleotide polymorphisms (SNP) suggest that they exist across populations 
of Saccharomyces with a frequency of approximately 2.8 SNPs per kilobase of 
DNA (Schacherer et al. 2009). Borneman et al. (2008) found in the sequence com-
parison of a wine strain AWRI1631 to S288c a SNP frequency of 1 per 150 base 
pairs or roughly 7 SNPs per kilobase. SNPs occur less frequently in genes located 
near the centromere and more frequently for genes located in subtelomeric regions 
(Schacherer et al. 2009). Deletions of genetic material also occur (Schacherer et al. 
2009) but are found at a very low frequency in the essential genes. Thus, there is the 
potential for significant variation in gene expression profiles because of underlying 
genetic differences across strains, making comparisons of strains grown under dif-
ferent conditions challenging.

Genomic analyses have revealed that many commercial strains have acquired 
altered signaling properties (Verstrepen et al. 2004) and these signaling differences 
may be important for differential tolerance to various stressors. It is likely that 
increased basal levels of expression of genes involved in tolerance to stressful con-
ditions allows more rapid adaptation to those conditions and, therefore, enhance 
survival (Bisson et  al. 2007). However, high basal levels of expression of these 
genes may result in slower initial growth rates and lack of an ability to dominate 
fermentations (Bisson et al. 2007). There appears to be a dynamic interplay between 
expression of genes associated with stress tolerance and those associated with rapid 
growth (Bisson et al. 2007). Given the existence of multiple stressors in the environ-
ment and the feast or famine atmosphere of growth on the surface of fruits, it is not 
surprising that vast biodiversity of both genetic composition and gene expression 
profiles is observed in native Saccharomyces isolates.

Analysis of the population genomics of commercial, winery and vineyard iso-
lates in comparison to non-wine isolates of S. cerevisiae indicates a high degree of 
relatedness among the wine strains regardless of the analytical methodology used 
(Legras et  al. 2007; Liti et  al. 2006, 2009; Schacherer et  al. 2007, 2009). These 
analyses indicate that wine strains appear to have derived from a single common 
ancestor, and, although some geographically isolated lineages can be observed, 
there is a strong influence of human migration patterns on the yeast population 
diversity (Legras et al. 2007; Liti et al. 2009; Schacherer et al. 2009). The first wine 
strain appears to have emerged somewhere in Mesopotamia/Lebanon with subse-
quent dispersion consistent with known historical patterns of grape vine migration 
(Legras et al. 2007; Schacherer et al. 2009). The majority of vineyard and winery 
isolates appear to be homothallic diploids and the main mode of cellular reproduc-
tion appears to be clonal rather than sexual (Legras et al. 2007). Roughly 28% of the 
over 600 wine and vineyard isolates examined were homozygous suggesting that 
sporulation and self-diploidization occurs in the wild (Legras et al. 2007).

5 Gene Expression in Yeasts During Wine Fermentation



170

Commercial and native yeast isolates display greater genomic and genetic 
instability than laboratory strains (Ambrona et  al. 2005), and aberrations in the 
number of some chromosomes are common (Bakalinsky and Snow 1990). Wild 
strains are generally homothallic and show low sporulation rates and poor spore 
viability. They also display high levels of heterozygositiy, chromosomal polymor-
phisms and rearrangements, and karyotype instability (Carro and Pina 2001; Codon 
et al. 1998; Hughes et al. 2000; Izquierdo Canas et al. 1997; Johnston et al. 2000; 
Landry et  al. 2006a, b; Longo and Vezinhet 1993; Mortimer 2000; Myers et  al. 
2004; Oshiro and Winzeler 2000). The dynamic nature of the genome likely poses a 
distinct advantage in the environment, as evidenced by the extensive diversity 
observed among native isolates from the same site (Hauser et al. 2001). The biodi-
versity of wine strains of Saccharomyces is likely a consequence of both natural 
selection and random mutagenesis and accumulation of mutations. Wild yeasts 
show elevated rates of spontaneous mutagenesis which, if followed by sporulation 
and diploidization, can lead to the rapid creation of significant diversity across a 
population. The return to a homozygous state has been termed ‘genome renewal’ 
(Ambrona and Ramirez 2007; Mortimer et al. 1994). Some underlying features of 
gene expression in wine strains will likely be conserved across this rich biodiversity 
while others may show striking strain dependence. It is important to note that com-
parisons of gene expression in recently isolated native strains of S. cerevisiae versus 
those that have been cultivated in laboratories, demonstrates clear differences in 
expression profiles of wild strains and their domesticated derivatives (Kuthan et al. 
2003; Palkova 2004). Strains rapidly lose some phenotypes associated with growth 
in the wild upon laboratory cultivation (Palkova 2004).

1.2  Fermentation Biology and the Impact of Yeast Stressors

Gene expression is strongly influenced by the chemical composition of the environ-
ment and the physical conditions of growth. A plethora of integrated and interacting 
signaling pathways exist in yeast and serve to coordinate biological activities and 
gene expression (Roosen 2004). Analysis of the gene expression of wine yeast dur-
ing grape juice fermentation needs to consider multiple variables, each capable of 
impacting gene regulation. Grape juices are variable in composition, depending 
upon the varietal, time of harvest, nutritional status of the vine and seasonal influ-
ences (Amerine et al. 1980). The juice of ripe grapes is high in sugar content that is 
an equimolar mixture of glucose and fructose. During fermentation, the sugar is 
converted to ethanol and carbon dioxide, leading to a dramatic change in osmolarity, 
and, as ethanol increases, a dramatic decrease of the specific gravity of the environ-
ment. High osmolarity is, itself, a stressor and induces a stress-response (Gasch 
et al. 2000).

Yeast fermentation behavior has been difficult to model kinetically given the 
number of parameters involved and the varying composition of grape juice (Cramer 
et al. 2002). Although nitrogen is most often the limiting nutrient, the kinetics of 
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carbon utilization does not correlate well with nitrogen levels, especially toward the 
end of fermentation (Insa et al. 1995; Maginot et al. 1998). Fermentation rates, like-
wise, do not correlate well with cell number because the fermentation capacity of 
individual cells can vary. The challenges in modeling fermentation kinetics likely 
reflect the significant role of ethanol tolerance as a key driver of metabolic behavior. 
Ethanol impacts numerous biological functions such as passive proton flux, 
membrane- protein interactions, and displaces water of hydration, thereby disrupt-
ing protein complexes and active sites. Adaptation to steadily increasing ethanol 
concentrations has been suggested to be the major factor impacting gene regulation 
and expression during fermentation (Marks et al. 2008). Energy reserves also appear 
to be a critical factor, with higher levels of glycogen and trehalose being associated 
with improved survival (Benaroudj et al. 2001; Thomsson et al. 2005).

Most fermentation of grape juice is conducted by non-growing cells. Current 
understanding of metabolically active but non-proliferative states in yeast is limited. 
In the case of wine, in addition to the presence of stressors, growth may be limited 
by the attainment of terminal cell density (Bisson 1999). Cells immediately resume 
growth with no appreciable lag if the cell number in the non-proliferative condition 
is reduced. Ethanol-inhibited cells likewise immediately commenced growth as 
soon as the ethanol content decreases (Marks et al. 2008). Cells under these condi-
tions have not entered a classic resting state but, instead, remain primed to grow 
immediately upon restoration of permissive conditions.

Grape juice contains variable levels of nitrogen and phosphate and one or both 
substrates may be limiting, especially if non-Saccharomyces microbes are present 
in high concentration during the early stages of fermentation (Bisson 1999; Fleet 
et  al. 2002). Micronutrients can also be limiting and exacerbated by non- 
Saccharomyces yeasts which have been shown to deplete these components from 
the medium (Bisson 1999).

Heat is also an end product of yeast fermentative metabolism. For every 100g of 
sugar consumed, the temperature increases by 1.3 °C (Boulton et  al. 1996). 
Depending upon the type of fermentation vessel, ambient temperature or the use of 
refrigeration, temperature increases of 12–15°C or higher can be common during 
batch fermentation. Temperature stratification may develop if mixing is inadequate. 
The carbon dioxide produced during fermentation allows some mixing and redistri-
bution of yeasts and nutrients throughout the fermentation vessel. Changes in mem-
brane and cell wall composition required for adaptation to high temperature are 
different from those required for adaptation to ethanol, and the simultaneous pres-
ence of both stressors prevents an optimal adaptation to either (Bisson and Block 
2002).

The presence of ethanol affects the tolerance of the cell to hydrogen ions (Kudo 
et al. 1998). Ethanol increases the passive proton flux into the yeast cells and growth 
inhibition occurs when the influx of protons exceeds the capacity of the plasma 
membrane ATPase to maintain the cytoplasmic pH (Bisson 1999). The lower the 
pH, the less tolerant a cell is to high ethanol concentrations, unless other counterbal-
ancing ions are present (Kudo et  al. 1998). The pH of grape juice is generally 
between 3.0–4.0, varying in this range depending upon the metabolic activities of 
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yeast and the other microbes present. As the pH rises above 3.5, a multitude of 
bacteria that were inhibited at lower pH values can begin to grow, increasing both 
competition for nutrients and levels of potentially inhibitory end products (Boulton 
et al. 1996).

Another factor that may be limiting during grape juice fermentation is oxygen. 
Grape juice fermentations rapidly become anaerobic due to microbial metabolism 
and the activity of grape-derived polyphenol oxidase, which consumes molecular 
oxygen (Bisson 1999). The absence of oxygen limits metabolic options for the 
organism; indeed, nutrient starvation under anaerobic conditions has been shown to 
be fundamentally different to starvation under aerobiosis (Thomsson et al. 2005). 
Under aerobic conditions, yeast tolerate limitation of carbon more than of nitrogen, 
but under anaerobic conditions the opposite is true (Thomsson et al. 2005).

Grape juice also contains a wide array of phenolic compounds such as benzoic 
and cinnamic acids, flavanols and anthocyanidins, the composition and levels of 
which vary dramatically with the grape variety, from trace amounts to mg/L concen-
trations (Amerine et al. 1980). Many of these compounds have been shown to be 
bioactive in humans, and it is likely that they play roles in yeast biology as well. 
Some of these compounds are predicted to be able to enter the cell and affect redox 
status and be capable of interfering with protein function. Phenolic compounds may 
be stimulatory or inhibitory; their presence has been shown to influence yeast meta-
bolic activities (Cantarelli 1989). The members of the multidrug resistance trans-
porter family, one of the largest in Saccharomyces (Goffeau et al. 1997), may play a 
critical role in the export of toxic phenolic compounds or their derivatives.

Cultivation pre-history may impact the transcriptional response to changing 
environmental conditions. The basal levels of expression of stress response genes 
will affect the tolerance to specific stress conditions encountered by the yeast and 
impact the observations detected at the genomic level (Davidson and Schiestl 2001; 
Gasch 2003; Ivorra et al. 1999; Zuzuarregui and del Olmo 2004). Strains that show 
a low-level induction of stress genes often are more tolerant to stress than those 
showing a high-fold induction, presumably because the difference between basal 
and maximal expressed level is not as important as the basal level itself or the abso-
lute level of the encoded protein (Siderius and Mager 2003).

Other microbes present in grape juice can impact the nature of stressors present 
and, therefore, the metabolic activities of Saccharomyces (Renouf et  al. 2006). 
Several yeast genera: Brettanomyces, Candida, Debaryomyces, Hanseniaspora, 
Kloeckera, Kluyveromyces, Metschnikowia, Pichia, Schizosaccharomyces, 
Torulaspora, and Zygosaccharomyces have been reported to occur in grape juice 
(Fleet 1993; Fleet and Heard 1993; Kunkee and Bisson 1993). The levels of the dif-
ferent types of yeasts vary dramatically, depending upon winery practices and the 
use of antimicrobial agents. Lactic and acetic acid bacteria are also present, the 
specific genera and species of which largely depend upon grape juice pH, the tem-
perature of fermentation and the sensitivity of the bacteria to the metabolic activities 
of Saccharomyces (Fleet 1993; Fleet and Heard 1993).

To conclude, the inherent genetic diversity of strains, variability of environmen-
tal growth parameters, the concurrent occurrence of stressors, and the interaction of 
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these three factors greatly affects the gene expression profile of yeasts. Analysis of 
a wide array of yeast strains under identical conditions will yield important infor-
mation on the processes of evolution and selection in this organism.

1.3  Gene Regulation and Transcript Profiling

The transcript profile for a given strain or set of growth conditions reflects the oper-
ation of multiple and interactive transcriptional control mechanisms. It can be chal-
lenging to define the mode of regulation of specific transcripts in global transcriptional 
analyses. Transcriptional control has been well studied in Saccharomyces and sev-
eral excellent reviews have appeared (Balaji et al. 2006; Carlson 1997; Hanna-Rose 
and Hansen 1996; Herschbach and Johnson 1993; Ihmels et al. 2004; Kingston et al. 
1996; Orphanides et al. 1996; Schuller 2003; Struhl 1995). The regulation of gene 
expression is highly hierarchical, with some signals overriding others, and com-
prised of both general or global regulatory factors and those specific to one or a 
specialized subset of genes (Schuller 2003). The mode of regulation, induction or 
repression, caused by a specific transcriptional factor has been shown to be context 
dependent and likely also a function of whether the gene has been recruited to a 
sub-nuclear membrane zone of transcriptional activity. Transcription factors may be 
regulated in multiple ways, by differential location to and within the nucleus, by 
binding partners and their availability, by protein modification, by competition for 
DNA binding domains and domain exposure, by conformational change brought 
about by changes in chromatin structure or position, and by the presence of small 
molecule effectors (Carlson 1997; Svetlov and Cooper 1995). It is important to note 
in the context of wine yeast that the impact of ethanol on such binding interactions 
is expected to be severe, as it readily displaces water of hydration and can interfere 
in hydrogen bond formation and lead to protein denaturation.

Prior to completion of the sequence of the S. cerevisiae genome, analysis of 
transcription was restricted to one or a handful of genes because of the technical 
limitations of Northern blot analysis. Availability of the complete genome sequence 
enabled development of strategies for the simultaneous analysis of global transcript 
profiles (Table 5.1). In this case, no prior knowledge of the genes expected to be 
regulated was necessary and, in theory, all genes impacted by a change in conditions 
could be identified from the change in their transcript levels.

Microarray array analysis is based on use of hybridization of mRNA-derived 
cDNA to reporter sequences made either from PCR products or from oligonucle-
otides specific for each gene or ORF in a reference genome. In the case of fragment 
microarray, the PCR fragments are spotted on a glass grid (DeRisi et  al. 1997; 
Lashkari et al. 1997; Schena et al. 1995), or on a nylon membrane (Alberola et al. 
2004). DNA chip microarray analysis uses oligonucleotides specific for each gene 
also arrayed on a matrix (Draghici et al. 2006). The oligonucleotides may be short 
(25–30 base pairs) or long (60–70 base pairs), and contact spotted, inkject deposited 
or synthesized directly on the chip.
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In fragment microarray technology, mRNA is purified from reference and exper-
imental samples, labeled with a fluorescent tag directly (biotinylated) or after con-
version to cDNA (Cy3 (green) or Cy5 (red)), or during synthesis to cRNA, and the 
tagged mRNA/cDNA/cRNA is hybridized against the array (Lockhart and Winzeler 
2000). Labeled samples may be hybridized to the array singly or after mixture of 
samples labeled with two different dyes. In the double dye binding method, fluores-
cence is scanned at two different wavelengths optimized for each dye and used to 
calculate the dissimilarity in ratios of expression between the reference and experi-
mental sample. Radioactively labeled cDNA preparations have been employed as 
an alternative to the single dye binding methods (Rep et al. 2000; Zuzuarregui and 
del Olmo 2004). The advantages of this technique are its relatively inexpensive cost, 
ability to be utilized in individual laboratories, and relative ease of data manipula-
tion. The disadvantages center on the spotting technology and the inability to 
achieve uniform spots. If spots are not uniform, scanning of the spots and assess-
ment of the spot signal may be compromised affecting the interpretation of relative 
transcript levels. A comparative analysis of array platforms found that double dye- 
binding methodologies were not as reproducible as single signal platforms (Kuo 
et al. 2006). However, other studies have reached the opposite conclusion, that rela-
tive comparisons of expression are more robust than attempts to quantify individual 
expression patterns (Draghici et al. 2006). Sample replication is vital in these stud-
ies as the level of noise in expression is relatively high. Issues with uniformity of 
spotting and spotting kinetics can increase noise across array grids and it is  important 

Table 5.1 Description of transcriptome methodologies

Technique Platform Methodology Issues and limitations

Nucleic acid 
hybridization

Fragment 
microarray

Hybridization to genomic 
PCR fragments

Cross hybridization
Reference strain bias
Intensity and uniformity of 
spotting
Dependence upon 
hybridization kinetics
Pairwise analysis

DNAchip 
microarray

Hybridization to 
oligonucleotides

Reference strain bias
Dependence upon 
hybridization kinetics

Reverse 
transcription

qPCR Direct quantification of PCR 
products

Primer bias
Kinetics of quantitation 
primer and target specific

Nucleotide 
sequencing

SAGE DNA Sequencing of 
concatemers

Bias toward highly expressed 
genes

RNA-Seq DNA Sequencing of reverse 
transcribed mRNA species

Resolution dependent upon 
availability of target genome 
sequence
Inability to use reference 
genome
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to use the same lot of arrays for comparisons. Also, as a consequence of potential 
heterogeneity of arrays, only pairwise comparisons of the two conditions are pos-
sible. Replication of the same sample generally yields acceptable levels of repro-
ducibility (Lee et al. 2000). Greater variation is found if true biological replication 
is utilized, that is, different cultures of each replicate are processed independently 
(Quackenbush 2005). Running eight or more replicates of each experiment provides 
sufficient statistical robustness. Specialized arrays, with a more limited set of genes 
represented, have also been employed (Rodriguez-Pena et al. 2005).

In DNAchip microarray hybridization to complimentary oligonucleotides is used 
to identify and quantify the specific cDNA species present (Lockhart et al. 1996; 
Schadt et al. 2000; Wodicka et al. 1997). Transcripts can be labeled as described 
above and hybridized to DNA chips. Each transcript is represented by a couple to 
several oligomers providing independent signals for each gene. As a control for 
non-specific hybridization, the Affymetrix design also includes a mismatch of each 
oligonucleotide. The strength of the signal is then estimated both on the absolute 
signal values as well as on the difference between the perfect match and mismatch 
signals across the gene. The quality of the mRNA preparation is important in both 
hybridization-based methods. Rampant degradation or failure to uniformly label the 
mRNA can lead to misinterpretation of the signal strength and can be difficult to 
recognize. In Northern based analyses transcripts were separated by size via gel 
electrophoresis and issues with transcript stability were readily determined. DNA 
chips have also been used for direct hybridization analysis of DNA to compare 
DNA sequence diversity across strains and to identify single nucleotide polymor-
phisms (Gresham et al. 2006; Lashkari et al. 1997; Schacherer et al. 2009; Winzeler 
et al. 2003).

The limit of detection of mRNA for these technologies is on the order of 1–10 
copies of mRNA per cell (Holland 2002; Draghici et al. 2006). Other studies have 
suggested that most mRNA species in S. cerevisiae are at or below this limit (Varela 
et  al. 2005) and are therefore below the sensitivity of current array technologies 
(Shields 2006). A single mRNA molecule on average can produce approximately 
4800 protein molecules, so it is not surprising that the majority of genes would be 
expressed in this range (Wohlschlegel and Yates 2003). In addition to obstacles 
imposed by low transcript abundance, accurate quantification of absolute expres-
sion levels can be difficult to achieve (Draghici et al. 2006). Highly expressed genes 
may be inaccurately quantified as signal strength may exceed the dynamic range of 
the scanner. Cross hybridization can also be a major impediment in transcript quan-
tification (Draghici et al. 2006). Probe selection influences signal strength and it is 
to take this into account (Wang et al. 2006).

Alternate methods of transcript analysis not relying on hybridization have also 
been developed. Serial Analysis of Gene Expression or SAGE (Kal et  al. 1999; 
Velculescu et al. 1995) captures and quantifies the poly A ends of the mRNA tran-
script. The 3’ terminal ends of transcripts containing the poly A tail and some flank-
ing sequence are captured, formed into concatemers, and the concatenated molecules 
sequenced. The relative level of a transcript in the population is directly correlated 
with the number of times a particular sequence appears in the population. SAGE 
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analysis works well for highly expressed genes but does not accurately detect low 
abundance species that may be represented only once or twice in the sequenced 
pool.

Quantitative reverse transcriptase PCR (QRT-PCR) is an alternative technique 
used for global transcript analysis (Holland 2002). This technology can be scaled to 
be genome wide, although the major use seems to be in confirming array data gener-
ated by other means. QRT-PCR has a broader dynamic range than array technolo-
gies but is subject to other types of limitations, such as the nature of the primers 
used. The comparative analysis by Kuo et  al. (2006) indicated good agreement 
among the array and QRT-PCR methodologies for highly expressed genes.

Advances in sequencing technologies has enabled use of bulk sequencing of 
RNA transcripts in combination with generation of a partial or nearly complete 
sequence of the genomes being analyzed. This RNA-seq technology offers advan-
tages over hybridization-based methods and those relying on sequence identity to a 
single type strain (Powers et al. 2015; Wang et al. 2009). Changes in allele sequence 
may not alter functionality or level of gene expression but may display altered bind-
ing to probes and DNA fragment sequences base on a non-identical strain. Sequence- 
based methods enable identification of polymorphisms which will have little to no 
impact on quantitation in contrast to hybridization-base methods. Unbiased 
sequencing-based methods also allow the detection of novel genes and introgres-
sions not commonly present but that may play an important role in strain phenotype 
and go undetected if transcript detection and identification are limited to a known 
reference genome. Transcribed but non-coding RNA species can also be detected 
(Sardu et  al. 2014). Comparison of findings from RNA-seq-based transcriptome 
analyses to hybridization-based analysis of the same wine strain, EC1118, under the 
same growth conditions concluded that 92% of the genes displaying changes in 
expression were identical across both technologies (Treu et al. 2014a). However, a 
limitation of RNA-Seq technology is the need to have the full genome sequences of 
all target and reference strains for sufficient resolution.

Analysis of gene expression data can be problematic for reasons independent of 
the technology platform used. It is a common practice to statistically cluster genes 
using expression data to identify commonly regulated genes. However, it is difficult, 
when using these methods, to distinguish between genes that are co-regulated ver-
sus those that are co-expressed by different mechanisms (Werner 2003). This is 
particularly important in view of the discovery of reverse recruitment and the 
skewed co-expression of adjacent genes. Gene expression data alone are not suffi-
cient to delineate the specific control mechanisms at work in the cell. The integra-
tion of transcription factor binding site analysis with array data can better define 
genes that are truly likely to be co-expressed, especially if this data is confirmed 
using array data from transcription factors knock-out mutants (Wang et al. 2006; 
Werner 2003).

It is important to remember that these studies evaluate the mean steady state level 
of mRNA and that level is influenced by both rates of transcription and rates of 
degradation of transcripts and governed by the kinetics of these processes that may 
vary in different cellular states and environments (Pelechano et  al. 2010). An 
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 alteration in a level of a transcript could be due either to induction or to stabilization 
of the message which can often not be determined in transcript profiling. Analysis 
of the kinetics of gene expression suggests that elevation of protein levels requires 
both an increase in gene expression and a stabilization of the mRNA (Pérez-Ortín 
et al. 2007). Analysis of transcription rates suggests on average 1000 transcription 
events per minute or roughly 113,500 events per cell cycle (Pelechano et al. 2010). 
The mRNA content per cell at any given moment has been estimated to be around 
26,000 transcripts (Pelechano et al. 2010) so significant turnover occurs each cell 
division cycle. Rates of turnover may differ during active cell division and cell 
cycling versus during non-proliferative phases found in wine production. The pro-
cess of export of RNA from the nucleus is regulated and can influence transcription 
and mRNA persistence within the cell (Terry et al. 2007). Changes in nuclear pore 
complexes in daughter cells impacts transcriptional repressor accumulation such 
that daughter cell gene expression may vary from that of the mother cell within the 
same environment (Kumar et al. 2018).

Additionally, analysis of means ignores the noise of transcription and that noise 
may have important cellular consequences. Analysis of promoters with high tran-
scriptional noise in the commercial wine strain EC1118 found that housekeeping 
genes tended to have low noise and high noise promoters tended to be associated 
with stress response genes (Liu et al. 2015). Noise was found to be a function of 
both cis and trans acting factors but not necessarily associated with variation in the 
mean of expression (Liu et al. 2015). A detailed study of gene expression from the 
MET17 promoter using a cross of the vineyard derivative RM11-1a and the com-
mon laboratory strain S288c, identified three loci responsible for noise in the 
expression (Ansel et al. 2008). Such noise and the dynamic variability of transcript 
levels across an otherwise isogenic population may play an important role in predis-
posing some of the population to a more rapid response to stress similar to the situ-
ation of variable induction of gene-regulating prions and be manifest as an adaptive 
prediction of environmental change. The presence of an early stressor in the fermen-
tation environment of wine yeast has been shown to induce expression of genes not 
needed for resistance to that stress but to other stressors that frequently follow that 
stress in the environment (Mitchell et al. 2009). In addition, a spike in transcript 
levels is often initially required to respond quickly and dynamically to changes in 
the environment. Several gene expression analyses have seen transient increases in 
expression that are interpreted as decreasing in expression as transcript levels show 
a drop. However, this is likely not truly a decrease in expression, but the establish-
ment of a new steady state level of expression in real time (Pérez-Ortín et al. 2007). 
The central role of transcription in adaptive prediction as well as the stress response 
itself may confound interpretation of transcript profiling data under conditions of 
stress. Finally, phenotype is correlated with the functionality of the encoded protein 
not with the transcription of the mRNA molecule. Studies have shown a good cor-
relation of mRNA levels and protein content across strains taken under the identical 
stage of growth but not across stages of growth (Rossouw et al. 2010). Since protein 
stability is often unrelated to that of the encoding mRNA it is not surprising that 
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under certain conditions the proteome would not reflect the concurrent mRNA 
population.

Assuming a mean expression level across all cells in a population may be prob-
lematic for other reasons as well. Prions, heritable states of protein structure impact-
ing functionality, have been found in both laboratory and native yeast isolates and 
can impact transcription directly or indirectly (Garcia and Jarosz 2014; Halfmann 
et al. 2010, 2012; Holmes et al. 2013). Often these prion states are present in only a 
proportion of the population allowing the cells to vary in preparation for response to 
environmental change (Holmes et al. 2013).

If all these caveats are considered, transcript profiling can provide a wealth of 
information on the physiological status and history of cells and enable identification 
of the root cause of phenotypic differences across populations of yeast. Gene expres-
sion profiling in wine yeast has aimed to better understand cellular physiology and 
environmental response to enhance our knowledge of the biology of this organism 
but has more recently been used as an essential tool in the dissection of strain diver-
sity and evolution of complex phenotypes. Both uses of the technology will be 
discussed.

2  Gene Expression Profiling: Understanding Fermentation 
Physiology

Analyses of gene expression patterns in wine stains of S. cerevisiae have mainly 
been conducted with the goal of gaining a better understanding of the physiology of 
the cells during a fermentation and under the spectrum of environmental variation 
seen during this process. Transcript profiling studies of wine strains of S. cerevisiae 
have largely focused on three areas: the profiling of the time course of a permissive 
grape juice fermentation in both synthetic media and actual juices; analysis of the 
impact of normally occurring stress conditions on the wine yeast transcriptome; 
and, as biodiversity has become more appreciated, the comparison of wine strains to 
laboratory strains and to each other under various growth and environmental condi-
tions. More recently improvements to and greater ease and availability of genomic 
DNA sequencing has enable comparison of gene expression profiles in mixed cul-
tures. A permissive fermentation is one in which the strain is able to complete the 
fermentation under the given nutritional and environmental conditions as evidenced 
by the complete consumption of available sugar and the concomitant production of 
ethanol. Although environmental and biotic stressors may be present or arise, the 
cell is able to adapt to those conditions and maintain metabolic activity. The impact 
of specific types of stress on wine yeast has also been examined, generally by impo-
sition of the stress followed by analysis of the response to that stress. A summary of 
the transcript profiling analyses that have been conducted with wine yeast strains is 
presented in Table 5.2.
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Table 5.2 Summary of transcriptome analyses performed on wine yeast strains

Yeast strain Method of analysis Medium Conditions analyzed Reference

EC1118 Microarray 
(Affymetrix 2.0)

Synthetic 
juice, 
chemostat

Limiting nitrogen 
response to varying 
oxygen levels

Aceituno et al. 
(2012)

UCD2100 
(French White)

Microarray Synthetic 
juice 
(MMM)

Differing levels of 
arginine

Backhus et al. 
(2001)

UCD522 Microarray 
(Affymetrix 2.0)

Grape juice Presence of 
Hanseniaspora 
guilliermondii

Barbosa et al. 
(2015a)

Uvaferm CEG, 
Zimaflore VL1, 
QA23

Microarray Synthetic 
juice (GJM)

Differing nitrogen 
levels, 67 and 670 
mg/L

Barbosa et al. 
(2015b)

QA23 DNAChip (Biochip) Muscat 
grape juice

Differing 
temperatures: 13 
versus 25 °C

Beltran et al. 
(2006)

M28 (vineyard 
isolate)

Microarray YPD Different spore 
progeny

Cavalieri et al. 
(2000)

Enoferm M2 and 
four M2 hybrids

Microarray 
(Affymetrix 2.0)

Sauvignon 
blanc grape 
juice

Differing 
temperatures: 12.5 
versus 25°C

Deed et al. 
(2015)

Vin13 DNAChip 
(Affymetrix YGS98)

Riesling 
grape juice

High sugar stress Erasmus et al. 
(2003)

P5 and P24 
(commercial 
strains)

Microarray Synthetic 
juice

Effect of 
temperature: 4, 8, 12, 
15, 22, 28, 33, 37, 40, 
42, and 45°C

García-Ríos 
and López- 
Malo (2014)

T73 Microarray YPD Wine and lab strain 
comparison

Hauser et al. 
(2001)

IVC16 (Fermicru 
Primeur)

Microarray Synthetic 
juice 
(MS300)

Differing nitrogen 
levels and impact of 
nitrogen 
supplementation

Jimenez-Marti 
et al. (2007)

EC1118 Microarray (Agilent 
Yeast V2)

Synthetic 
juice 
(MS300)

Presence of 
Brettanomyces

Kosel et al. 
(2017)

BRAIN 97 
(native isolate)

Microarray (Hitachi) GMA 
(glycerol- 
yeast 
extract)

Different colony 
morphologies

Kuthan et al. 
(2003)

Vin13 DNAChip 
(Affymetrix YGS98)

Riesling 
grape juice

Diammonium 
phosphate additions

Marks et al. 
(2003)

Vin13 DNAChip 
(Affymetrix YGS98)

Riesling 
grape juice

Fermentation time 
course

Marks et al. 
(2008)

PYCC4072 Macroarray Synthetic 
grape juice 
(GJM)

Differing nitrogen 
conditions

Mendes- 
Ferreira et al. 
(2007a)

(continued)
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2.1  Expression Profiles Under Permissive Conditions

S. cerevisiae is uniquely tailored to dominate natural grape juice fermentations. 
Analysis of gene expression profiles in this environment should provide a more 
extensive understanding of the biology of this important model organism. Several 
investigators have profiled yeast expression patterns using global analyses or assess-
ment of specific genes in natural grape juices or in synthetic juice media under 

Table 5.2 (continued)

Yeast strain Method of analysis Medium Conditions analyzed Reference

PYCC4072 Microarray Synthetic 
grape juice 
(GJM)

Differing nitrogen 
conditions

Mendes- 
Ferreira et al. 
(2007b)

QA23 DNAChip (Biochip) Various 
synthetic 
media 
conditions

Response of ADWY 
to different 
conditions of 
rehydration

Novo et al. 
(2006)

EC1118 Microarray 
(Affymetrix 2.0)

Synthetic 
juice

Oxygen impulse 
response under 
limiting nitrogen

Orellana et al. 
(2013)

EC1118 Microarray(Corning 
CMT)

Synthetic 
juice 
(MS300)

Fermentation time 
course

Rossignol 
et al. (2003)

EC1118 Microarray 
(Eurogenetic)

Synthetic 
juice 
(MS300)

Response to 
rehydration and 
inoculation

Rossignol 
et al. (2006)

EC1118 Microarray 
(Eurogenetic)

Synthetic 
juice 
(MS300)

Fermentation time 
course: comparison 
to proteome

Rossignol 
et al. (2009)

Vin13, EC1118, 
BM45, 285, 
DV10

Microarray 
(Affymetrix 
GeneChip)

Synthetic 
juice 
(MS300)

Fermentation time 
course: comparison 
to aromatic 
metabolites

Rossouw et al. 
(2008)

EC1118, four 
vineyard isolates 
(P283, P301, 
R008, R103), 
S288c

RNA-seq Synthetic 
juice 
(MS300)

Oxidative stress Treu et al. 
(2014a)

FX10 RNA-Seq Synthetic 
juice

Presence of 
Torulaspora 
delbrueckii

Tronchoni 
et al. (2017)

EC1118 SAGE Synthetic 
juice 
(MS300)

Fermentation time 
course

Varela et al. 
(2005)

IVC16, IVC17 Microarray Synthetic 
juice 
(MS300)

Comparison of two 
strains and of 
proteome to 
transcriptome

Zuzuarregui 
et al. (2006)
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nutrient sufficient conditions to assess the transcriptional changes accompanying 
normal growth and the transition to non-proliferative fermentation (Aceituno et al. 
2012; Backhus et al. 2001; Barbosa et al. 2015a; Marks et al. 2003; Marks et al. 
2008; Orellana et al. 2013; Puig and Perez-Ortin 2000; Riou et al. 1997; Rossignol 
et al. 2003; Varela et al. 2005; Zuzuarregui et al. 2006). Even though different tran-
script profiling platforms were used and a range of commercial and native isolates 
analyzed, a common portrait of gene expression during fermentation of synthetic or 
actual grape juices has consistently emerged. Initial growth arrest in these studies 
was attributed to eventual nutrient restriction, to attainment of terminal cell density, 
or to the inhibitory effects of accumulated ethanol. Each of these studies demon-
strates a global remodeling of ribosomal composition and translation and mRNA 
processing upon entry into a non-proliferative state. These responses likely signal 
exit from active growth and occur regardless of the cause of growth cessation. Initial 
adaptation to loss of the ability to proliferate is characterized by a gene expression 
profile which indicates that the cells remain primed to resume growth as soon as the 
limitation is alleviated. Metabolic activities are maintained while those associated 
with net growth display decreases in expressed mRNA content. If the stressors are 
not alleviated, the cell progresses into a highly adapted quiescent state that requires 
a period of incubation in permissive media for growth to resume. As fermentation 
continues, ethanol stress increases, activating a stress response. This response 
appears to be a graded response with a gradual decrease in the expression of genes 
involved in biosynthesis, and global changes in transport proteins. Changes in 
global gene expression patterns indicate that the cells undergo a gradual and con-
tinual adaptation to the disruptive effects of ethanol (Marks et al. 2008).

There is also an increased expression of genes involved in oxidative stress 
response. This may appear paradoxical given that these fermentations are largely 
anaerobic. However, acetaldehyde, an oxidizing agent, is an intermediate in ethanol 
production and may be responsible for the need to induce these pathways. Further, 
hydrogen peroxide can be produced from reactions between phenolic compounds 
and molecular oxygen. Thus, even in the absence of respiration, reactive oxygen 
species may be present. Osmotic shock has also been shown to generate reactive 
oxygen species, and there is a relationship between anaerobicity and osmotolerance 
(Krantz et al. 2004). Increases in expression of some genes known to be involved in 
ethanol tolerance are observed but, interestingly, expression of other genes that have 
been shown to lead to ethanol sensitivity when mutated, are not affected (Marks 
et al. 2008). This observation underscores the challenges associated with using time 
of expression to define the cellular function and physiological role of the genes 
expressed. Genes involved in glycogen, trehalose and glycerol metabolism also 
increase in expression, and these components have been shown to be important in 
survival of ethanol stress (Benaroudj et al. 2001).

Transcript profiling has revealed many features of the non-proliferative, meta-
bolically active late fermentation stage of S. cerevisiae. Upon attainment of maxi-
mal cell density or an inhibitory concentration of ethanol, further growth ceases and 
fermentation rate is maximal (Rossignol et al. 2003). Fermentation rate then gradu-
ally decreases as ethanol continues to accumulate in the environment. It is not 
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known if this is due to inhibition by ethanol or to an adaptation of energy generation 
to match the reduced energy needs of the cell. Genes associated with cell growth 
and amino acid biosynthesis are also increasingly down-regulated as fermentation 
progresses, consistent with the disruptive affects of ethanol and concomitant risks 
associated with attempting cell division under these conditions. The physiological 
changes needed to resist the disruptive effects of ethanol likely preclude continued 
growth (Bisson and Block 2002).

The methionine biosynthetic pathway not only continues to be expressed but is 
often induced under these conditions. Since this pathway is required for the synthe-
sis of factors needed for stress tolerance, particularly S-adenosylmethionine, needed 
for C1 transfers and the alteration of membrane composition, and cysteine, needed 
for glutathione required to maintain the redox balance of the cell, it is not surprising 
that expression of this pathway is maintained (Backhus et al. 2001). Interestingly, 
the expression of genes required for sterol biosynthesis also gradually decreases, 
explaining the failure of late oxygen additions to enhance ethanol tolerance. There 
is also a notable shift in the expression of isoforms of glycolytic enzymes (Marks 
et al. 2008). The different isoforms may have altered functions or substrate specific-
ity, as is the case in the change of hexokinase P2 for the more fructophilic hexoki-
nase P1 or may reflect the need for a different subcellular localization or complex 
or, alternately, are simply more resistant to the denaturing effects of ethanol or the 
oxidative damage from acetaldehyde. Genes involved in vitamin biosynthesis show 
an increased level of expression, suggesting a role for these compounds in stress 
tolerance (Backhus et al. 2001; Rossignol et al. 2003). Genes involved in nitrogen 
recycling increase in expression (Backhus et al. 2001). Certain heat shock proteins 
are also dramatically induced. Interestingly, in nitrogen limited synthetic juice con-
ditions, a decrease in expression of genes involved in growth was not seen (Backhus 
et al. 2001). This is again consistent with the observation that nitrogen limitation 
does not necessarily lead to a quiescent state (Granot and Synder 1993). Analysis of 
the transcriptional response of a laboratory strain, Σ1278b, to 21 different nitrogen 
compounds when present as sole nitrogen source concluded that nitrogen sources 
could be divided into two groups (Godard et  al. 2007). One group of nitrogen 
sources was comprised of alanine, ammonium, arginine, asparagine, aspartate, glu-
tamate, glutamine and serine. These nitrogen sources allowed rapid growth, exhib-
ited varying degrees of nitrogen catabolite repression, and expression patterns 
suggest a higher protein synthesis rate. These compounds are catabolized to provide 
carbon molecules that readily enter metabolite pools and are not released as end 
products. The second group of nitrogen compounds consisted of isoleucine, leucine, 
methionine, threonine, tryptophan and tyrosine. Growth rates are reduced on these 
nitrogen sources and nitrogen catabolite repression is absent. The carbon com-
pounds derived from the deamination or transamination of these compounds are 
released as end products into the medium (Godard et al. 2007). Grape juice contains 
a mixture of nitrogen sources with the most common nitrogen compounds found 
being in the first group (Boulton et al. 1996). As these nitrogen sources are con-
sumed and relief from nitrogen catabolite repression occurs, the transcript profile 
will change consistent with what has been observed in wine strains.Analysis of the 

L. F. Bisson



183

impact of nitrogen level on fermentation performance and transcriptome across 
three strains with differing nitrogen requirements, Uvaferm CEG, Zymaflore VL1 
and QA23 showed higher transcriptional variation for all three strains at high nitro-
gen levels (Barbosa et al. 2015a). A positive correlation between the maximal fer-
mentation rate and the expression of genes associated with response to stress was 
observed (Barbosa et al. 2015a).

Several of these studies used the same commercial strain of S. cerevisiae, 
EC1118, using different transcript analysis platforms. Transcript profiles for 
EC1118 during growth and fermentation in a synthetic juice medium, where entry 
into stationary phase was caused by nitrogen depletion of the medium, has been 
examined using microarray analysis (Rossignol et  al. 2003). Over 2000 genes 
showed a significant change in expression. However, only 30% of the induced genes 
corresponded to genes reported to be induced in previous reports of the stationary 
phase response (Rossignol et al. 2003). Analysis of the response of gene expression 
to the presence of a variety of stressors identified 367 genes comprising the com-
mon stress response (Causton et al. 2001; Gasch et al. 2000; Gasch and Werner- 
Washburne, 2002). Only 58% of these genes were expressed during fermentation of 
the synthetic grape juice. In a study using a different commercial strain, Vin13, only 
20% of the genes expressed during fermentation corresponded to the environmental 
stress response genes (Marks et  al. 2008). These differences may be due to the 
simultaneous presence of ethanol stress in addition to arrest of growth. Alternately, 
the lack of expression of common stress response genes may indicate the differ-
ences between stresses that reduce metabolic activity as well as growth, and those 
only affecting proliferation.

Gene expression in EC1118 under the same general growth conditions but using 
SAGE analysis for transcript quantification has also been reported (Varela et  al. 
2005). Since this method relies on sequencing of poly A tail regions, mRNA species 
not represented on commercial yeast arrays were identified. The authors found 
expressed sequences from intragenic regions as well as messages that did not match 
any known sequence in the S288C genome, similar to published reports of other 
strains (Kumar et al. 2002). Three independent commercial preparations of EC1118 
were compared to S288C and, although the presence of additional genomic DNA in 
EC1118 could not be completely ruled out, it appeared unlikely (Dunn et al. 2005). 
A descendent of EC1118, AWRI1631, has now been sequenced in its entirety 
(Borneman et al. 2008) and compared to the sequence of S288C. There were nearly 
70,000 instances of genetic variation between the strains, the majority of which 
were single nucleotide polymorphisms with deletions and insertions occurring at a 
much lower frequency. AWRI1636 contained approximately 113 kb of unique 
sequence, sequence not represented in S288C, potentially encoding 37 additional 
proteins. There were also truncated and extended versions of conserved genes in 
AWRI1631 (Borneman et al. 2008). Thus, it is likely that a SAGE analysis of tran-
script expression in EC1118 would indeed identify unique proteins.

For the EC1118 genes that were represented in the S288C genome, the majority 
(88.6%) were expressed at 10 copies per cell or less (Valero et al. 2005). The rela-
tive dynamic ranges of array and SAGE technologies may explain some of the 
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 differences in transcript profiles seen. Despite this, many of the same gene families 
were identified in these two studies. Both groups observed growth arrest coinciding 
with the depletion of assimilable nitrogen, and an increase in the expression of 
stress response genes. Similar profiles were also observed for genes involved in 
carbohydrate metabolism. Many of the transcripts detected as significantly different 
by microarray were not detected using SAGE analysis. Rossignol et  al. (2003) 
found a decrease in expression of genes involved in protein, nucleotide and amino 
acid biosynthesis whereas Varela et al. (2005) saw a decrease in transcript levels of 
biosynthetic pathways as fermentation progressed but were not able to detect most 
of the transcripts for genes involved in amino acid biosynthesis. Similarly, genes 
encoding putative cell wall proteins were found to be induced over time in the 
microarray study but were undetected by SAGE analysis. MET30, a key regulator in 
the methionine biosynthesis pathway, was found to be up regulated during late sta-
tionary phase by both the methods.

The expression profiles of some of the hexose transporters showed opposite 
expression changes in the two studies. The Rossignol group found an increase in 
expression of HXT3 and HXT7 over the time course of the fermentation, whereas 
Varela et al. (2005) found the transcript levels of HXT3, HXT6 and HXT7 to decrease 
over time. Expression of genes involved in the reserve carbohyrdrate biosynthetic 
pathways also differed in the two studies. Nonetheless, these two methods do pro-
vide similar conclusions on the physiology of yeast at different stages of 
fermentation.

The impact on transcription of the addition of nitrogen in the form of diammo-
nium phosphate at the point of entry into stationary phase has been investigated. In 
this case, nitrogen was not limiting, and the goal was to determine if the addition of 
a nutrient above that which is needed would affect the gene expression profile 
(Marks et al. 2003). Approximately 350 genes changed in expression upon nitrogen 
addition, with roughly half increasing and half decreasing in expression. Many of 
the genes increasing in expression were associated with active growth while those 
that decreased were associated with use of an alternate nitrogen source and the 
stress response. This result is intriguing because growth was not possible due to the 
high level of ethanol present at the time of nitrogen addition. The addition of nitro-
gen appeared to allow the cells to re-enter and maintain a state primed for prolifera-
tion. There is a relationship between ethanol tolerance and the nitrogen requirement. 
Tolerance to higher levels of ethanol requires the presence of higher nitrogen levels 
(Cramer et al. 2002).

From these studies, several candidate genes have been proposed as markers for 
normal fermentation progression. Heat shock genes HSP12, HSP26, HSP30 and 
HSP82 show specific increases in expression at specific times during the fermenta-
tion as ethanol increases. HSP12 and HSP26 are expressed late in a normal fermenta-
tion that is accumulating ethanol (Backhus et al. 2001). Strains with higher basal and 
induced levels of HSP12 were found to resist stress more effectively (Ivorra et al. 
1999). HSP12 and HSP26 expression increased during low temperature stress, in 
contrast to many other heat shock genes, and may therefore represent generic mark-
ers of cellular stress response (Sahara et al. 2002). HSP30 appears to be expressed to 
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a greater extent in nitrogen limited than in nitrogen sufficient fermentations 
(Backhus et al. 2001). It may be challenging, however, to develop absolute measures 
of expression of these genes that would indicate either normal or aberrant stress 
response was occurring due to differences in basal levels of expression.

Research investigating the relationship between specific gene expression profiles 
and metabolites important to wine aroma and flavor has also been undertaken (Chidi 
et  al. 2015; Kosel et  al. 2017; Rossouw et  al. 2008; Schoondermark-Stolk et  al. 
2006). Five wine strains with different aroma profiles were investigated using a 
synthetic juice medium (Rossouw et al. 2008). This analysis lead to the identifica-
tion of five genes, YMR210W, BAT1, AAD10, AAD14 and ACS1 that appeared to 
play major roles in aroma profiles. When overexpressed in a wine strain, all but one 
of these genes (YMR210W) impacted the aroma profile as predicted. It was difficult 
to understand, given what is known about the metabolic functions of their gene 
products, how these genes were having the impact on volatile compounds that was 
observed. In addition, genes expected to play a major role in aroma production con-
sistent with the variation seen across the five strains did not show significant differ-
ences in expression. Clearly, the integration of transcriptome and metabolomic data 
is not straightforward, yet this type of research is vital in understanding the true 
impact of changes in transcript profile. These authors also investigated the relation-
ship between transcript profiles and acid production in this same study (Chidi et al. 
2015) and found that trends in acid production were the same across all five strains 
but that the amount of acids produced varied.

A second study (Schoondermark-Stolk et al. 2006) compared the transcript pro-
file and flavor metabolite production for a laboratory strain grown with either leu-
cine or ammonia as nitrogen source. Volatile components, 3-methyl-1-butanol, 
4-methyl-2-oxopentanoate, 3-methyl-2-oxobutanoate and 3-methylbutyrate, were 
detected when leucine served as sole nitrogen source. A total of 930 genes showed 
differences in expression between these two conditions showing that nitrogen 
source exerts a strong influence on transcript profiles. The data obtained were simi-
lar to those of Godard et al. (2007) with respect to the major changes seen.

A comparison of the transcriptome to the proteome during a fermentation time 
course has also been undertaken (Rossignol et al. 2009). Transcript and protein pro-
files both show dramatic changes, but in general there is only a modest correlation 
at best between protein and transcript abundance particularly during non- 
proliferative stages. This suggests that post-transcriptional regulation may be more 
important in dictating protein levels during stationary phases of growth. A subse-
quent study (Rossouw et al. 2010) compared the proteome of five industrial yeast 
strains at three time points during fermentation to the transcriptome and found in 
contrast that the transcriptome did predict the proteome across the strains at the 
identical time points but was less well predictive across the time points for each 
individual strain. These observations suggest that the greater variability seen across 
the fermentation time course may be due to turnover or half-life differences for the 
two classes of macromolecules which leads to a temporal disconnect between tim-
ing of expression of mRNA and presence of concomitant protein (Rossouw et al. 
2010). These authors also used a more accurate method of protein quantitation, 
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based on protein analysis via LC/MS than via 2D SDS PAGE which may also have 
resulted in better reproducibility across strains.

2.2  The Impact of Biotic and Environmental Stressors 
on Gene Expression

One of the major areas of research interest in wine strains of S. cerevisiae is the 
analysis of response to stress. The principal stressors encountered by yeast under 
these conditions are high osmolarity, high ethanol, extremes of temperature, nutri-
ent limitation and presence of inhibitory metabolites as mentioned already (Bisson 
1999). Genomic analysis of the response to each of these types of stress has been 
conducted in laboratory and in wine strains (Alexandre et al. 2001; Aranda and del 
Olmo 2004; Backhus et al. 2001; Beltran et al. 2006; Celton et al. 2012; Deed et al. 
2015; Erasmus et al. 2003; García-Ríos and López-Malo 2014; Jimenez-Marti and 
del Olmo 2008; Kuhn et al. 2001; Marks et al. 2003; Marks et al. 2008; Mendes- 
Ferreira et al. 2007a, b, 2010; Novo et al. 2006; Rep et al. 2000; Rossignol et al. 
2006; Sahara et al. 2002; Treu et al. 2014a). Several excellent reviews on the yeast 
stress response have appeared (Gasch 2003; Gasch and Werner-Washburne 2002; 
Gray et al. 2004; Siderius and Mager 2003).

Existing environmental and growth conditions can profoundly influence the 
stress response (Siderius and Mager 2003). Plasma membrane composition at the 
time of stress can impact detection of stress and signal transduction, and the avail-
ability of nutrients can be important for the synthesis of stress response factors. 
Even under permissive growth conditions, the stress response on rich (YPD) varies 
from that on minimal (YNB) media (Siderius and Mager 2003). Environmental con-
ditions may also mitigate a stress response. Cells were more heat tolerant under 
anaerobic conditions than under aerobiosis (Davidson and Schiestl 2001). This 
observation suggests that a primary consequence of heat exposure is the release of 
reactive oxygen species that accompanies disruption of metabolically active mito-
chondrial membranes.

Analysis of gene expression during arrest of growth has led to the identification 
of a set of genes expressed in stationary phase. Most of these genes are regulated by 
the DNA stress response element (STRE) (Kobayashi and McEntee 1990, 1993; 
Marchler et al. 1993). Many, but not all, of the genes with STRE elements in their 
promoter regions are expressed in the later sages of fermentation (Puig and Perez- 
Ortin 2000). There are clear physiological correlations between arrest of growth due 
to the sudden imposition of stress and the arrest of growth that accompanies normal 
batch cultivation and depletion of restricting nutrients. A large group of genes 
appears to show increases in expression, regardless of the type of factor causing 
growth arrest, and these have been termed the “environmental stress response” 
(ESR) (Gasch et al. 2000). Most of the genes showing a decrease in gene expression 
upon growth arrest (70%) are involved in protein synthesis (Gasch 2003). A much 
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smaller set of roughly 300 genes showed an increase in transcript level (Gasch 
2003). In addition, specific patterns of expression unique to each type of stress were 
observed. Thus, a core set of functions is altered to accommodate arrest of growth, 
and others are specifically required for a narrower set of biotic and abiotic parame-
ters. Studies of stress responses in other laboratory and wine strains have largely 
found identical results (Causton et  al. 2001; Gasch 2003; Gasch and Werner- 
Washburne 2002). In general, the imposition of stress results in a transient adaptive 
phase to the new growth conditions or results in transit of the yeast from growth to 
a non-proliferative state. When the cells are returned to permissive conditions, the 
transcript profile returns to the non-stressed state (Gasch and Werner-Washburne 
2002). The primary goal of the yeast stress response is to allow adaptation to the 
new growth conditions to maintain optimal cellular performance or, failing that, to 
equip the cell for entry into a resting stationary phase. Many of these genes are 
involved in repair of cellular damage, protein re-folding and denaturation of unsal-
vageable protein and cellular structures, suggesting that damage control and mitiga-
tion is an important response to stress. Other genes that display increased expression 
are involved in the arrest of de novo protein synthesis and redirection of gene 
expression and the translational apparatus to those proteins required to maintain cell 
viability. The initial aim of the stress response is to repair damage, restabilize cel-
lular structures, membranes and metabolite gradients and pools, maintain protein 
function, and to acquire tolerance of the new condition to recommence growth and/
or metabolism. Alternately, if the stress is severe, the aim is to attain a resting or 
hibernating state that protects cellular functionality and viability at the expense of 
growth. It is not surprising, therefore, that a common group of genes would be 
expressed regardless of the nature of the stress.

Conditions that lead to enhanced tolerance of stress tend to reduce growth capac-
ity and exit from a non-growing state often requires a lag during which cells re- 
adapt to a proliferative state. Analysis of a specific mutation that resulted in death in 
stationary phase demonstrated that there is a distinct difference between arrest of 
growth and entry into the classically described stationary phase (Drebot et al. 1990).

Changes in gene expression accompanying osmotic stress and accumulation of 
ethanol have been examined in wine and laboratory strains. Osmotic stress leads to 
increased expression of the glycolytic and pentose phosphate pathways and a 
decreased expression of genes involved in biosynthesis (Erasmus et al. 2003; Rep 
et al. 2000; Zuzuarregui et al. 2005). Osmotolerance is affected by mutations in the 
genes required for adenine biosynthesis (Ando et al. 2005). However, expression of 
these genes decreases. Several studies have seen a similar lack of correlation 
between changes in gene expression and the role of the gene in stress tolerance. A 
gene required for tolerance of a stressor does not necessarily show regulation by that 
stressor.

Investigation of the impact of change in growth environments among wine strains 
on global transcript patterns has also been analyzed. Novo et  al. (2006) and 
Rossignol et al. (2006) explored changes in the transcript profile upon rehydration 
of commercial strains and after inoculation into grape juice like media. The changes 
observed were all predictable from studies of laboratory strain adaptations to these 
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two types of growth environments. The rehydrated strain displays transcript profiles 
consistent with limitation for nitrogen and carbon under aerobic conditions (the 
conditions of commercial strain preparation) with a shift to a fermentative mode of 
metabolism upon introduction into grape juice.

The response to increasing ethanol is complex in wine strains because ethanol 
rarely increases in the absence of other stress factors, such as nutrient limitation, 
and is accompanied by acetaldehyde production, itself a stress factor (Aranda and 
del Olmo 2004; Marks et al. 2008). Two types of ethanol tolerance assays have been 
performed: those in which ethanol accumulates because of metabolism and those in 
which a high concentration of ethanol is abruptly added to the culture. Short-term 
ethanol stress has been evaluated in wine yeast (Alexandre et al. 2001). Approximately 
3.1% of the transcripts analyzed increased in expression in response to exposure to 
ethanol. Of these genes, 49.4% were ESR genes and an additional 14.4% of the 
genes have other known roles in response to stress. Genes involved in energy pro-
duction, protein localization and ion homeostasis also increased in expression. 
Genes decreasing in expression were associated with growth and biosynthesis.

To assess the role of increasing ethanol content in a native environment, gene 
expression during Riesling juice fermentation has been examined (Marks et  al. 
2008). Physiological analyses indicated that the accumulation of ethanol during 
fermentation was responsible for limiting cell growth and for the up-regulation of 
several classes of genes. Of the 2550 genes showing a demonstrable change in 
expression, 44% showed some level of sustained up-regulation, 6% were transient, 
and 50% showed decreased expression. No change in expression was observed for 
1876 genes. Sixty-two percent of the genes showing an induction of between 4 and 
80-fold are not known to be involved in any stress response. This set of genes was 
termed the “Fermentation Stress Response” (FSR) (Marks et al. 2008). Only 20% 
of the FSR genes overlap with the other common stress response gene families. An 
additional 18% have been shown to be induced in response to at least one other type 
of stress, but most genes increasing in expression have not been previously associ-
ated with any stress response.

In general, the changes in gene expression profiles observed in wine strains in 
response to stress are similar to those observed in laboratory strains, with some dif-
ferences in the level of change observed in expression. It is important to remember 
that strains with high basal levels of expression of some stress genes may show a 
stronger stress tolerance than strains with lower basal levels yet display less of an 
inductive response. The correlation between stress tolerance and gene expression 
may, therefore, be indirect in many cases because the absolute level of the protein, 
not the route to attain that level, is the more critical factor. Messenger and protein 
turnover rates and efficiencies of translation may also differ between environmental 
conditions, and changes in expression may occur simply to counter these effects 
(Kuhn et al. 2001; Sahara et al. 2002; Stahl et al. 2004).

The impact of fermentation temperature on expression profiles has also been 
explored (Beltran et al. 2006; Deed et al. 2015). Both studies compared low but still 
permissive of growth and fermentation temperatures of 13 and 12.5°C to the fully 
permissive 25°C. The latter study included a comparison of a parental strain and 
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four hybrids derived from crosses of that parental strain creating a diversity in 
tolerance of low temperature. In general, the low temperature fermentations showed 
a period of adaptation prior to entry into a growth phase, with expression of genes 
associated with growth trailing and then paralleling that of the 25°C fermentation 
(Beltran et al. 2006). A subset of the stress response genes was induced at the lower 
temperature. However, it was not clear if the differences seen were due specifically 
to temperature or to differences in growth rates at the two temperatures. The lower 
temperature culture showed enhanced ethanol tolerance which may be due to the 
early expression of stress response genes or could be due to the changes observed in 
cell wall lipid composition. In the second study, growth at low temperature reduced 
the magnitude of the transcriptional transition between exponential and stationary 
phases of growth (Deed et al. 2015). More changes in gene expression were observed 
in stationary phase for the samples at different temperatures. Genes enriched in 
expression at low temperature were associated with nitrogen, sulfur or iron/copper 
metabolism or with the stress response (Deed et al. 2015). The F1 hybrid strains 
varied in gene expression at the low temperature with respect to parental strain M2 
demonstrating that genetic background influences the expression profile as would 
be expected. Consistent with these observations, García-Ríos et al. (2014) also com-
paratively evaluated the impact of low temperature adaptation in two commercial 
strains and found upregulation of genes involved in sulfur assimilation and glutathi-
one biosynthesis which was correlated with increased protein levels.

Several studies have focused on the impact of nitrogen limitation and addition on 
transcript expression profiles singly (Backhus et  al. 2001; Marks et  al. 2003; 
Jimenez-Marti and del Olmo 2008; Jimenez-Marti et  al. 2007; Mendes-Ferreira 
et al. 2007a, b) or in combination with oxygen levels (Aceituno et al. 2012; Orellana 
et  al. 2013; Treu et  al. 2014a). Although different strains and growth conditions 
were used, some remarkable similarities in response to nitrogen limitation were 
observed. Cultures grown on ammonia as principal nitrogen source display elevated 
expression of enzymes involved in amino acid biosynthesis as compared to fermen-
tations on a mixture of amino acids (Jimenez-Marti and del Olmo 2008). In this 
study, nitrogen catabolite repression appeared stronger with the mixture of amino 
acids than with ammonia alone. Arginase activity appears to be a good indicator of 
the status of nitrogen metabolism during fermentation (Jimenez-Marti et al. 2007). 
Arginase activity increases as ammonia and other preferred nitrogen sources are 
consumed but is reduced upon supplementation with other nitrogen sources; thus, it 
would serve as a good indicator of the metabolism of the cells if a baseline of activ-
ity is known. Expression levels of the ACA1 gene also seemed well correlated with 
nitrogen metabolism (Jimenez-Marti et  al. 2007). These authors also observed 
effects of the nitrogen source and supplementation on the aroma profile of the cul-
tures. Another study also used transcriptome analysis to identify potential markers 
of nitrogen deficiency (Mendes-Ferreira et  al. 2007a, b). Thirty-six genes were 
identified that seemed to be responsive to the nitrogen status of the medium. 
However, most of these genes were also known to be regulated in response to other 
factors such as carbon source limitation or stress and would not be specific to nitro-
gen limitation. Nitrogen limitation in general seems to lead to increased expression 
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of genes involved in oxidative metabolism and in ribosome remodeling (Backhus 
et al. 2001; Mendes-Ferreira et al. 2007b) regardless of whether the high nitrogen 
condition was due to arginine (Backhus et al. 2001) or to ammonia (Mendes-Ferreira 
et al. 2007b).

Finally, transcriptome analysis of induced stress of increased NADPH oxidation 
in a wine strain, 59A, has also been evaluated (Celton et al. 2012). The expression 
of genes involved in meeting the NADPH demand increased as would be predicted. 
Low concentrations of the stress inducer showed only modest changes in gene 
expression indicating the cells can buffer low levels of stress without dramatic 
changes to the transcriptome.

2.3  Impact of Co-Cultivation on Gene Expression 
During Fermentation

Wine fermentations are never pure culture fermentations. S. cerevisiae dominates 
the environment using a suite of strategies (Ramakrishnan et al. 2016). Gene expres-
sion analyses are typically done in pure culture, at least pure culture of S. cerevisiae. 
The presence of native yeast and bacteria early and during the fermentation would 
be expected to impact gene expression and other adaptive responses. The effect of 
the presence of yeast residents of grape berry surfaces on the early transcript profile 
of Saccharomyces has been evaluated (Barbosa et al. 2015b; Tronchoni et al. 2017). 
Co-cultivation with the common grape resident Hanseniaspora guilliermonii 
showed an overall lowered fermentative activity of S. cerevisiae compared to strains 
cultured in isolation with an overall decrease in gene expression of the major fami-
lies induced early in fermentation (Barbosa et al. 2015b). Genes involved in vitamin 
biosynthesis were notably upregulated consistent with increased nutrient competi-
tion, while genes involved in biosynthesis of amino acids were elevated in the con-
trol, consistent with enhanced fermentative activity.

Early gene expression profile has also been evaluated in co-cultivation of S. cere-
visiae with another common grape resident, Torulasopra delbrueckii (Tronchoni 
et al. 2017). An increased in gene expression to stimulate metabolic activity was 
seen in S. cerevisiae, particularly of enzymes involved in central metabolism, sug-
gesting an elevated dominance response. Increased production of antimicrobial pep-
tides by S. cerevisiae was also observed. Expression of HSP2, a heat shock protein 
associated with intercellular communication, was increased in both strains 
(Tronchoni et al. 2017). Hsp2 serves as a stress signal and the cultures could be 
signaling stress or attempting to send a false signal to the competing yeast present 
in the environment

The impact of Brettanomyces metabolites on the transcriptome of wine strain 
EC1118 in synthetic media has been assessed (Kosel et al. 2017). The two yeasts 
were grown in adjacent chambers separated by a membrane. Under these conditions 
77 transcripts were increased in S. cerevisiae, mostly involved in thiamine 
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 biosynthesis, and amino acid and polyamine transport suggesting the presence of 
the other yeast stimulated medium depletion of nutrients. The aromatic profiles of 
the two strains in co-cultivation were altered from those of each strain in pure cul-
ture presumably either due to cross-consumption or adsorption of these volatile 
compounds as there was no impact on expression of biosynthetic pathways. These 
studies demonstrate an impact of the presence of ecosystem members on the expres-
sion profile of wine strains of S. cerevisiae but the differences in expression are not 
identical.

2.4  Influence of Strain Background on Gene Expression

Another critical factor in the analysis and interpretation of gene expression data 
across wine strains is understanding the role of the biodiversity in generating the 
specific profiles obtained. Several studies have investigated genomic diversity 
across strains of S. cerevisiae from different niches including wine lineages 
(Bergström et  al. 2014; Bornman et  al. 2011; Dunn et  al. 2012; Hittinger 2013; 
Salinas et  al. 2010; Schacherer et  al. 2009; Schaefke et  al. 2013; Skelly and 
Magwene 2016). These analyses identify a breadth of genetic changes of the genome 
that underpin the rich diversity of phenotype observed across this species. Some of 
the studies relied on use of tiling on microarrays and others are based on compari-
sons of DNA sequencing. Polymorphisms include alterations in gene copy number, 
insertions and deletions (indels), introgressions (insertions of regions of non-self 
DNA), horizontal gene transfer, single nucleotide polymorphisms (SNPs), aneu-
ploidy (alteration in chromosome number), chromosome structural variation, and 
variation in  location and number of transposable elements (Table 5.3). However, 
although genome variation is prevalent it is unclear which types of changes most 
impact phenotypic expression and are drivers of evolution. Evolution of genotype 
can be surprisingly reproducible with selection or adaptive evolution leading to 
non-identical mutative changes in the same suite of genes (Hittinger 2013). On the 
other hand, some genetic changes may enhance fitness in one niche but be detrimen-
tal in others so may persist in some populations and be absent in others as a conse-
quence of selective forces (Hittinger 2013).

The most prevalent changes impacting strain phenotype appear to be associated 
with copy number variation (Dunn et  al. 2012) or SNPs leading to cis or trans 
changes in gene expression (Fraser et al. 2010; Rossouw et al. 2012; Schaefke et al. 
2013). Thus, changes in the regulation of gene expression is a major factor enabling 
the modification and evolution of novel phenotypes. Consistent with this view, anal-
ysis of genomic variability across vineyard strains displaying multiple differing 
phenotypes concluded that the differences in phenotype were largely due to differ-
ences in regulation or protein structure of transcription factors (Treu et al. 2014b). 
Changes in promoter sequences were also identified. Kvitek et al. (2008) evaluated 
sensitivity to 14 environmental conditions of stress and gene expression profiles 
across a phenotypically diverse set of 18 strains and identified both gene copy 
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 number variation and differences in gene regulation were associated with stress 
resistance phenotypes.

The influence of strain genetic background on transcript profiles has been com-
pared in domesticated and wild populations of S. cerevisiae (Fay and Benavides 
2005a, b). The expression profile of nine of these strains grown in the presence of 
copper sulfate was also investigated (Fay et al. 2004). Copper is commonly used in 
winemaking to remove sulfides that have formed because of yeast metabolic activ-
ity. Over 600 genes showed variation in expression among strains, with only a small 
subset varying in response to copper addition (Fay et al. 2004). A direct comparison 
between laboratory and wine yeast identified more than 40 genes that had different 
expression patterns under the same conditions (Hauser et al. 2001). Upon careful 
analysis, these differences were attributable to gene copy number and small varia-
tions in promoter regions. Comparison of four wine strains with laboratory strain, 
S288C, in a microarray karyotype analysis found that the four commercial strains 
displayed common as well as unique differences in expression patterns as compared 
to S288C (Dunn et al. 2005). There were small but significant differences detected 
among the wine strains studied. These differences were enough to distinguish the 
strains from one another, based on a microarray karyotype “signature”. Genomic 

Table 5.3 Mechanisms for generation of genomic diversity

Mechanism Description

Single nucleotide 
polymorphism 
(SNP)

Change of individual nucleotide pairs in coding or non-coding regions

Insertions/Deletions 
(indel)

Small insertions or deletions of sequence in coding or non-coding DNA

Copy number 
variation

Duplication of coding regions with or without accompanying promoter 
region; typically found in subtelomeric regions

Transposable 
Elements

Movement of mobile elements around the genome can lead to changes in 
coding sequence, loss of coding sequence, change of regulation of coding 
sequence, affect local chromatin structure

Chromosomal 
rearrangement

Translocation of chromosomal segments to non-homologous 
chromosomes

Changes in Ploidy 
Whole genome 
Aneupoidy

Increase in ploidy from 2N to 3N or 4N
Loss or gain of a chromosome leading to the situation of 2N (1N) + 1 or 
2N(1N) -1

Lateral/Horizontal 
Gene Transfer

Transfer of coding information across species, genus and kingdom 
barriers

Introgression Transfer of large segments of DNA, coding and non-coding between 
species or genus

Cross-Species 
Hybridization

Illicit mating and cell fusion events between members of different species 
of the same genus; may be resolved by chromosome loss and extensive 
rearrangement leading to population isolation; alternately may be 
resolved with extensive loss of one parental genome and appear as 
introgression
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diversity, therefore, leads to changes in expression patterns of gene families, and 
some stress responses may be restricted by genotype.

Similar expression profiles in standard laboratory media were observed in a com-
parison of expression levels for genes of Chromosome III between S288C and the 
commercial strain V5, but, in synthetic grape juice. V5 showed altered expression of 
several genes, particularly the PAU stress response genes, not altered in expression 
in S288C (Rachidi et al. 2000). Sequence homology between laboratory and wine 
strains appears to be extensive (Hauser et al. 2001), but the differences observed 
seem to have profound effects on gene expression. An additional study focused on 
a comparison of flor strains of S. cerevisiae. These strains have adapted to a distinct 
environment and form a film or “flor” at the air interface of wine during sherry pro-
duction (Infante et al. 2003). Multiple differences in gene copy number were found, 
affecting approximately 38% of the genome.

Transcript profiles have been examined in strains displaying differences in fer-
mentative ability (Zuzuarregui and del Olmo 2004). In this study, strains were not 
nutrient limited, and entered stationary phase presumably because maximal cell 
density was attained, or ethanol accumulated to inhibitory levels. Both higher and 
maintained levels of mRNA were found in the strains with more severe fermenta-
tion problems as compared to strains that were able to completely consume avail-
able sugar, suggesting that these strains were not adapting to the changing 
environmental conditions. Strains that consumed nitrogen more quickly or more 
slowly had reduced expression of stress genes. This suggests that specific patterns 
of gene expression are associated with the ability to utilize nutrients efficiently and 
to completely consume available sugar. Two strains were not able to adapt to the 
high osmolarity of the synthetic grape juice media. Another observation of this 
study was that the appearance of aneuploidy or polyploidy may lead to altered basal 
or induced levels of gene expression that prevent certain adaptive responses from 
occurring (Zuzuarregui and del Olmo 2004).

Gene expression profiling of strains displaying differing nitrogen requirements 
has also been investigated (Brice et al. 2014a). Nitrogen requirements for optimal 
fermentation were characterized across a setoff 23 strains.

These studies demonstrate significant diversity in the changes in transcript lev-
els as a function of strain genetic background. Analysis of genetic variation in a 
native vineyard strain of S. cerevisiae found just as many differences among spores 
arising from a single isolate as from different vineyard isolates (Cavalieri et al. 
2000). The strain was found to contain multiple heterozygosities, and over 6% of 
the genome showed a significant change in expression pattern across the different 
spore types obtained. The major differences occurred in genes encoding proteins 
involved in protein degradation and amino acid and sulfur metabolism (Townsend 
et al. 2003).
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3  Gene Expression Profiling: Defining Complex Phenotypes

Some phenotypes are defined by a single gene and mutation of that gene yields a 
“+” or “_” phenotype. In this case loss of a single gene is sufficient for expression of 
the phenotype (Fig.  5.1A). This strategy works well for simple phenotypes like 
auxotrophy/prototrophy where for example loss of a single gene in a biosynthetic 
pathway leads to a growth requirement for the downstream product of that pathway 
(auxotrophy). Multiple genes may display the identical phenotype when mutated, as 
deletion of any gene in a pathway should block the pathway and lead to the same 

Fig. 5.1 Single gene Mendelian Segregation versus expression of quantitative traits under multi-
gene control
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growth requirement. Deletion of any gene in the biosynthetic pathway for histidine 
leads to a requirement for supplementation of growth media with histidine. However, 
many phenotypes are complex and not the consequence of loss of a single gene. 
Growth at low temperature, tolerance to ethanol, fitness for a specific niche, would 
be expected to be impacted by loss of multiple genes and in a graded rather than a 
present or absent response (Fig. 5.1B). Phenotypes with graded responses are asso-
ciated with multiple genetic loci and the loss of any one of these genes may lead to 
a reduction in phenotype but not loss of phenotype, for example a slower growth 
rate at low temperature but not loss of growth. These phenotypes are referred to as 
“quantitative” and the genes involved called quantitative trait loci (QTL).

3.1  Analysis of Complex Traits

For wine yeast many of the interesting environmentally related traits are quantita-
tive. The genes responsible for a QTL are typically defined via DNA sequence anal-
ysis of a cross between two parental strains that display a quantitative variation in 
the phenotype (Fig. 5.1B). The heterozygous diploid is then sporulated and the F1 
or subsequent generation sequenced, and the sequences obtained compared to the 
phenotype in order to identify regions correlating with high or low expression of the 
quantitative trait (Fig. 5.2). Often this technique requires multiple rounds of meiosis 
from the originating population to generate sufficient density of crossover events 
and individuals so that the genes involved that will need to be subsequently tested to 
determine the impact on the phenotype will be a manageable number. In one study 

Fig. 5.2 Methods for the dissection of complex multigene traits under the control of quantitative 
trait loci
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with wine yeast the authors had to go to the F13 generation to obtain enough 
crossover events and rearrangements to identify genes impacting the phenotype 
(García- Ríos et al. 2017) and another evaluated hundreds of strains from crossed of 
five yeast strains spanning the known yeast lineages (Cubillos et  al. 2011). This 
methodology can therefore be tedious since all genes identified as co-segregating in 
the individuals expressing the phenotype will have to be evaluated by both hemizy-
gotic analysis (deletion of each copy of the allele in isolation and assessment of 
phenotype) and allele swap, swapping one allele for the other and assessment of 
phenotype (Liti and Louis 2012). QTL analysis has been used in wine yeast strains 
to identify genes impacting aroma compound production (Eder et al. 2018; Steyer 
et al. 2012), nitrogen requirements (Brice et al. 2014a, b; Jara et al. 2014), and lag 
phase duration (Zimmer et al. 2014).

Gene expression profiling of the variants is useful in narrowing down the number 
of genes to be evaluated within a region identified to contain a QTL (Ehrenreich 
et  al. 2009). In eQTL analysis of transcriptomes is conducted under conditions 
where the variable trait will be expressed (Fig. 5.2). The assumption is that unex-
pressed genes will not be drivers of the phenotype, and that differences in the phe-
notype expressed across a population will be associated with a discrete set of genes 
differentially expressed under the conditions evaluated. Low resolution is an issue 
with eQTL and efficient use of this technology requires determination of the com-
plete genome sequences of the strains used (Kita et al. 2017). eQTL enables use of 
F1 generations eliminating the need for multiple rounds of meiosis and often is suc-
cessful with fewer individuals, 30–50 versus hundreds. This technique when com-
bined with gene ontology can identify the genes most likely involved as members of 
the same functional pathway or as downstream targets of the same regulatory cir-
cuits. eQTL has been used to evaluate several important wine yeast phenotypes as 
well as in the comparison of isolates from different environments.

Gene expression variation can be used to define how complex phenotypes evolve 
(Thompson and Cubillos 2017). Once the QTL gene is identified, subsequent analy-
sis can determine if the QTL is due to mutation of the coding sequence, the upstream 
non-coding sequence (cis-acting) or a regulatory element (trans-acting) (Thompson 
and Cubillos 2017). Comparative analysis of other genes showing similar varia-
tion can determine if the trans-acting factor is a transcriptional or regulatory ele-
ment in which case similarly regulated genes will show an impact in expression or 
due to differences in genes associated with chromatin structure (Thompson and 
Cubillos 2017).

3.1.1  Gene Expression Profiling and the Dissection of Quantitative 
Phenotypes in Wine Yeast

Numerous analyses of genetic variability in Saccharomyces cerevisiae, as discussed 
above in detail, have indicated that the two most important drivers of phenotypic varia-
tion in wine strains are gene copy number variation and cis- and trans- mediated 
changes in gene expression (Fraser et al. 2010; Salinas et al. 2016; Schaefke et al. 2013; 
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Skelly and Magwene 2016). Critical changes in transcriptional regulators can lead 
to expression modifications of a suite of downstream genetic and regulatory targets 
and thereby facilitate genome and phenotype variation from a small number of 
changes in DNA.  Changes in expression may be less severe and therefore less 
selected against than changes in the coding sequence of functional genes required 
for fitness (Fraser et al. 2010). Copy number variation can also function to change 
the level or timing of expression of a gene (Dunn et al. 2012; Steenwyk and Rojas 
2017). Changes in basal level of expression of key genes contributing to a quantita-
tive phenotype may be less impactful of fitness across niches than would changes in 
the functionality of a transcription factor (Skelly and Magwene 2016). Thus, these 
observations suggest that complex phenotypes can be investigated in wine strains 
using gene expression profiling techniques and combined with DNA sequencing 
data of each of the different strains to enable robust eQTL analysis. Comparative 
analysis of naturally arising and mutationally induced changes in the TDH3 tran-
scription factor showed a congruence between the key nucleotides identified in the 
saturation mutagenesis study and the nucleotides mutated in the natural population 
(Duveau et al. 2017).

eQTL analysis has been applied for the dissection of complex traits in wine 
strains of S cerevisiae. Sensitivity to 14 environmental conditions was explored for 
52 strains spanning all the major yeast lineages (Kvitek et al. 2008). Associations of 
fitness phenotypes with both copy number and gene expression variation were 
observed. Another study similarly used eQTL with segregants of a commercial wine 
yeast, 59A (a derivative of EC1118), and the common laboratory strain, S288c, to 
also identify genes important to fitness under stress conditions commonly found 
during wine production (Brion et al. 2013). From this analysis they were able to 
identify and map 1465 eQTL genes associated with 5 complex phenotypes: (1) floc-
culation, (2) clumpiness, (3) metabolite (pyruvic acid, succinic acid and glycerol) 
production, (4) fermentation rate, and (5) detoxification. This technology will no 
doubt be used more extensively in the future and is a central component of broader 
analyses of yeast system biology that include in addition metabolite profiling and 
whole-cell integration of regulatory and metabolic networks (Österlund et al. 2012).

4  Conclusions

Analysis of gene expression in wine strains of Saccharomyces under native growth 
conditions has provided a dynamic portrait of the changes that accompany the con-
version of grape juice to wine. Under these conditions, the yeast must continually adapt 
to ever increasing levels of stressors such as ethanol that force compromises in cel-
lular activities. The progressive changes seen during fermentation are aimed at 
maintaining the ability of the cell to resume growth for as long as possible. 
Eventually, environmental conditions preclude rapid re-entry into active growth and 
novel non-proliferative metabolically active states are seen. The analysis of transcript 
profiles during the adaptation to stress indicates that multiple non-proliferative 
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states exist in yeast. The significant biodiversity seen among wild isolates of 
Saccharomyces derives from the natural processes of spontaneous mutagenesis and 
genome rearrangement followed by selection due to the variable nature of stressors 
present in the yeast environment. Advances in dissection of complex quantitative 
traits largely though expression analysis followed by confirmation of the roles of 
identified genes is and will continue to provide valuable information on the mecha-
nism and driving forces of the modification of existing and development of new 
phenotypes. The analysis of gene expression across diverse strains with different 
levels of adaptability to specific growth conditions will lead to the creation of strains 
with enhanced commercial properties.
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1  Solving Yeast Jigsaw Puzzles Over a Glass of Wine

More than 7000 years ago, when grapes and yeast joined forces for the first time to 
lift the spirit of humankind, the ancients imbibed with joy, unknowingly celebrating 
the beginnings of one of the world’s oldest biotechnological processes. The first 
‘magical’ drops enjoyed by the ancients came from spontaneously fermented grapes 
cultivated in the Zagros Mountains of Ancient Persia and the Caucasus Mountain 
Range between the Black and Caspian Seas. The ‘mystical art’ through which sug-
ary, bland-tasting grape juice is turned into a flavoursome beverage with hedonic 
and preservative properties, was quickly embraced by others. The knowledge of 
how to make wine spilled over into neighbouring regions of Mesopotamia, Anatolia, 
Egypt, Phoenicia, Greece and the Mediterranean Basin.

Following colonisation by the Greeks, Phoenicians and Romans, the ‘secret’ of 
winemaking spread throughout Europe and became embedded in the diet and cul-
tural activities of both the aristocracy and proletariat. Roman potters developed 
large earthenware pots for storage and transport of wine. The Gauls taught the 
Romans how to fashion barrels from wood. Oak barrels became the vessel of choice 
for yeast cells to ferment grape must into wine – a skill that survived the crumbling 
of the Roman Empire and the Dark Ages of economic and cultural decay.
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With the dawn of the Age of Enlightenment, geographic exploration was accom-
panied by a search for scientific knowledge. As European seafarers set sail to dis-
cover and explore far-off continents, their ships carried barrels filled with the 
‘fermenting knowledge’ of winemaking and the ‘geminating seeds’ of yeast bio-
technology. A century before the French biochemist, Louis Pasteur, zoomed in to 
the bubbling and frothing content of oak barrels and discovered that microscopically- 
tiny living yeast cells were responsible for the fermentation of grape juice into wine, 
the Berkshire cartographer, John Spilsbury, zoomed out to reveal the ‘Big Picture’ 
of the British Empire in 1767 through the invention of a ‘dissected map’. Spilsbury 
pasted maps onto wood, cut them into small pieces and reconstituted a jigsaw 
puzzle of the world. Ever since, the jigsaw puzzle evolved into a problem-solving 
recreational pastime and educational toy.

Oddly, Pasteur and Spilsbury have much in common. In their indomitable quest 
to solve challenging problems, both were interested in uncovering every bit of detail 
of the ‘problem’ and in piecing the ‘Big Picture’ solution together. Their approach 
of seeking to understand the ‘fundamentals’ in the context of potential application 
to ‘grand challenges’ served us well through many centuries of scientific endeavour 
and remains the most powerful dynamo of technological and societal progress 
today. This statement also applies to the emerging science of synthetic biology.

There is no doubt that harnessing synthetic biology technologies will be crucial 
to help solve the puzzling challenges of a world with dwindling finite resources and 
a rapidly-growing and ageing global population. Maximising the bioeconomy – that 
is, the economic activity derived from scientific advances and innovations in bio-
technology and, in particular, the engineering of biology and biomanufacturing – 
will be one key strategy. However, assessing current global megatrends in today’s 
bioeconomy and finding solutions for the grand challenges of a future world is like 
trying to solve a complex jigsaw puzzle without all the pieces in the box (Fig. 6.1). 
The best approach to solving such an incomplete futuristic puzzle is to frame human 
futures (improved quality of life) in a planetary context (a sustainable environment). 
Put differently, start by separating the puzzle’s edges  – well-being, security and 
sustainability–from the middle pieces, i.e. health, food, water, energy, employment 
and economy (Kelly et al. 2014; Pretorius 2017a).

Once the frame of the puzzle is pieced together, the middle pieces can be sorted 
by colour and a more complete picture emerges. These pieces include (i) prediction 
and prevention of diseases; (ii) tailored, novel and affordable healthcare; (iii) ade-
quate access to clean water and safe, nutritious foods; (iv) energy-rich molecules for 
renewable biofuels and novel bioenergy resources; (v) compounds for bioremedia-
tion of polluted environments and improved land-use; (vi) biodegradable pesticides 
and sustainable, environmentally-friendly industrial chemicals; and (vii) continuous 
workforce training in biodesign and biomanufacturing for productive employment in 
the new bioeconomy (Kelly et al. 2014; Pretorius 2017a, 2018). Bio-based design-
ing, bioengineering and advanced biomanufacturing relevant to global needs are 
dependent on the development of our biological understanding and the advancement 
of smart data-intensive technologies (Fig. 6.2).
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The emerging discipline of biodesign – synthetic biology – builds on the rich 
legacies of several branches of biology (including genetics, molecular biology and 
systems biology), biomolecular platforms, chemical and physical sciences, mathe-
matical and computational sciences, data science and bioinformatics, as well as 
engineering and information technology (Pretorius 2017a). The capability to engi-
neer biology resulted in the development of high-throughput analytical technologies 
and rapid DNA sequencing, synthesis and editing technologies fast-tracked by auto-
mated platforms in genome foundries (Fig. 6.3). These advances are making preci-
sion genome engineering faster, cheaper and more accurate by the day.

In this context, the well-studied, food-grade yeast, Saccharomyces cerevisiae, 
has become a legacy eukaryotic ‘chassis’ for synthetic biology (Fig. 6.4). In syn-
thetic biology, the engineering term chassis refers to the organism that serves as a 
framework to physically accommodate new biological parts (genes), devices (gene 
networks) and modules (biosynthetic pathways) when biological systems (cells and 
organisms) are being (re)designed (Adams 2016; Pretorius 2017a, 2018). S. cerevi-
siae has had a long history as a model organism for fundamental academic research 
as well as being a workhorse for a wide range of industrial applications. Based on 
this track record, it is now the preferred ‘cell factory’ of semi-synthetic products, 
such as artemisinic acid (a precursor of the potent anti-malarial compound called 
artemisinin) as well as food ingredients, including vanillin, resveratrol, saffron, ste-
via and nootkatone (Brochado et al. 2010; Brochado and Patil 2013; Paddon et al. 
2013; Li et al. 2015; Strucko et al. 2015). This means that the successful use of 
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Fig. 6.1 The needs and trends associated with the growing global population require solutions to 
a wide variety of grand challenges linked to human well-being, security and the sustainability of 
the environment. This Figure is reproduced from Pretorius (2017b)
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S. cerevisiae to produce these commercial products has moved synthetic biology 
from the ‘laboratory’ to the ‘field’, thereby changing the term ‘genetically-modified 
organism’ (GMO) to ‘semi-synthetic organism’ (SSO) (Jagtap et al. 2017).

2  Building the Ultimate Yeast 2.0 Genome Puzzle 
on Nature’s Design

Recent commercial advances with semi-synthetic yeast cell factories have tossed a 
fresh pile of jigsaw pieces of a highly complex puzzle on the discussion tables of 
scientists, industry practitioners, policymakers, regulators, governments, consumers 
and society at large. One approach to help solve this puzzle is to create a fully man- 
made genome for S. cerevisiae so that we can better understand the biological intri-
cacies of eukaryotic SSOs and be able to more accurately predict and control the 
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To design and build novel and artificial biological parts, organisms, devices and systems that will benefit the 
environment, society and economy 

To understand natural biological systems as a whole and to use simulation and modelling tools 
in comparison with experimental information

To understand interactions between the various systems of a cell, including 
interactions between the different types of DNA, RNA and protein biosynthesis, 
and to learn how these interactions are regulated

To study genes, genetic variation, and heredity in living organisms or 
how the characteristics of living organisms are transmitted from one 
generation to the next 

To study the morphology, physiology, anatomy, behaviour, 
origin, and distribution of living organisms 

The ethics of biological research and 
the prevention of large-scale loss of 
biological integrity, focusing both on 
ecology and human health 

Biodesign and Bioengineering

Biomolecular Sciences

Engineering and Information Technology

Data Science and Bioinformatics

Mathematical and Computational Sciences

Chemical and Physical Sciences

Automated platforms in genome foundries

High-throughput DNA sequencing technologies

High-throughput analytical technologies

High-throughput DNA synthesis technologies

High-throughput DNA editing technologies

Fig. 6.3 The evolution of biology, genetics, molecular biology and systems biology into synthetic 
biology
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Fig. 6.4 The multi-purpose yeast, Saccharomyces cerevisiae, is the best-studied eukaryotic model 
organism and the most used microbe in the fermentation industry. This Figure is reproduced from 
Pretorius (2017b)
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practical outcomes of genome engineering (as opposed to individual gene-based 
genetic engineering). This is the primary purpose of the international Synthetic 
Yeast Genome Project, known as the Yeast 2.0 or Sc2.0 project. This ambitious col-
laborative project is guided by an agreed and legally-binding policy statement on 
key issues, such as social benefits, intellectual property, safety and governance 
(Fig.  6.5). This multidisciplinary project is conducted under a sound self-gover-
nance structure that does not only respect the scientific achievements and lessons 
from the past, but that is also focussed on leading the present and helping to secure 
a brighter future for all (Sliva et al. 2015).

The laboratory benches of a dozen Sc2.0 research groups around the world 
(USA, UK, China, Singapore and Australia) are strewn with pieces of a complex 
6000-piece (i.e. 6000-gene) jigsaw puzzle comprising the genetic make-up of S. 
cerevisiae (Goffeau et al. 1996; Oliver 1996). The puzzle pieces have been sorted 
into 16 piles (i.e. 16 chromosomes) by colour, shape and size and divided between 
the puzzle-masters (Fig. 6.6). The challenge is to recreate the guide picture on the 
front of the box – a round-to-ovoid single-celled fungus, 50–10 μm in diameter and 
compartmentalised like most other eukaryotic cells, including an encapsulated 
nucleus. While remaining true to this ‘blueprint’, each of the collaborating labora-
tories must meet the challenge of designing, building and interlocking the pieces of 
the S. cerevisiae genome puzzle in order to reveal, for the first time, the completely 
rebuilt picture of a eukaryote’s genome. Each piece of the puzzle is essential if a 

Social benefits
• Sc2.0 team members will conduct and promote their work for the benefit of
 humankind and not to bring harm
• Sc2.0 team leaders will engage with the public and will be transparent and open about their work

Intellectual Property
• Intellectual property rights will not be taken on the ultimate strain containing the 16 synthetic 

chromosomes, nor on the intermediary clones and strains generated as part of the Sc2.0 project
• Data and materials generated by the Sc2.0 project will be made available to other researchers

Safety
• All providers of synthetic Sc2.0 DNA sequences will be in compliance with the Screening Framework 

Guidance for Providers of Synthetic Double-Stranded DNA of the US Department of Health and Human 
Services

• Non-member individuals requesting Sc2.0 data and/or materials will be assessed prior to shipment of any 
such materials to help reduce the chance that they are distributing materials to those with nefarious intent

• Sc2.0 laboratories, practices, and methods will have at their core an ethos of safety for both laboratory 
personnel and the communities outside their organizations

• All Sc2.0 personnel will receive thorough training in biosafety, dual-use concerns, and other ethics issues 
as appropriate

• All Sc2.0 work is in compliance with national and local laws
Governance

• The governing Executive Committee of the Sc2.0 project will address any issues that might arise with 
regard to safety or compliance with the SC2.0 agreement

• The Executive Committee will revisit the Sc2.0 agreement as the project progresses and the 
technologies it uses develop to ensure that any risk by this work is appropriately managed.

Scientific freedom Social responsibility

Fig. 6.5 The Yeast 2.0 project balances scientific freedom and social responsibility with a legally- 
binding agreement. This project is guided by a statement on safety and ethics (Sliva et al. 2015). 
This approach of ongoing oversight, self-regulation and self-governance provides the Yeast 2.0 
consortium with an effective and dynamic framework for maximising the benefits of this large- 
scale project and minimising the risk for harm or damage
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complete picture is to be produced and the Sc2.0 team is working to have every 
piece in place by 2018.

The design of the Sc2.0 genome draws on the data from the genome sequence 
first announced in 1996 for a haploid laboratory strain (S288c) of S. cerevisiae. The 
~12 Mb (non-redundant) to ~14 Mb (total) genome sequence carries approximately 
6000 genes of which about 5000 are individually non-essential. The 6000 genes are 
distributed along 16 linear chromosomes of varying length (200–2000 kb). The first 
step towards designing and building S. cerevisiae’s genome was taken in 2011 with 
the successful construction of a manually-designed circular synthetic version of the 
right arm of chromosome 9 (chr9R), which was labelled syn9R (Dymond et  al. 
2011; Dymond and Boeke 2012). This opened the way for the synthesis of 
Chromosome 3  – the third smallest S. cerevisiae chromosome  – in full in 2014 
(Dymond and Boeke 2012; Annaluru et al. 2014; Gibson and Venter 2014). In 2017, 
the synthetic versions of five more S. cerevisiae chromosomes (i.e. Chromosomes 2, 
5, 6, 10 and 12) have been published (Fig. 6.7) (Mercy et al. 2017; Mitchell et al. 
2017; Richardson et al. 2017; Shen et al. 2017; Wu et al. 2017; Xie et al. 2017; 
Zhang et al. 2017). It is expected that all 16 chromosomes will be synthesised by the 
end of 2018. The Sc2.0 project is thus on track to consolidate the 16 chemically- 
synthesised chromosomes currently being built by the Consortium teams around the 
world into a single cell of S. cerevisiae by early 2019 (Fig. 6.8).
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Fig. 6.6 A dozen research laboratories in five countries  – USA, UK, China, Singapore and 
Australia – aim to design and build the world’s first synthetic yeast genome (consisting of 16 chro-
mosomes). This Figure is reproduced from Pretorius (2017b)
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This consolidated Sc2.0 genome was designed from the start to be fully custom-
isable so that researchers will be able to ask otherwise intractable questions about 
the fundamentals of chromosome structure, organisation, function and evolution, as 
well as gene content, function of RNA splicing and the extent to which small RNAs 
play a role in yeast biology (Richardson et al. 2017). The guiding design principles 
for the Sc2.0 genome aspired to balance a desire to preserve the phenotype of the 
wild-type yeast strain while incorporating inducible flexibility for further manipula-
tion and minimising instability resulting from the repetitive nature of yeast’s native 
genomic DNA. These principles for the design, construction, analysis, fitness test-
ing and curation are most likely to be scalable to future synthetic work on the larger 
genomes of plants, animals and humans (Richardson et al. 2017).

The final Sc2.0 genome is therefore designed, curated, streamlined and reorgan-
ised to encode a slightly modified genetic code (Richardson et al. 2017). To facilitate 
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Synthesis of the right arm of 
Chromosome 9
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Synthetic DNA copy of 

the 7458-nucleotide 
RNA genome

Saccharomyces cerevisiae
A 272 871-bp synthetic copy (syn3) used to replace 
the 316 617-bp native yeast Chromosome 3

Phage Phi-X174
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5386-bp DNA genome 

Mycoplasma genitalium
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Mycoplasma mycoides
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Mycoplasma capricolum

Saccharomyces cerevisiae
Synthetic copies used to replace five 
more native yeast chromosomes,
i.e. 2, 5, 6, 10 and 12

Fig. 6.7 Key milestones in terms of the synthesis of viral and bacterial genomes inspired the idea to 
chemically synthesise the 16 chromosomes of the yeast Saccharomyces cerevisiae and replace the 
native chromosomes with the synthetic chromosomes. This Figure is adapted from Pretorius (2017b)
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the assembly of the synthetic chromosomes, specific base substitutions within some 
of the open reading frames (ORFs) are included in the redesigned genome to intro-
duce necessary enzyme recognition sites or remove inconvenient enzyme recogni-
tion sites. In addition, recognisable PCRTags  – short recoded sequences within 
certain ORFs facilitating a polymerase chain reaction (PCR)-based assay – are also 
included in the design of the Sc2.0 genome so that the synthetic DNA can be distin-
guished from native DNA (Richardson et al. 2017). Other important modifications 
include the addition of many loxPsym sites for future genome scrambling purposes; 
all TAG stop codons are recoded to TAA; all repetitive and dispensable sequences, 
such as Ty transposons, introns, subtelomeric regions and silent mating-type loci 
(HML and HMR located on Chromosome 3) are omitted from the design; and all 
tRNA genes are relocated to a novel neochromosome in this redesigned yeast 
genome (Richardson et al. 2017). The expectation is that these designer changes 
would not cause any fitness defects but would allow a whole gamut of future genome 
manipulations and research opportunities. To date, about 75% of the DNA synthesis 
is complete and built into discrete strains by the various Sc2.0 teams; thus this 
game-changing synthetic biology project is on schedule to deliver the world’s first 
synthetic eukaryotic genome within 12–18 months.

As the Sc2.0 project is progressing, genome engineering technologies are 
being advanced at a rapid pace while important fundamental biological intricacies 
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duced from Pretorius (2017b)
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of yeast cells are being figured out. By the end of this project, it would be known, 
for  example, if the removal of all introns and transposable elements will affect cell 
fitness, and whether the relocation of all tRNA genes to a 17th mini-neochromo-
some will disadvantage the genetic processes and protein synthesis machinery of 
the redesigned haploid S288c laboratory strain of S. cerevisiae. These are just a 
few examples of the puzzling questions that are being answered as the Sc2.0 
picture emerges.

3  Customising Wine Yeast Puzzles Under Challenging 
Conditions

From a wine scientist’s viewpoint, another perplexing question is whether some of 
these fundamental learnings from the Sc2.0 laboratory-bred yeast strain carrying a 
man-made genome can be extrapolated to robust industrial wine yeast strains 
(Pretorius 2016, 2017a, 2018; Goold et al. 2017). Wine yeast researchers expect to 
gain much knowledge by borrowing some of the Sc2.0 puzzle pieces to help build 
full pictures of their favourite wine yeast strains. Since yeast fermentation is a cen-
tre piece in the process of winemaking, there is much to be gained to unlock the 
genetic secrets that make different wine yeast strains perform differently. By under-
standing the fundamentals, the realms of possibility in strain improvement pro-
grammes could be stretched by redesigning some the wine yeast strains’ natural 
jigsaw puzzle pieces or inventing totally new ones. The objective of such strain 
development programmes would be to provide winemakers with a diverse array of 
wine yeast strains. Each strain would be specifically tailored to produce particular 
wine styles identified for various markets and market segments the world over.

Not all yeast strains are equally able to catalyse rapid, complete and efficient 
conversion of grape sugars to ethanol, carbon dioxide and other minor, but impor-
tant metabolites (e.g., acids, alcohols, carbonyls, esters, terpenes and thiols) without 
the development of off-flavours (e.g., hydrogen sulphide, volatile acids and volatile 
phenols) (Pretorius 2000; Pretorius and Bauer 2002; Chambers and Pretorius 2010; 
Pretorius et al. 2012). Wine yeasts can differ widely in terms of their robustness, 
fermentation efficiencies and sensory properties, and performance depends on the 
specific composition of a particular grape juice and specific fermentation conditions 
and techniques used by the winemaker. During the past three decades or so, a wide 
variety of strain improvement techniques have been harnessed to optimise fermen-
tation performance, robustness, spoilage-control, processing efficiency, product 
wholesomeness and sensory quality (Pretorius 2000; Pretorius and Bauer 2002; 
Chambers and Pretorius 2010; Pretorius et al. 2012).

Non-genetic modification (non-GM) techniques include hybridisation (mating 
or cross-breeding), mutagenesis (induction of mutations by exposure to mutagenic 
chemicals or ultraviolet radiation) and adaptive evolution (crossing and back- 
crossing of selected mutants) (Pretorius 2000). Several hybrid and mutant strains 
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generated by these non-GM techniques have been used successfully in global 
 commercial winemaking. Consumers had no hesitation embracing the many 
award- winning wines produced with rapid-fermenting and aroma-enhancing 
hybrid strains originating from mating and cross-breeding, or the many fault-free 
wines produced with mutants that no longer produced off-flavours, such as hydro-
gen sulphide (H2S), volatile acidity (VA) and volatile phenols (Van der Westhuizen 
and Pretorius 1992; 2000; Pretorius and Bauer 2002; Cordente et  al. 2009; 
Chambers and Pretorius 2010; Pretorius et al. 2012; Cordente et al. 2013; Jagtap 
et al. 2017; Pretorius 2017a).

Such broad-based acceptance by producers and consumers is, however, not the 
case for strains generated by genetic engineering. More than 10 years ago, the first 
two GM wine yeast strains, ML01 and ECMo01, which met all the regulatory 
requirements, were commercialised in the USA, Canada and Moldova (Volschenk 
et al. 2004; Coulon et al. 2006; Husnik et al. 2006). Despite the proven success in 
winemaking trials and the clear benefits to both producers and consumers of the 
ML01 malolactic strain and the ECMo01 low-ethylcarbamate strain, there is yet to 
be widespread uptake of these two genetically-engineered wine yeasts in commer-
cial winemaking. ML01 and ECMo01 are not the only GM wine yeasts twiddling 
their budding thumbs at the entrances of wineries and cellar doors (Fig. 6.9). Several 
robust and flavour-active strains have been developed to mitigate stuck fermenta-
tions during problematic hot vintages and to create market-driven wines with 
desired alcohol levels (Nevoigt and Stahl 1996; Tilloy et al. 1996; Michnick et al. 
1997; Remize et al. 1999; De Barros Lopes et al. 2000; Eglinton et al. 2002; Cambon 
et al. 2006; Varela et al. 2012; Goold et al. 2017) and aroma profiles (Lilly et al. 
2006a, b; Swiegers et al. 2007; Cordente et al. 2009; Roncoroni et al. 2011). So far, 
the well-orchestrated anti-GMO campaigns, the furore over the labelling of GM 
food products and associated market sensitivities have deterred winemakers to take 
full advantage of science and the opportunities afforded by genetic engineering, and 
now more recently, by genome engineering.

While the wine industry is caught up in the scientific and cultural maelstrom of 
the ‘wonders and terrors’ of GMOs and SSOs, researchers continue to mine DNA 
sequencing data for the responsible design, synthesis and/or editing of wine yeast 
genomes with huge potential benefits for producers and consumers alike. On one 
hand, anti-GMO/SSO campaigners and uninformed traditionalists might dismiss 
such research as an ‘unwanted reality’ that will eventually vanish into thin air. 
However, future-focussed innovators, on the other hand, are highly supportive of 
these synthetic genomic research efforts because they recognize that researchers are 
gaining invaluable insights into the molecular intricacies of wine yeast cells. Akin 
to what research into the Higgs boson elementary particle is revealing about the 
‘Standard Model’ of particle physics, synthetic genomic experimentation is illumi-
nating the biomolecular mysteries of wine yeast cells. Factually-correct information 
and knowledge gained from such fundamental research and evidence-based data are 
the only way to counteract ideologically-driven doomsday prophecies, exaggerated 
fantasies, empty promises and guesswork about the future of SSOs.
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4  Uncorking a Raspberry-Tasting Chardonnay Produced 
by a Semi-Synthetic Wine Yeast

History was made with the recent successful development of the world’s first semi- 
synthetic wine yeast as a ‘demonstrator’ project. With this ground-breaking work, a 
cassette of four synthetic genes encoding the production of a highly-desirable fra-
grant raspberry ketone – 4-[4-hydroxyphenyl]-butan-2-one – was embedded into 
the genetic blueprint of a wine yeast strain (Fig. 6.10) (Lee et al. 2016). This phen-
ylpropanoid is the primary aroma compound found in several fruits, vegetables and 
berries (including raspberries, blackberries, grapes and rhubarb) but, due to the low 
concentrations present in these plants, it is not economical to extract this flavour-
some compound from its natural sources. However, thanks to market preferences, 
chemically-manufactured derivatives of this flavouring agent fetch much lower 
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Fig. 6.9 Examples of wine yeasts bioengineered for improved robustness, fermentation efficiency 
and sensory attributes. This Figure is reproduced from Pretorius (2017b)
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prices than the naturally-derived form. This led to early attempts to produce rasp-
berry ketone from p-coumaric acid in heterologous bacterial and yeast strains. 
However, the high cost of p-coumaric acid as a substrate and the trace amounts of 
raspberry ketone obtained in these GM strains, prevented commercial production of 
this phenylpropanoid as a food-grade flavouring agent. The missing puzzle pieces 
in this work are the ability to eliminate the requirement for supplementing the 
culture medium with expensive p-coumaric acid and to increase the yield of 
4-[4-hydroxyphenyl]-butan-2-one (Lee et al. 2016).

Solving such a scientific puzzle starts with the unravelling of the phenylpro-
panoid biosynthetic pathway. This pathway commences with the conversion of phe-
nylalanine to p-coumaric acid via cinnamate or directly from tyrosine to p-coumaric 
acid. Conversion of p-coumaric acid to raspberry ketone requires three additional 
enzymatic steps including a condensation reaction between coumaroyl-CoA and 
malonyl-CoA.  To design a biosynthetic pathway for the de novo production of 
4-[4-hydroxyphenyl]-butan-2-one in a wine yeast, the following codon-optimised 
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Fig. 6.10 The first semi-synthetic wine yeast capable of producing Chardonnay wine with a 
raspberry aroma. This figure is reproduced from Pretorius (2017b)
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genes were chemically synthesised and integrated into HO locus of a wine yeast 
strain (AWRI1631): the phenylalanine ammonia lyase from an oleaginous yeast, 
Rhodosporidium toruloides; the cinnamate-4-hydroxylase from the well- 
characterized model plant, Arabidopsis thaliana; and the coumarate CoA ligase 2 
gene from parsley, Petroselinum crispum, fused by a rigid linker to the benzalace-
tone synthase from rhubarb, Rheum palmatum. This semi-synthetic organism was 
equipped to produce raspberry ketone at concentrations almost two orders of 
magnitude above its predicted sensory threshold in Chardonnay grape juice under 
standard wine fermentation conditions, while retaining the ability to ferment the 
grape must to dryness (Lee et al. 2016).

The primary goal of this demonstrator research project was not to produce 
raspberry- tasting Chardonnay at a commercial-scale. The objective was to hone our 
technological synthetic biology skills and to expand our toolkit with which we can 
advance our fundamental understanding and providing solutions to the many riddling 
questions of flavour-active wine yeast puzzles. By solving fundamental yeast jigsaw 
puzzles over a glass of wine, we might well acquire the ability to design the ultimate 
wine yeast genome model, thereby paving the way for further improvement of wine 
quality and consumer acceptance while minimising resource inputs, production costs 
and environmental impact.
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1  Introduction

The plant pathogenic fungus, Botrytis cinerea Pers. ex Fr (teleomorph Botryotinia 
fuckeliana (de Bary) Whetzel) is responsible for the destructive grey rot (or grey 
mould) on grapes (Elad et al. 2004). It is one of the most serious threats for vine 
growers, and causes heavy losses of yield in wine grapes in many places around the 
world. But in certain terroirs characterized by very specific microclimatic 
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conditions, it can have a magical effect on the grape: it generates the benevolent 
process called noble rot, described for the first time in Germany 130  years ago 
(Müller- Thurgau 1888). The grape undergoes drastic desiccation and chemical 
transformations leading to extremely high sugar concentrations and unique aroma 
composition. Wines made from nobly rotten grapes, the so-called botrytized sweet 
wines, belong to the greatest white wines of the world. Although the key element in 
noble rot is Botrytis invasion, many other fungi, yeasts and bacteria can co-colonise 
the Botrytis- infected berries and make beneficial contributions to the quality of the 
grape juice as well. These pre-harvest colonists commence fermentation in the ber-
ries and then become the initial microflora of the must. The botrytized must is 
particularly rich in non-Saccharomyces yeasts. Some of them can persist through-
out most of the fermentation- vinification process. Saccharomyces cerevisiae is the 
principal yeast also in botrytized wine fermentation, but two other species, 
Saccharomyces uvarum and Candida zemplinina, are nearly as important. This 
chapter reviews the growth and activity of yeasts during the development of noble 
rot, in the course of the fermentation of botrytized grape must and after the com-
pletion of fermentation.

2  Terminology

2.1  Sweet Wine – Botrytized Wine – Botrytis-Affected Wine

All sweet wines have high sugar concentrations which can be achieved, broadly 
speaking, in two ways. The first way involves arresting the fermentation before 
completion with the addition of spirit (fortification), resulting in what is really a 
blend of wine consisting of partially fermented grape juice and added grape spirit 
(fortified wines, see Chap. 10). The other method is based on dehydration of grapes; 
a reduction of the grape water content either before or after the harvest. A common 
practise is leaving the grapes on the vine longer than usual, allowing them to shrivel 
(late harvest wine). Many wine regions use this method and produce nice sweet 
wines. If dehydration is associated with the Botrytis-generated “noble rot”, the 
grapes not only loose water but also gain specific properties that make them suitable 
for making a very specific type of wines referred to as botrytized sweet wines 
(Doneche 1993).

Regulations in certain countries make distinctions between “botrytized wines” 
and “Botrytis-affected wines” [e.g. Austria: law BGBl. I Nr. 111/2009 (https://www.
ris.bka.gv.at/eli/bgbl/I/2009/111); Czech Republic: law 321/2004 (https://web.
archive.org/web/20110718190125/http://www.vinarskyfond.cz/legislativa/1-vinar-
ska_legislativa_2004.pdf); Germany: law BGBl. I S. 66 (https://www.gesetze-im-
internet.de/weing_1994/index.html); Hungary: law XVIII/2004 (https://net.jogtar.
hu/jr/gen/hjegy_doc.cgi?docid=a0400018.tv); Slovakia: law 313/2009 (http://
www.epi.sk/zz/2009-313); European Union: Commission Regulation 607/2009 
(http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:193:0060:013
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9:EN:PDF)]. According to these classifications, the botrytized wines are made from 
 selectively harvested nobly rotten grapes or from heavily Botrytis-infected grapes. 
One essential process when producing a great botrytized wine is to harvest the 
nobly rotted berries selectively because various stages of healthy, noble-, and grey-
rotted grapes frequently occur in the same bunch. The most renowned botrytized 
wines are select wines, made from noble-rotted berries separated from the rest of 
the grape crop. Botrytis-affected wines are made from mixed grapes in which the 
proportion of healthy and nobly rotten berries varies from region to region and from 
year to year. In this chapter no distinction will be made between these categories 
because most research papers do not specify the “degree” of botrytization of the 
must or wine investigated. In the literature the term “Botrytis-affected” is not used 
exclusively for grapes undergoing noble rot but also for grapes affected by the 
destructive grey rot and it remains sometimes unclear which type of rotting was 
investigated (e.g. Nisiotou et al. 2007).

2.2  Yeast Taxonomic Names

Over the long history of yeast taxonomy and wine microbiology, the taxonomic 
names of many yeast species have been changed many times. Old (obsolete) and 
new (valid) taxonomic names are used inconsistently in the wine-yeast literature so 
that it is frequently impossible to sort out in older papers which strains belongs to 
which currently valid taxon names. Saccharomyces bayanus and Candida stellata 
are good examples of confusion in the literature around the taxonomic definitions 
and usage of species names.

Application of molecular taxonomic methods has revealed that S. bayanus is a 
heterogeneous taxon composed of diverse groups of strains (for a review see 
Sipiczki 2002). Recently two taxonomic modifications have been proposed to make 
clear distinction between the wine strains that form a homogeneous group, and the 
rest of S. bayanus. Naumov (2000) retained the wine strains in S. bayanus but estab-
lished a variety for them (S. bayanus var. uvarum), whereas other researchers 
(Pulvirenti et al. 2000; Nguyen et al. 2000) separated them and proposed to reinstate 
the old taxonomic name, S. uvarum, used for this type of yeast before its merger 
with S. bayanus. As the S. bayanus and S. bayanus var. uvarum wine isolates usually 
turned out in molecular tests to belong to S. uvarum, only the latter name will be 
used in this chapter. The situation is further complicated by the Saccharomyces 
strains that cannot be unambiguously assigned to any species because of their chi-
merical genomes consisting of mosaics from the genomes of two or even more 
Saccharomyces species (for more details, see Sect. 8).

Molecular taxonomic analysis also revised C. stellata (old synonyms: S. stella-
tus, S. bacillaris, Brettanomyces italicus, Torulopsis stellata). Sequencing of the 
D1/D2 domains of rDNA repeats transferred most of its wine strains into other spe-
cies, mainly into C. zemplinina (Sipiczki et al. 2005; Csoma and Sipiczki 2008), a 
species described from botrytized wines (Sipiczki 2003). Other strains turned out to 
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belong to Starmerella bombicola (Sipiczki et  al. 2005), Debaromyces hanseni, 
Pichia anomala, C. bombi, C. lactis-condensi, Torulaspora delbrueckii (Csoma and 
Sipiczki 2008). Candida zemplinina was later merged with S. bacillaris (T. bacil-
laris) but none of these names were retained after the merger because of the large 
phylogenetic distance from Saccharomyces and because the old genus name 
Torulopsis in no longer legitimate, but mainly because of the new rules of taxo-
nomic naming of fungi laid down in the International Code of Botanical 
Nomenclature, which stipulates the taxonomic reclassification and renaming of the 
species of Candida and other anamorph yeast genera (Daniel et al. 2014). In the 
literature, both the “pre-merger” name C. zemplinina and the “post-merger” name 
Starmerella bacillaris (Duarte et al. 2012) are used.

Other examples of alternatively used names (synonyms): Candida glabrata 
and Torulopsis glabrata, Candida krusei and Issatchenkia orientalis, Candida vini 
and Kregervanrija fluxuum, Hanseniaspora uvarum and Kloeckera apiculata, 
Hanseniaspora guilliermondii and Kloeckera apis, Lachancea thermotholerans 
and Kluyveromyces thermotolerans, Pichia anomala and Hansenula anomala, 
Issatchenkia terricola and Pichia terricola, Zygosaccharomyces florentinus and 
Zygotorulaspora florentina, Torulopsis pulcherrima and Candida pulcherrima 
and Metschnikowia pulcherrima, Saccharomyces rosei and Torulaspora del-
brueckii, Pichia angophorae and Ambrosiozyma angophorae, etc. (for currently 
valid species names and synonyms, see the Mycobank Database: http://www.
mycobank.org).

The “pigmented” Metschnikowia strains represent a different type of challenge 
to taxonomic identification. Wine researchers tend to assign the yeasts producing 
the red-maroon pigment pulcherrimin to one single species, M. pulcherrima 
(T. pulcherrima, C. pulcherrima), ignoring the fact that 6 species of the genus can 
produce this complex. Their excuse can be, that these species cannot be reliably 
differentiated by physiological tests used in conventional yeast taxonomy 
(Lachance 2011) and the sequences of their PCR-amplified rDNA repeats (the 
D1/D1 domain and ITS spacer sequences are routinely used in molecular taxon-
omy) which frequently contain ambiguous nucleotides (Kurtzman and Droby 
2001; Sipiczki 2006; Brysch- Herzberg and Seidel 2015). The molecular analysis 
of the D1/D2 domains of the rDNA repeats revealed that the rDNA of these spe-
cies, in contrast to those of other yeasts, is not homogenized, which makes them 
unsuitable for taxonomic identification (Sipiczki et al. 2013). Since most papers 
on wine yeasts do not present the details of taxonomic identification, it often 
remains obscure whether the strains assigned by the authors to M. pulcherrima 
belong to this species indeed.

Another difficulty encountered mainly in review articles is the usage of genus 
names without species epithets. This practice can be misleading because the larger 
genera, such as Candida. Pichia, Hanseniaspora, Metschnikowia, consist of species 
with very heterogeneous properties. To get an idea of how misleading the omission 
of species names can be it is worth comparing the very different oenological char-
acteristics of the Candida species C. glabrata, C. vini, C. oleophila and C. stellata, 
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which all have been detected in botrytized grapes and juices (see later). This is also 
a major problem with metagenomic analyses which frequently identify the organ-
isms only to genus or higher taxonomic level (e.g. Salvetti et al. 2016).

3  Wine Regions Producing Botrytized and/or  
Botrytis- Affected Wines

Botrytized or Botrytis-affected wines are produced in numerous localities in the 
cooler parts of the wine-producing zone of Europe and in certain wine growing 
regions of other continents, wherever conditions are favourable to noble-rot devel-
opment. Infection of ripening berries by B. cinerea requires moist conditions, and if 
the weather stays wet, it causes the malevolent “grey rot” (“pourriture grise”, 
“Graufäule”), which destroys the grape. This is the usual form of Botrytis-generated 
bunch rot which occurs all over the world. If humidity fluctuates (e.g. humid nights 
followed by dry sunny days), the infected grapes develop “noble rot” (“pourriture 
noble”, Edelfäule”) (e.g. Vannini and Chilosi 2013; Magyar and Soos 2016).

The best known regions that produce the greatest botrytized white wines are 
Sauternes-Barsac (France), Rheingau and Mosel-Saar-Ruwer (Germany) and Tokaj 
(shared by Hungary and Slovakia) (Nelson and Amerine 1957; Jackson 2000), with 
the longest documented tradition in Tokaj (Greger 1881; Allen 1928; Magyar 2011). 
Apart from these major, traditional regions, over 30 other wine regions are known to 
have climatic conditions that allow at least moderate noble rot (Sipiczki et al. 2010) 
(Table 7.1). Thus, a chapter on the yeast communities associated with botrytization 
and botrytized wine making can garner attention also outside the “great” regions. 
Botrytized wines are usually white. Botrytis rarely has positive effect on red grapes 
because it increases the risk of bacterial infections (red grapes typically have a higher 
pH) and can change the colour (Ky et al. 2012). Recioto Valpolicella (Italy) is an 
exception (Jackson 2000).

4  Effects of Botrytis-Generated Changes  
in the Noble- Rotting Grape on the Microbiota

4.1  Botrytis Invasion and Noble Rot

Although B. cinerea can attack any part of the plant during the vegetation period, 
the infection that leads to noble rot does not appear before grape maturity (Pucheu- 
Planté and Mercier 1983) and is critically dependent on the proper fluctuation of 
humidity. The higher humidity in the night permits fungal infection, whereas the fall 
of humidity during the day limits fungal growth and modifies the metabolism of the 
fungus. The fungus invades the berries through microfissures and then its hyphae 
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grow into the skin tissue. Then the thinned grape skin breaks easily and water can 
evaporate through the ruptures, leading to gradual desiccation of the berry (for a 
recent review, see Vannini and Chilosi 2013). In drier regions, such as California, it 
is less common to get natural infection, so inoculation of grapes with B. cinerea 
must be performed (Akau et  al. 2004). Induction of noble rotting by Botrytis 
inoculation has been attempted in several other wine-growing regions with cli-
matic conditions unfavourable for the natural process as well (e.g. Preobrazhenskii 
1947; Nelson and Amerine 1957; Gangl et al. 2004; Wang et al. 2017). Noble rot 
can also take place after harvest, either spontaneously or upon inoculation with 
B. cinerea, in wine-making technologies involving post-harvest withering of grapes 
(e.g. Nelson and Amerine 1956, 1957; Negri et al. 2017; Lorenzini et al. 2013; Tosi 
et al. 2013). During fungal invasion and grape desiccation a number of important 
transformations occur that have a large impact on the activity of the fermenting 

Table 7.1 Wine-growing localities in which botrytized or Botrytis-affected wines can be produced

Country Region/community

The “Greats”
France Sauternes-Barsac
Germany Rheingau, Mosel-Saar-Ruwer
Hungary- 
Slovakia

Tokaj

Australia Riverina
Austria Rust, Illmitz
Canada Niagara Peninsula, Oliver (British Columbia)
Chile Valle del Maule
Czech Republic Novosedly
France Loupiac, Sainte-Croix du Mont near Sauternes, Monbazillac in Dordogne, 

Bonnezeaux, Quarts de Chaume, and Premier Cru Chaume in Anjou, Vouvray 
(Touraine), Cote de Beaune (Burgundy), Alsace

Hungary Mor
Italy Castello della Sala (Umbria), Valpolicella, Soave, Breganze (Veneto)
Japan Nagano, Yamanashi
Moldova Orhei
New Zealand Te Kauwhata
Portugal Duoro
Romania Cotnari, Murfatlar
Slovakia Strekov
Slovenia Podravje
Spain Penedes
Switzerland Vetroz (Wallis)
South Africa Paarl, Devon Valley, Breedekloof Valley (Western Cape)
Ukraine Transcarpathia
Uruguay Juanico
USA Napa Valley, Santa Barbara (California)
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microorganisms and on the organoleptic quality of the finished wine (for reviews 
see Doneche 1993; Ribéreau-Gayon et al. 2000; Magyar 2011; Blanco-Ulate et al. 
2015). Most of these changes have no effect on yeast activity and thus will not be 
discussed in this chapter.

As Müller showed as early as in 1888, the modifications in the nobly rotten grape 
mainly concern the sugars, the organic acids and the nitrogen-containing  compounds. 
Dehydration concentrates both sugar and acidity, even though 35–45% of the sugar 
and much of the organic acids are metabolized by the mould (e.g. Dittrich et al. 
1974; Sponholz et al. 1987). High sugar in the must inhibits the activity (growth and 
fermentation) of yeasts (Müller-Thurgau 1888). The fungus preferably metabolizes 
glucose, resulting in musts with atypically high fructose/glucose ratios (Sponholz 
et  al. 1987) which could be another factor with adverse effect on yeast activity 
(Minarik et al. 1978; Gafner and Schütz 1996). Another negative consequence of 
the Botrytis invasion is associated with the consumption of certain nutrients essen-
tial for yeast propagation and activity. B. cinerea degrades grape proteins, can con-
sume 41% of the total amino acid concentration in the berry, causes as much as 51% 
reduction in proline (e.g. Rapp and Reuther 1971; Dittrich et al. 1975; Sponholz 
1991) and reduces the thiamin and pyridoxine contents (Dietrich and Sponholz 
1975). It produces galacturonic and glucuronic acids through degradation of pectic 
compounds in the grape cell walls (Sponholz and Dittrich 1984). These acids can 
bind SO2, so more SO2 is required to stop yeast growth in botrytized wines than in 
normal wines. Several agents with negative effects on yeasts and other cocolonising 
microbes are also produced by the invading Botrytis (see Sect. 4.3).

Two more types of important alterations (microbial secondary colonisation and 
antagonistic interactions) occur during the development of noble rot and will be 
discussed in the following sections (see Sects 4.2 and 4.3).

4.2  Secondary Colonisation by Moulds and Bacteria

The Botrytis-generated ruptures of the grape skin make the berry accessible to other 
microorganisms. The nobly rotten grapes are usually very rich in microorganisms 
(e.g. Fleet et al. 1984; Joyeux et al. 1984; Magyar 1996; Duhail et al. 1999; Kalmar 
et  al. 1999; Barbe et  al. 2001; Antunovics et  al. 2003; Sipiczki 2016) including 
moulds, yeasts and bacteria. These secondary colonists further reduce the level of 
certain nutrients and produce additional metabolites that may beneficially or 
adversely affect the composition of the juice. Some of these metabolites may even 
be toxic to other microorganisms. Duhail et al. (1999) found a correlation between 
the number of microorganisms in the berries and the SO2 binding power of the juice 
produced.

Penicillium species, Aspergillus niger, Rhizopus nigricans, Cladosporium her-
barum and Alternaria tenuis are the most abundant filamentous fungi detected in 
nobly rotten grapes (Fugelsang 1997; Kalmar et al. 1999; Bene and Magyar 2002; 
Sipiczki et al. 2006). They also metabolize important nutrients and some of them 
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have the potential to produce mycotoxins and other metabolites that can retard the 
growth of yeasts during fermentation. But they may also have beneficial role: cer-
tain grape fungi were found to stimulate the alcoholic fermentation (cited in Reed 
and Nagodawithana 1988).

Acetic acid bacteria and lactic acid bacteria (LAB) are another characteristic 
group of microorganisms growing in Botrytis-infected grapes. In the Sauternes area 
102–104 times more bacteria were found in botrytized grapes than in non-botrytized 
berries (Joyeux et al. 1984; Barbe et al. 2001). Most acetic acid bacteria belonged to 
Glucanobacter, Acetobacter aceti and Acetobacter pasteurianus. The occurrence of 
Ac. aceti was ascribable to the production of ethanol by fermentative yeasts which 
also colonise the decaying grape tissues (see below). The presence of acetic acid 
bacteria in grapes and during fermentation has several important effects on the 
wine, either directly by affecting the level of acidity, or indirectly by affecting yeast 
activities. For example they produce substances that retard yeast growth during fer-
mentation (Drysdale and Fleet 1989). Another example is the production of glu-
conic acid, 5-oxofructose, and dihydroxyacetone that reduce the effective 
concentration of SO2, making these wines more difficult to stabilize against further 
yeast growth and activity (Barbe et al. 2001). A recent barcoded amplicon sequenc-
ing of fermenting botrytised Californian wines (Bokulich et al. 2012b) revealed a 
broad diversity of low-abundance taxa not traditionally associated with wine, but 
most OTUs could be resolved only to family-level. Lactic acid bacteria-specific 
TRFLP (Terminal Restriction Fragment Length Polymorphism) performed with the 
same samples identified Lactobacillus kunkeei, Lactococcus lactis, Lc. raffinolactis, 
Weissella minor, Lb. sakei. Oenococcus was entirely absent.

Yeasts and yeast-like fungi represent the third large group of secondary colo-
nists. Because of their particular importance, a separate section will be devoted to 
them (see Sect. 5).

4.3  Antagonistic Interactions Among the Colonising 
Microorganisms

Co-colonisation of the nobly rotting grape by various microorganisms results in 
mixed populations that compete for nutrients and interact by various mechanisms.

One type of interaction is antagonism. Several species of the colonising population 
have antagonistic effect on other members of the population. B. cinerea produces a 
group of heteropolysaccharides collectively referred to as “botryticine” (reviewed in 
Doneche 1993). Botryticine is supposed to be an antimicrobial substance, which 
adversely affects the growth of S. cerevisiae (Minárik et  al. 1977). Nevertheless, 
Botrytis infection of grape was found to cause fermentative retardation during alco-
holic fermentation (Hong et al. 2011). Apart from botryticine, B. cinerea also pro-
duces compounds with fungistatic activities and various antibiotic substances in 
grapes: botrydial (Fehlaber et al. 1974), norbotryal acetate (Cuevas and Hanson 1977) 
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and botrylactone (Weimar et  al. 1979). These substances can cause fermentation 
difficulties. Other fungi occurring in nobly rotten grapes are also known to produce 
compounds with antimicrobial activities but their possible role in botrytized wine-
making is an unexplored issue.

In contrast to the presumable adverse effect of B. cinerea on yeast activity, 
Minarik (1983, 1986) found that the addition of B. cinerea extracts to grape must 
accelerated the fermentation activity of S. cerevisiae and S. oviformis (probably S. 
uvarum) resulting in wines with lower residual sugar and volatile acid content. 
Moreover, B. cinerea has great capacity for detoxification by converting phytoalex-
ins and certain antifungal compounds (for a review see Aleu and Collado 2001), 
which may impair the protecting mechanisms of the plant tissues and thus facilitate 
the invasion of the Botrytis-infected berry by other microorganisms.

A different type of antagonism was found between pigment(pulcherrimin)-
producing Metschnikowia strains and the moulds colonising botrytized grapes 
(Sipiczki 2006, 2016). Most pigmented Metschnikowia strains isolated from 
nobly rotten grapes in Tokaj inhibited the germination of Botrytis, Penicillium 
and Aspergillus conidia and induced lysis of their hyphae. The inhibitory effect 
was attributed to the irreversible binding of free ferric ions by a compound (pul-
cherriminic acid, a derivative of leucine) secreted by the Metschnikowia cells. 
The immobilization of iron by the secreted compound can also inhibit the bacte-
rium Oenococcus oeni and the yeasts C. stellata but not C. zemplinina, S. cerevi-
siae and S. uvarum (Sipiczki 2006). The resistance of the latter two species 
indicates that iron depletion by pulcherrimin synthesis may not affect alcoholic 
fermentation. Apart from these pigmented yeasts, C. oleophila, H. osmophila, H. 
vineae, L. thermotolerans, P. fermentans, P. kluyvery, S. paradoxus (but not S. 
cerevisiae), Z. bailii and Z. florentina strains isolated from botrytized grapes also 
showed some antagonism against B. cinerea (Sipiczki 2016). The yeasts can also 
interact with each other. K. dobzhanskii and W. anomalus strains were found to 
have adverse effects on the growth of many yeasts including strains of S. cerevi-
siae and S. uvarum (Sipiczki 2016).

5  Preharvest Yeast Colonisation

Since the surface of the grape is poor in nutrients, usually low numbers of yeasts are 
found on unripe grapes. Before the unset of ripening, the yeast community residing 
on the surface of healthy berries is dominated by basidiomycetous genera (reviewed 
in Bisson and Joseph 2009; Barata et al. 2012). Among the less abundant ascomyte-
ous yeasts the apiculate Klo. apiculata/H. uvarum, the pigment producing 
Metschnikowia species and the dimorphic Aureobasidium pullulans are the most fre-
quent but 9–15 other species have also been found (e.g. Fleet et al. 2002; Jolly et al. 
2006; Brysch-Herzberg and Seidel 2015). Nobly rotten berries are exposed to heavier 
infection than the healthy berries because the sweet juices leaching out from inner 
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tissues through the Botrytis-generated lesions can bind more dust grains and attract 
more insects. The sugary juice seeping through the wounds favours the proliferation 
of acetic bacteria and various yeasts. Mortimer and Polsinelli (1999) found that the 
total numbers of microorganisms in damaged berries were in the range of 10–100 mil-
lion cells per berry. A quantitative comparison of yeast numbers in a freshly pressed 
botrytized Sauternes must and in a non-botrytized must detected 10 times more 
yeasts in the previous one (Fleet et al. 1984). In a study of Tokaj grapes, ten million 
yeast cells per gram of nobly rotten grape were counted (Magyar 1996).

When compared to healthy berries, nobly rotten berries not only contained more 
yeasts but also differed in the composition of the yeast population (Table 7.2). In an 
early study, Le Roux et al. (1973) found that Botrytis-infected grapes were particu-
larly rich in K. apiculata (H. uvarum) and T. stellata (probably C. zemplinina). 
Rosini et al. (1982) also reported on the occurrence of the latter species on the sur-
face of botrytized grapes. Fleet et al. (1984) found that H. uvarum and T. stellata 
(probably C. zemplinina) predominated in a must freshly extracted from Sauternes 
botrytized grapes. The same authors also detected large populations of M. pulcher-
rima and Candida krusei. Investigation of the nobly rotten berries in the Tokaj 
region (Magyar 1996; Sipiczki and Csoma 2002; Bene and Magyar 2002, 2004; 
Antunovics et al. 2003; Magyar and Bene 2006; Sipiczki et al. 2006; Csoma and 
Sipiczki 2007; Sipiczki 2016) identified 15 basidiomycetous and over 25 ascomy-
cetous species (Table 7.2). C. stellate (probably C. zemplinina) was more abundant 
in berries being in more advanced stages of rotting or being stored in the winery. 
Saccharomyces may not belong to the usual microflora; its occurrence seems to be 
more occasional than regular. Fleet et al. (1984) found high number of S. cerevisiae 
cells in a fresh Sauternes must, Antunovics et al. (2003) detected more S. uvarum 
than S. cerevisiae in botrytized Tokaj grapes, Magyar (1996) and Magyar and Bene 
(2006) found that Saccharomyces was present in certain Tokaj samples and missing 
in other samples. Sipiczki (2016) could isolate S. cerevisiae, S. paradoxus and S. 
uvarum from samples of only 5 out of 16 Tokaj vineyards. All basidiomycetous spe-
cies identified in this study were known phylloplane yeasts. In Californian Dolce- 
type must (the grape was spray-inoculated with Botrytis) S. cerevisiae, H. uvarum, 
P. kluyveri, M. pulcherrima, and C. zemplinina were detected (Mills et al. 2002). 
The fermentative yeasts most probably produce some alcohol in the berries by the 
time of harvest (Joyeux et al. 1984).

It is not clear how the non-phylloplane yeasts show up on the ripening and noble-
rotting berries. Their origin and the way of their dispersal on the vineyard are poorly 
understood. During the long period of time separating the vintage seasons, the vine-
yard conditions are too harsh for these yeasts for survival. It has been proposed that 
wine yeasts can tide over the hard times either in inactive (dormant) state in the 
vineyard (e.g. as spores in the soil) (Cordero-Bueso et al. 2011) or in vector organ-
isms such as insects (e.g. Stefanini et al. 2012; Lam and Howell 2015) and birds 
(Francesca et al. 2012). These mechanisms can be assumed to be involved in the 
colonization of noble-rotting berries by yeasts, but a recent comprehensive survey of 
yeast communities of overwintering berries in the Tokaj region (covering 9  vineyards 
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Table 7.2 Yeast and yeast-like species detected on botrytized grapes, in botrytized must and wine

Stage Yeast speciesa References

Botrytized grape and 
fresh mustb

Aureobasidium pullulans Le Roux et al. (1973)
Aureobasidium subglaciales
Bulleromyces albus
Candida catenulate
Candida dendrica
Candida glabrata
Candida krusei
Candida lactis-condensi
Candida oleophila
Candida paludigena
Candida stellata
Candida zemplinina
Cryptococcus albidus
Cryptococcus carnescens
Cryptococcus flavescens
Cryptococcus keelungensis
Cryptococcus macerans
Cryptococcus magnus var. magnus
Cryptococcus stepposus
Cryptococcus victoriae
Curvibasidium cygneicollum
Curvibasidium pallidicorallinum
Filobasidium elegans
Hanseniaspora osmophila
Hanseniaspora uvarum
Hanseniaspora vineae
Kabatiella microsticta
Kloeckera apiculata
Kluyveromyces dobzhanskii
Kluyveromyces thermotolerans
Kregervanrija fluxuum
Lachancea thermotolerans
Metschnikowia fructicola
Metschnikowia pulcherrima
Pichia angophorae
Pichia fermentans
Pichia kluyveri
Pichia membranifaciens
Pichia scaptomyzae
Rhodotorula graminis
Rhodotorula kratochwilovae
Rhodotorula nothofagi
Saccharomyces bayanus
Saccharomyces cerevisiae
Saccharomyces paradoxus
Saccharomyces uvarum
Sporobolomyces coprosmae
Sporobolomyces oryzicola
Sporidiobolus pararoseus
Torulaspra delbrueckii
Torulopsis stellata
Wickerhamomyces anomalus
Zygoascus meyerae
Zygosaccharomyces bailii
Zygosaccharomyces rouxi
Zygotorulaspora florentina

Rosini et al. (1982)
Magyar (1996)
Fleet et al. (1984), (2002)
Bene and Magyar (2002), 
(2004)
Sipiczki and Csoma (2002)
Antunovics et al. (2003)
Jolly et al. (2006)
Magyar and Bene (2006)
Mills et al. (2002)
Sipiczki et al. (2006)
Csoma and Sipiczki (2003), 
(2007)
Bokulich et al. (2012a)
Azzolini et al. (2013)
Sipiczki (2016)
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Stage Yeast speciesa References

Alcoholic fermentationb Candida stellata
Candida zemplinina
Kluyveromyces thermotolerans
Pichia angophorae
Saccharomyces bayanus
Saccharomyces cerevisiae
Saccharomyces oviformis
Saccharomyces paradoxus
Saccharomyces rosei
Saccharomyces uvarum
Saccharomyces vini
Saccharomyces with chimerical 
genomes (“interspecies hybrids”)
Torulaspora delbrueckii
Torulopsis bacillaris
Zygosaccharomyces rouxii

Minarik and Laho (1962)
Minarik (1965), (1969)
Minarik et al. (1978)
Usseglio-Tomasset et al. (1980)
Frezier and Dubourdieu (1992)
Magyar (1996)
Torriani et al. (1999)
Naumov et al. (2000), (2002), 
(2011)
Sipiczki (2001)
Sipiczki et al. (2001)
Cocolin et al. (2001)
Mills et al. (2002)
Antunovics et al. (2003)
Antunovics et al. (2005a)
Masneuf-Pomarede et al. 
(2007)
Magyar et al. (2008)
Miki et al. (2008)
Bokulich et al. (2012a)

Post-fermentation 
stageb

Candida krusei
Candida lactis-condensi
Candida mycoderma
Candida stellata
Candida zemplinina
C. zeylanoides
Pichia membranifaciens
Rhodotorula mucilaginosa
Saccharomyces bailii
Saccharomyces bayanus
Saccharomyces cerevisiae
Saccharomyces cerevisiae race 
capensis
Saccharomyces cerevisiae race aceti
Saccharomyces globosus
Saccharomyces oviformis
Saccharomyces pastorianus
Saccharomyces uvarum
Saccharomyces vini
Zygosaccharomyces bailii
Zygosaccharomyces rouxii

Soos and Asvany (1950)
Minarik and Nagyova (1964)
Fleet et al. (1984)
Miklos et al. (1994)
Divol et al. (2005), (2006)
Divol and Lonvaud-Funel 
(2005)
Csoma and Sipiczki (2007), 
(2008)

aNote that certain species names listed in the table are no longer valid and are considered synonyms 
of currently valid names. Also, keep in mind that before the advent of molecular taxonomic meth-
ods, less sensitive methods were applied to taxonomic identification
bThese lists contains also species detected by culture independent techniques (e.g. TRFLP: 
Terminal Restriction Fragment Length Polymorphism) which do not differentiate between active 
and inactive (e.g. dead) cells (e.g. Bokulich et al. 2012a)

Table 7.2 (continued)
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in Hungary and 7 vineyards in Slovakia) revealed that non-phylloplane yeasts can 
survive the harsh winter season also in grapes left behind on the vines at harvest 
(Sipiczki 2006).

6  Yeasts in the Fermenting Must

6.1  Population Dynamics

Due to preharvest yeast growth in nobly rotten grapes, the botrytized must contains 
much more yeasts than the must made from healthy grapes. Fleet et al. (1984) found 
that the initial yeast population in a botrytized Sauternes must was 10 times higher 
than in a non-botrytized must. These yeasts are important for the fermentation 
because, as in the case of other wines (e.g. Rementeria et al. 2003), the composition 
of the microflora of the harvested berries determines the composition of the starting 
microbial population of the fresh must (Table 7.2). Botrytis and other filamentous 
fungi disappear soon from the must (Cocolin et al. 2001; Divol and Lonvaud-Funel 
2005), which is probably due to their inability to switch from aerobic to the anaero-
bic conditions. Although it is logical to assume that the composition of the initial 
fermenting yeast community is primarily determined by the yeasts of the grape, it 
can later be enriched by yeasts residing in the vinery environment (Börlin et  al. 
2016; Magyar et al. 2017).

During fermentation, there is a sequential succession of yeasts. Since the specific 
environmental conditions in botrytized grape must are limiting and hostile to many 
types of yeasts, certain species cannot propagate efficiently and drop behind in the 
competition or even die off. The changes in the yeast population seem to depend on 
the degree of botrytization (Fleet et al. 1984; Csoma and Sipiczki 2003, 2007). At 
the start of fermentation of a Sauternes botrytized grape must an initial proliferation 
of apiculate yeasts (Kloeckera, Hanseniaspora), M. pulcherrima and C. krusei was 
observed but these yeasts died off soon (Fleet et al. 1984). In Essence (Eszencia/
Esencia), the Tokaj wine brand made from juice seeping out spontaneously (free-
run) from stored nobly rotten berries, the major yeast species were Z. bailii, Z. 
rouxii, C. zemplinina, C. lactis-condensi, S. uvarum and S. cerevisiae (Csoma and 
Sipiczki 2003, 2007). Tokaj Essence has extremely high concentration of sugar (up 
to 60–70%) and is fermented at low temperature (12 °C or below, determined by the 
temperature of the cellar). In other botrytized types of Tokaj wines (made from 
blends of botrytized and normal musts or from mixed grapes), the dynamics of the 
yeast population is more similar to that of the non-botrytized wines. The yeasts 
belonging to the genera Aureobasidium, Metschnikowia, Rhodosporidium and 
Rhodotorula die within 1 or 2 days. The rest of the non-Saccharomyces yeasts, such 
as Hanseniaspora, Cryptococcus. T. delbrueckii and certain Candida strains live 
longer but only C. zemplinina can survive and persist until the end of fermentation 
(Minarik et  al. 1978; Sipiczki 2001; Antunovics et  al. 2003). In the Californian 
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Dolce-type must the initial population consisting mainly of C. zemplinina and less 
of M. pulcherrima, K. thermotholerans, H. uvarum, H. osmophila, P. kluyveri, S. 
cerevisiae rapidly changed in favour of S. cerevisiae (which became the dominating 
yeast) and C. zemplinina and K. thermotolerans that decreased in cell number but 
persisted until the end of the fermentation (Cocolin et al. 2001; Mills et al. 2002; 
Bokulich et al. 2012b). P. kluyveri, H. uvarum and M. pulcherrima were present for 
6 days, 8 days and 10 days, respectively, when fermentation was carried out at 18 °C 
and for much shorter periods of time when the temperature was 28 °C. Interestingly, 
inoculation of the must with a S. cerevisiae starter culture did not significantly alter 
the yeast population dynamics (Mills et al. 2002). The death and autolysis of the 
non-Saccharomyces yeasts can be a significant source of nutrients for the surviving 
yeasts. When comparing results obtained in various laboratories, one has to bear in 
mind that the degree of botrytization (or proportion of botrytized grapes) and thus 
the chemical composition (e.g. sugar concentration) might have been very different 
in the musts and wines studied.

Long persistence of yeasts referred to as C. stellata (or T. stellata in older litera-
ture) during wine fermentation has been observed in many wine-growing regions 
(reviewed in Csoma and Sipiczki 2008), but when certain Tokaj isolates were char-
acterized by molecular methods, the results raised doubts about the correctness of 
their taxonomic classification. The 26S rDNA and ITS1–5S rDNA- ITS2 sequences 
of the Tokaj isolates differed from the corresponding sequences of the type strain of 
C. stellata to an extent that demanded the establishment of a separate species for 
them. The new species, closely related both to C. stellata and to the osmotolerant 
Candida davenportii, was designated C. zemplinina (Sipiczki 2003). A recent study 
revealed that none of the wine strains deposited under the name C. stellata in four 
official culture collections were conspecific with the C. stellata type strain but 
belonged to different species, most of them to C. zemplinina and the rest either to 
Starmerella bombicola or to Candida lactis-condensi (Csoma and Sipiczki 2008). 
The latter species was also found in Essence and Aszú/Výber type of Tokaj wines 
(Csoma and Sipiczki 2007, 2008).

Concomitant with the decline of the non-Saccharomyces populations, rapid pro-
liferation of S. cerevisiae and/or S. uvarum can be observed and these yeasts then 
dominate throughout the rest of fermentation. A peculiarity of botrytized wine fer-
mentation is the frequent occurrence of S. uvarum (Minarik and Laho 1962; 
Minarik 1965, 1969; Usseglio-Tomasset et al. 1980; Magyar 1996; Torriani et al. 
1999; Sipiczki et  al. 2001; Naumov et  al. 2000, 2002; Antunovics et  al. 2005a; 
Masneuf-Pomarede et al. 2007). This yeast can even be dominating, particularly 
when fermentation is carried out at low temperatures (Usseglio-Tomasset et  al. 
1980; Sipiczki et al. 2001). All of its wine strains subjected to molecular analysis 
were more similar to the type strain of S. uvarum than to that of S. bayanus (see 
Sect. 2.2), therefore many authors refer these yeasts as to S. uvarum or S. bayanus 
var. uvarum. S. uvarum appears to be particularly able to withstand the high su\gar 
concentration and low nitrogen, thiamine, and sterol conditions found in botrytized 
juice (for a review see Sipiczki 2002). When Tokaj isolates were compared, the 
S. uvarum strains had lower optimal growth temperature, grew much better than 
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S. cerevisiae at low temperatures (e.g. 10  °C) and were more osmotolerant 
(Sipiczki et al. 2001; Antunovics et al. 2003, 2005a). Due to these specific abili-
ties, S. uvarum may have a selective advantage over S. cerevisiae in fermenting 
botrytized grape must. Surprisingly, a S. pastorianus, a S. paradoxus-like strain 
and an interspecies hybrid were also identified among the Tokaj isolates (Sipiczki 
et al. 2001; Antunovics et al. 2005a).

It is a general experience that musts derived from grapes affected by noble rot 
are more difficult to ferment than musts originating from healthy grapes. Botrytized 
must usually ferments slowly and sometimes with difficulty. Yeast growth is slow 
and fermentation can become sluggish (e.g. Azzolini et al. 2013) or even ceases 
prematurely, before the wine contains an appropriate level of alcohol (stuck fer-
mentation). Sluggish fermentation is not a peculiarity of botrytized wines, it also 
occurs in other sweet wines (for reviews, see Alexandre and Charpentier 1998; 
Bisson 1999). A number of factors are suspected of causing sluggish fermentation 
and premature cessation of fermentation in wines, including high sugar concentra-
tion (e.g. Lafon-Lafourcade et  al. 1979), deficiencies in nitrogen substrates and 
vitamins (Ingledew and Kunkee 1985; Bataillon et al. 1996), low temperature (e.g. 
Llaurado et al. 2002), unequal concentrations of fructose and glucose (Gafner et al. 
2000), the presence of botryticine and other anti-yeast/antifungal agents (Ribéreau-
Gayon et  al. 1979), and accumulation of fatty acids and their esters (Lafon-
Lafourcade et al. 1984). The addition of nutrients (nitrogen, vitamins) stimulates 
the initial yeast growth but may be ineffective in the later phases of fermentation 
(Dittrich et  al. 1975; Lafon-Lafourcade et  al. 1979; Minarik 1983; Bely et  al. 
2003). Some stimulation could also be achieved by supplementation with steroids 
and oxytocin (collectively named “survival factors”) (Lafon-Lafourcade et  al. 
1979). The inhibition of growth by fatty acids can be overcome by addition of yeast 
cell walls (yeast ghosts, yeast hulls) to the stuck wine (Ribéreau-Gayon et  al. 
1979). Preparations of dry Botrytis mycelium and supplementation of the must 
with thiamine can have positive impacts on the fermentation as well (Dittrich et al. 
1975; Minarik 1986). These stimulators were shown to speed up fermentation 
onset and improve the overall fermentation performance of S. oviformis (S. uvarum) 
in Tokaj wines (Minarik 1986).

As stated above, Botrytis and other moulds usually die off very fast in the 
grape must, but their DNA can be detected almost until the end of fermentation 
when culture-independent methods are applied to population analysis (Bokulich 
et al. 2012a). These methods cannot differentiate between the DNA of active and 
dead cells.

6.2  Roles of Yeasts in Vinification

The principal role of S. cerevisiae and S. uvarum is the conversion of sugar, both 
glucose and fructose, into ethanol. Wine strains of S. cerevisiae are known to dis-
play a preference for glucose (Berthels et al. 2004) and S. uvarum strains can be 
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even more glucophilic (Minarik et al. 1978; Gafner and Schütz 1996; Schütz and 
Gafner 1995). Consequently, glucose is consumed at higher rate than fructose and 
fructose becomes the main sugar in the later stages of fermentation.

Saccharomyces strains produce a broad spectrum of metabolites that have sig-
nificant impact on wine quality, but little is known about the production of these 
compounds in Saccharomyces strains isolated from botrytized wines. Sipiczki et al. 
(2001) reported on the production of six metabolites of a S. cerevisiae, a S. uvarum 
and a S. paradoxus-like strain derived from natural fermentation in Tokaj. The S. 
cerevisiae strain had the highest level of acetic acid production and the S. uvarum 
strain showed high production of isoamyl alcohol and isobutanol. Experiments with 
Zymaflore ST, a commercial S. cerevisiae strain isolated in Sauternes showed that 
volatile acidity was inversely correlated with the maximum cell population and the 
assimilable nitrogen concentration (Bely et  al. 2003). The formation of volatile 
acidity was stimulated when yeast growth was inhibited, and addition of nitrogen at 
the beginning of fermentation enhanced cell propagation and reduced the produc-
tion of volatile acidity. Magyar et al. (2008) observed that S. bayanus (probably S. 
uvarum) strains produced several times more acetaldehyde and significantly more 
glycerol than the S. cerevisiae and C. zemplinina strains in lab-scale fermentation of 
botrytized must. The highest levels of acetic acid production were detected in the S. 
cerevisiae cultures, whereas the lowest levels were measured in the C. zemplinina 
cultures. A comparative phenotypic analysis of 28 S. uvarum strains including those 
isolated from botrytized musts and wines reinforced previous observations that this 
species is cryotolerant, poorly ethanol tolerant and diverse in acetic acid produc-
tionthat (Masneuf-Pomarede et al. 2010).

As discussed already, botrytized musts are rich in non-Saccharomyces yeasts. 
Since fermentation proceeds slowly, these yeasts are present longer in botrytized 
musts than in non-botrytized musts. Their prolonged persistence can be attributed to 
the slower increase of ethanol concentration and to the low fermentation tempera-
ture that enhances their ethanol tolerance (e.g. Gao and Fleet 1988). Numerous 
studies carried out with non-botrytized wines demonstrated that the non-Saccharo-
myces yeasts have considerable impact on the chemical composition and organolep-
tic properties of the wine. These species can increase the levels of acetic acid, esters 
and higher alcohols (Shimizu and Watanabe 1981; Sponholz and Dittrich 1974). For 
example, the presence of apiculate yeasts in the initial phase of wine fermentation 
contributes to a more complex and better aroma of the wine because of higher pro-
duction of glycerol, esters and acetoin (Romano 2002). Generally, however, the 
impact of the prolonged persistence of the non-Saccharomyces yeasts during 
botrytized fermentations is poorly explored.

Next to S. cerevisiae and S. uvarum, C. zemplinina (T. stellata, T. bacillaris, C. 
stellata) is quantitatively the most important yeast in the fermentation of botrytized 
grape musts. Its success can be attributed to its fructophilic character and resistance to 
botryticine (Minárik et al. 1977). Wine strains of this species have been the subject of 
numerous biochemical and technological studies (reviews, see Jolly et  al. 2006; 
Sipiczki et al. 2010; Magyar 2011). However, most of the strains examined were not 
from botrytized wines and turned out to have been taxonomically misidentified 

M. Sipiczki



245

(Sipiczki et al. 2005; Csoma and Sipiczki 2008). For example most DBVPG C. stel-
lata strains proved to belong to Starmerella bombicola. Other C. stellata strains were 
found conspecific with C. zemplinina. It is difficult to sort out in the older literature 
which published properties belonged to C. zemplinina strains. If we leave the results 
obtained with the DBVPG St. bombicola strains out of consideration, and suppose 
that most T. stellata, T. bacillaris and C. stellata wine strains described in the older 
literature might have been strains of C. zemplinina (as suggested by the results of the 
molecular reclassification by Csoma and Sipiczki 2008), the probable oenological 
properties of this wine yeast species can be summarised as shown in Table 7.3.

A major characteristic feature of C. zemplinina is fructophily, described by many 
authors (Table  7.3). Benda (1988) found an interesting correlation between 

Table 7.3 Certain oenological properties of C. zemplininaa,b

C. zemplinina Reference

is fructophilic Minárik et al. (1977), (1978); Benda (1988); Mills 
et al. (2002); Magyar and Tóth (2011); Di Maio 
et al. (2012); Cabral et al. (2015)

tolerates high sugar concentrations Sipiczki (2003); Tofalo et al. (2012)
is psychrotolerant: has growth rates 
superior to that of S. cerevisiae at low 
temperatures

Gao and Fleet (1988); Charoenchai et al. (1998); 
Sipiczki (2004); Zott et al. (2008)

tolerates botryticine Minárik et al. (1977)
has antagonistic effect against B. cinerea Lemos et al. (2016)
tolerates up to 14% ethanol Combina et al. (2005); Rantsiou et al. (2012); 

Englezos et al. (2015)
produces up to 10% ethanol Gao and Fleet (1988)
produces more glycerol than most S. 
cerevisiae strains

Soden et al. (2000); Jolly et al. (2003); Magyar 
and Tóth (2011)

produces variable amount of acetic acid, 
occasionally more than most S. cerevisiae 
strains

Shimizu and Watanabe (1981); Romano et al. 
(1997); Jolly et al. (2003); Sipiczki (2004); Di 
Maio et al. (2012)

produces more higher alcohols, isobutyric 
acid, than S. cerevisiae

Andorra et al. (2010)

tolerates free SO2 concentrations up to 
50 mg/litre

Moore et al. (1988); Englezos et al. (2015)

can produce high amount of 
2-methyl-1-propanol

Holloway and Subden (1991)

is strong producer of terpens Sadoudi et al. (2012)
facilitates Vitisin A production in mixed 
fermentation

Romboli et al. (2015)

can reduce acetic acid and ethyl acetate 
level in mixed fermentation with 
Saccharomyces cerevisiae

Rantsiou et al. (2012); Suzzi et al. (2012)

can degrade malic acid du Plessis et al. (2017)
aT. bacillaris, T. stellata or C. stellata in older literature and St. bacillaris after its recent transfer to 
the genus Starmerella
bMost features listed in the table were studied in laboratory media or in non-botrytized must
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morphology and sugar preference of strains thought to belong to C. stellata. The 
“bacillaris” type (long-oval cells) strains were always fructophilic, whereas the 
“stellata” type (round-oval cells) strains were glucophilic. Since the type strain of 
C. stellata has round cells and the type strain of C. zemplinina has elongated cells 
(Sipiczki 2003), this correlation supports the recent assumption that the fructophilic 
wine yeasts identified as C. stellata in the literature were actually strains of C. zem-
plinina (Csoma and Sipiczki 2008). The C. zemplinina strains show some diversity 
in fructose preference. For instance, strain EJ1 was found to be extremely fructo-
philic: it fermented no glucose in a grape juice even after fructose was completely 
exhausted (Mills et al. 2002). Further important features of the C. zemlinina strains 
are osmotolerance, psychrotolerance (Sipiczki 2003), and high ethanol tolerance, 
which can be further increased at low temperatures (Gao and Fleet 1988; Fleet 
1990). These features together with botryticine-tolerance may account for their sus-
tained presence during the fermentation of botrytized wines.

Except for a few reports, the contribution of C. zemplinina to wine aroma has 
been studied in non-botrytized musts and wines. The effect of the high volatile acid-
ity levels (for references, see Table 7.3) can be negative on the sensory character of 
the non-botrytized wines but it may beneficially contribute to the sugar-acid balance 
of botrytized wines. A C. zemplinina strain was found to produce 5 times more 
higher alcohols than S. cerevisiae (Andorra et al. 2010). There is evidence that some 
C. zemplinina strains are capable of producing 240 mg of 2-methyl-1-propanol per 
litre of wine (Holloway and Subden 1991), a concentration that has a negative effect 
on wine quality.

Soden et  al. (2000) found that the Chardonnay wine fermented with C. zem-
plinina had more apricot honey and sauerkraut aromas than the S. cerevisiae-fer-
mented wine. Other reports could not corroborate all of these features. For example 
Mills et al. (2002) found no coincidence between the persistence of C. zemplinina 
EJ1 and increased glycerol or acetic acid concentration in botrytized wine. Strain 
EJ1 is more sensitive than S. cerevisiae to SO2 (Cocolin and Mills 2003).

Although C. zemplinina appears much more common than C. stellata in wine 
fermentation, the latter may also be present in certain wines and in certain periods 
of fermentation (Magyar and Bene 2006). Nevertheless, the C. stellata type strain, 
which was isolated from a must made in Germany from overripe, somewhat shriv-
elled grapes (“Trockenbeerenauslese”) (Kroemer and Krumbholz 1931), is less 
osmotolerant, less alcoholtolerant and less psychrotolerant than the type strain of C. 
zemplinina isolated from a botrytized Tokaj wine and the C. zemplinina strain EJ1 
isolated from a botrytized Californian wine (Sipiczki 2003, 2004). These differ-
ences possibly make C. zemplinina better adapted to the highly stressful conditions 
during botrytized wine making.

Besides their direct effects on wine composition, the non-Saccharomyces 
yeasts can also indirectly affect wine quality by modulating the growth and 
metabolism of other microorganisms. The iron-binding agent secreted by 
Metschnikowia strains was found to inhibit the growth of the type strain of C. 
stellata (but not that of C. zemplinina) and to have a dual effect on the growth of 
O. oeni (Sipiczki 2006). K. apiculata depletes the must of thiamine, leading to a 

M. Sipiczki



247

deficient situation for Saccharomyces (Bataillon et  al. 1996). The fructophilic 
nature of C. zemplinina may positively affect the fermentative activity of gluco-
philic Saccharomyces strains by increasing the glucose/fructose ratio and can be 
exploited for the remediation of some types of sluggish or stuck fermentation 
(Gafner et al. 2000). Zygosaccharomyces bailii and Z. rouxii whose strains were 
found on botrytized grapes and in botrytized wines are also considered fructo-
philic (Minarik et al. 1978; Cabral et al. 2015). Early reports described fructo-
philic “Sauternes yeasts” of unknown taxonomic affiliation and origin (Sobotka 
and Reiner 1930; Gottschalk 1946; Sols 1956). The dying cells of the non-Sac-
charomyces yeasts release compounds that can be used by the surviving popula-
tion as valuable nutrients.

One of the main trends in modern wine-making technologies is the enrichment 
(inoculation) of the natural fermenting yeast communities with yeast strains to ren-
der the fermentation process more controllable and improve the quality of the wine 
(for a review, see Ciani et al. 2010). The must or wine can be inoculated with starters 
containing pure or mixed populations of carefully selected and improved strains of 
S. cerevisiae, S. uvarum and various non-Saccharomyces species. Non-
Saccharomyces yeasts are mainly used to modulate/improve the aromatic complex-
ity of the wine or diminish the unfavourable effects of other yeasts. Many 
commercially available starters developed for the fermentation of sweet wines and 
dessert wines have been successfully applied to botrytized wine-making. Watanabe 
and Shimizu (1980) reported on the fermentation of an artificially botrytized Koshu 
grape must with pure and mixed yeast cultures. The best quality was obtained when 
they used S. cerevisiae together with Z. bailii and Klo. apiculata. Obviously, the 
ideal solution would be the application of region-specific starters. Many of the 
works reporting on strain isolation and cited above aimed at the selection of strains 
potentially suitable for inoculated fermentation of botrytized musts (e.g. Dubourdieu 
1999; Sipiczki et al. 2001; Bely et al. 2005; Miki et al. 2008; Magyar et al. 2008; 
Azzolini et  al. 2013). An attempt: to improve the quality of Italian passito wine 
produced from withered grapes infected by B. cinerea during post-harvest drying, 
resulted in the selection of Botrytis-S. cerevisiae pairs suitable for combined appli-
cation (Azzolini et  al. 2013). Quality improvement by inoculation of fermenting 
botrytized musts with non-Saccharomyces yeasts was also attempted several times. 
For example T. delbrueckii (S. rosei) strains were tested in Sauternes (Laffon-
Lafourcade et al. 1981; Bely et al. 2008). Inoculation with a mixed T. delbrueckii/S. 
cerevisiae culture at a 20:1 ratio produced 53% less in volatile acidity and 60% less 
acetaldehyde than a pure culture of S. cerevisiae.

7  Post-Fermentation Yeast Activities

Microbiological stabilization is difficult with botrytized and Botrytis-affected wines. 
Due to the high levels of residual sugar, these wines can undergo refermentation, par-
ticularly when the temperature increases To terminate alcoholic fermentation and 
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prevent refermentation, high concentration of sulphur dioxide is added, after which 
the wine can be cellared for decades of years. The RNAse inhibitor diethylpyrocarba-
mate (DEPC) and the beverage preservative dimethyldicarbonate (DMDC) can be 
more effective alternatives of SO2 (Minarik and Nagyova 1964; Divol et al. 2005). 
However, yeasts can persist (or perhaps also re-infect) in botrytized wines even after 
stabilization. In Tokaj wines with 25–120 g/l residual sugar and 11.5–16% alcohol, 
Minarik and Nagyova (1964) found 9 yeast species (Table 7.2), with S. oviformis 
being the most abundant (up to 78%). If reactivated, some of these yeasts can reduce 
the sugar content, change the character of the wine and result in extreme high alcohol 
content (Minarik and Nagyova 1964). Fleet et al. (1984) found a yeast population of 
103 cells per ml in botrytized Sauternes wine samples taken 2 months after termina-
tion of fermentation by SO2. These yeasts belonged to S. bailii (Zygosaccharomyces 
bailii), S. globosus (S. uvarum), P. membranifaciens and C. krusei. A recent study on 
aging Sauternes wines detected S. cerevisiae, C. zemplinina, R. mucilaginosa and 
Z. bailii 26S rRNA sequences in DNA isolated directly from wine samples (Divol 
and Lonvaud-Funel 2005). The latter two species were only detected after a few 
months of maturation. It was proposed that these yeasts may survive in a so-called 
VBNC (viable but non-culturable) state associated with decreased metabolic activ-
ity and perhaps enhanced resistance. As for the role of C. stellata (perhaps C. 
zemplinina) in refermentation, Divol and Lonvaud-Funel (2005) hypothesized that 
it may not be direct. Consistent with this, they only identified S. cerevisiae strains 
in refermenting Sauternes wines (Divol et al. 2006). Two isolated strains exhibited 
high expression level of SSU1, a gene coding for a major facilitator superfamily 
protein required for sulphite efflux. The overexpression of this gene might be 
important for the adaptation of the yeast cells to the high sulphite level in the wine 
stabilized with SO2. Other reports also detected Z. rouxii in Sauternes wines after 
stabilisation with SO2 (Divol et al. 2005). Zygosaccharomyces yeasts are consid-
ered to be winery spoilage organisms and their presence in aging wine presents a 
threat to stability (Loureiro and Malfeito-Ferreira 2003). In Zygosaccharomyces 
strains isolated from Sauternes wines, the putative counterpart of the S. cerevisiae 
SSU1 was also very active, suggesting that this yeast may adapt to sulphite stress 
in a way similar to that of S. cerevisiae. In spite of its involvement in wine spoilage, 
Zygosaccharomyces may also contribute positively to wine fermentation (Romano 
and Suzzi 1993; Sütterlin et al. 2004). Because of its fructophilic nature (Minarik 
et al. 1978), Z. bailii was suggested (together with C. zemplinina) for alleviation of 
sluggish fermentation by improving the inhibitory glucose-fructose unbalance 
(Sütterlin et al. 2004). P. membranifaciens is also regarded as a spoilage yeast that 
can produce increased levels of acids and esters in wines (Shimizu and Watanabe 
1981; Sponholz and Dittrich 1974).

Velum formation is also a sort of microbial instability. From two types of 
botrytized Tokaj wines osmotolerant S. cerevisiae strains were isolated that had low 
ethanol tolerance and were poor ethanol producers (Miklos et al. 1994). The latter 
two features and the propensity of one of them to form pseudomycelium indicated 
that they were from the surface flora. Detailed taxonomic examination identified 
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them as S. cerevisiae race capensis and S. cerevisiae race aceti (Miklos et al. 1994). 
Both races are known as typical surface “flor yeasts” involved in the biological 
aging of sherry wines (Guijo et al. 1986). In sherry making the flor yeasts form a 
biofilm (velum) on the surface of wine where they oxidise ethanol, glycerol, organic 
acids and produce higher alcohols, acetaldehyde and acetoin (e.g. Martinez et al. 
1998). Non-Saccharomyces film-forming yeasts (C. mycoderma, C. zeylanoides 
and C. krusei) were also detected in 2–3 year-old Tokaj wines (Minarik and Nagyova 
1964). The presence of flor-like yeasts in botrytized wines with extremely high 
sugar concentration is an intriguing phenomenon that requires investigation.

8  Genetics

8.1  Intraspecies Diversity

All yeast species associated with noble rotting and botrytized wines occur also on 
healthy gapes and in other types of wines. Attempts have been made to find out if 
variants of the species are specific for or at least more common in wine regions in 
which botrytized wines are made. Numerous molecular markers were used for com-
paring and clustering of S. cerevisiae, S. uvarum and C. zemplinina strains. Masneuf 
and Dubourdieu (2000) compared the karyotypes of 199 S. cerevisiae strains iso-
lated from indigenous fermentation of botrytized must and found high profile diver-
sity, with no dominant ones. A microsatellite analysis of over 600  S. cerevisiae 
strains isolated in 3 Sauternes wineries revealed enormous diversity but could not 
group the strains in clearly distinct clades corresponding to the wineries (Börlin 
et al. 2016). 15 strains isolated from Botrytis-infected grapes in the passito technol-
ogy also showed high diversity in microsatellite and interdelta profiles (Azzolini 
et al. 2013).

S. uvarum is much less polymorphic in the molecular tests than S. cerevisiae. A 
microsatellite-primed analysis of a large number of S. uvarum strains including 
isolates from botrytised wines of several geographically distant regions failed to 
reveal clear correlation between the substrate (e.g. botrytized vs. non-botrytized) 
and the geographical location (Naumova et al. 2010). The strains had very similar 
karyotypes and RFLP patterns. This observation was in agreement with an earlier 
study which found highly uniform karyotypes in 18 Tokaj isolates of the species 
(Antunovics et  al. 2005a, b). A recent microsatellite analysis of 108  S. uvarum 
strains identified 16 alleles but failed to group the isolates obtained from botrytized 
wines together (Masneuf-Pomarede et al. 2016).

The C. zemplinina strains isolated from botrytized grapes or wines did not form 
compact clades either and their grouping varied in the dendrogrammes derived from 
different markers (microsatellites, mitochondrial RFLP) with different clustering 
methods (Masneuf-Pomerede et al. 2007; Pfliegler et al. 2014; Pfliegler and Sipiczki 
2016; Masneuf-Pomarede et al. 2015; Csoma et al. 2018).
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8.2  Genome Structure, Heterozygosity and Polygenic Control

Natural Saccharomyces wine strains usually show chromosome length polymor-
phism and are frequently heterozygous. The few genetic data available indicates 
that the yeasts of botrytized wines are not exceptions. For example considerable 
chromosome size variability was revealed by electrophoretic karyotyping 
among Tokaj strains of S. cerevisiae (Sipiczki et al. 2001; Naumov et al. 2002; 
Antunovics et al. 2003, 2005a). Interestingly, the uvarum isolates showed almost 
no polymorphism. The analysis also identified strains with supernumerary chro-
mosomes that might have been (intra- or interspecies) hybrids or alloaneuploids. 
From three Tokaj strains tetrads of spores were isolated, and the chromosomal 
patterns and the phenotypes of the spore clones were compared with each other 
and with those of the parental strains. No segregation was seen in electropho-
retic karyotyping but the S. uvarum strain was heterozygous for the abilities to 
utilize maltose (MAL/mal) and to selfsporulate (HO/ho). The S. cerevisiae 
strains were homozygous for MAL and HO, but in all three strains the produc-
tion levels of secondary metabolites segregated. The segregation patterns indi-
cated high degree of heterozygosity and suggested that the production of the 
metabolites examined might be under polygenic control. None of the strains 
proved to have favourable features sufficient for a starter culture for fermenta-
tion of botrytized Tokaj wines but it was concluded that the combination of their 
positive traits might lead to a powerful genotype. To this end, the hybridisation 
of the S. uvarum isolates with S. cerevisiae isolates was proposed (see next 
section).

8.3  Interspecies Hybridisation, Genome Chimerisation 
and Genetic Modification

S. uvarum and S. cerevisiae are closely related species separated from each other 
and from the other members of the genus by post-zygotic sterility barriers: their 
allodiploid hybrids are viable but sterile because their ascospores (meiospores, 
equivalents of gametes of higher organisms) are not viable (hybrid sterility) 
(Naumov 1996). Nevertheless, the viability of the hybrids offers a possibility for 
bringing the genomes of these species together to create new phenotypes (for a 
review see Sipiczki 2008). Hybrids could be obtained between a S. uvarum strain 
isolated in the Tokaj region and various S. cerevisiae and S. kudriavzevii strains 
(Antunovics et  al. 2005b; Pfliegler et  al. 2012; Karanyicz et  al. 2017). These 
studies not only demonstrated that the hybrids differ in phenotype from both 
parents but also revealed that the species are separated by a double sterility bar-
rier ensuring that both the allodiploids and the allotetraploids are sterile. 
Interestingly, hybrid-like strains were found among “natural” yeasts isolated 
from botrytized grapes. For example Antunovics 2005a found a strain in Tokaj 
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wine samples which had S. uvarum-type karyotype but its ITS-RFLP pattern was 
heterozygous and its cells grew at 37 °C, a temperature restrictive for S. uvarum. 
Strains heterozygous at the 26S rDNA and the ITS1–5.8S rDNA-ITS2 loci were 
isolated also from refermenting Sauternes wines (Divol et al. 2006). In a differ-
ent collection of Tokaj strains of S. uvarum-type chromosomal sets, Naumova 
et al. (2010) found S. cerevisiae-type subtelomeric sequences in certain chromo-
somes. Saccharomyces strains containing genes from two or more species were 
found in other types of wines as well (for reviews see Sipiczki 2008; Morales and 
Dujon 2012). These strains are frequently referred to as “interspecies hybrids” 
although this term can be misleading because they rarely have complete partner 
genomes. Most of them have only mosaic (chimerical) genomes or only a few 
genes from a different species.

The mechanism underlying genome chimerisation (“gene transfer”) is a mat-
ter of debate. It can be due to introgressive hybridisation (as hypothesized by 
many authors; e.g. Naumova et al. 2010; Marsit and Dequin 2015) or GARMe, a 
recently described mechanism in synthetic hybrids of a S. uvarum strain isolated 
from botrytized wine and strains of S. cerevisiae or S. kudriavzevii (Karanyicz 
et al. 2017). The caveat with the previous model is that introgression requires 
backcrossing of the hybrid with one of the parents which, however, is hampered 
by the sterility of hybrids (see above). GARMe (Genome AutoReduction in 
Meiosis) is a process triggered in allotetraploids by the loss of the MAT-carrying 
chromosome of one of the partner genomes which is then followed by gradual 
genome reduction resulting in various chimerical genomes consisting of mosaics 
of the partner genomes. Depending on the combinations of the inherited genes, 
these chimeras can show diverse phenotypes (Lopandic et al. 2016). Chromosomes 
can be spontaneously lost also in the course of vegetative propagation (e.g. 
Pérez-Través et  al. 2014). Interspecies hybridization and posthybridisation 
genome reduction accompanied by genome chimerisation offer a “natural” alter-
native to GMO methodology for combination of genes of the Saccharomyces 
species in breeding of new starters for inoculated fermentation. This strategy is, 
however, limited to the genus Saccharomyces and cannot be used for importing 
genes from other genera into the genomes of Saccharomyces wine strains. 
Enrichment of their genomes of wine strains with alien genes can be achieved by 
the application of methods of recombinant DNA which produces GMO yeasts. 
For example by transforming two bacterial genes and a yeast gene encoding the 
three major classes of glucanases, a GMO S. cerevisiae was constructed which 
can degrade beta-glucan polysaccharides produced by B. cinerea in grape berries 
(van Rensburg et al. 1997).

Many other genetically modified wine strains containing constructs suitable 
for improving the fermentation of botrytized grape musts are already available 
in research laboratories. However, these strains cannot be used in wine making 
because of the strict restrictions on GMOs in foodstuffs within the European 
Union (where most botrytized wine is produced) and in numerous other 
countries.
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1  Introduction

Today hundreds of wine yeast strains are available worldwide, offering winemakers 
a significant variety of biological diversity. The yeasts are mostly strains of 
Saccharomyces cerevisiae, but some belong to the other Saccharomyces species and 
a few non-Saccharomyces strains are also finding their way into the market. The 
wine yeasts available in the dry format are produced by baker’s yeast producers. 
Other formats such as cream yeast tend to come from specialty Enology Technical 
Centers.

Isolation of wine yeast strains has normally been carried out by enologists and 
scientists working with research institutes, universities, and large wineries. They 
have been selected after several rounds of microvinification for desirable traits like 
rate of fermentation, influence on aroma, flavor and even color of wines, to name 
only a few. Their ability to be propagated and dried is of course not a criterion at that 
stage; hence the challenge for the yeast producer is to ensure that selected strains 
will retain their technological properties after propagation and drying. With the 
large number of strains available nowadays some have proven to be less robust than 
others and therefore come with corresponding quality attributes and specifications. 
It is not possible for a yeast producer, for instance, to guarantee for a flocculent 
strain the same number of viable cells as with a regular non-flocculating strain; it 
does not mean though that the yeast will not perform properly. Moreover the reality 
is that it is difficult for a yeast producer to become an expert at producing some of 
the most difficult strains when they are required only once per year, while baker’s 
yeast is produced several times a day. Some strains will therefore receive a lot of 
attention from the research and production departments of yeast companies, some-
times with success, sometimes unsuccessfully. Development efforts are usually con-
ducted under an appropriate agreement between the selectors and the producers and 
necessitate a lot of effort from both parties. Even though these isolates cannot be 
protected by patents, it is nevertheless important to recognize that considerable 
investments are made to develop new strains. It is more the required know-how and 
the fair competition between producers that limit the number of copies. This con-
cept is now well accepted by customers who very often will sign agreements recog-
nizing the ownership, know-how and efforts that have been devoted to the selection 
and development of new strains.

2  The Market

If 280 million hectoliters of wine are produced every year and if all of it is inocu-
lated with dry wine yeast at 15 g per hectolitre, the total potential wine yeast market 
is in the range of 4200 tons of dry yeast per year or 14,000 tons fresh yeast equiva-
lent. This remains a relatively small market considering that yeast plants with pro-
duction capacities of more than 50,000 tons per year are not uncommon. Although 

R. Degré et al.



265

most strains are currently being offered as dry yeast, the advances of non- 
Saccharomyces strains as well as the developments of immobilized cultures and 
other yeast formats such as stabilized liquid yeast might represent other opportuni-
ties in the near future.

The wine market remains traditional and more than ever the different players 
want to promote the image of a natural process and a healthy product. It is, there-
fore, not surprising that commercialization of genetically modified yeasts have not 
been very successful although plenty of these genetically modified strains already 
exist in laboratories around the globe,(Volschenk et al. 2004; Coulon et al. 2006).

3  Production

3.1  Stock Cultures

This is where all yeast propagations begin and thus suitable conservation techniques 
are required. In yeast industries the control of pure cultures is normally limited to a 
few well-trained individuals in order to avoid errors. Unlike most other commercial 
yeast applications where only a very limited number of yeast strains are used, wine 
yeast culture collections contain a much greater range of diversity not only in 
Saccharomyces species but also in yeasts that would be considered “non- 
conventional” such as Torulaspora species, or Kluyveromyces species.

It has been a practice for years at Lallemand to test for yeast genetic stability 
before depositing it in the culture collection, by running pulse field gel electropho-
resis of the chromosomes on at least 10 clones per strain; some have been found 
unstable from the beginning. Several authors have studied this phenomenon and 
have reported chromosome size variations (Nadal et al. 1999; Carro and Pina 2001; 
Schuller et al. 2007). Genetic variation does not necessarily mean that the techno-
logical properties of those strains will be affected after industrial propagation but it 
is possible that the “unique” genetic fingerprint of the dry yeast may vary. It becomes 
important nevertheless to let the owner of the yeast strain know about this property 
of their commercialized product, and to run appropriate field trials to establish if 
there are any changes to the technological behavior.

The yeast isolates that have passed this first step are then characterized for their 
sugar assimilation and fermentation profiles, their killer properties and their DNA 
profile, better characterized by other techniques: PCR (RAPD), RFLP and microsat-
ellite PCR. These techniques can be used to establish that the yeast genetic profile 
is unique in comparison to those DNA profiles already present in the culture collec-
tion database. New isolates which happened to already have an existing fingerprint 
within the database would require greater information on the technological proper-
ties of the new isolate before committing this strain to commercialization.

Longer term preservation is normally achieved by storage of the culture under 
liquid nitrogen or by keeping the yeast frozen at – 80 °C in a 10% glycerol solution 
in order to preserve their genetic and physiological stability. Lyophilization of yeast 
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cultures is still a common method used by some yeast culture collections, but 
increased risk of respiratory mutant has meant that it is generally avoided by com-
mercial yeast producers.

After this initial phase of characterization the yeast is ready to be taken to the 
next step or the production phase itself.

3.2  Commercial Propagation of Yeast

As mentioned before, baker’s yeast companies have traditionally produced wine 
yeast. Dry wine yeast is offered either in the form of small rods or as beads. The 
process is an adaptation of the classical process used to grow dry baker’s yeast and 
several reviews have described the process (Reed 1982; Chen and Chiger 1985; 
Reed and Nagodawithana 1991; Degré 1993). The reader is encouraged to consult 
those articles but it can be briefly described as follows.

The production of yeast for grape must fermentation is, in itself, a multi-step 
process. Generally, manufacturers of yeast for winemaking have to produce yeast 
that must be packaged, stored and shipped in large quantities in a manner that guar-
antees the purity, the viability and the technological properties of the final yeast 
product.

Wine yeast production starts with a pure culture tube or frozen vial of the appro-
priate yeast strain. This yeast serves as the inoculum for the pre-pure culture tank, a 
small pressure vessel where seed is grown in medium under strict sterile conditions. 
Following growth, the contents of this vessel are transferred to a larger pure culture 
fermenter where propagation is carried out with some aeration, again under sterile 
conditions. These early stages are conducted as set-batch fermentations. In set- 
batch fermentation, all the growth media and nutrients are introduced to the tank 
prior to inoculation.

From the pure culture vessel, the grown cells are transferred to a series of pro-
gressively larger fermenters. These later stages are conducted as fed-batch fermen-
tations. During fed-batch fermentation, molasses, phosphoric acid, ammonia, 
vitamins and minerals are fed to the yeast at a controlled rate. This rate is designed 
to feed just enough sugar and nutrients to the yeast to maximize multiplication and 
minimize the production of alcohol. Extensive cleaning of the equipment, steaming 
of pipes and tanks and filtering of the air are practiced to ensure as aseptic condi-
tions as possible.

At the end of the seed fermentation, the contents of the vessel are pumped to a 
series of centrifugal separators that separate the yeast from the spent molasses. The 
yeast is then washed with cold water and pumped to a seed yeast storage tank where 
the yeast cream is held at approximately 1–2 C until it is used to inoculate the com-
mercial fermentation tanks. These commercial fermenters are the final step in the 
fermentation process and are often referred to as the final or trade fermentation.

Trade fermentations are carried out in large fermenters with working volumes 
typically in excess of 200,000 liters. To start the commercial fermentation, a volume 
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of water, referred to as set water, is pumped into the fermenter. Next, in a process 
referred to as pitching, seed yeast from the storage tank is transferred into the fer-
menter. Following addition of the seed yeast, aeration, cooling and nutrient addi-
tions are started to begin the 14–20 h fermentation. At the start of the fermentation, 
the liquid seed yeast and additional water may occupy only about one-third to one- 
half of the fermenter volume. Constant additions of nutrients during the course of 
fermentation bring the fermenter to its final volume. The rate of nutrient addition 
increases throughout the fermentation because more nutrients have to be supplied to 
support growth of the increasing cell population. The number of yeast cells increases 
about five- to ten-fold during this fermentation.

The classical way of providing air to the fermenter is through a series of perfo-
rated tubes located at the bottom of the vessel. The rate of airflow is about one vol-
ume of air per fermenter volume per minute. A large amount of heat is generated 
during yeast growth and cooling is accomplished by pumping and circulating the 
fermentation liquid, also known as broth, through an external heat exchanger. The 
addition of nutrients and regulation of pH, temperature and airflow are carefully 
monitored and controlled by computer systems during the entire production pro-
cess. Throughout the fermentation and for the most typical strains, the temperature 
is controlled around 30–32 C with peaks at 35–37 C towards the end; the pH is 
generally in the range of 3.5–6.0. Certain isolates and non-Saccharomyces may 
require lower temperatures.

At the end of fermentation, the fermenter broth is separated by nozzle-type cen-
trifuges, washed with water and re-centrifuged to yield a yeast cream with a solids 
concentration in the 18% range. The yeast cream is cooled to about 1 °C and stored 
in a separate, refrigerated stainless steel cream tank. The yeast cream can be pumped 
to a plate and frame filter press or a rotary vacuum filtration system and dewatered 
to a cake-like consistency containing 30–35% yeast solids that is further processed 
into dried yeast. Contrary to a common belief wine yeast is not freeze-dried but 
rather dried in fluid bed dryers that allow very rapid drying, typically in less than 
30 min, without exposing yeast to high temperatures, typically at 35–40  C. It allows 
the most resistant strains to be available on the market in active dry yeast (ADY) 
format with viabilities approaching 20 billion cells per gram.

At the end of the drying cycle the ADY product is immediately packaged in alum 
foil packages and put under vacuum; it will protect its integrity and prevent cross 
contamination from the environment. When kept under vacuum and at controlled 
temperature (4–15 C) the ADY products made from most yeast strains will remain 
active for 4 years.

3.3  Process Control: Fuzzy Logic

As previously reported there is a great diversity in the number of strains available 
and different propagation strategies have to be deployed in order to cope with 
the physiological traits of some of those strains. Process control is certainly one of 
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the tools available to the yeast producer to resolve some of the problems raised by 
this greater number of strains. Among the different approaches that have been devel-
oped, fuzzy logic is certainly promising.

Metabolism of Saccharomyces cerevisiae can be respiratory or/and fermentative 
depending on culture conditions (pH, temperature, etc.) and availability of the sub-
strates (dissolved oxygen, sugar, etc.). Under oxygen limitation, fermentative path-
way dominates in yeast and ethanol is produced. When the sugar concentration is 
high, Saccharomyces cerevisiae also produces ethanol even if the oxygen is suffi-
cient for growth, a phenomenon referred to as the Crabtree effect (De Dekken 1966). 
Use of effective process control during fermentation is very important to ensure the 
quality and consistency of wine yeast; fermentation predictability in grape must is 
certainly the major challenge for a yeast producer.

Due to the complexities and limited understanding of microbial systems, it is 
difficult to develop mathematical models quantitatively describing these biological 
systems. As a result, a model-based approach has rarely succeeded in the control 
and optimization of microbial fermentation systems.

Fuzzy logic is an innovative approach that was developed by professor Lotfi 
Zadeh of University of California at Berkeley (Zadeh 1965, 1976), but this method 
had not gained popularity until recently.

Fuzzy logic, which is the logic on which fuzzy control is based, is much closer 
in spirit to human thinking and natural language than the traditional logical systems. 
It provides an effective means of capturing the approximate, inexact nature of the 
real world. When someone is asked how hot it is today, he may tell us that it is “hot”, 
“moderate hot” or “cold”, even though he cannot tell us the exact temperature. 
Fuzzy logic also uses similar linguistic labels such as “very”, “moderate”, “some-
what”, “a little” to express the degree of intensity. For example, a process can be 
“very fast”, “somewhat slow” or “moderate hot”. The quantitative meanings of 
these linguistic labels are hard to define by traditional mathematics. Fuzzy logic is 
able to deal with these ambiguous linguistic expressions. In a nutshell, fuzzy logic 
is computing by words.

The ambiguous linguistic nature of these expressions is used in conjunction with 
experiences from human operators, this would include collective understanding of 
how the process is expected to work and the rational decision-making that is made 
during real time operation. This then represents the knowledge and set of rules that 
allows a fuzzy logic controller to more closely approximate human thought process 
than the standard control methods, such as proportional, integral and derivative 
(PID) controllers. Fuzzy logic can provide excellent solutions to some process con-
trol systems that are difficult to control; fuzzy logic controllers are expected to be 
more flexible, effective and robust in the control of microbial systems (Fig. 8.1).

Establishing fuzzy sets for input and output variables is the first step in construct-
ing a fuzzy logic controller. Using typical ethanol analyzers to monitor ethanol pro-
duced by yeast and measured either in the vapor phase or in the propagation broth 
itself, two input variables are usually included in the ethanol fuzzy controller. The 
two input variables are Ethanol-Error (EtE), which is the difference between the 
actual ethanol concentration and the ethanol set point, and Ethanol-Rate (EtR), 
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which is the ethanol concentration changing rate at a given time. Other input vari-
ables like fermentation time, fermentation temperature, broth volume, oxygen utili-
zation rate, carbon dioxide production rate, respiration quotient rate, etc., can easily 
be incorporated into the input fuzzy sets to make a more robust controller. Capability 
to readily handle multiple input variables is one of the important advantages of the 
fuzzy logic controller.

The output variable for the fuzzy logic controller is the Molasses Control Factor, 
which modifies the molasses feeding rate and controls ethanol production. Of course 
other nutrients such as nitrogen and phosphorus sources can be linked to different 
degrees to the molasses response in order to make the model even more flexible. 
With rapid advances in disruptive technologies such as artificial intelligence (AI) 
and big data technologies, process control and automation would play more impor-
tant roles in wine yeast production in near future.

3.3.1  Test Trials of the Fuzzy Logic Controller for Ethanol Control

Several 16  h-fed-batch propagations were carried out to test the ethanol control 
performance of a fuzzy logic controller with difficult to grow strains and with strains 
not reabsorbing ethanol properly at the end of the batch fermentation, or having a 
strong tendency to form ethanol even at low growth rates. Under the control of the 
fuzzy logic controller, a typical profile for the ethanol level in the exhaust gases is 
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Fig. 8.1 A typical control loop with fuzzy logic controller. A fuzzy controller works similar to a 
conventional control system: it accepts an input value, performs some calculations according to 
fuzzy control algorithm, and generates an output value. This process is called the Fuzzy Inference 
Process and works in three steps: (a) Fuzzification where a crisp input is translated into a fuzzy 
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(c) Defuzzification where the fuzzy output is translated to a crisp value. The three steps are realized 
in Fuzzfizer, Fuzzy Inference Engine and Defuzzifier, respectively, as shown in the figure
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shown in Fig. 8.2. During the fermentations, the controller generates output based 
on ethanol level and control algorithm, and applies the output to manipulate the 
molasses feeding rates of the fermentations, so that the ethanol emission can been 
controlled at the desired level of 125 ppm. It can be seen that excellent ethanol con-
trol performance was achieved with the fuzzy logic controller. This superior control 
during the active phase of growth makes it easier later in the propagation to follow 
up with a maturation phase aimed at improving the resistance of the yeast to drying 
and the fermentation performance in the field.

4  Quality Control and Fermentation Predictability

Basic Quality Control of active dry wine yeast includes residual humidity, number 
of viable cells, a quick assessment of fermentative activity and other criteria sug-
gested by OIV; serious producers would also include DNA fingerprinting of the 
finished product against the original strain. The reader is encouraged to consult the 
reviews cited earlier to learn more about those basic quality criteria (Reed 1982; 
Chen and Chiger 1985; Reed and Nagodawithana 1991; Degré 1993).

In order to go a step further, Lallemand has adapted from Sablayrolles et  al. 
(1996) a technique to monitor yeast performance: it consists of running alcoholic 
fermentation in fermenters of 1,1 liter volume and to monitor CO2 evolution by 
measurement of weight loss (Fig. 8.3). It allows evaluation of yeast performance in 
synthetic and real musts at different temperatures. During such fermentations 
parameters like fermentation kinetics, risk of stuck or sluggish fermentation, lag- 
phase, nutritional needs, and impact of specific nutrition can be assessed. Other 
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fermentation conditions like optimum temperature, ethanol resistance and even 
foam production can also be monitored. Alcohol, residual sugar, total and volatile 
acidity, total and free SO2 are also analyzed, post-fermentation, in order to appreci-
ate the effect on fundamental wine character.

5  Advances in Wine Active Dry Yeast (WADY) Production

Due to the high sensitivity of most biological materials to high temperature and 
water activity, such as wine yeast, its preservation is a challenge. In order to prolong 
its shelf life, it is necessary to maintain its activities over a period of time. One typi-
cal format for wine yeast is active dry yeast (ADY) produced with thermal drying. 
During thermal drying, however, the wine yeast may undergo numerous changes 
such as damage of cell membranes, denaturation of proteins or enzymes, or even 
death. Therefore, suitable type of dryers under optimum operational conditions are 
required in order to minimize such adverse effects of thermal drying. Different dry-
ers are available in drying industries; in which fluid bed dryer is widely used for 
industrial drying of wine yeast due to its many advantages. Fluid bed drying tech-
nology has been used in industry already for many years. The main advantages of 
this technology are linked with large contact surface area between solids (yeast 
particles) and gas, good degree of solids mixing, and rapid transfer of heat and 
moisture between solids and gas, which allow to lower drying temperature, to 
shorten drying time, and to reduce the level of damaging of heat-sensitive yeast 

Fig. 8.3 Fermentation room for yeast phenotyping
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cells. The fluid bed technology allow drying wine yeast at low temperature that is 
similar to yeast fermentation temperature (35–40 C) for a shorter period of time 
(20–30 min) to produce a wine active dry yeast (WADY) with over 94% solids.

One can see that even though equipment currently used to produce yeast has not 
significantly changed in the last 25 years or so, progress has been made on the pro-
cess control front. In addition, our understanding of yeast physiology has 
 tremendously improved, which would be beneficial to improve WADY production. 
During yeast fermentation and drying, there are a wide variety of stressors for yeast 
such as temperature, osmotic pressure, ethanol, oxidation, aging, desiccation etc. 
The evolution of our understanding of yeast signalling pathways and of stress resis-
tance for instance, to name only a few, allow better appreciation of the types of 
organism Saccharomyces really are and how they would respond when facing various 
stresses. The existence of a general stress response is nowadays well recognized 
(Kobayashi and McEntee 1993; Mager and De Kruijff 1995; Martinez-Pastor et al. 
1996) and this phenomenon can be described as a cross-protection (Treger et al. 
1998), since exposure to a mild stress will contribute to protect the cells against a 
more severe similar stress and to other stresses as well.

It is also interesting to reflect upon the fact that wine yeast is typically produced 
in conditions that are completely the opposite of what the cells are going to face 
after inoculation in grape must; (i) fully aerated vessels as opposed to anaerobic or 
at best micro-aerophilic vessels, and (ii) the presence at any time of a minute 
amount of sugar as compared to high concentrations; nevertheless dry wine yeast 
finds the way to perform well under those completely different sets of conditions. 
Part of this successful adaptation is certainly related to the fact that Saccharomyces 
is Crabtree positive (De Dekken 1966; Wardrop et al. 2004), but also to its reaction 
to stresses in general. Contrary to the general belief, yeast is indeed exposed to 
stresses even during propagation under conditions that some people might consider 
ideal. During industrial propagation yeast can be exposed to a mild heat shock in 
order to increase its trehalose content. Such heat shock has been shown to also 
increase protection against osmotic or oxidative stress (Mager and De Kruijff 1995; 
Ruis and Schuller 1995). Yeast is also exposed to osmotic stress since the better 
performance of today’s fermenters allows to grow more biomass per cubic meter; 
therefore more molasses is being fed and yeast becomes exposed to a greater 
osmotic pressure associated with minerals and other molecules accumulating in the 
fermentation broth. Yeast is of course as well submitted to oxidative stress by the 
nature of the aerobic propagation (Perez-Torrado et al. 2005). Nutrient limitation 
cannot be excluded either (De Winde and Thevelein 1997) since it is a common 
practice under industrial conditions to completely stop nitrogen feeding a few hours 
before the end of the propagation in order to build up more trehalose. Even succes-
sions of mild ethanol stresses exist since the first propagation steps in a plant envi-
ronment involve a series of batch fermentations beginning in the laboratory during 
which ethanol is produced and reabsorbed. Although most of these examples are 
related to the propagation phase of the process, it is important to consider that the 
drying itself in a fluid bed environment contributes to expose yeast to oxidative 
stress as well as to osmotic stress since minerals inside the cell tend to become more 
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and more concentrated as water is being evaporated. All these stresses have been 
shown to trigger different responses involving heat shock proteins and other mole-
cules like zinc finger-containing proteins with a central role for cAMP in nutrient 
signaling pathways (Bauer and Pretorius 2000). The reader is encouraged to consult 
publications (Gancedo 1998; Lee et al. 2002; Magasanik and Kaiser 2002) pertain-
ing to signaling pathways since they represent a subject that is itself worthy of a 
separate chapter.

Another interesting observation has been the discovery of the role of sirtuins on 
yeast longevity and its relationship with caloric restriction (Bordone and Guarente 
2005; Sinclair 2005). Again, according to this hypothesis, caloric restriction acts as 
mild stress and contributes to stimulate respiration in yeast with NAD activating the 
sirtuin enzyme which in turn causes the DNA to be more tightly coiled. As a result 
this increased sirtuin enzyme activity protects yeast cells from forming extra DNA 
rings that are detrimental and allow the yeast to continue to remain youthful and 
divide longer. The connection here is easy to make with the fed-batch mode favored 
during yeast propagation and during which yeast is literally kept starved since sugar 
is almost not detectable during the whole growth process. We can therefore specu-
late that the preferred way of growing yeast on a large scale plays in favor of more 
robust cells that remain healthy and ready to divide when the time comes to face the 
stresses associated with grape must fermentation. Particularly when the yeast may 
be faced with reproduction in a medium where there are not sufficient quantities of 
nutrients to allow proper reproduction.

Technological developments that are not perhaps derived from winemaking or 
yeast production specifically, but nonetheless have driven the current state of knowl-
edge, have come from the different “-omics” technologies, i.e. transcriptomics, pro-
teomics, metabolomics, etc., which have lead to a greater understanding of the 
behavior of a variety of different organisms under many different conditions. With 
the use of S. cerevisiae as a model system, much has been obtained from the “whole 
cell” approach to understanding what is happening in a cell or a population of cells 
under changing environmental conditions (Gasch et  al. 2000; James et  al. 2003; 
Rossignol et al. 2003).

In discussing the general production of dry yeast earlier in this chapter, it was 
noted how yeast producers were aware of how to adapt the yeast during the produc-
tion process to the rigors of drying. This was achieved while still maintaining two 
very simple parameters at acceptable levels, namely viability and activity. These 
two are closely related and are very important in allowing the dry yeast to function. 
However for winemaking purposes the activity of the dry yeast strains is somewhat 
more complicated. Not only does the winemaker require a good population of via-
ble cells that are also significantly active but perhaps there are other characteristics 
of the yeast in wine fermentations that can be adjusted during propagation.

To answer this it is necessary to utilize the new technologies that allow studies of 
global gene transcription or protein expression. The first step is to define what char-
acteristics are of interest or are perceived to be less well understood in terms of wine 
fermentation. Most of the descriptors currently in use are derived from baker’s yeast 
where performance over minutes or hours is all that is required of the yeast. 
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However, wine yeast performance is a much longer affair and, as is becoming more 
apparent, is not limited to its living activity but also to the activities associated with 
its decay towards the end of wine fermentation. Wine yeast activity is also more 
complex than a baker’s yeast activity where gassing power is the main effect. 
Certainly with S. cerevisiae conversion of sugar to ethanol is a major factor, but so 
too are some of the other metabolic characters of the yeast. Some yeasts are 
 particularly good at production of fruity esters that are attractive in some wine 
styles. Some strains have enzymes which act on other molecules in the wine must, 
releasing more aromatic compounds or providing further intermediates which can 
be acted on by the yeast or by other indigenous microflora to add more flavor com-
plexity to the wine. Using more advanced techniques such as genetic modification 
of yeast in the lab can lead to a greater understanding of how these processes occur 
(Sweigers et al. 2007) and how future selection or improvement of yeast strains may 
be carried out to further enhance the palette of flavors that are available to the wine-
maker through application of different yeast strains.

Using techniques such as DNA microarrays it is possible to study how the indus-
trial propagation of active dry wine yeast affects different patterns of gene expres-
sion during the yeast production. It is then possible to study the yeast behavior and 
gene expression in subsequent wine fermentations, especially with more easy-to- 
grasp concepts such as lag phase in winemaking, or perhaps volatile acidity produc-
tion or propensity to produce H2S. The great challenge with this type of technique 
is to bring out the positive characteristics and the gene expression pattern obtained 
from the yeast under wine fermentation conditions, and to transfer that knowledge 
to what the yeast is doing in terms of gene expression during its propagation.

Needless to say the expression profile of yeast under commercial propagation 
conditions is much different from that of yeast in the early stages of a wine fermen-
tation. However, much progress has been made in the field of yeast DNA microar-
rays and in particular there have been interesting articles published on gene 
expression of vineyard Saccharomyces cerevisiae (Cavalieri et al. 2000; Rossignol 
et al. 2003), stress response of yeast at the diauxic shift (Puig and Perez-Ortin 2000), 
and indeed during rehydration (Rossignol et al. 2006). This study of the genome 
expression profile of an industrial wine yeast strain during rehydration and fermen-
tation and the results they have obtained have also helped to understand more of the 
complexities of the yeast behavior during vinification.

In some recent research on the behavior of rehydrated wine yeast, the outcome 
was slightly different than what may have been assumed. One striking difference was 
the apparent lack of response from genes involved in the stress response when the 
rehydrated yeast was inoculated into the wine must. Given earlier discussion of how 
the stress response was employed to prepare yeast for drying and storage, the lack of 
stress response in rehydrating yeast seems conflicting. Moreover, during rehydration 
the authors of this work noted that the yeast displayed a response to organic acids 
(Rossignol et al. 2006), consistent with a stress response to pH, but it is not clear as 
to why this occurred or indeed if this response by the rehydrating yeast is a good or 
bad characteristic. More research like this would certainly help elucidate further 
understanding of active dry yeast and aid in development of production techniques 
that can enhance or eliminate perceived strengths or weaknesses in the dry yeast.
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6  Yeast Utilization

6.1  Wine Yeast Characterization: Oxygen & Nitrogen 
Requirements

Oxygen and nitrogen are essential yeast nutrients during grape must fermentation. 
Their deficiencies can lead to stuck or sluggish fermentations. Moreover, the needs 
of these essential factors can be affected by other winemaking parameters such as 
temperature and sugar concentration (Coleman et al. 2007).

Many studies have shown that yeast assimilable nitrogen content of must 
determines yeast population and fermentation activity. Nitrogen is often limiting 
(Amerine et al. 1980) and a relationship has been found between its initial concen-
tration and maximum fermentation rate (Bely et al. 1991). The addition of nitrogen 
during the stationary phase is very effective because of the stimulation of protein 
synthesis and particularly on sugar transport systems (Bely et  al. 1994). Some 
authors have demonstrated that this effect is strain specific (Jiranek et  al. 1991; 
Manginot et al. 1998; Julien et al. 2001).

A study of yeast nitrogen requirements (Julien et al. 2001) showed that consump-
tion during the stationary phase has a high technological impact since most of the 
sugar is metabolized after growth has stopped (Bely et al. 1994); adding ammonium 
salts during this phase is at least as effective as adding it in the must (Bely et al. 
1991). Another study (Manginot et al. 1997) explained how the maximum fermen-
tation rate can be maintained throughout most of the fermentation by nitrogen addi-
tion (Fig. 8.4).

0

20

40

60

80

100

120

140

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 10 20 30 40 50 60 70 80 90 100

m
g 

ni
tro

ge
n 

ad
de

d

Fe
rm

en
ta

tio
n 

ra
te

 (g
/l.

h)

CO2 (g/l)

Fig. 8.4 Monitoring of the fermentation speed and the nitrogen added in function of the CO2 
released during alcoholic fermentation by commercial yeast of Saccharomyces cerevisiae. To cal-
culate the nitrogen needs in mg of nitrogen added per gram of CO2 released and per hour, we used 
the slope in between the arrows

8 Production and Utilisation of Yeast Biomass for Wine Fermentation



276

Results of this study indicate that enological yeasts have very different nitrogen 
demands, some yeasts requiring three times more nitrogen than others to ferment 
the same must at the same fermentation rate. A good relationship was demonstrated 
between this criterion (yeast nitrogen demand) and the fermentation duration of 
deficient nitrogen grapes, showing that available nitrogen is a good indicator of the 
yeast ability to ferment nitrogen-deficient must.

Oxygen is another important factor for yeast metabolism during winemaking 
since it is required for synthesis of sterols and unsaturated fatty acids. The impor-
tance of controlled oxygen supply for efficient fermentation has been widely 
described (Ribereau-Gayon and Peynaud 1960; Sablayrolles and Barre 1986); 
Sablayrolles et al. pointed out the effectiveness of combined additions of oxygen 
and nitrogen to prevent stuck or sluggish fermentations (Sablayrolles et al. 1996). It 
was also recently reported (Julien et al. 2001) that yeast oxygen requirements among 
yeast strains vary much more than what was observed for nitrogen requirements 
among the same strains.

6.2  Sterol Protection Role During Active Dry Yeast 
Rehydration

Dry wine yeast needs to be rehydrated in lukewarm water before inoculation into 
the must. This phase of rehydration is necessary to obtain healthy membranes, a 
condition essential to allow optimum viability and subsequent optimum technologi-
cal performance. The contribution of specific sterols at this stage improves the 
structure of the plasma membrane, and in the long term prepares yeast to better 
ensure alcoholic fermentation, particularly under difficult conditions (Fornairon- 
Bonnefond et al. 2002; Luparia et al. 2004).

During rehydration yeast cells start by mobilizing lipid reserves for quick repair 
of the membranes stressed during the drying and rehydration processes (Beker et al. 
1984). Soubeyrand et al. recently showed that yeast can also incorporate extracel-
lular lipids, including sterols (Soubeyrand et  al. 2005). This quick incorporation 
(less than 15 min) allows the cells to quickly recover. Sterol incorporation was par-
ticularly interesting as these molecules are known to exert an important role in cel-
lular survival at the final stages of alcoholic fermentation (Fornairon-Bonnefond 
et al. 2002; Luparia et al. 2004). Fig. 8.5 shows that dry wine yeast can incorporate 
extracellular sterols in an effective and rapid manner (Soubeyrand et al. 2005).

Qualitative effects of various sterols on the growth and the viability of yeasts 
have been investigated (Luparia et  al. 2004). During alcoholic fermentation, the 
yeasts must imperatively incorporate exogenous sterols in order to be able to 
develop. In grape musts, sterols are present in the form of phytosterols, whose 
chemical nature differs from the sterols normally synthesized by yeast under aero-
bic conditions (Luparia et al. 2004). These phytosterols are primarily localized in 
the grape skin (Valero et  al. 1998). However a recent study showed that such 
 phytosterols were not sufficient to guarantee yeast integrity during the whole fer-
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mentation because of the difference in chemical structure between the phytosterols 
and the sterols normally found in the yeast membranes (Luparia et al. 2004).

Many pre-fermentative treatments, and in particular clarification usually prac-
ticed in white and rosé winemaking, involve flocculation of pectin aggregates on 
which phytosterols can remain adsorbed; grape must is therefore depleted of 
assimilable sterols. Hence it is imperative to try as much as possible during the 
rehydration phase to promote conditions that will favor optimum conformation of 
the cellular membranes: it can be done by the incorporation of specific yeast ste-
rols. It is possible to do so by using, at the time of yeast rehydration, inactive yeast 
made from yeast naturally rich in sterols. The impact obtained on the later perfor-
mance of yeasts is remarkable. Under difficult winemaking conditions (depletion 
in anaerobic survival factors, highly clarified must, low or high temperatures, high 
potential alcohol) sterol protection provided by an inactive yeast rich in sterols 
during the rehydration phase of the active dry yeast allowed promotion of a higher 
viability (Fig.  8.6) until the end of fermentation and a reduction in volatile 
acidity.

Figure 8.7 illustrates the impact of rehydration in the presence of yeast sterols 
on the cell surface, those being rehydrated in the presence of yeast sterols 
(Fig. 8.7b) showing a smoother and healthier surface than those rehydrated with-
out (Fig. 8.7a)
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Fig. 8.5 Kinetics of incorporation of sterols measured using [4–14C] cholesterol during the rehy-
dration of strain Lallemand EC-1118 (1 g) in 10 ml of water glucose (0,5 G) in the presence of a 
preparation of solubilized sterols (25 mg) at 37 °C
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Fig. 8.7 It illustrates the impact of rehydration in the presence of yeast sterols on the cell surface 
(a) represents atomic force microscopy images of yeast cells of ADY n°77 after 20 min of rehydra-
tion in water (b) represents atomic force microscopy images yeast cells of ADY n°77 after 20 min 
of rehydration in water in presence of solubilised sterols issued from a high sterol content Inactive 
Dry Yeast. (Images courtesy of Ashok Adya, University of Abertay Dundee, Dundee, Scotland)
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bilised yeast sterols (24 mg L-1, curves red)
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1  Introduction

Alcoholic fermentation is a key step in winemaking. During this process, hexoses 
and other grape must constituents are converted to ethanol, carbon dioxide, and 
many other secondary by-products that affect the sensorial properties of wine. The 
species and strains of yeast responsible for fermentation have a major effect on the 
process, but must composition and fermentation control are also important. 
Fermentation kinetics, i.e., the rate of sugar consumption and ethanol or CO2 pro-
duction, depend on interactions between yeasts, the availability of nutrients in the 
must and parameters controlling fermentation (e.g., temperature).

Optimizing the control of alcoholic fermentation for winemaking is a difficult 
challenge. In contrast to other industrial fermentation processes, the aim is not to 
maximize the concentration or yield of a defined metabolite or the productivity of 
the process. Rather, in winemaking, the main objective is to optimize product qual-
ity, which is very difficult to quantify (Francis and Newton 2005). The control of 
technological parameters, such as sugar exhaustion, duration of fermentation and 
the amount of energy required to regulate fermentation temperature, is a general 
prerequisite for managing the characteristics of wine. Legal constraints are also 
responsible for certain aspects of fermentation control during winemaking. Certain 
traditional practices are of particular historical and cultural importance, especially 
in the context of AOP (Protected Designation of Origin), in which regulations have 
been established to preserve these practices, and only a limited and pre-defined list 
of operations is possible. However, this list is rapidly changing to allow winemakers 
to adapt to new wine markets and consumer expectations.

This chapter describes the kinetics of alcoholic fermentation in winemaking con-
ditions, the main parameters that affect these kinetics, and the main factors that can 
be controlled to improve fermentation and modify wine properties.

2  Description of Fermentation Kinetics

2.1  Kinetics of a Standard Fermentation

In a standard fermentation, i.e., performed by a pure culture of Saccharomyces cere-
visiae at constant temperature, three main phases are observed: lag, growth and 
stationary phases, which will be discussed in the following sections.

2.1.1  Lag Phase

The lag phase is usually defined as the phase before ‘active fermentation’. The 
phase corresponds to the progressive saturation of the medium in CO2 (approxi-
mately 1.5 g/l). A cell population of approximately 107 cells/ml is reached by the 
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end of this phase, corresponding to 2–3 generations, and the yeasts are depleted of 
accumulated trehalose and glycogen (Novo et al. 2003). Less than 4 g/l sugar is 
consumed, and 2  g/l ethanol is produced, and the composition of the medium 
changes only very slightly, with the exception of a rapid decrease in thiamine con-
centration. Bataillon et  al. (1996) showed that in a must inoculated with 106/ml 
cells, thiamine was exhausted in less than 5 h (24 h following inoculation with 104/
ml). Many factors affect the length of the stationary phase in a strain-dependent 
manner, as recently reported by Ferreira et al. (2017). These authors demonstrated 
that low temperature and osmotic stress substantially affected all strains, promoting 
considerably extended lag phases. SO2 addition had a partially temperature- 
dependent effect, whereas low phytosterol and thiamine concentrations affected the 
lag phase in a strain-dependent manner. Zhao (2005) noted both the major effect of 
SO2 and the differences between yeast strains. These differences, with MET2 and 
SKP2 playing a key role, were explained by Noble et al. (2015).

2.1.2  Growth Phase

The growth phase, during which 20–40% of the sugar is consumed, lasts from the 
end of the lag phase until the maximum population is reached. At the beginning of 
this phase, the yeast population increases exponentially, i.e., at a constant specific 
growth rate. As described by Bely et al. (1990a), this growth rate decreases during 
the second half of this phase, which corresponds to the last generation, and the final 
population ranges between 50 and 250 × 106 cells/ml. These authors also used an 
online monitoring device for measuring the amount of CO2 evolved – proportional 
to the amount of ethanol produced and the amount of sugar consumed – to calculate 
and describe precisely the evolution of the other kinetic parameters. They observed 
the following:

 (i) The maximum specific CO2 production rate (proportional to the maximum met-
abolic activity of the yeast) is reached very soon, i.e., when the sugar concentra-
tion has been reduced by less than 10 g/l. This finding indicates that the decrease 
in yeast activity due to limitations and inhibition phenomena occurs at the very 
beginning of fermentation.

 (ii) The maximum CO2 production rate (dCO2/dt)max (proportional to the maximum 
fermentation rate) is reached later but always before the end of cell growth. This 
maximum has technological importance because it is proportional to the maxi-
mum power generated by fermentation and therefore to the maximum power 
required to cool the tank.

In most cases, growth stops due to the exhaustion of assimilable nitrogen in the 
must. This exhaustion occurs when (dCO2/dt) is maximal, as demonstrated by 
Colombie et al. (2007a), who measured changes in medium conductivity (directly 
proportional to ammoniacal nitrogen content) online. Crepin et  al. 2012 demon-
strated that nitrogen compounds could be classified into three groups according to 
their order of use: prematurely consumed (Lys), early consumed (Asp, Thr, Glu, 
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Leu, His, Met, Ile, Ser, Gln, and Phe), and late consumed (ammonium, Val, Arg, 
Ala, Trp, and Tyr). This classification corresponds to a strategy of distribution of 
metabolic fluxes implemented by yeast as a means of adapting to environments with 
changing and scarce nitrogen resources (Crepin et al. 2017).

2.1.3  Stationary Phase

The stationary phase starts when the yeast cells have reached the maximum popula-
tion. Most of the sugar (between 50 and 80%) is fermented during this phase by 
yeast that are not actually growing. This feature is specific to the winemaking condi-
tions. The fermentative activity of the yeast gradually decreases during this phase 
due to a decrease in the hexose transport rate (Salmon et al. 1993) and in the expres-
sion of the main glycolytic genes (Puig and Perez-Ortin 2000). Various mechanisms 
that inhibit yeast growth and activity operate during this phase. The mechanisms 
involve highly different compounds, such as mid-length-chain fatty acids, acetic 
acid and killer toxins, but the main inhibitor is ethanol, as demonstrated by Ansanay- 
Galéote et al. (2001), who studied the effect of adding ethanol and observed that the 
fermentation rate correlated directly with ethanol concentration in the fermenting 
must. Other changes have been described during the stationary phase, especially in 
nitrogen metabolism (Noti et al. 2018). It should be noted that dedicated fermenta-
tion devices have been developed for physiological analysis in continuous fermen-
tation processes mimicking different phases of the stationary phase (Clement et al. 
2011; Vazquez-Lima et al. 2014).

During the stationary phase, yeast cell size increases due to the synthesis of tre-
halose and glycogen, as indicated in Fig. 9.1. Glycogen is considered to be a storage 
carbohydrate (Parrou et al. 1999), whereas trehalose plays a more complex role. 
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Fig. 9.1 Changes in yeast population, CO2 production rate, and trehalose and glycogen content of 
yeast (Roustan and Sablayrolles 2004)
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Trehalose has been implicated in response to stresses caused by ethanol, tempera-
ture (Vianna et al. 2008) and nitrogen depletion (Varela et al. 2004). However, under 
winemaking conditions, trehalose undoubtedly replaces glycerol as a ‘compatible 
solute’ during the course of fermentation, counterbalancing the osmotic pressure, 
which may exceed 2000 mOsm/kg (Roustan and Sablayrolles 2004). Trehalose may 
also be involved in an adaptive mechanism for fine tuning glycolysis and carbon 
storage management during alcoholic fermentation (Jules et al. 2008; Novo et al. 
2005).

2.2  Effect of Hydrodynamic Conditions

Most studies published on the kinetic parameters of wine fermentation have been 
carried out at the laboratory scale. However, the hydrodynamics of reactions within 
small fermentors differ considerably from those within large tanks (several hundred 
hectolitres). When trying to extrapolate between scales, the hydrodynamics within 
tanks of laboratory, pilot and industrial scales must be considered. The different fac-
tors affecting this parameter are described in the following sections.

2.2.1  Homogeneity

Homogeneity of the suspension within the tank is essential for effective exchange 
between the yeast and the medium. In winemaking, mixing is caused solely by the 
production of CO2. Garcia et  al. (1994) and Muller and Velten (2015) proposed 
models for calculating mixing power and a heterogeneity factor for fermentation 
tanks.

In practice, Garcia et al. (1994) considered homogeneity to be achieved in most 
tanks. Malherbe (2003) found no heterogeneity when measuring the temperature, 
sugar and ethanol concentrations at different locations within an 11,000-l tank dur-
ing white wine fermentation. The cell population was found to have decreased by 
30% at the end of fermentation, with the population beginning to decrease at a CO2 
production rate of approximately 0.2  g/l.h (i.e., 0.4  g/l.h sugar consumption). 
However, the liquid phase remained homogeneous, as confirmed by Aguera and 
Sablayrolles (2005) in a study of hydrodynamics at the pilot scale (100 l).

2.2.2  Effect of Agitation, Turbidity and Tank Size on Fermentation 
Kinetics

Plouy (2000) and Casalta et al. (2010) studied the effect of stirring and turbidity on 
fermentation kinetics in 1-l and 100-l fermentors. Stirring considerably decreased 
the duration of fermentation but had little effect on the maximum fermentation rate, 
indicating that stirring was most effective at the end of fermentation, i.e., when the 
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fermentation rate was low. This effect was confirmed by the absence of a decrease 
in the yeast cell population in the stirred fermentors. When solids were added to the 
musts to increase their turbidity to 200 turbidity units (NTU), stirring had a much 
weaker effect, confirming (i) the positive effect of the presence of solid particles and 
(ii) the interactions between must turbidity and agitation (Fig. 9.2). In small fermen-
tors (laboratory scale), stirring has several advantages: (i) it increases kinetic repro-
ducibility, (ii) it abolishes the decrease in cell population and (iii) it decreases the 
negative effect of excessive must clarification.

Fig. 9.2 Changes in CO2 production rate during the fermentation of Grenache must with grape 
must solid particles (a) and without solid particles (b) in a 100-L (red), a stirred 1-L (blue), and a 
static 1-L fermentor (green) (Casalta et al. 2010)
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Malherbe (2003) investigated the effect of pilot- and industrial-scale tank sizes. 
The author compared kinetics of fermentation in l00-l and 11,000-l tanks and found 
them highly reproducible. However, further experiments indicated slight differ-
ences, particularly in sluggish fermentations, with very low fermentation rates at the 
end.

2.2.3  Red Winemaking

The hydrodynamic conditions in traditional red winemaking fermentation processes 
are highly specific and cannot be simulated satisfactorily in laboratory fermentors. 
Therefore, the conditions should be studied at the pilot scale, with tank volumes of 
at least several tens of litres. During fermentation (Fig. 9.3), the solid particles rise 
to the surface to form a cap, which becomes increasingly compact. This cap is only 
partly submerged (approximately half the cap is submerged). The upper part of the 
cap contains very little or no interstitial liquid and is highly heterogeneous in terms 
of both temperature (Schmid et al. 2009) and yeast population. In contrast, the must 
phase may be considered homogeneous throughout most of the fermentation pro-
cess. Cap punching (or pumping over) is usually carried out to homogenize the 
contents of the tank. In studies of changes in the rate of production of CO2 under 
such fermentation conditions, Aguera and Sablayrolles (2005) observed a highly 
significant increase in fermentation rates after cap punching (Fig. 9.4). This increase 
was (i) nearly instantaneous and continued over several hours and (ii) particularly 

Fig. 9.3 Cap formation during red wine vinification. (1): Tank filling, (2): after fermentation of 
5% of the sugar, and (3): after fermentation of 40% of the sugar. One hundred-litre tank with trans-
parent walls (Aguera and Sablayrolles 2005)
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large when pumping over was carried out during the second part of the fermentation 
(stationary phase). Cell population measurements indicated that this kinetic accel-
eration was mostly due to a transfer of yeasts from the cap to the liquid phase, 
increasing the size of the cell population in the liquid (by more than 50%).

3  Control of Fermentation Kinetics

Despite strong constraints, due in particular to regulations in place, it is possible 
to control  – at least partially  – the fermentation kinetics by acting on several 
parameters.

3.1  Importance of Nutrients

Fermentation kinetics may vary considerably with must composition. Indeed, nutri-
ents are essential for yeast growth and survival.
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Fig. 9.4 Effect of cap punching (↑) on fermentation kinetics in red winemaking. One hundred- litre 
tank (Aguera and Sablayrolles 2005)
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3.1.1  Assimilable Nitrogen

Casalta et al. (2013) compared different methods for the determination of assimi-
lable nitrogen in musts and confirmed that ammoniacal nitrogen and free amino 
acids, but also some peptides, can be assimilated by yeasts. Bely et  al. (1990a) 
tested one hundred musts from the main winemaking regions of France under stan-
dardized conditions. These authors demonstrated that changes in fermentation rates, 
expressed as dCO2/dt, were mostly attributable to differences in the assimilable 
nitrogen content of the musts (Bely 1990; Bely et al. 1990b). There was a direct 
relationship between fermentation rate and assimilable nitrogen concentration, 
which varied from 53 to 444 mg/l. Nicolini et al. (2004) also reported a wide vari-
ability in the assimilable nitrogen content of musts. The authors analysed 600 Italian 
wines and reported assimilable nitrogen concentrations ranging from a few tens of 
mg/l to nearly 400 mg/l, with an average value of 136 mg/l, whereas Butzke (1998) 
reported a mean concentration of 213  mg/l in 1500 musts originating from 
California. Year and maturity (Dubois et al. 1996), as well as vineyard treatments 
(Garde-Cerdan et al. 2014; Holzapfel et al. 2015; Perez-Alvarez et al. 2015; Verdenal 
et al. 2016), also affect assimilable nitrogen content and, consequently, fermenta-
tion kinetics.

The addition of ammonium salts (diammonium phosphate (DAP) or ammonium 
sulphate) efficiently increases the fermentation rate and decreases the duration of 
fermentation (Agenbach 1977), but the timing of this addition is important. If nitro-
gen is added at the time of inoculation, it is metabolized and used for additional 
yeast growth. If added during the stationary phase, nitrogen rapidly increases the 
rate of CO2 production by reactivating hexose transport (Bely et al. 1994), and it is 
at least as efficient than when added initially (Bely et  al. 1990b; Seguinot et  al. 
2018). It is notable that additions made after the consumption of 80–100 g/l sugar 
lead to a lower increase in the CO2 production rate and therefore to a lower peak of 
energy demand for temperature regulation than those observed with addition to the 
must, while the fermentation durations observed in both situations are very similar 
(Malherbe et al. 2004). The effectiveness is also dependent on the initial concentra-
tion in the must. Adding ammoniacal salts consistently affects the kinetics, but addi-
tions are usually considered necessary when the assimilable nitrogen concentration 
in the must is lower than 150–180 mg/l. Adding a mixture of amino acids has a 
highly similar effect to that of adding ammonium salts on the fermentation kinetics 
(Fig. 9.5), although the effect on yeast secondary metabolism may be significantly 
different (cf 3.2).

3.1.2  Oxygen and Lipids

Yeasts require oxygen for their development and the maintenance of viability at the 
end of fermentation. Oxygen is required for the synthesis of sterols and unsaturated 
fatty acids, which are essential constituents of the plasma membrane (Andreasen 
and Stier 1953; Parks 1978). Under typical winemaking conditions, the yeasts used 
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for inoculation (in the form of active dry yeasts) contain large amounts of lipids, 
either incorporated into the membranes or stored as lipid reserves (triglycerides, 
etc.). It is therefore possible for the yeast to persist several generations without oxy-
gen, but under these conditions, the yeast cells will have low sterol and fatty acid 
levels at the end of the growth phase and during the stationary phase.

Even if oxygen is usually not limiting for yeast growth and activity, oxygenation 
may strongly affect yeast survival, particularly if there is a risk of fermentation 
becoming stuck. Sablayrolles and Barre (1986) estimated oxygen requirements at 
approximately 10 mg/l. Musts generally contain lipids likely to be directly incorpo-
rated by yeast, decreasing oxygen requirements (Luparia et al. 2004). These com-
pounds are found mainly in grape residues in wine (Houtman and du Plessis 1986). 
The timing of oxygen addition is at least as important as the quantity added. Oxygen 
is most effective when added at the end of the growth phase (Sablayrolles and Barre 
1986; Vivas and Cros 1991), when yeasts have utilized their lipid reserves. Another 
advantage of adding oxygen at this time point is that it limits the risk of oxygen use 
by polyphenol oxidases. Indeed, oxygen consumption by oxidases is likely much 
less effective than oxygen assimilation by yeasts at this time point, whereas this is 
not the case during inoculation.

It is difficult to control oxygen addition precisely because only very small quan-
tities (a few mg/l) are added and oxygenation is carried out when the fermentation 
rate is high, i.e., when oxygen is consumed by the yeast as it is added. Moreover, 
only the oxygen transferred into the must be metabolized by the yeasts. Several 
authors (Moenne et  al. 2014; Cerda-Drago et  al. 2016) have proposed methods, 

Fig. 9.5 Changes in fermentation kinetics depending on the addition of nitrogen: control without 
addition (green curve); addition at the beginning of fermentation of DAP (dark blue curve) or 
amino acids (red curve); and addition during the stationary phase of DAP (light blue curve) or 
amino acids (orange curve). The arrow indicates the timing of addition during the stationary phase 
(Seguinot et al. 2018)
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including modelling approaches, to quantify this amount in industrial tanks. 
Blateyron et al. (1998) showed that (i) during oxygen sparging, the quantity of oxy-
gen transferred to the fermenting must by most spargers is at least 50% of the 
amount added and (ii) when using pumping over, it is necessary to pump approxi-
mately twice the volume of the tank to transfer 10 mg/l.

Adding lipids is also a good way to provide major constituents of the yeast 
plasma membrane and to limit oxygen requirements. Solid particles of the must are 
the major source of lipids (Alexandre et al. 1994; Casalta et al. 2016), and their 
management is essential, especially in white winemaking. Indeed, in highly clari-
fied musts, solid particles can dramatically limit the fermentation kinetics, as illus-
trated in Fig. 9.6. Casalta (2017, personal communication) demonstrated that the 
effect of solid addition was mostly due to phytosterols. Indeed, adding 1 mg/l of 
phytosterol of different origins (synthetic or issued from grape solids of different 
varieties) had the same effect on the kinetics (Fig. 9.7). These results explain the 
major interest in estimating phystosterol concentrations in musts. Unfortunately, 
there is no simple method for such estimation, and turbidity measurements provide 
only rough estimates.

3.1.3  Other Nutrients

Other nutrients may also affect fermentation kinetics (Bisson 1999). Magnesium 
concentration may directly affect the yeast growth rate and sugar degradation (Birch 
et al. 2003). Magnesium ions play an important role in protecting cells from stress 
factors. Magnesium and phospholipids stabilize the cell membrane, protecting yeast 
cells from the toxic effects of ethanol. The loss of magnesium and excessive 

Fig. 9.6 Effect of adding solid particles, in a highly clarified must, on fermentation kinetics 
(Casalta, personal communication). Control (in black) and additions of 0.5%, 1%, 1.5% and 2%, 
respectively
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calcium uptake increases the susceptibility of yeast to alcohol and high temperature 
stresses.

Vitamin concentrations are not usually limiting in musts: the addition of a mix-
ture of biotin, thiamine, (meso) inositol, pantothenic acid, nicotinic acid and pyri-
doxin to 17 different musts had very little effect (less than 10% difference) on the 
duration of fermentation (Sablayrolles and Salmon 2001). However, thiamine was 
the first nutrient eliminated from a contaminated must (Bataillon et al. 1996). This 
biological depletion of thiamine led to low kinetics of fermentation, and this phe-
nomenon was amplified in musts with high assimilable nitrogen concentrations. The 
addition of thiamine may, therefore, have a positive effect under certain winemak-
ing conditions.

3.1.4  Interest of Combined Nutrient Management

All nutrients combine their effects, and an optimal strategy for controlling fermen-
tation requires considering several of them. Lowering the risks of stuck fermenta-
tion and managing fermentation of highly clarified musts represent good 
examples.

Stuck and Sluggish Fermentations Despite improvements in fermentation man-
agement, such as using selected strains and controlling temperature, certain fermen-
tation problems persist, mostly because of an increase in the average sugar content 
of the musts.

Fig. 9.7 Effect of adding 1 mg/l of β-sitosterol on fermentation kinetics. Comparison of synthetic 
β-sitosterol (positive control, in red) and β-sitosterol from solid particle samples issued from dif-
ferent musts: Maccabeu, Viognier, Chardonnay, Marselan, Cabernet, Cabernet Sauvignon, Merlot 
(Casalta et al. 2016)
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It is first necessary to describe and define these problems because they may cor-
respond to different situations (with different solutions) (Fig. 9.8), which are not 
always distinguished in practice or even in the literature (Alexandre and Charpentier 
1998; Bisson 1999; Bell and Henschke 2005). To overcome this difficulty, Blateyron 
and Sablayrolles (2001) proposed distinguishing (i) fermentations with a low fer-
mentation rate throughout the process, which they called ‘slow fermentations’, from 
(ii) fermentations with a very slow fermentation rate only at the end, called ‘stuck’ 
(when remaining residual sugar) or ‘sluggish’ (without residual sugar) fermenta-
tions. The authors tested 178 difficult-to-ferment musts and, using statistical analy-
sis, demonstrated that ‘slow fermentations’ are mainly due to must nitrogen 
deficiencies. In contrast, sluggish and stuck fermentations are closely related to 
yeast mortality, which is highly favoured by high ethanol concentrations.
In practice, a precise analysis of the type of fermentation problem is not usually 
feasible, and the combined addition of ammoniacal nitrogen and oxygen is a good 
solution because it combines the positive effects of oxygen on yeast survival and 
those of nitrogen on yeast activity. However, this addition has to be correctly timed, 
i.e., at the start of the stationary phase, when approximately 5% ethanol has been 
produced (Blateyron et al. 2000). Blateyron and Sablayrolles (2001) assessed the 
efficacy of combined additions on 72 musts leading to sluggish or stuck fermenta-
tions. In all cases, the addition of 5 mg/l oxygen and 300 mg/l di-ammonium phos-
phate when the ethanol concentration was approximately 5% led to (i) a dramatic 
decrease (by 44% on average) in the duration of the fermentation (for sluggish fer-
mentations) or (ii) sugar exhaustion (for stuck fermentations). This effect was inde-
pendent of the variety and origin of the must and the yeast strain.

Clarified Musts As previously described (2.1.2), the addition of solid particles to 
highly clarified musts dramatically increases the fermentation rate (Fig. 9.6). This 
effect is due to greater consumption of assimilable nitrogen (Fig. 9.9) with a switch 

Fig. 9.8 Differences in 
CO2 production rate 
between a ‘slow 
fermentation’, 
characterized by low CO2 
production rates 
throughout fermentation 
(dotted line), and a 
‘sluggish fermentation’, 
with a very low rate of 
fermentation at the end of 
the process (continuous 
line) (Blateyron and 
Sablayrolles 2001)
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from a lipid deficiency to a nitrogen deficiency. In this example, the switch occurred 
when 5 mg/l phytosterols was added, but this value is must- and strain-dependent. 
Using another must and strain, Ochando et al. (2017) showed that 8 mg/l phytos-
terol was necessary to exhaust assimilable nitrogen, while only 3 mg/l was neces-
sary when 10 mg/l oxygen was added.

The interest in avoiding residual assimilable nitrogen was recently explained by 
Duc et al. (2017), who demonstrated that (i) cell death results from yeast’s inability 
to trigger an appropriate stress response under certain conditions characterized by 
nutrient limitations, particularly a limitation by lipids, and that (ii) limitation by 
nitrogen is the most favourable situation for inducing such stress responses.

Therefore, it can be considered that, in the case of nitrogen-rich musts, the best 
strategy is to combine (i) sufficient turbidity, i.e., 50–150 NTU, to increase nitrogen 
assimilation and therefore increase the fermentation rate and move towards a 
nitrogen- limited situation with (ii) oxygen addition, which is the best way to 
improve yeast viability.

To limit the risks of fermentation problems, especially in the case of clarified 
musts, it is also possible to use commercial products that are combinations of 
different nutrients, including at least ammoniacal nitrogen, thiamine and inacti-
vated yeasts. Some activators containing inactivated dry yeasts (IDY) are usable 
during the rehydration phase because they facilitate the rehydration of active dry 
yeasts (ADY) due to the transfer of sterols from IDY to ADY (Soubeyrand et al. 
2005).

Fig. 9.9 Effect of adding solids on yeast nitrogen assimilation. Switch from a lipid deficiency to 
a nitrogen deficiency
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3.2  Influence of the Yeast Strain

Saccharomyces cerevisiae is the main yeast used in winemaking due to its high 
fermentation capacity, and more than 200 different S. cerevisiae strains are currently 
available commercially, with the strains showing highly diverse fermentation 
properties.

In a comparison of 20 randomly chosen commercial strains (i.e., without taking 
their fermentative capabilities into account), Colombie et al. (2005) observed differ-
ences in fermentation kinetics in a synthetic medium, with the duration of fermenta-
tion ranging from 80 to 109 h. Several studies (Julien et al. 2000; Gutierrez et al. 
2012) showed that differences between strains in easy-to-ferment musts were 
mostly due to differences in assimilable nitrogen demands. Brice et al. (2014) com-
pared two groups of strains, one with low nitrogen requirements (LNRs) and the 
other with high nitrogen requirements (HNRs) and suggested that differences may 
originate from variations in nitrogen sensing and signalling under conditions of 
starvation.

In the case of difficult-to-ferment musts, it is essential to choose strains with a 
good ability to resist high ethanol concentrations. Blateyron et al. (2000) compared 
13 randomly chosen strains cultured in a natural must leading to sluggish or stuck 
fermentations: three strains yielded stuck fermentations, with residual sugar con-
tents of 10–56 g/l, whereas the remaining 10 strains fermented all the sugar, with a 
fermentation duration of 119–170 h.

Ethanol concentration is also an important parameter, and due to the higher aver-
age sugar concentration of modern musts, some winemakers would like to lower the 
final ethanol concentration by 1 or 2% v/v. Could this be achieved with commercial 
yeast strains with a lower ethanol yield? In a study of 55 different strains inoculated 
in a synthetic medium containing 200 g/l sugar, final ethanol concentrations ranged 
between 11.72% and 12.09%, with a mean concentration of 11.95% and a standard 
deviation of 0.08%, clearly indicating a low level of variability in ethanol yield, 
with differences of less than 0.5%. This finding is not surprising because a large 
amount of sugar must be metabolized to obtain a single percent decrease in alcohol 
content (16.8 g/litre), and the accumulation of undesirable by- products in the wine 
must be avoided. Various genetic engineering strategies based on modification of 
the carbon and redox balance have been developed to lower the ethanol yield. These 
approaches have often faced problems of indirect accumulation of undesirable 
products that may affect wine quality, demanding several gene modifications to 
obtain a fine adjustment of the level of metabolites. To date, the best strategy com-
plying with wine quality and strain performance requirements is the concomitant 
overproduction of glycerol and 2,3-butanediol at the expense of ethanol obtained by 
multi-step engineering (Tilloy et  al. 2014). In addition to the development and 
exploitation of new strains of Saccharomyces yeasts, the use of non-Saccharomyces 
yeasts in combination with S. cerevisiae has attracted interest in recent years for 
lowering ethanol yield (Ciani et al. 2016a; Contreras et al. 2014, 2015; Englezos 
et al. 2015).
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3.3  Effect of Temperature

Temperature has a major effect on fermentative kinetics. Between 15 and 25 °C, 
the fermentation rate is doubled when the temperature is increased by approxi-
mately 8  C (Bely et  al. 1990a). The temperature profile is also important; an 
increase of several degrees during fermentation – a frequent situation in oenol-
ogy – greatly changes the fermentation kinetics. Table 9.1 illustrates the effect of 
temperature on the fermentation time as well as on the maximum fermentation 
rate. In all cases, the temperature is between 15 °C and 22 °C, a typical range in 
white winemaking. The values indicated in this table have been calculated using 
simulation software (Goelzer et al. 2009). Logically, non-isothermal fermentations 
have intermediate values between the 2 isotherms at 15 °C and 22 °C, with faster 
fermentations occurring when the temperature increases from the beginning. 
However, we note the highly significant effect of the increase in temperature dur-
ing the second part of the fermentation. Indeed, compared with the isotherm at 
15  °C, this temperature regime (which corresponds to a common practice) can 
shorten alcoholic fermentation to 7 days. Moreover, it should be noted that a final 
temperature of at least 20 °C is usually necessary to perform a subsequent malolac-
tic fermentation.

The temperature regime also has a highly significant effect on the energy 
 requirements for temperature control. Table  9.1 indicates: (i) the peak energy 
(Pmax), at which the fermentation rate is maximum, and (ii) the total energy 
(Etot) necessary for the whole fermentation. These parameters are of great tech-
nological interest because they are proportional to the power of the refrigeration 
unit and the energy consumption, respectively. Compared with the isothermal at 
15 °C (Etot = 1411 Mcal), increasing the temperature to 22 °C allows for highly 
significant energy savings of 43% (Etot = 811 Mcal) and 34% (Etot = 935 Mcal). 
The early increase in temperature allows for a slightly greater saving, but the 
later increase (at mid- fermentation) has the advantage of leading to a moderate 
value of Pmax.

Table 9.1 Effect of temperature regime on energy requirement for temperature regulation

Temperature (°C)
Duration 
(days)

Peak of energy demand 
(kcal/h)

Total energy required 
(103 kcal)

15 23 7960 1411
15–22 (early 
increase)

12,5 9780 811

15–22 (late 
increase)

16 7760 935

22 11 13230 1103
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4  Modulation of Wine Characteristics

The main objectives of fermentation control have shifted from technological aims to 
quality-related issues. The effect of yeast strain on wine quality, especially aroma 
production, has been emphasized by many authors, but fermentation management, 
especially the addition of nutrients and temperature control, also represents a pow-
erful way to modulate wine characteristics.

4.1  Importance of the Yeast Strain

The use of starter cultures has improved the overall quality of wines. This positive 
contribution is first due to the reduction of many off flavours (volatile acidity, H2S, 
SO2, phenolic off flavours) that have a negative masking effect on wine quality. The 
yeast also contributes positively by several mechanisms to aroma synthesis: (i) de 
novo synthesis of flavour-active metabolites (e.g., esters, higher alcohols, fatty 
acids), (ii) biotransformation of grape juice constituents into aroma- or flavour- 
impacting components (e.g., thiols) (Swiegers et al. 2009) and (iii) production of 
enzymes that transform neutral grape compounds into flavour-active compounds 
(Styger et al. 2011). Enhancing colour extraction (Fernandez-Gonzalez et al. 2005) 
and optimizing ageing on lees (del Barrio-Galan et al. 2015) also represent possible 
contributions of yeasts and criteria of choice.

Some authors have proposed to enhance the technological interest of yeast strains 
by using different strategie (Dequin 2001; Marullo et al. 2006; Schuller and Casal 
2005; Pretorius and Hoj, 2005). On the contrary, others have suggested that active dry 
yeasts have led to an organoleptic standardization of wines (Vigentini et al. 2016) and 
could be responsible for the loss of typicality of wines (Di Maro et  al. 2007). 
Consequently, one practice consists in the selection of native S. cerevisiae local strains 
that are believed to be able to enhance the peculiarities of a wine and to show better 
acclimation to their original environment (Grieco et al. 2011; Comitini et al. 2017).

Several studies have described differences between Saccharomyces cerevisiae 
strains (Takush and Osborne 2012; Blanco et al. 2013), but there is also an increas-
ing interest in non-conventional strains (Egli et al. 1998). Indeed, some strains have 
several advantages, such as the excretion of enzymes of oenological interest (de 
Ovalle et al. 2018; Hu et al. 2016), the production of secondary metabolites (Ciani 
et al. 2016b), and the release of mannoproteins (Padilla et al. 2016).

4.2  Effect of Nutrient Addition

The synthesis of fermentation aromas is affected by the addition of nitrogen, as 
summarized by Bell and Henschke (2005), with nature (ammoniacal or organic) 
(Torrea et al. 2011; Barbosa et al. 2012) and the timing of addition (Barbosa et al. 
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2009) providing important effects. Recently, Seguinot et al. (2018) observed that the 
effect of timing was stronger than that of nitrogen composition. The strongest effect 
of nitrogen was observed for acetate esters. In particular, the production of these 
compounds increased greatly after the addition of nitrogen, especially during the 
stationary phase. Very low YAN levels favour the production of undesirable sulphur 
compounds (e.g., hydrogen sulphide), and it is widely reported that H2S production 
decreases in response to DAP addition. However, (Ugliano et al. 2011) found a non- 
linear relationship such that, under the conditions examined, moderate DAP supple-
mentation resulted in a remarkable increase in H2S formation. High YAN content is 
also associated with the production of higher concentrations of haze-causing pro-
teins, urea and ethyl carbamate and biogenic amines and higher risks of microbial 
instability and atypical ageing. Several studies have also shown that residual assimi-
lable nitrogen after alcoholic fermentation may affect subsequent malolactic fer-
mentation (Alexandre et al. 2004).

The addition of oxygen may also affect yeast metabolism and the concentrations 
of fusel alcohols and esters. According to Blateyron and Sablayrolles (2001), the 
addition of 5 mg/l oxygen halfway through fermentation had no organoleptic con-
sequences, whereas excessive addition (e.g., 50 mg/l) had a highly negative organo-
leptic effect on both aroma compounds and wine oxidation.

The nutrients combine their effects on the synthesis of fermentation by-products, 
as reported by Rollero et al. (2015) and Bloem et al. (2018), with those of nitrogen 
and lipids. Therefore, complex activators have beneficial effects, including those 
caused by the addition of nitrogen. Solid particles and lipids tend to lower volatile 
acidity (Delfini and Costa 1993; Belviso et al. 2004), whereas thiamine limits SO2 
binding and the production of keto acids (Delfini et al. 1980).

4.3  Impact of Temperature

Low temperatures increase the production of volatile compounds (esters, acetates, 
medium-chain fatty acids) by yeast during alcoholic fermentation (Killian and 
Ough 1979; Cotrell and MC Lellan 1986; Torija et al. 2003; Beltran et al. 2008a, b) 
and lower losses caused by evaporation (Ferreira et al. 1996). Such temperatures 
(10–15 °C) may be used by winemakers to enhance the production of these volatile 
compounds, improving the aromatic profile of the wine. However, low temperatures 
may also result in sluggish or stuck fermentations, and the choice of yeast strain and 
an increase in temperature at the end of fermentation are essential. Other studies 
have also highlighted the importance of temperature for varietal aromas, focusing 
mostly on volatile thiol production during the fermentation of Sauvignon musts 
(Howell et al. 2004; Masneuf-Pomarede et al. 2006). Temperature has been shown 
to affect the concentrations of 4-MMP, 3-MH, and 3-MHA, with high fermentation 
temperatures (20 °C) resulting in significantly higher concentrations of all volatile 
thiols than lower fermentation temperatures (13 °C), regardless of the yeast strain 
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used. Therefore, in white winemaking, temperature may have a direct effect on 
aromatic characteristics, favouring either fermentative or varietal aromas.

By monitoring the main aroma compounds online and modelling their gas-liquid 
partitioning during fermentation, Morakul et  al. (2011) calculated losses in the 
exhausted gas throughout fermentation. Negligible amounts of fusel alcohols were 
lost, regardless of the fermentation temperature. In contrast, 56% of \ ethyl hexano-
ate and 34% of isoamyl acetate were stripped by CO2 when the temperature profile 
simulated red winemaking conditions. Even at a moderate temperature of 20 °C, 
typical of white wine fermentations, 40% of ethyl hexanoate and 21% of isoamyl 
acetate were lost. Loss rates were maximal at the end of fermentation, indicating 
that high final temperatures, although promising in preventing sluggish fermenta-
tions, can be very detrimental to aroma losses.

In conventional red winemaking, the aroma compounds produced by yeast fer-
mentation have a much weaker effect. The fermentation temperature is mostly regu-
lated to favour the transfer of polyphenol compounds from the solid to the liquid 
phase (reviewed by Sacchi et al. 2005). A combination of high temperatures (up to 
30°C) and an increase in ethanol concentration is generally considered to favour this 
extraction.

5  Future Prospects

The oenological sector is highly diverse, as are the prospects for the sector.
One main question is becoming how new technologies, especially during the 

fermentation process, can assist winemakers in elaborating wines with predefined 
characteristics. Additionally, process performance must be improved, and environ-
mental issues must be taken into account. Online fermentation monitoring and con-
trol represents a promising prospect in this respect.

One very different question is how to increase wine complexity and diversity. As 
mentioned previously (3.1), using non-conventional strains is an interesting pros-
pect, but optimizing such cultures remains a challenge, and new fermentation strate-
gies have to be elaborated.

5.1  Online Fermentation Monitoring and Control

Control over fermentation kinetics (i) has direct technological advantages, in terms 
of tank use optimization in the winery and control over the energy expenses for the 
regulation of temperature, and (ii) is generally a prerequisite for controlling the 
characteristics of wine. Recently, studies have also directly considered the online 
monitoring and control of ‘quality markers’.

During fermentation, temperature is usually measured and automatically con-
trolled. For red winemaking, new devices have also been proposed to increase the 
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transfer between the cap and the liquid phase. There are also examples of the auto-
mation of aeration, pumping over, cap punching, etc. However, some operations still 
remain manual, the main one being monitoring density or sugar consumption.

Online fermentation monitoring is clearly a promising method for improving 
process control because (i) it is much more accurate than manual measurements 
(Roger et al. 2002) and (ii) it makes new control strategies in which winemaking 
operating conditions are adapted to actual fermentation behaviour possible. The 
potential value of online monitoring for controlling wine fermentation was first dis-
cussed many years ago (Sablayrolles 1988), but at the time, the necessary technol-
ogy (computers, sensors) and the proposed changes in fermentation strategies were 
largely incompatible with the oenological context. Few industrial fermentation pro-
cesses are currently monitored online, but this situation is subject to change, and 
commercial products are now available.

5.1.1  Online Monitoring

Many strategies for the online monitoring of fermentation kinetics have been pro-
posed. These include density measurement, usually calculated based on differential 
pressure (Bruch 2001; Blankenhorn and Neumann 2004); refractometry (Kovacs 
et al. 2015); the estimation of sugar and ethanol concentrations by electrochemical 
biosensors (Warriner et  al. 2002; Esti et  al. 2003), fibre-optic Fourier transform- 
near- infrared (FT-NIR) spectrometry (Wang and Peng 2017), piezoelectric MEMS 
resonators (Toledo et al. 2018; Pfusterschmied et al. 2017), vibrational spectroscopy 
(Cozzolino 2016), optoelectronic sensors (Jimenez-Marquez et al. 2016), chemoca-
pacitor sensor arrays (Oikonomou et al. 2014), and amperometric sensors (Piermarini 
et  al. 2011); and the measurement of CO2 production (Corrieu et  al. 1997; Saur 
2004; Leo Kuebler Gmbh 2007; Martinez-Landa et al. 2006). CO2 measurement has 
the advantage of involving the use of moderately priced sensor providing online 
estimations of density, sugar or ethanol concentration by using simple correlations 
described by Corrieu et al. (1997). For example, the production of 1 g/l CO2 corre-
sponds to the consumption of 2.17 g/l sugar. CO2 measurement is, above all, inter-
esting because it allows for the precise calculation of the instantaneous fermentation 
rate. This rate is of prime importance both technologically (proportional to the 
amount of energy produced in the fermenting tank) and microbiologically (propor-
tional to the fermentative activity of yeasts).

Different methods for online measurement of quality markers have also been 
proposed. Several authors have developed sensors to monitor the evolution of colour 
during maceration in red winemaking (Jimenez-Marquez et al. 2013, 2015; Shrake 
et al. 2014). Such measurements strongly correlate with measurements performed 
with a reference UV-vis spectrophotometer. The measurements may offer advan-
tages under standardized and well-known conditions, but because of the complexity 
of the associated polyphenol chemistry, the main difficulty is finding general rela-
tionships between this information and wine quality. Different devices for the online 
measurement of fermentation aromas have also been studied. Electronic noses have 

J.-M. Sablayrolles



303

been tested by several authors (Jiang et al. 2015; Buratti and Benedetti 2016). This 
device is of particular interest for the analysis of complex mixtures, but it is still in 
an early stage of development, and more research is needed before using it for the 
online monitoring of wine aromas during fermentation. Morakul et al. (2011) pro-
posed an online GC system for monitoring the synthesis of the main aroma com-
pounds. The system is difficult to implement at the industrial level, but it is very 
powerful for research (3.1) because it allows for (i) highly precise monitoring of the 
kinetics with the possibility of calculating the rates of synthesis and (ii) an estima-
tion of total production, taking into account losses in the exhaust gas.

5.1.2  Online Control

With online monitoring of the fermentation rate, winemaking operations can be 
adapted to actual fermentation behaviour, with the possibility of taking into account 
the variability of the must composition as a function of the tank used and optimizing 
the control of individual tanks. For example, a fermentation control device can per-
form the following:

 – Estimate the concentration of assimilable nitrogen from the measurement of the 
maximum CO2 production rate and add ammoniacal nitrogen when necessary 
and at the best moment;

 – Control oxygenation by, for example, (i) the addition of 10 mg/l at the end of the 
growth phase to ensure fermentation and (ii) secondary addition during the sta-
tionary phase to act on the metabolism of by-products by yeast, mostly higher 
alcohols, ester and sulphur compounds productions, with the possibility of add-
ing oxygen very progressively and proportionally to the fermentation progress 
(for example, 0.2 mg of oxygen per g of ethanol produced);

 – Control temperature as a function of fermentation progress or rate.

Online monitoring may be particularly useful in certain oenological situations in 
which it is necessary to stop fermentation when a predefined alcohol concentration 
has been reached (example of production of natural sweet wines of the Muscat type; 
Perret et al. 1997).

In the future, preventive control, based on modelling the fermentation process, 
may be possible. Several models of fermentation kinetics have been proposed (del 
Nobile et al. 2003; Sainz et al. 2003; Cramer et al. 2002; Insa et al. 1995). These 
models differ considerably, some having a physiological basis, and others being 
black box models. Malherbe et al. (2004) proposed a physiological model integrat-
ing the effects on the fermentation kinetics of anisothermal conditions and DAP 
addition. Colombie et al. (2005) tested this model under highly different conditions 
and concluded that this model had a sufficiently large domain of validity to be of 
potential interest for practical use as a simulator. This kinetic model was combined 
with (i) a thermal model (Colombie et al. 2007b) and (ii) a decision support module 
based on fuzzy logic to propose new strategies for optimizing tank and energy use 
in wineries (Goelzer et al. 2009). Commercial software is now available. The next 
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step will be to integrate such models into control systems for optimizing 
fermentation.

Recently, Mouret et al. (2015) combined kinetic and thermal models with one 
modelling the partition of volatile compounds between the liquid and gas phases 
(Morakul et al. 2011) and a first model for the prediction of the production kinetics 
of the main fermentative aromas in winemaking fermentations. This research repre-
sents the first step in developing a multicriteria optimization strategy. In the future, 
such strategies should permit, for example, optimization of the production of sev-
eral aroma compounds while minimizing the energy needs for temperature 
regulation.

5.2  Management of Mixed and Immobilized Cultures

Undoubtedly, most fermentations will continue to be run in conventional batches in 
the near future, but new processes may also be used to face challenges such as 
increasing aromatic complexity (Tempère et al. 2018) or reducing the ethanol con-
tent of wines. The use of non-conventional yeast is a main issue. Indeed, non- 
Saccharomyces (NS) wine yeast species comprise a large number or species, thus 
encompassing a wider physiological diversity than does Saccharomyces 
cerevisiae.

NS strains are not able to complete wine alcoholic fermentation. However, this 
limitation can be overcome through the use of mixed inoculations with an S. cerevi-
siae strain. Controlling such cultures remains a difficult challenge. Sequential inoc-
ulation (the inoculation of S. cerevisiae being delayed to allow for the implantation 
of the NS strain) represents the best strategy, but it is complex and strain-dependent. 
Several parameters must be considered, in particular, inoculation concentrations, 
timing between the first and the second inoculation and sulphite content. The con-
sumption of nitrogen sources and vitamins from grape must by NS yeasts during the 
first stage of sequential inoculation fermentation is of particular importance 
(Kemsawasd et  al. 2015), and this consumption often requires compensation  
by suitable yeast nutrients to prevent stuck fermentations after inoculation of  
S. cerevisiae (Medina et al. 2012; Lage et al. 2014). As a general trend, optimizing 
the  management of NS/S. cerevisiae mixed fermentations requires better under-
standing of the interactions between strains (Renault et al. 2013; Ciani et al. 2016b), 
especially cell-to-cell mechanisms and the role of acetaldehyde.

To reduce ethanol content, several strategies using NS strains, reviewed by Ciani 
et  al. (2016a), have been described. Nevertheless, the oxygen supply amounts 
required to ensure efficient yeast respiration are far beyond those typically required 
by yeast strains, and there is a risk that the strong oxygenation levels required for 
yeast respiration would promote, as a side effect, the oxidation of key components 
for the sensory quality of wines, namely, phenolics and aroma compounds.

Yeast immobilization is a promising way to improve the management of mixed 
cultures. For example, co-immobilized non-Saccharomyces yeasts in Ca-alginate 
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coupled with a final inoculation of free S. cerevisiae cells have been used to reduce 
ethanol content in wine (Canonico et al. 2016). There are several methods for yeast 
immobilization (Kourkoutas et al. 2004; Fleet 2008): the use of natural supports 
(e.g., fruit pieces), organic supports (e.g., alginate), inorganic supports (e.g., porous 
ceramics), membrane systems, and multifunctional agents. However, such technol-
ogies are still arising, and there are not many applications at the industrial level 
because of their lack of feasibility, their cost or the limited knowledge of winemak-
ers (Moreno-Garcia et al. 2018). To overcome these difficulties, new concepts are 
emerging, such as the co-immobilization of yeasts and filamentous fungus catego-
rized as GRAS (Peinado et al. 2006; Nyman et al. 2013).
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1  Introduction

For many years, wine biotechnology was developed in the absence of genetic 
improvement of the microorganisms responsible for wine fermentation. Nevertheless, 
unconscious domestication seems to have played a relevant role on shaping wine 
yeast strains as we currently find them (Pérez-Ortín et al. 2002; Querol et al. 2003; 
Legras et al. 2007; Warringer et al. 2011; Sicard and Legras 2011). Indeed, com-
pared to other biotechnological industries, including industrial food production like 
dairy or beer, also the use of starter cultures became generalized relatively. In this 
context, genetic improvement was not even considered.

By the early 90’s, both the use of wine yeast starter cultures and genetic engi-
neering of microorganisms were well stablished late (Gonzalez et al. 2011). Some 
researchers in the field considered that natural genetic variation found in wild 
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 isolates of wine yeasts, that was the basis for improvement and innovation in wine 
biotechnology until that moment, could benefit from genetic engineering tools 
(Pérez-González et  al. 1993; Dequin and Barre 1994; Laing and Pretorius 1993; 
González-Candelas et al. 1995). These tools would allow combining features not 
ordinarily found in the same strains; or jumping the species barrier, by incorporating 
mostly extracellular hydrolytic enzymes, as well as malolactic fermentation capa-
bilities, to the genome of wine yeasts. However, only two genetically engineered 
wine yeasts reached the market (Husnik et  al. 2006; Coulon et  al. 2006). These 
strains were positively evaluated by FDA and Health Canada (Cebollero et al. 2007). 
Given the restricted marketing area, the market share of these strains is probably 
very low, but no official data are available. Negative public perception, the cost of 
putting a new genetically modified organism (GMO) in the European market as well 
as other countries, and the poor support by OIV (Organisation Internationale de la 
vigne et du vin), are surely among the main reasons for the lack of success of these 
recombinant wine yeasts in most wine producing countries.

During the XXI century, most researchers in the field have turned to more con-
ventional genetic improvement tools, which had been the basis for microbial bio-
technology in other sectors ever since the 50’s. In first instance, these involved 
mostly random mutagenesis (Rous et al. 1983; Gonzalez et al. 2003; Cebollero et al. 
2005; McBryde et  al. 2006; Cordente et  al. 2009; Quirós et  al. 2010; González 
Ramos et al. 2010), as well as intra an interspecific hybridization (Kishimoto 1994; 
Marullo et al. 2006; Bellon et al. 2011; Thornton 1985; Pérez-Través et al. 2015). 
One important advantage of strains developed by the use of these techniques is they 
are free of the prejudices (and regulatory restrictions) surrounding the use of GMOs 
in the food industry. At the same time, the fact that these tools, especially interspe-
cific hybridization, induce a much higher genetic variability than genetic engineer-
ing constitutes both a challenge and an opportunity. Indeed, sometimes, these 
random methods, relying on phenotypic selection, allow attaining targets almost 
unreachable by a rational design. Nevertheless, the challenge is sometime designing 
the right phenotypic test to screen the yeast populations obtained by random muta-
genesis or genetic hybridization. Probably one of the most powerful tool for genetic 
improvement recently incorporated to our panoply is adaptive laboratory evolution 
(McBryde et  al. 2006; Tilloy et  al. 2014; Novo et  al. 2014; Cadière et  al. 2011; 
Kutyna et al. 2012). It also benefits from a rational design, especially when techno-
logical targets cannot be directly selected for. Anyway, the revival of all these 
genetic tools in wine biotechnology is already releasing strains to the market that 
are not direct natural isolates.

Nowadays, Systems Biology and NGS technologies are providing new tools to 
boost the potential of non-GMO genetic improvement of wine yeasts. Metabolic 
modelling provides new ways to design experimental evolution conditions, target-
ing features that might not be easily selectable in a direct way. High throughput 
yeast phenotyping and automatic culture management allow performing quick anal-
yses of the strains derived from in vitro hybridization, as well as running multiple 
experimental evolution runs in parallel, so increasing the odds of success. Moreover, 
NGS analyses of these new strains can help redesigning the parameters for new 
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experimental evolution of hybrid selection experiments. Finally, synthetic biology 
and genome edition based on CRISPR are providing new alternatives for the genetic 
improvement of wine yeasts (Lee et al. 2016; Pretorius 2017). However, these later 
techniques will also face difficulties to get the market, at least in European and other 
wine producing countries, because despite they can be tuned to avoid the introduc-
tion of DNA from other species in wine yeasts, they will still fall under the defini-
tion of GMOs of the European regulations, according to a recent opinion of the 
European Commission (Kupferschmidt 2018).

2  Targets for Genetic Improvement of Wine Yeasts

S. cerevisiae has two important roles for the development of human well-being, on 
the one hand it has been in charge for thousands of years of producing some of our 
most important foods (wine, bread and partly beer), on the other hand, more recently, 
it is one of the model organisms for research (Botstein and Fink 2011). Being a 
model organism and having such an extended biotechnological use, gives it a unique 
status. This has allowed many of the tools developed as a model organism to reach 
the biotechnology field to improve different areas of the yeast fermentative 
process.

One of the areas of improvement has been the fermentation process itself, 
increasing the ability of S. cerevisiae to assimilate sugars or nitrogen sources, its 
fermentation rate or its performance at low temperatures. Different tools have been 
applied to improve the fermentation kinetics of the yeast S. cerevisiae, random 
mutagenesis targeting nitrogen assimilation and fermentation performance (Salmon 
and Barre 1998), experimental evolution more recently for similar purposes (Novo 
et al. 2014) or genetic hybridization (Romano et al. 1985). Hybrid strains of a S. 
cerevisiae with a second more cryotolerant parental species like S. kudriavzevii or 
S. uvarum have also been shown as a natural approximation to improve fermenta-
tion performance at lower temperatures. Hybrids of these species can be isolated 
from fermentation in areas with cold environments (González et al. 2006).

Another main target of improvement in wine is the aroma composition and com-
plexity. In this sense, almost all the different approaches discussed in this chapter 
have been used for this purpose. Some of these examples are, for the release of 
aroma precursors, the development of recombinant yeast strains with the ability to 
express pectin degrading enzymes that increase varietal aroma compounds 
(González-Candelas et al. 1995; Manzanares et al. 2003). Another target for genetic 
engineering has been changing the levels of yeast metabolites for aromatic purposes 
(Swiegers et al. 2007). Hybrid strains have also been reported to improve secondary 
aromas (Steensels et al. 2014), experimental evolution trials have achieved the same 
goal (Cadière et al. 2011).

Like aroma compounds, the ethanol content of the wine plays an important role 
in the final product. The recent increase of this metabolite mainly for global climate 
warming, but also for consumer trends looking for more mature and fully body 
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wines, is also an objective for improvement. Different experimental approaches 
have been conducted in order to reduce the final concentration of this metabolite. 
Usually by changing the yeast metabolic carbon flux towards the production of 
other metabolites through genetic engineering (Remize et al. 2000) or experimental 
evolution (Tilloy et al. 2014).

Mannoproteins contribute to the wine quality by the stabilization of the final 
product or retention of aroma compounds among others (Waters 1994; Núñez et al. 
2006). For this reason, its over-production has been achieved by the construction of 
genetically improved strains (Gonzalez-Ramos et  al. 2008, 2009) or by random 
mutagenesis (Gonzalez-Ramos et al. 2010).

Another interesting trait with biotechnological character is flocculation. 
Flocculation is a well-studied mechanism of S. cerevisiae that is mainly under the 
control of the FLO family of genes, although it has also been shown to be environ-
mentally dependent (Govender et  al. 2010). The up-regulation of certain genes 
inside the FLO family leads to an increase in cell aggregation (Verstrepen and Klis 
2006). This is an interesting feature that helps to avoid problems with the clarifica-
tion of the wine, once the alcoholic fermentation has finished, removing easily the 
yeast cells (Pretorius and Bauer 2002; Soares 2011). Several works have succeeded 
in the construction of yeast strains using genetic engineering that increase their floc-
culation phenotype (Verstrepen et al. 2001; Wang et al. 2008).

Other traits that have been targets for improvement are the reduction of volatile 
acidity, accomplish by random mutagenesis (Cordente et al. 2013) and also using 
the hybridization of wine yeasts as approximation (Bellon et al. 2011, 2013); the 
process of malolactic fermentation performed by lactic acid bacteria after the alco-
holic fermentation has finished, has been genetically engineering in a recombinant 
yeast strain (Husnik et al. 2007); reduction of foam production by yeast hybridiza-
tion processes (Eschenbruch et al. 1982); or the increase in SO2 tolerance by intra-
specific breeding (Thornton 1982).

3  Genetic Engineering Based on Standard Homologous 
Integration

Starting early in the 1990s, pioneers in genetic engineering of wine yeasts took 
advantage of all the tools already developed and available for laboratory strains of 
S. cerevisiae. In most cases, genetic improvement involved the introduction of new 
enzymatic activities (Pérez-González et al. 1993; González-Candelas et al. 1995; 
Sánchez-Torres et al. 1996; Ganga et al. 1999; Volschenk et al. 2001), or enhance-
ment of existing ones (Michnick et al. 1997). Gene disruption was also a target in 
many cases, (Cambon et al. 2006; Tabera et al. 2006; Gonzalez Ramos et al. 2009) 
as well as promoter substitution to change the expression pattern (Cardona et al. 
2007; Govender et  al. 2010), or the expression of dominant defective alleles 
(Cebollero et  al. 2005). The scope of this section is genetic engineering tools 

I. Vigentini et al.



319

actually employed on S. cerevisiae wine yeast strains with applied purposes, either 
the modified yeast strains were finally commercialized or not. It is not intended as a 
general review of genetic modification on this model species. Indeed, despite almost 
all techniques developed for laboratory yeast strains have the potential to be useful 
on wine yeast improvement, there are several genetic and physiological features of 
wine yeast strains that differentiate them from model strains and become a hurdle 
for the transfer of some genetic tools. Some of the most relevant features to consider 
in this context are prototrophy, homothallism, and diploidy or aneuploidy (Bisson 
2004; Novo et  al. 2009). Technologies used for the construction of recombinant 
wine yeast strains have evolved over time in response to the genetic tools becoming 
available for yeast research (in any context). However, the choices were not only 
driven by technical considerations. Researchers took also decisions based on their 
perception of public opinion on GMOs in foods, and to what was expected for easy 
approval by health and food authorities; despite only two strains have gone through 
an official approval process, and this only in very few countries (Grossmann et al. 
2011). A summary of the features of these two strains is shown in Table 10.1.

The main features of the genetic modification systems that must be taken in con-
sideration are the way to make DNA go through the different cell layers up to the 
nucleus, integrative or replicative nature of the transformation vector, selection 
markers, and elements required to drive gene expression (i.e. promoter and termina-
tor) and protein secretion. Concerning ways to introduce transforming DNA into 
wine yeast cells, fortunately, systems already working for laboratory strains use to 
work reasonably well for most wine yeast strains. From the first trials, lithium ace-
tate transformation was shown to be effective (Pérez-González et  al. 1993), but 
electroporation has also been extensively used (Husnik et al. 2006).

Replicative vectors were used on early times for the construction of some strains. 
Those were based on the 2 μm replication origin or on yeast chromosomal replica-
tion origins (episomal vectors) (Pérez-González et al. 1993; Volschenk et al. 2001). 
In the late case, CEN sequences (centromeric vectors) are also included in order to 

Table 10.1 Main features of the two only wine yeast strains that have ever been commercially 
available

Commercial 
name ML01 ECMo01

Genetic 
background

S92 UCD522

Expressed genes Malate permease from 
Schizosaccharomyces pombe

DUR1,2 from Saccharomyces 
cerevisiae

Malic enzyme from Oenococcus oeni

Control 
sequences

PGK1 promoter and terminator 
sequences

PGK1 promoter and terminator 
sequences

Tranformation 
marker

Phleomycin resistance (by 
co-transformation; cured from final 
strain)

Phleomycin resistance (by 
co-transformation; cured from final 
strain)

Integration locus URA3 URA3
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help mitotic heritability (Cebollero and Gonzalez 2004). However, in order to 
improve genetic stability of the engineered strains, integration in the genome, usu-
ally by site-directed recombination, has usually been the method of choice. Genetic 
stability is not only a requirement for a true industrial usefulness of the improved 
yeast strains, but also a key feature for commercial GMOs. Often integration sites 
are targeted by including in the same plasmid the construction of interest together 
with sequences homologous to the target site. These plasmids are usually linearized 
by restriction enzyme digestion in this homologous sequence before yeast transfor-
mation (Volschenk et  al. 2001; Swiegers et  al. 2007). Alternatively, site directed 
integration can be attained with linear DNA fragments on which the construction is 
flanked by sequences homologous to those flanking a genomic region to be replaced. 
This is usually done for total or partial gene deletion (Gonzalez-Ramos et al. 2009; 
Cuello et al. 2017). These homologous flanking sequences can be part of a genetic 
construction carried on a plasmid vector or be introduced by PCR amplification as 
5′ extensions of the amplification primers, similar to the construction of the whole 
genome yeast knockout collection (Baudin et  al. 1993; Giaever et  al. 2002). 
Homologous flanking sequences can also be used for promoter replacement strate-
gies (Cardona et al. 2007; Jiménez-Martí et al. 2009; Govender et al. 2010).

Since, for any transformation procedure, the number of viable non-transformed 
cells recovered is highly in excess over transformed ones, the use of selection mark-
ers during transformation is unavoidable. For many years, auxotrophic selection 
markers have been the most popular alternative for laboratory yeast strains. These 
strains are typically auxotroph for two or three nutrients among a number of amino 
acids or uridine (Pronk 2002). The defective alleles are also very well known in 
each case, so that transformants can be easily selected by incorporating a functional 
copy of the cognate gene in the transforming vector or DNA fragment. However, 
wine yeast strains are typically phototrophs, precluding the direct use of auxotro-
phic selection markers. Puig et  al. (1998) addressed this issue by engineering a 
URA3 auxotrophic wine yeast strain, by using a geneticin resistance selection and 
marker-rescue strategy. The resulting strain (T73–4), has been used by them, as well 
as other research groups, for developing multiple recombinant strains with an 
“industrial” background, using the URA3 marker, but extrapolating this strategy to 
other genetic backgrounds would require performing all the construction steps for 
each of these strains. Alternatively, it was found to be relatively easy to select for 
induced or spontaneous auxotrophic variants, in the case of genetic markers that can 
be selected for both positively and negatively, like URA3, LYS2, or MET15 among 
others (Boeke et  al. 1984; Ito-Harashima and McCusker 2004; Cost and Boeke 
1996; Hashimoto et al. 2005). Notwithstanding, most recombinant wine yeasts have 
been developed using dominant selection markers based on the resistance to drugs 
and chemicals. The main advantage of these markers is they do not depend on a 
previous genetic defect of the host strain, although basal tolerance might be a limita-
tion in some cases. Some examples of dominant markers employed in this field 
include cycloheximide, sulfometuron, sulphite, p-fluorophenyl-alanine, based on S. 
cerevisiae mutant or overexpressed alleles; or geneticin (G-418), phleomycin, 
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nourseothricin, hygromycin, deriving from bacterial antibiotic resistance genes 
(Pérez-González et  al. 1993; Casey et  al. 1988; Goldstein and McCusker 1999; 
Cebollero and Gonzalez 2004; Coulon et al. 2006; López-Malo et al. 2014; Lilly 
et al. 2000; Swiegers et al. 2007). An important disadvantage of most of these domi-
nant markers is they rely on the use of antibiotics, which constitutes a handicap for 
the commercial application of recombinant yeast strains. In order to clear the way 
to the market, researchers have used a co-transformation strategy (Husnik et  al. 
2006; Coulon et al. 2006). The approach is based on transforming yeast with of 
linear, integrative DNA fragment, carrying the construction of interest, together 
with a replicative plasmid carrying an antibiotic resistance marker. A good percent-
age of antibiotic resistant cells usually has also integrated the construction. Finally, 
the plasmid vector cured by culturing the transformed strain under non-selective 
conditions (Fig. 10.1).

Most recombinant wine yeast strains express heterologous or own genes (usually 
coding for intra- or extracellular enzymes), under the control of different S. cerevi-
siae promoters. Constitutive promoters are often preferred, but not all promoters 
considered as constitutive under standard laboratory growth conditions can be taken 
as such for winemaking conditions (Puig et al. 1996). It must be considered that 
most of the sugar consumption during wine fermentation usually takes place after 
the whole of yeast biomass was already produced. For example, the ACT1 promoter 
(from the actin encoding gene) was used in some of the original constructs (Pérez- 
González et al. 1993). Its expression is associated to cell growth, so expression of 
these constructs is restricted to the beginning of the fermentation process, since most 
of the sugar is transformed into alcohol after yeast growth arrest. The promoters of 

Fig. 10.1 Schematic representation of standard transformation and co-transformation of wine 
yeasts; the later allowing to easily curing the recombinant strain of auxiliary sequences and pheno-
types not required in the final strain (e.g. antibiotic resistance). This is attained by sub-culturing the 
co-transformed strain in the absence of selective pressure. The target genetic construction is car-
ried in a linear DNA fragment and stably integrated by homologous recombination
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TDH3 (for glyceraldehyde-3-P-dehydrogenase), ADH1 (alcohol  dehydrogenase), 
and PGK1 (phoshopglycerate-kinase) were among the most popular choices 
(Malherbe et al. 2003; Vilanova et al. 2000; Ehsani et al. 2009; Cambon et al. 2006. 
Efficient heterologous expression also requires the use of suitable transcription ter-
mination and polyadenylation sequences. Often, but not always, these sequences are 
derived from the same gene as the promoter used in that construction.

Extracellular enzymes derived from other yeast or fungal species do not usually 
require an exchange of signal peptides in order to be secreted by wine yeasts (Pérez- 
González et al. 1993; Sánchez-Torres et al. 1996; Ganga et al. 1999). Otherwise, 
mating pheromone α-factor signal peptide is considered a good choice to drive pro-
tein secretion in case extracellular expression is required (Laing and Pretorius 1993; 
Malherbe et al. 2003).

In some instances, the genetic improvement relies on the loss-of-function of a 
given gene, rather than on the acquisition of a new activity (Gonzalez-Ramos et al. 
2009). Gene disruption on wine yeast strain might also aim to the characterization of 
the oenological impact of the genes involved. The fact that most wine yeast strains 
are at least 2n in terms of cell DNA content, meaning at least two copies of each 
chromosome are present, constitutes an additional challenge for the development of 
wine yeast recombinant strains by gene disruption. This has been addressed by sev-
eral ways, including obtaining haploid derivatives, developing homozygous strains, 
marker rescue, or use of multiple selection markers. Haploid derivatives can be 
obtained from strains which are naturally heterologous for the HO locus (HO/ho), or 
by disruption of one copy of HO (Walker et al. 2003). Sporulation of these strains 
gives raise to both stable haploids and stable diploid strains in equal proportions. 
Homothallic strains can be sporulated, after a first gene disruption event, so that half 
of the haploid spores will become double disrupted after spontaneous diploidization. 
However, since most of these strains are heterozygous to some degree (sometimes 
highly heterozygous) there is a risk of obtaining strains that phenotypically differ to 
a significant extent from the parent strain, beyond the intended gene disruption. To 
avoid this, a homozygous strain can be obtained in the first instance. A confirmation 
of the phenotypic similarity with the original strain, including behaviour under wine 
fermentation conditions is advised, both for haploid and homozygous derivatives of 
industrial wine strains (Mangado et  al. 2018). Using these strains homozygous 
deleted strains, isogenic to the parent strains can be obtained by first generating a 
hemizygous strain, deleted for one allele, followed by sporulation and spontaneous 
diploidization of isolated spores (Curiel et al. 2016). One half of the single spore 
clones obtained are homozygous for the intended deletion.

For gene deletion based genetic improvement, the availability of the whole 
genome YKO collection constitutes an interesting advantage (Giaever et al. 2002). 
Each strain from such collection already carries a copy of the cassette, flanked by 
the homologous upstream and downstream region of one of the S. cerevisiae ORFs. 
This construct can be “transplanted” to wine yeast be using genomic DNA from the 
appropriate strain as template for PCR amplification with primers upstream and 
downstream the target gene. This PCR fragment can then be used to transform wine 
yeast for geneticin resistance (Curiel et al. 2016; Salvadó et al. 2016).
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4  Inter and Intraspecific Hybridization

Cross breeding has been a classic methodology to obtain individuals that have the 
best characteristics of their parents. This technique has been used with great success 
in the breeding of animals and plants. In yeast, intra-specific hybridization has also 
been widely used to introduce interesting characteristics from a strain into a second 
preferred strain. There are numerous examples where this type of approach has been 
successful in S. cerevisiae strains. In the oenology context the approach has been 
used to improve aroma production (Shinohara et  al. 1994; Dufour et  al. 2013; 
Steensels et al. 2014), to enhance fermentation performance coupled with low H2S 
production (Romano et al. 1985), to reduce foam production (Romano et al. 1985) 
or to increase temperature tolerance (Marullo et al. 2009).

Perhaps more interesting than intra-specific hybridization are the phenomenons 
of inter-species hybridization in industrial applications among the Saccharomyces 
genus (Fig. 10.2). One of the most well studied cases occurs in the brewing indus-
try where the species responsible for most of the fermentation is Saccharomyces 
pastorianus, a hybrid between S. cerevisiae and the recently described 
Saccharomyces eubayanus (Libkind et al. 2011; Gibson and Liti 2015). Also in the 
brewing  industry, mostly found as contaminants is easy to find S. bayanus hybrid 
strains (S. eubayunas × S. uvarum) (Libkind et al. 2011; Nguyen et al. 2011). On 
the contrary, in the wine making industry, the major species responsible for the 

Fig. 10.2 Schematic cladogram of the phylogenetic relationship of the different Saccharomyces 
species, their recognized hybrids and the hybrids that can be isolated from oenological environ-
ments. Cladogram topography from Boynton and Greig, (2014; Fig. 1). The recently novel yeast 
species Saccharomyces jurei described by Naseeb et al. 2017 is included
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fermentation is not a hybrid, but Saccharomyces cerevisiae. This does not mean 
that we can not find hybrids in an oenological context, the first reported case was a 
hybrid between S. cerevisiae × S. uvarum (S. bayanus var. uvarum) found in Italian 
wines (Masneuf- Pomarède et al. 1998). Since then hybrid strains have been iso-
lated in wine making environments across Europe, North America, South Africa, 
Australia and New Zealand, involving S. cerevisiae, S. uvarum and S. kudriavzevii 
and in one occasion a triple hybrid (Barros Lopes et al. 2002; Belloch et al. 2009; 
Bradbury et al. 2006; Dunn et al. 2012; Erny et al. 2012; González et al. 2006, 
2008; Heinrich 2006; Lopandic et al. 2007; Naumova et al. 2005; Peris et al. 2012a, 
b, c). These hybrids have been mostly isolated from low-temperature fermenta-
tions, providing the first clue for the success of these hybridization processes, both 
S. kudriavzevii and S. uvarum are better suited to this condition than S. cerevisiae 
(González et  al. 2006; Belloch et  al. 2008; Salvadó et  al. 2011; Sampaio and 
Gonçalves 2008) (Fig. 10.2).

The ability of these hybrid strains to grow at lower temperatures than S. cerevi-
siae decreases the probabilities of halted or sluggish fermentations, a common 
problem under these conditions (Bisson 1999). Therefore, they are an interesting 
choice when conducting this kind of fermentations that have being shown to improve 
the wine aromatic profile (Boulton et al. 2013). Hybrid strains have also been shown 
to provide other advantages that the increase in performance at low temperature. 
They produce wines with higher glycerol content, reduced acetic acid production 
and lower ethanol concentration (González et  al. 2006; Lopandic et  al. 2007; 
Tronchoni et al. 2009; Masneuf-Pomarède et al. 2010; Paget et al. 2014).

These attractive features have promoted the interest of different research 
groups to create artificial hybrids in an attempt to increase the phenotypic vari-
ability of the yeast strains used to different biotechnological applications. 
Saccharomyces species share the same number of chromosomes (16), and have 
similar morphologic characteristics (Duina et al. 2014). They are defined as spe-
cies by the biological concept and, therefore being postzygotically isolated. This 
allows the establishment of hybrid strains that typically will have alloploid 
genomes (usually being the combination of two diploid genomes). The main 
mechanisms to create these hybrid strains are: (a) spore to spore mating; (b) pro-
toplast fusion (Curran and Bugeja 1996); (c) mass-mating (Nakazawa et al. 1999) 
and (d) rare-mating (Spencer and Spencer 1996) and its variant methodology 
HyPr (hybrid production), which involves the use of a set of plasmids converting 
the rare-mating into a frequent-mating event (Alexander et al. 2016; Peris et al. 
2017). The different investigations that have being conducted in the study of arti-
ficial hybrids has also shown that these strains are unstable. Since hybrids have 
postzygotic barriers, they have to propagate by asexual reproduction. During this 
increase in number, the hybrid genome will be stabilized, usually by the loss of 
chromosomes from one of the parental species (Pfliegler et  al. 2014; Steensels 
et al. 2014). An example of a hybrid with genome instability is the industrial wine 
yeast strain Vin7 (S. cerevisiae × S. kudriavzevii), one of the first commercial 
strains to be sequenced (Borneman et al. 2012). This strain can loss its copy of the 
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S. kudriavzevii chromosome III. The mitochondrial genome can also influence the 
stability of the hybrid genome. S. cerevisiae × S. kudriavzevii hybrid strains had a 
higher S. kudriavzevii contribution when possessing a S. kudriavzevii mitochon-
drial genome instead of the S. cerevisiae version (Peris et al. 2012c). Therefore, in 
order to use these hybrid strains, it is important to develop protocols for its genome 
stabilization, that could allow them to be commercially available. In this sense, it 
has been shown that adaptive evolution experiments may be a way to achieve this. 
Under the selection pressure of choice, this methodology stabilizes the genome of 
these hybrids and improves the key traits that were affected by hybridization 
(Pérez-Través et al. 2014a, b; Lopandic et al. 2016; Peris et al. 2017; Krogerus 
et al. 2018).

The combination of these two techniques, artificial hybrids breeding plus adap-
tive evolution, is one of the most promising tools to increase yeast variability for 
different industrial processes. Since these two methodologies are defined by the 
European Union as GM-free organisms, these strains can be commercialized and 
used by in the different industrial food processes.

5  Genetic Improvement by Random Mutagenesis

Random mutagenesis represents a classical mutagenesis approach useful to increase 
the rate of appearance of genetic mutations in a large population of cells. The intro-
duction of genetic variability in a cell can be exploited for basic research, for the 
elucidation of protein structure-function relationships, and industrial sector, for pro-
teins modification to improve or alter their characteristics thus generating improved 
phenotypes. In the latter context, the resulting mutant cells undergo to a higher 
general acceptance and possibility of commercialisation in comparison to geneti-
cally engineering products. The technique is simple and any prior knowledge about 
the genetic background of the investigated system is not mandatory, thus allowing 
for the unbiased discovery of novel or beneficial mutations. However, once mutants 
are generated, the problem then becomes how to isolate them from the treated popu-
lation. It is clearly impractical to examine millions of microorganisms individually. 
Therefore, the isolation of mutants relies on a good screening system, better if 
direct, from which it is possible to fish out the desired mutant; usually, samples are 
analysed in cultural medium designed to allow the growth of the desired mutants 
only.

The induction of random mutations can be caused by agents that damage the 
DNA, called mutagens, that are of three main types: mutagenic chemicals, radia-
tions and heat. When these agents are deliberately used on living cells, we talk about 
“in vivo mutagenesis”; alternatively, the mutagenic agent can be applied directly on 
purified DNA that has to be transferred into the living cell before to screen for the 
desired mutations (in vitro mutagenesis). Common mutagens are toxic compounds 
that can alter the chemical structure of the nucleotides in DNA. For example, EMS 
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(ethyl methane sulfonate) is widely used to mutagenize growing cells by  introducing 
an ethyl group to bases in DNA; this event changes the shape and base-pairing prop-
erties of nucletides. Nitrite is used to mutate purified DNA because it converts 
amino groups to hydroxyl groups and, thus, converting the base cytosine to uracil. 
Radiations, such as high frequency electromagnetic radiation, ultraviolet radiation 
(UV light), X-rays and gamma rays (γ-rays), cause a direct damage on DNA. X-rays 
and γ-rays can react with water and other molecules to generate ions and free radi-
cals, mainly hydroxyl radicals, or to interact directly with DNA; about 70% of the 
DNA damage is caused by hydroxyl radicals while the other 30% of the radiation 
damage is due to direct interaction of X-rays and γ-rays with DNA itself. X-rays 
tend to produce multiple mutations and often yield rearrangements of the DNA, 
such as deletions, inversions and translocations (Clark 2005). Ultraviolet radiation 
works within a wavelength from 100 to 400 nm. It acts directly on the DNA by 
forming dimers between two neighbouring pyrimidine bases that cross-react with 
each other. Thymine dimers are particularly frequent and at their level the DNA 
polymerase leaves a single-stranded region that needs repairing. The repair process 
can provoke the insertion of incorrect nucleotides in the synthesized strand, result-
ing in mutations.

Few studies on the use of random mutagenesis in wine yeasts are available in 
literature. They mainly refer to the genetic improvement of wine quality features 
that are linked to carbon, nitrogen and sulphur metabolism of wine yeasts, such as 
the production of acetic acid (Cordente et al. 2009), the nitrogen assimilation under 
oenological conditions (Salmon and Barre 1998) and the release of hydrogen sul-
phide (Cordente et al. 2013) in S. cerevisiae, and to secondary characteristics of 
wine like the generation of mutants overproducing mannoproteins (González Ramos 
et al. 2010; Quirós et al. 2010) or showing accelerated autolysis (Gonzalez et al. 
2003; Nunez et al. 2005).

In the case of secondary characteristics an interesting example is the release of 
mannoprotein that can occur during the alcoholic fermentation of grape must in 
wine. These structural components of the cell have been recognized to impart ben-
eficial properties of wine in terms of protein and tartaric stability, increasing percep-
tions of body and roundness, reducing astringency, retaining aromatic molecules 
and helping in the maintenance of sparkling wines. The increase of the release of 
mannoproteins represents an example of synergy between classical and genetic 
engineering approaches for the genetic improvement of wine yeast. Since manno-
protein overproduction cannot be directly selected, an overproducing mutant strain 
was first obtained by brute-force approach (González Ramos et al. 2010). In paral-
lel, researchers identified KNR4 inactivation as a potential genetic target for 
improvement, and found that strains deleted in some other interesting genes were 
killer-nine-resistant just as KNR4 (Gonzalez-Ramos et  al. 2009). This led to the 
development of a more efficient mannoprotein overproducing mutant selection 
scheme (Quirós et al. 2010).
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6  Experimental Evolution of Wine Yeasts

Adaptive, directed or experimental evolution are all terms referred to engineering 
yeast strains in laboratory conditions by using the intrinsic mechanisms of adapta-
tion of these microorganisms. The continuous growth for many cell divisions under 
a stress condition will select for individuals with improved fitness due to genomic 
changes (Kawecki et al. 2012). S. cerevisiae was the model organism when experi-
mental evolution was proposed by Francis and Hansche (1972, 1973). The experi-
mental setup was firstly though in a chemostat using continues culture but it can also 
be done in batch cultures keeping the conditions of choice for many generations or 
cell divisions. The probability of success in an experimental evolution assay varies 
depending on the starting population (Elena and Lenski 2003). For industrial pur-
poses, usually, this population comes from an isogenic preferred strain to be 
improved under a given condition but, it can also be a population with genomic 
diversity. The starting variability will increase the chances of obtaining the desired 
phenotype. For this reason, experimental evolution is usually coupled to a first tech-
nique that increases the genomic variability of the starting population. This can be 
random mutagenesis, genetic engineering, hybridization events or genome shuffling 
of a heterogenic population by mass-mating. During the adaptation to the trait of 
evolution yeast cells can undergo different genomic changes. These changes can be 
at the genomic level with changes in the ploidy level, at chromosome level with 
chromosome copy number variation (CCNV), at gen level with changes in the num-
ber of copies of specific genes and also small changes at nucleotide level (base 
insertions, deletions or substitutions) (Dunham et al. 2002; Mangado et al. 2018).

In recent years this methodology has acquired great attention thanks to the last 
advances in sequencing techniques that allow to better understand which have been 
the different mechanisms that have taken place during the evolution experiment 
(Burke et al. 2014). The cheapening of the sequencing techniques allows not only to 
sequence several isolated clones at the end of the experiment but also to do it in 
several points for the whole population. This has allowed us to have a better follow-
 up of the different beneficial mutations that appear during the evolution and how 
they are fixed in the population. The technique has been improved in resolution, it 
has been showed that by tagging the whole population, each of the different benefi-
cial mutations that arise in the population can be observed and not only those present 
in high frequency (Cvijović et al. 2018). Also, it has been improved in efficacy, mass 
scaled evolution experiments are platforms were millions of yeast clones undergo 
evolution independently and its performance can be followed by image analysis. 
This allows to cover a larger spectrum of the genomic landscape of evolution, iden-
tifying the mutations that occur in lower frequency but still contribute to increase the 
performance of the population under a certain stress (Zackrisson et al. 2016).

It must be taken into account that once the conditions of the evolution experi-
ment have finished the evolved population could be unstable and lose its recently 
acquired fitness for a certain condition. It has been shown that some genomic 
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changes like aneuploidies can be beneficial under certain stress but to reduce fitness 
under normal conditions (Yona et al. 2012; Chang et al. 2013). Zhu et al. (2018) 
showed that even when no significant difference in growth can be observed in 
evolved aneuploid cells compared to the parental strain under regular conditions, 
changes in the number of chromosomes promote oxidative stress. This will drive the 
cell to lose again these aneuploidies back to regular ploidy levels.

In an oenological context, experimental evolution has been used to improve 
sugar consumption rates by growing yeast in wine-like fermentation conditions 
(McBryde et al. 2006), improved fermentation kinetics by cultivating in the pres-
ence of ethanol (Novo et al. 2014). There are also interesting examples where the 
growing conditions affect indirectly the metabolic target of study. Some of these 
examples are the reduction of ethanol yields by growing in gluconate as unique 
carbon source (Cadière et al. 2011) or in a hyperosmotic media (Tilloy et al. 2014). 
Oenococcus oeni has also being subjected to directed evolution in a multi-stressors 
environment in order to improve malolactic fermentation of the strain with satisfac-
tory results (Jiang et al. 2018). It has been also used to understand the underlying 
mechanism behind the evolution of wine yeast strains under oenological conditions, 
showing that genomic changes occur at different genomic levels to accomplish the 
adaptation to a wine-like environment (Mangado et al. 2018). Although evolution 
experiments related to the wine industry usually involved one unique strain, 
Morrison-Whittle et al. (2018) recently showed how the co-evolution of Candida 
glabrata and Pichia kudriavzevii had a significant impact of on the production of 
metabolites that affect the flavour and aroma of experimental wines.

An important aspect of experimental evolution is that the microorganism result-
ing from this technique can be easily reach experiment the market, as in the case of 
Cadière et al. (2011), since they are considered non-GM organisms.

7  Genome Editing by the CRISPR/Cas9 Approach

Genome editing refers to a set of recent technologies able to modify DNA in a very 
precise way using programmable nucleases, including Zinc Finger Nucleases 
(ZFNs), TALENs (transcription-activator-like effector nucleases) and CRISPR 
(Clustered Regularly Interspected Short Palindromic Repeats)  – Cas9 (CRISPR- 
associated protein 9) RNA-guided endonucleases (RGENs). These are useful in 
genome editing as they have specific endonuclease activity to a target sequence. 
ZFNs are proteins with a modular structure; each module, about 30 amino acids, 
with ββα structure, recognizes a single codon in an active site, where a zinc atom is 
present. Currently, there are modules for all 64 existing codons; thus, it is possible 
to form a protein with the desired modules with codons and selected sequences. 
Similar are the TALENs, endonucleases extracted from Xanthomonas with a modu-
lar and assembling structure; a domain of 33–35 amino acids recognizes a single 
base pair. More versatile for this reason than the ZFN but, however, limited by the 
necessity that the first recognized nucleotide is a thymine (Gaj et al. 2013).  CRISPR/
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Cas RGENs are considered more precise and versatile than the first two technologies 
that target specificity is determined by the modification of their DNA-binding 
domains. Moreover, being able to recognize the nucleotide sequence to be cut 
thanks to an association with a guide RNA (gRNA), the system “CRISPR/Cas9” 
can be customized by replacing the guide RNAs, making the system much more 
affordable and scalable (Kim 2016).

In general, technologies for genome editing exploit both the action of a nuclease 
to generate double strand breakings (DSBs) in the DNA at a desired point and the 
DNA repair mechanisms of the cell to insert a specific mutation at the cutting site. 
When the DNA is damaged on both strands with a DBS, the cell can rely on two 
repair methods: (i) non-homologous recombination (NHEJ  – non-homologous 
end- joining), consisting of simple ligation of the two ends broken by the cut; (ii) 
homologous recombination (HR  – homologous recombination) that allows the 
repair of the damaged genome site on the basis of a homologous fragment at the 
two ends where the cut occurred. While the NHEJ event can cause point mutations, 
or the insertion or deletion of some nucleotides, the manipulation of the nucleotide 
sequence at the cutting site by the HR takes place with the insertion in the cell of a 
‘donor’ sequence, a fragment of double-stranded DNA that can provoke two types 
of changes (Kim 2016; Gratz et al. 2013; Mahfouz et al. 2014): (i) point mutations 
or non-sense mutations to induce an amino acid change or to insert a stop codon. 
In this case, the donor will be almost identical to the sequence in the proximity of 
the cutting site except for some nucleotides; (ii) insertion of a heterologous gene 
for its expression in a new organism. The donor will bring the gene sequence 
flanked by homologous sequences adjacent to the cutting site in order to trigger the 
recombination.

CRISPR elements were first discovered in Haloferax mediterranei, an archaeal 
microbe with extreme salt tolerance (Mojica et al. 1993; Mojica et al. 2005) even 
though repeated sequences with similar structure were already described in 
Escherichia coli (Ishino et al. 1987). They are also present in many other eubacteria 
and their role is to provide resistance against invading exogenous DNA such as that 
of bacteriophage or conjugative plasmids (Barrangou et  al. 2007; Hryhorowicz 
et al. 2017; Ishino et al. 1987; Lander 2016). Foreign invading genetic material that 
is incorporated between CRISPR is transcribed and processed into CRISPR RNAs 
(crRNAs) (including both foreign and CRISPR repeat DNA). The crRNAs hybrid-
ize with transactivating CRISPR RNAs (tracrRNAs) and the resulting crRNA/
tracrRNA complex acts as a guide for the endonuclease Cas, which cleaves invading 
nucleic acid sequences (Brouns 2012; DiCarlo et al. 2013).

The main elements of the CRISPR/Cas system are a bacterial CRISPR-associated 
protein nuclease (Cas) and a short guide of RNA. The type II CRISPR system is the 
most widely studied system and it exploits the Cas9 nuclease enzyme from 
Streptococcus pyogenes. The Cas9 contains two distinct endonuclease domains, a 
HNH domain and a RuvC-like domain, that independently cleave both stands at the 
target site to generate a DSBs. As far the RNA, it has alternately been referred to as 
a guide RNA (gRNA), a single-guide RNA (sgRNA) or a chimeric RNA (chiRNA). 
In the simplest form of the type II CRISPR system, Cas9 is guided by the gRNA to 
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a cleavage site; this latter is a specific DNA locus composed by 20 nucleotides and 
a protospacer adjacent motif (PAM). The PAM consists of a NGG sequence located 
at the 3′ end of the target sequence. The gRNA-Cas9 complex generates DSBs 
immediately before the PAM site on the target DNA (Ryan and Cate 2014) in the 
nuclease domains RuvC and HNH (Mahfouz et al. 2014). Finally, the DSBs in the 
chromosomal DNA are repaired with knockouts/deletions or knock-ins/insertion by 
NHEJ and HR (Gratz et al. 2013) (Fig. 10.3).

In 2012, the CRISPR/Cas9 system was used for the first time as a ‘molecular 
machine’; this study shows that the engineering of the gRNA complex can guide the 
Cas9 to cut at a specific DNA sequence provided by an adjacent PAM sequence 
(Jinek et al. 2012). However, the attribution of the discovery of the CRISPR/Cas 
approach as a new technique for genome editing remains contested. Following the 

Fig. 10.3 Schematic representation of the CRISPR/Cas9 system. The Cas9 nuclease (blue circle) 
interacts with a guide RNA (orange lines) and the complex is directed to the target DNA at a spe-
cific locus adjacent to a PAM site (red lines). The presence of a PAM site adjacent to the targeted 
sequence (blue line, 3′–5′ direction) allow the cleavage at the locus. Double strand breaks (DSBs) 
between the third and the fourth bases 5′ to the PAM site on both strands of DNA are formed. After 
the endonuclease cleaves the DNA can be repaired by non-homologous end joining (NHEJ) or 
homologous recombination (Homology Directed Repair, HDR). Donor DNA: foreign DNA with 
flanking homologous regions to the target locus; indel: insertion/deletion
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first publication, the CRISPR/Cas9 system has found wide use in various fields: the 
Cas9 has been modified and adapted to various organisms, including eukaryotes, 
thanks to the optimization of the codon usage. For example, a Cas9 firstly optimized 
for humans has been applied in the genome editing in yeast (DiCarlo et al. 2013). 
From 2015 the CRISPR/Cpf1 system is also applied. The Cpf1 nuclease works like 
the Cas9 but with some differences, offering different advantages: it recognizes a 
rich PAM (and therefore different from the NGG), is driven only by a crRNA and it 
cuts the two strands of DNA generating sticky ends (Zetsche et al. 2015; Verwaal 
et al. 2018). Transcriptional regulation, via the use of a nuclease deficient (“dead”) 
Cas9 (dCas9) has been developed for repression of gene expression of endogenous 
genes (Gilbert et al. 2013; Jensen et al. 2017; Deaner and Alper 2017).

CRISPR/Cas9 is exploited today in the biotechnologies of every field, from the 
application on bacteria to that on eukaryotic cells: it is used on food-borne microor-
ganisms, for the production of biofuels and other molecules of industrial interest, on 
fungi, on plants for genetic improvement of functional characters and to increase 
resistance to pathogens, on animals both for food and for disease carriers, as well as 
on some mosquitos, and finally on human cells and on humans, especially in the 
medical field, for the development of innovative gene therapies (Ledford 2015; 
Wang et al. 2016; Gorter de Vries et al. 2017; Fraczek et al. 2018; Alexander 2018). 
However, applications of CRISPR/Cas9 gene editing technology in S. cerevisiae are 
continuing developed (Giersch and Finnigan 2017).

The first application of the CRISPR/Cas9 system in yeast was reported in 2013 
(DiCarlo et al. 2013). The Cas9 and the gRNA were expressed in the cell by two 
different plasmids, each with a different selectable marker. The cell was also co- 
transformed with a linear donor-DNA bringing the modified sequence for homolo-
gous recombination. A couple of year later, a single plasmid was developed, the 
pCRCT, which included the information for the Cas9, one or more guide RNAs and 
the corresponding donor-DNA (Bao et al. 2015). This last approach represents a 
great advantage in metabolic engineering studies; indeed, using a single Cas9 nucle-
ase it is possible to modify multiple genes in the presence of several gRNAs, each 
carrying a target gene, and of the donors with the modified sequences to be inserted 
(Wang et al. 2016). There are at least four methods to modify multiple genes simul-
taneously using the CRISPR/Cas9 system (Stovicek et al. 2017): (1) construction of 
plasmids containing up to two gRNA expression cassettes with as many selectable 
markers; each cassette is first individually cloned into a plasmid p426-SNR52p- 
gRNA.CAN1.Y-SUP4t and then fused thanks to the Gibbson assembly (Mans et al. 
2015); (2) HI-CRISPR system, involves the use of a single plasmid, the aforemen-
tioned pCRCT, containing the sequence of Cas9, plus the gRNA organized as an 
array in ‘interspaced’ crRNA and the respective donors (Bao et al. 2015); (3) co- 
transformation of cells, already equipped with Cas9, with multiple plasmids each 
with a different gRNA and a different selectable gene (Horwitz et  al. 2015); (4) 
addition to a plasmid of a USER (Uracil Specific Excision Reaction) sequence 
which allow to include in itself tandem cassettes of gRNAs (Jakočiūnas et al. 2015).

The wine industry could particularly gain an advantage from this engineering 
system (Pretorius 2017); indeed, molecular studies should help understanding the 
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contribution of Saccharomyces and non-Saccharomyces species to several wine 
features such as those linked to wine quality and safety (i.e. aroma and off-flavours 
compounds, ethanol and glycerol production, sulphur dioxide resistance, toxic com-
pound formation, etc.). Recently, Vigentini and co-authors successfully established 
the CRISPR/Cas9 system in two commercial starter yeasts of S. cerevisiae (EC1118, 
AWRI796), modifying the CAN1 gene encoding for an arginine permease, in order 
to generate strains with reduced urea production (Vigentini et al. 2017). This can be 
useful to limit the formation of ethylcarbamate in wine, a carcinogenic compound 
in a number of mammalian species. In this study, the yeast strains carrying the can1 
mutation failed to produce urea in oenological conditions suggesting that the genetic 
modification could impaired the arginine metabolism with a consequent potential 
decrease in ethylcarbamate production. In the same year (de Trindade et al. 2017), 
a polygenic analysis (pooled-segregant whole-genome sequence Analysis) was 
combined with CRISPR/Cas9-mediated allele exchange approach in order to iden-
tify novel S. cerevisiae genes affecting the production of phenylethyl acetate 
(2-PEAc), a desirable flavor compound of major importance in alcoholic beverages 
imparting rose- and honey-like aromas. In particular, FAS2 gene and a mutant allele 
of TOR1 gene were found to be responsible for high 2-PEAc.

Thus, winemakers might benefit by the application of this new approach to yeasts 
and to grapes as well, enabling better understanding of the connections between 
wine features and wine yeast genetics. Nevertheless, the recent interpretation of 
genome editing in the EU GMO legislation by the ECJ (European Court of Justice) 
seems to close the door the CRISPR/Cas approach. Indeed, the court deliberates 
that genome editing fall under the techniques to obtain OGMs; this means that all 
genome edited organisms will have to comply with all provisions of the EU GMO 
legislation. However, the ECJ in its ruling does not consider all the risk-related 
issues opening the road toward possible criticisms. This decision could negatively 
affect the innovative research and development involving modern genetic engineer-
ing techniques such as CRISPR in Europe. Against the tide seems to be the Swedish 
Board of Agriculture (SBA) regarding the modified plants; indeed, SBA has recently 
debated that plants modified using CRISPR/Cas9 where DNA only has been deleted 
(and no exogenous DNA is inserted), should not be regulated as GMOs. This has 
opened up the possibility of producing such plants as “normal crops” (i.e. without 
the supervision of any authority) in Sweden.

8  Conclusion

An extensive repertoire of molecular tools is available for the genetic engineering of 
S. cerevisiae wine strains and some of them are working properly in non- 
Saccharomyces yeasts as well. In wine field, genetically modified yeasts can con-
tribute to improve the winemaking process overall and the final characteristics of 
wines in terms of quality and complexity. Targets of these modifications are indeed 
several and they include traits of the primary and secondary metabolism of yeasts. 
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The success stories reporting the use of modified yeasts in the production of wines 
are numerous but sometimes the real exploitation of these microorganisms is lim-
ited. In fact, two different classes of microorganisms can be obtained with the 
molecular tools discussed in this chapter, non-GM and GM organisms. From a tech-
nical point of view, if the genetic background of the investigated yeasts is known, 
there are several advantages in using molecular strategies that edit specific genes 
because the desired modification can be easily achieved. Unfortunately, these 
approaches normally generate GMOs with all public concerns that can arise from 
their use in food production. On the other hand, non-GMOs are better accepted by 
consumers and they can be quickly introduced on the market. Among the promising 
techniques generating GM-free organisms, artificial hybrids breeding coupled with 
experimental evolution is of course a tangible chance for wine industry.

Modern viticulture and oenology could benefit by the CRISPR/Cas9 approach. 
Aside from the molecular advantage of producing quick genome changes by using 
a unique gene-editing approach, the CRISPR/Cas9 system has the potential to 
become soon the gold standard technique for the production of novel microorgan-
isms suitable for the food industry. However, the scientific community needs actions 
to bring the EU regulatory framework in line with our current scientific understand-
ing and with international developments.
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1  Introduction

During the last 30 years, the relationship between the wine and consumers health 
has raised a great interest due to the different bioactive compounds occurring in 
wine. A bioactive compound is, by definition, a natural or chemical compound that 
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can display a positive or negative effect on a living organism and, in this case, on 
wine consumer health (Guaadaoui et al. 2014). Some bioactive compounds, such as 
polyphenols and sulphur dioxide, can also affect organoleptic properties and the 
aging potential of the wine. Therefore, it is important, from both a technological and 
a healthy point of view, to assess the mechanisms affecting bioactive compounds 
content in wine. In particular, this chapter is focused on the current knowledge on 
the role of yeasts in the production and/or reduction of the main bioactive com-
pounds in wine.

2  Role of Yeasts in the Production of Health-Promoting 
Compounds in Wine

Renaud and de Lorgeril published in 1992 on “The Lancet” journal a study reveal-
ing that a higher wine consumption in the French population in comparison with 
other industrialized countries caused a lower incidence of coronary heart disease, 
despite the intake of high levels of saturated fat associated with the traditional 
French diet (French paradox). Since then, many epidemiological studies were car-
ried out on this matter. They demonstrated that individuals consuming daily mod-
erate amounts of wine (i.e., 30 g of ethanol for men and 15 g for women), display 
a reduction of cardiovascular mortality and an improvement of antioxidant param-
eters, when compared with individuals who abstain or who drink alcohol to excess 
(Renaud and Gueguen 1998; Poli et al. 2013). These health benefits are princi-
pally attributed to different phenolic compounds (such as anthocyanins and fla-
van-3-ols) and non-flavonoids (such as resveratrol, cinnamates, and gallic acid) 
and precisely to their antioxidant power capable of counteracting the negative 
action of free radicals. Actually, red wine is one of the most important dietary 
sources of these compounds (Monagas et al. 2005; Ferreira et al. 2016) and their 
health-promoting properties on several human disorders are widely discussed in 
scientific literature (Fragopoulou et al. 2018). These disorders are cardiovascular 
and neurodegenerative diseases, some cancers, obesity, diabetes, allergies, and 
osteoporosis (Fernandes et al. 2017; Wang et al. 2006; Lindberg and Amsterdam 
2008; Zell et al. 2007; Pierini et al. 2008; Fenwick et al. 2015; Bassig et al. 2012). 
Phenolic compounds are naturally present in grape berries and seeds and their 
amounts are affected by wide range of factors such as grape variety, geopedologi-
cal characteristics, climate, and agronomical practices. Moreover, the phenolic 
content in wine can be influenced by the different oenological practices and in 
details by fermentation temperature, maceration length, use of clarifying agents, 
oak-wood aging, duration of wine aging and storage procedures (Guilford and 
Pezzuto 2011; Ribéreau-Gayon et  al. 2000; El Darra et  al. 2016; Muller and 
Fugelsang 1997). Finally, native phenols can be modified or new healthy com-
pounds can be formed by metabolic activities of yeasts, so influencing the antioxi-
dant capacity of the wine.
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The following sections describe the ability of yeasts to produce antioxidant 
metabolites from amino acids during alcoholic fermentation and deal with the effect 
of yeasts on the content of reduced-glutathione, which is another important antioxi-
dant compound occurring in grapes and wine, as well as the influencing on the total 
antioxidant power of wines.

2.1  Production of Antioxidant Compounds by Amino Acids 
Metabolism of Yeasts

Bioactive compounds with antioxidant activity in wine can derive not only from 
grapes but also from the yeast metabolism of aromatic amino acids during alcoholic 
fermentation (Mas et al. 2014) (Fig. 11.1). They include higher alcohols, such as 
tryptophol and tyrosol that originate from tyrosine and melatonin, an indoleamine, 
synthesized from L-tryptophan (Rodriguez-Naranjo et  al. 2011, 2012, 2013; 
Fernández-Mar et al. 2012; Romboli et al. 2015). Despite the interest on the subject, 
the contribution of the yeasts to produce in wine these health-promoting compounds 
has been poorly investigated (Mas et al. 2014). Romboli et al. (2015) demonstrated 
that the concentrations in wine of tyrosol and hydroxytyrosol produced by 
Saccharomyces cerevisiae increased under non-aerated conditions and in case of 
slow fermentation kinetics due to a lower concentration of amino acids in grape 
musts. As regards the melatonin synthesis, it has been undoubtedly related to the 
yeast growth phase (Rodriguez-Naranjo et al. 2012) both of different S. cerevisiae 

Fig. 11.1 Production of antioxidant compounds by amino acids metabolism of yeasts
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strains and two non-Saccharomyces species (Torulaspora delbrueckii and 
Metschnikowia pulcherrima) (Fernández-Cruz et al. 2017) and it was detected dur-
ing red and white winemaking steps of five grape varieties (Rodriguez-Naranjo 
et al. 2013). Moreover, a recent study investigated the protective effect of this com-
pound on S. cerevisiae against different stresses (Bisquert et al. 2018). S. cerevisiae 
cells under stress and in normal growth conditions showed a significant shortened 
lag phase compared to the control cells when treated with melatonin. The gene 
expression analysis showed that melatonin significantly modulated gene expression 
in the unstressed cells in the exponential growth phase and during various stress 
treatments. Therefore, this study supports the role of melatonin as an antioxidant 
molecule in yeast providing new evidences for its ability to confer yeast cells pro-
tection against oxidative stress.

Recently, another study (Guerrini et al. 2018) assessed the ability of four com-
mercial and two indigenous S. cerevisiae strains to produce tyrosol, hydroxytyrosol, 
tryptophol and melatonin during alcoholic fermentation of a synthetic must. The 
results demonstrated that all the six S. cerevisiae strains were able to produce tyro-
sol, tryptophol, and melatonin during alcoholic fermentation. In particular, the com-
mercial strain Lalvin BM45® (Lallemand, Canada) was able to produce the highest 
amounts of all the bioactive compounds assayed. Moreover, ex-vivo assays on cul-
tured cells (RAW 264.7 murine macrophages) and immunological assays demon-
strated that freeze-dried samples, originating from the experimental wines of all the 
six S. cerevisiae strains, exhibited antioxidant and anti-inflammatory properties, but 
with different intensity. In other studies, tyrosol has been described as an antioxi-
dant in human cell lines (Giovannini et al. 1999) and as a cardio protective agent 
(Samuel et al. 2008), while melatonin in humans modulates circadian rhythms and 
seems to be related to learning and memory processes, ageing, and treatment for 
Alzheimer’s disease, amyotrophic lateral sclerosis, or migraine (Mas et al. 2014).

Therefore, the use of an appropriate S. cerevisiae starter strain could represent a 
suitable tool to enhance the content of some health-promoting compounds in wine, 
in addition to the well-known phenolic compounds occurring in grapes.

2.2  Influence of Yeasts on Glutathione Content

Glutathione (reduced form, GSH) is the most abundant non-protein thiol (L-γ- 
glutamyl-L-cystinyl-glycine) and one of the major antioxidants in living organisms 
(Anderson 1998) and thus, also in yeast cells. Apart from the reduced form, GSH, 
which occurs normally over 90%, glutathione disulphide (oxidized glutathione, 
GSSG) is present and can be reduced to GSH by glutathione reductase. In addition, 
other forms of disulphide are of the mixed type, GSSR (e. g. GS-S-CoA and GS-S- 
Cys), and proteins can be glutathionylated (GS-S-protein) (Li et al. 2004; Penninckx 
2002). Glutathione has received much interest due to its multiple functions, includ-
ing the control of redox potential in cells, involvement in many detoxification pro-
cesses, e.g. scavenging toxic reactive oxygen species (ROS), protein folding, 
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transport of organic sulphur, and protecting against heavy metals toxicity (Duncan 
and Derek 1996; Mezzetti et al. 2014; Penninckx 2002; Wu et al. 2004; Zechmann 
et al. 2011). Moreover, in wine GSH seems to play an important role in limiting the 
amount of browning pigments by competitive o-quinones reduction and in protect-
ing volatile thiols that are responsible for the varietal flavour during aging of bottled 
white wines (Lavigne-Cruège and Dubourdieu 2002; Belda et al. 2017; Parker et al. 
2017). Therefore, it is desirable to select yeast strains with a higher formation and 
release of GSH during fermentation and during storage of wines on lees as a tool to 
stabilize varietal aromas that are related to specific thiols and to prevent from brown-
ing to a certain level.

GSH may account for 0.5–1% of the dry weight in the yeast of the species 
Saccharomyces cerevisiae and represents more than 95% of the low-molecular- 
mass thiol pool (Elskens et al. 1991; Mehdi and Penninckx 1997; Penninckx 2002). 
The low redox potential (E’o = − 240 mV for thiol disulphide exchange) and that its 
reduced form is maintained by NADPH-dependent glutathione reductase offer the 
tripeptide the properties of a cellular redox buffer (Penninckx 2002).

In Saccharomyces and non-Saccharomyces yeasts, GSH may be involved to 
maintain mitochondrial and membrane integrity. It serves as a storage compound, 
which can be mobilized during nitrogen and sulphur starvation and/or reproduction. 
About 50% of the GSH was in the yeast cytoplasm and the remaining in the central 
vacuole during growth on nitrogen-sufficient medium. In case of total sulphur depri-
vation, GSH stored in the yeast cell is used as an endogenous sulphur source. More 
than 90% of the cellular GSH was transferred to the central vacuole of the yeast cell 
(S. cerevisiae) at nitrogen starvation (Mehdi and Penninckx 1997). Vacuolar trans-
port of metal derivatives of the tripeptide ensures resistance to metal stress 
(Penninckx 2000). GSH can be taken up from the medium by the yeast cell via two 
transport systems. Sulphur flows from GSH to other S-containing metabolites along 
the sulphur metabolic pathway (Penninckx 2002; Rauhut 2017). GSH is biosynthe-
sized in two ATP-dependent steps in S. cerevisiae. First, cysteine is connected with 
glutamate by γ-glutamylcysteine synthetase to γ-glutamylcysteine. Then glycine is 
bound by glutathione synthetase to complete the formation of GSH (Li et al. 2004; 
Mezzetti et al. 2014; Penninckx 2002; Zechmann et al. 2011) (Fig. 11.2).

Zechmann et al. (2011) studied the subcellular distribution of glutathione in S. 
cerevisiae and identified three cell types due to their behaviour to incorporate 
GSH. The highest amounts of GSH were found in the mitochondria. High and stable 
concentrations of GSH in mitochondria seem to be important for the protection and 
survival of cells at oxidative stress.

Glutathione plays also a central role during the winemaking process and is an 
important ingredient in grapes, must and wine (Kritzinger et al. 2013a).

GSH ranged from 14 to 102 mg/L in grape musts from different grape varieties 
(Cheynier et al. 1989). Park et al. (2000a, 2000b) detected up to 1.3 mg/L GSH in 
grape musts and up to 5.1 mg/L GSH in wines. Their investigations also indicated 
that final wine concentration of GSH was correlated with both total nitrogen and 
assimilable amino acid concentration. It was also demonstrated that yeast can 
change the levels of GSH during fermentation. An increase towards the end of 
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 fermentation was noticed. Concentrations of GSH in musts ranged from 3  to 
71 mg/L. Its amount in wines was detected up to about 35 mg/L. The amount of 
GSH after fermentation varied depending on the yeast strain. The use of specific 
yeasts led to higher GSH levels in wine than in must. Storing wines on lees assists 
to maintain GSH, which is important for preventing the oxidation of white wines to 
a certain extent and for protecting volatile thiols that are responsible for the varietal 
flavour during aging of bottled white wines. Therefore, it is desirable to select yeast 
strains with a higher formation and release of GSH during fermentation and during 
storage of wines on lees as a tool to stabilize varietal aromas that are related to spe-
cific thiols and to prevent from browning to a certain level.

Several investigations indicated that S. cerevisiae strains differ in their formation 
and release of glutathione during fermentation (Lavigne et al. 2007; Kritzinger et al. 
2013b). Indeed, different strategies were investigated to obtain yeasts with higher 
GSH formation and release (Mezzetti et al. 2014; Nisamedtinov et al. 2011; De Vero 
et al. 2017).

The impact of an addition of GSH for the preservation of the varietal character 
and colour stability was investigated in several studies (Lavigne-Cruège and 
Dubourdieu 2002; Roussis et al. 2007; Ugliano et al. 2011), demonstrating that the 
management of the antioxidant metabolome is very important since the beginning 
of the winemaking process in order to estimate wine ageing potential (Nikolantonaki 
et al. 2018).

Certain inactive dry yeast (IDY) preparations enriched with glutathione and 
probably other non-volatile thiols have been offered to enhance flavour intensity 
and stabilize wine colour (Gabrielli et al. 2017; Pozo-Bayón et al. 2009). There is 
also evidence that GSH could partially replace the application of SO2 filling to 
wines (Badea and Antoce 2015). Webber et al. (2017) showed that the addition of 
GSH after disgorging of sparkling wine reduces browning and acetaldehyde forma-
tion for up to 12 months, but they observed no effect on the concentration of free 
SO2 and total phenols.

SO4
2-

GSH

SO4
2-

SO3
2- S2- homocysteine

methionine cysteine

γ-glutamyl-cysteine

+ glutamate

+ glycine

Fig. 11.2 Metabolic pathway to produce reduced glutathione (GSH) in yeast
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Finally, the addition of glutathione in concentrations up to a maximum of 
20 mg/L to must or wine was adopted by the International Organization of Vine and 
Wine (OIV) with the Resolutions OIV-OENO 445–2015 and OIV-OENO 446–2015 
(OIV 2015).

On the other hand, it has to be indicated that the supplementation of GSH to must 
can lead to unpleasant volatile sulphur compounds and off-flavours at particular 
circumstances (e. g. deficiency of assimilable nitrogen; yeast strain) (Rauhut 2003, 
2017). Furthermore, research trials with glutathione supplementation and 
glutathione- enriched IDY-products demonstrated that pleasant flavours (caused by 
thiols like 3-sulfanylhexanol) could be achieved (Peyrot des Gachons et al. 2002), 
but also unpleasant volatile sulphur compounds like hydrogen sulphide were 
detected at certain conditions and specific wine treatments (Wegmann-Herr et al. 
2016). Therefore, additional investigations are required on the supplementation of 
GSH and with GSH and other thiols enriched IDY preparations during the wine-
making process and their impact on fermentation development and sensory impres-
sion of wines.

Further research on glutathione formation and metabolism might be profitable 
for oenology and biotechnology to take advantage of the differences among S. cere-
visiae strains during the winemaking process and storage, in order to obtain strains 
better adapted to the frequent environmental stresses occurring before, during and 
after alcoholic fermentation (Penninckx 2002).

Focus should be also related to specific non-Saccharomyces yeasts and their 
function in GSH formation, release and metabolism, because they are more and 
more discussed as important contributors to certain desirable flavours and character-
istics or to improve wine organoleptic properties (Romano et al. 2003; Jolly et al. 
2014; Gamero-Sandemetrio et al. 2018). In addition, the application of mixed yeast 
cultures with sequential and simultaneous inoculation should be studied related to 
GSH and other non-volatile thiols, their metabolism and impact on wine quality and 
stability during ageing.

In general, further studies should be carried out in order to investigate yeast 
metabolic behaviour to produce bioactive compounds during wine fermentation. 
Indeed, the accumulation of these antioxidant compounds during alcoholic fermen-
tation might enhance the protection of wines from oxidation, thus potentially 
assuming an important role in sensorial quality and potential longevity of the final 
products.

2.3  Total Antioxidant Capacity Affected by Yeast Strain

Starter cultures performing the fermentation process can have a significant effect on 
the total antioxidant capacity (TAC) of wine (Brandolini et al. 2007) To understand 
the impact of the yeasts on this wine characteristic, Brandolini et al. (2011) used 
40 S. cerevisiae strains to obtain different experimental wines that were analyzed for 
the total antioxidant capacity (TAC). The TAC of these 40 wines ranged from 0.625 

11 Wine Yeasts and Consumer Health



350

to 3.3  mM/L ascorbic acid equivalents, and the wines could be placed in three 
classes as a function of TAC: low, medium, and high. The majority of strains tested 
produced wines of the medium TAC class, whereas only a few strains exhibited a 
high TAC.  Guerrini et  al. (2018) confirmed these results demonstrating that fer-
mented samples obtained with different strains of S. cerevisiae showed different 
antioxidant capabilities. Probably these TAC variations are mainly attributable to 
yeast action on wine phenolic component. In fact, a recent study demonstrated that 
yeast ecology influenced the accumulation of phenolic compounds, such as querce-
tin and vitisin A (Romboli et al. 2015). In particular, the accumulation of quercetin 
and its glycosides resulted influenced by must aeration and by yeast species occur-
ring in the fermentative process, while vitisin A contents were significantly higher 
in wines produced in presence of Starmerella bacillaris (syn. Candida zemplinina). 
Another recent study compared the capability of S. cerevisiae and Saccharomyces 
bayanus to influence the polyphenol content of wine during fermentation (Samoticha 
et al. 2017). The wines obtained with S. cerevisiae were characterized by higher 
total polyphenol content and lower reduction of antioxidant activity. Finally, Datta 
et al. (2017) demonstrated that the extracellular fraction of Saccharomyces cerevi-
siae var. boulardii NCYC 3264 strain was rich in polyphenolic metabolites: vanillic 
acid, cinnamic acid, phenyl ethyl alcohol (rose oil), erythromycin, amphetamine 
and vitamin B6.

3  Role of Yeasts in Formation or Reduction of Toxic 
Compounds in Wine

Nowadays, it is well known that some compounds possibly influencing negatively 
wine consumer’s health may occur in wine, mainly because of microbial metabo-
lism. Particularly, assimilation, degradation as well as biosynthesis of different 
nitrogen compounds by some wine microorganisms (yeasts and bacteria) may lead 
to direct or indirect formation of biogenic amines and ethyl carbamate (also referred 
as urethane). Biogenic amines can cause a wide variety of undesirable physiological 
effects to sensitive humans, especially when alcohol and acetaldehyde are present 
(Alvarez and Moreno-Arribas 2014; EFSA 2011; Lehtonen 1996; Soufleros et al. 
1998). These compounds have been studied extensively for 30 years and particu-
larly over the last 10 years, because of the increasing attention to consumer protec-
tion (Restuccia et al. 2018). Likewise, ethyl carbamate is now considered probably 
carcinogenic to humans, as it has been recently reclassified as a Group 2A carcino-
gen by the World Health Organization’s International Agency for Research on 
Cancer.

Another compound of interest for human health that can occur in wine is 
Ochratoxin A. Ochratoxin A is the main mycotoxin in wine, and its levels are regu-
lated in different countries due to its toxic effects. As all the mycotoxins, Ochratoxin 
A is a secondary metabolite that is produced by some mould species and yeasts can 
detoxify wine from this compound.
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Furthermore, during the last decades, the formation of sulphur-containing 
compounds by wine yeast itself has become a central and crucial point of research 
(Divol et al. 2012; Guerrero and Cantos-Villar 2015) because of health concerns and 
an unfavourable public perception of sulphite that have led to demands for restric-
tion of its use in all wine growing countries (Costanigro et al. 2014).

Therefore, the following section not only deals with the role of wine yeasts in 
producing biogenic amines and ethyl carbamate but also in detoxifying wine from 
Ochratoxin A and in producing sulphites by yeasts.

3.1  Biogenic Amines Formation

Biogenic amines (BA) are volatile and non-volatile nitrogen low-molecular-weight 
organic bases of different nature, including aliphatic, aromatic and heterocyclic 
compounds, that can be found in wines in variable quantities and that are generally 
known to possess high biological activity. Volatile amines (i.e. methylamine, ethyl-
amine, isoamylamine, dymethylamine, diethylamine etc.) seem to be formed by the 
amination of non-nitrogen compounds, such as aldehydes and ketones but their ori-
gin is not really demonstrated. During the fermentation the concentrations of such 
amines tend to decrease because of yeast metabolism (Herbert et al. 2005) while 
they are released during yeast autolysis. However, most of them are related to nega-
tive effects on wine taste and flavour rather than on human health (Lehtonen 1996; 
Torrea and Ancin 2002) although, because of their reaction with the nitrites, some 
of them can be involved in the formation of nitrosamines that are carcinogenic com-
pounds. Non-volatile amines (histamine, tyramine, putrescine, cadaverine, agma-
tine) and the two volatile amines phenylethylamine and ethanolamine have their 
origin in the microbial decarboxylation of their precursor amino acids (Table 11.1). 
Moreover, the polyamines spermine and spermidine can be produced from putres-
cine through methylation reactions involving S-adenosyl-methionine. Such bio-
genic amines can cause different toxicological effects to humans, depending on the 
specific BA, its concentration and individual sensitivity (Vincenzini et  al. 2017). 

Table 11.1 Biogenic amines 
produced by microbial 
decarboxylation of their 
precursor amino acids

Aminoacid precursor Biogenic amines

Histidine Histamine
Tyrosine Tyramine
Lysine Cadaverine
Phenylalanine Phenylethylamine
Ornithine Putrescine, spermine, spermidine
Arginine Agmatine
Serine Ethanolamine
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The heterocyclic (histamine) and aromatic (tyramine, phenylethylamine) amines 
are the most toxic and are known to cause a wide variety of symptoms including 
hypotension, headache, heart palpitation, cutaneous and gastrointestinal disorders 
in the case of histamine and migraines and hypertension crisis in the case of aro-
matic amines. The aliphatic polyamines (putrescine, agmatine, cadaverine, sperm-
ine, spermidine), although not toxic in themselves, potentiate the effects of other 
amines, especially histamine, inhibiting the monoamino-oxidases (MAO) and 
diamino-oxidases (DAO) that, catalysing the oxidative deamination of amines, rep-
resent the physiological system of detoxification in humans. In this connection, it is 
worth mentioning that ethanol is known to be among the most active inhibitors of 
such enzymes increasing the risks of BA effects in wine consumers. Nevertheless, 
some studies about the toxicological effects of BA occurring in wines are contradic-
tory; some Authors report that the presence of BA in wine could cause intolerance 
and intoxication symptoms and others that the concentrations of BA in wine are not 
correlated to the occurrence of symptoms (Marques et al. 2007). Anyway, the toxic 
doses of BA are difficult to establish as the activity of MAO and DAO enzymes can 
vary in different individuals. Therefore, the following intervals of BA concentra-
tions in wine that should not be overcome to avoid negative physiological effects are 
simply recommended: for histamine 8 and 20 mgL−1, for tyramine 25 and 40 mgL−1, 
for phenylethylamine 3 mgL−1 (Soufleros et al. 1998). However, in 2011, the bio-
logical hazards (BIOHAZ) panel of the European Food Safety Authority (EFSA 
2011) reported that the present knowledge and data on toxicity of BA, individually 
and in combination(s), are limited and insufficient to conduct quantitative risk 
assessment; nevertheless, histamine and tyramine are the most toxic and relevant 
BA for food safety.

Now, the possible role of yeast populations in the formation of BA during alco-
holic fermentations appears to be poorly investigated and sometimes results on the 
various BA produced, are contradictory. However a general statement can be pointed 
out: yeasts are not the microorganisms most responsible for BA production in wines 
(Torrea and Ancin 2001; Caruso et al. 2002; Landete et al. 2007) and their BA pro-
ducing capability has to be accounted in order to minimize the accumulation of 
these undesirable compounds throughout the winemaking process.

Indeed, some studies performed on different wine yeasts inoculated in sterilized 
or sulphited musts from various grape varieties under laboratory conditions 
revealed that they are able to produce BA. In particular, Caruso et al. (2002) assayed 
different yeast strains of the species most frequently found during alcoholic fer-
mentations (Saccharomyces cerevisiae, Kloeckera apiculata, Candida stellata and 
Metschnikowia pulcherrima) or during wine storage such as Brettanomyces bruxel-
lensis. The results demonstrated that the yeast behaviour resulted to be strain 
dependent within the single species but, on the average, the highest BA concentra-
tion was formed by B. bruxellensis (15 mg/L), while the other species produced 
amines at lower levels. Considering the individual amines, independently of the 
yeast species, histamine, putrescine, cadaverine and methylamine concentrations 
were lower than 2  mg/L; while agmatine, phenylethylamine and ethanolamine 
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were the most representative, with agmatine produced by all the yeast species 
tested, phenylethylamine by K. apiculata, M. pulcherrima and B. bruxellensis and 
ethanolamine by C. stellata and S. cerevisiae. Particularly, concentrations of 
phenylethylamine formed by B. bruxellensis strains deserve some attention since 
they reached an average of about 10 mg/L, a considerable value, considering that 
3  mg/L of such amine could provoke negative physiological effects. Moreover, 
some S. cerevisiae strains were found to be able to produce significant levels of 
ethanolamine and agmatine, underlining the importance of using selected strains. 
Conversely, a low BA producing capability of S. cerevisiae was pointed out by 
other studies, including also commercial active dry yeast strains inoculated in 
white and red grape musts (Torrea and Ancin 2001, 2002). In these microvinifica-
tions, carried out under laboratory conditions, histamine, tyramine, putrescine, 
phenylethylamine and spermine as well as some volatile amines (i.e. ethylamine 
and dimethylamine) were found at different extent depending on the yeast strain 
involved in the fermentation, but they never exceeded the concentrations consid-
ered toxic for humans. Anyway, putrescine was always the most abundant amine in 
the experimental wines likely because its precursor amino acid, the ornithine, can 
originate from the breakdown of arginine that is one of the major amino acids 
found in grape juices and mostly metabolised by yeasts during alcoholic fermenta-
tion. In this context, it was also reported that, throughout the fermentation, the 
highest synthesis of putrescine took place after the consumption of the first 25% of 
sugar according to the fact that arginine is usually considered as a secondary nitro-
gen source for yeast. Nevertheless, a relationship between the content of non-vola-
tile BA occurring in wine and the utilization of their amino acid precursors by 
yeasts during fermentation was not always found due to a possible use of BA by 
yeasts as nitrogen source.

In contrast to above mentioned findings, Landete et al. (2007) reported that no 
strains of S. cerevisiae were able to produce histamine, tyramine, putrescine, cadav-
erine, and phenylethylamine in both synthetic medium and grape must. On the other 
hand, analysis of BA content in wines at the end of alcoholic fermentations carried 
out at industrial level confirmed most of the results obtained under laboratory condi-
tions. Indeed, in several assayed wines, independently of geographical origin and 
grape variety low amounts of BA were usually detected, the most frequently being 
phenylethylamine, ethylamine, tyramine and putrescine. Confirming the results of 
Torrea and Ancin (2001, 2002), a S. cerevisiae commercial strain proved capable to 
produce histamine and tyramine in a barrel Chardonnay fermentation (Medina et al. 
2013). On the contrary, no significant level of putrescine, cadaverine and spermi-
dine were found in wines inoculated with B. bruxellensis by Vigentini et al. (2008).

All the contradictory data reported above regarding the BA producing capabil-
ity of wine yeasts could be the consequence of a high strain dependent variability 
of this metabolic feature (Granchi et al. 2005). It is pointed out that, in a study on 
the evolution of BA content throughout industrial manufacture of red wines, a 
decrease of putrescine (usually occurring in fresh grape juices due to the synthesis 
by vine), consistent with high cell densities of non-Saccharomyces yeast populations, 
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was found in both spontaneous and induced alcoholic fermentations (Granchi et al. 
2005). Therefore, it could be suggested that some non-Saccharomyces yeast spe-
cies or otherwise different strains of the same species, are able to remove putres-
cine originating from Vitis plant. Concerning this matter, Uemura et  al. (2004) 
found that in S. cerevisiae the product of UGA4 gene, which is a membrane protein 
catalyzing the transport of 4-aminobutiric acid (GABA), also catalyzes the trans-
port of putrescine. Moreover, they also reported that expression of the UGA4 gene 
is enhanced in the presence of GABA and at acidic pH values typical of musts and 
wines.

In conclusion, although some aspects on the role of yeasts in BA formation in 
wine deserve to be more elucidated, at the present, it is reasonable to sustain that 
these microorganisms usually scarcely contribute to BA accumulation in wine. 
However, since a certain yeast strain dependent variability was demonstrated in BA 
producing ability, this feature should be included as additional criterion for yeast 
starter selection in order to contribute to the safeguarding of consumer health. 
Indeed, even though there are no precise limits, several countries like Canada, 
Switzerland or South Africa are requiring BAs analysis before placing the wine on 
the market (Restuccia et al. 2018). Few years ago Switzerland established an offi-
cial maximum limit of 10 mg/L for histamine in wines, but this limit was removed 
in 2011 (Restuccia et al. 2018). Today, the recommended upper limits for histamine 
are 10  mg/L in Australia and Switzerland, 8  mg/L in France, 3.5  mg/L in 
Netherlands, 6 mg/L in Belgium and 2 mg/L in Germany (Martuscelli et al. 2013; 
Restuccia et al. 2018). Anyway, in view to safeguard wine consumer’s health these 
rules should be observed. Since, the variability in wine biogenic amine contents, in 
addition to the microbial metabolic activity, could be due to several factors such as 
raw material quality, differences in winemaking processes, time and storage condi-
tions, etc., OIV published in 2011 a code of good vitivinicultural practices in order 
to minimize the presence of BA in wine (OIV 2011). As concern the biogenic 
amines production by yeasts, recommendations during alcoholic fermentation are 
the following:

 – the addition of ammoniacal nitrogen, inactivated yeasts, yeast cell walls, or yeast 
auto-lysates should be restricted to minimal concentrations;

 – alcoholic fermentation should be carried out using Saccharomyces with a low 
predisposition for the formation of biogenic amines.

Recently, with the aim of reducing the formation of biogenic amines, Benito 
et al. (2016) proposed the use of Schizosaccharomyces pombe to solve the problem 
of BA formation in wine. Indeed, at present, wine is generally produced using S. 
cerevisiae followed by Oenococcus oeni, the lactic acid bacterium often responsible 
for the formation of biogenic amines in wine, to complete malolactic fermentation. 
The Authors explored the potential of some S. pombe strains as substitute of both 
microorganisms. These strains demonstrated to be not only as efficient as S. cerevi-
siae winemaking strains, but also able to perform malic acid deacidification without 
production of biogenic amines.
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3.2  Ethyl Carbamate Formation

Besides BA, another health concern in wine is the presence of ethyl carbamate (EC). 
EC, also referred to as urethane, forms spontaneously in wine because of a chemical 
reaction of ethanol with a compound containing a carbamyl group. The interest for 
this compound has attracted due to its animal carcinogen potential and its possible 
origin from precursors produced by microbial catabolism of amino acids. Hence, 
wine yeasts are indirectly involved in formation of EC and their contribution, 
besides to ethanol generation during alcoholic fermentation, consists of producing 
precursor compounds containing a carbamyl group. These compounds include urea, 
carbamyl phosphate and citrulline, which can be excreted into the wine at different 
extent depending on several factors, including yeast strain, amounts of assimilable 
nitrogen and temperatures occurring during vinification and storage. Consequently, 
EC levels are usually low or non-detectable in young wines and variable to different 
extent in aged or stored wines, depending on cellar or storage temperature. For what 
concern the methods of analysis, Xia et al. (2018) provided a complete description 
of the traditional detection techniques and newly introduced methods for accurate 
and convenient determination of EC in fermented food matrices.

The origin and the importance of precursor compounds in EC production in wine 
is here discussed.

3.2.1  Origin of Urea

Urea is formed by yeast as an intermediate product during the degradation of argi-
nine, purines and pyrimidines. However, due to their relatively low levels in grape 
juices purine and pyrimidine are not usually utilized by yeasts as nitrogen sources 
during vinification and thus scarcely contribute to urea amount. Consequently, argi-
nine, being one of the major amino acids of grape must and an important nitrogen 
source for yeasts, is the most significant source of urea in wine (Ough et al. 1988). 
Nevertheless, the amount of urea in wine depends strictly on the complex regulation 
of arginine metabolism, which has been well defined in Saccharomyces cerevisiae 
yeast. According to this pathway arginine is transported into yeast cell through the 
general amino acid permease (GAPp) or the arginine specific permease (CAN1p) 
and then it is cleaved by the enzyme arginase, which is encoded by the CAR1 gene, 
into ornithine and urea. Ornithine is metabolized via proline and glutamate pathway 
(for synthesis of amino acids), while urea can be further catabolized to ammonia 
and CO2 in an energy-dependent two-step reaction catalyzed by urea amidolyase 
(the product of the DUR1, 2 gene) or, otherwise, it can be excreted from the yeast 
cell likely via a facilitated transporter (Dur4p). Moreover, urea may be reabsorbed 
by yeast cell for additional nitrogen requirement through an active transporter 
(Dur3p). During wine fermentation, different steps of the arginine degradation 
pathway are subject to regulation essentially depending on availability of assimila-
ble nitrogen sources. Indeed, in the presence of high concentrations of readily used 
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nitrogen sources, such as ammonium and glutamine, transport and catabolism of 
arginine are delayed and urea is not degraded because of the repression of genes 
encoding GAPp, arginase (CAR1) and urea amidolyase (DUR1,2) (according to the 
phenomenon called Nitrogen Catabolite Repression). In this case, that is usually 
during the first stages of alcoholic fermentation, urea-producing yeast strains 
excrete urea into the wine. On the contrary, when low levels of ammonium or poorly 
used nitrogen sources are available in fermentation medium, arginine metabolism 
generally proceeds without or with little urea excretion and possible urea secreted 
is reabsorbed through the active transporter Dur3p and it is degraded to ammonia, 
which can be used for biosynthesis of cell nitrogen compounds. However, it has 
been demonstrated that wine yeast strains differ in their ability to rapidly catabolize 
arginine and urea during fermentation in relation to different expression of the 
genes CAR1 and DUR1,2 (encoding arginase and urea amidolyase, respectively) as 
they are regulated by distinctive mechanisms. High urea producing yeasts could 
hence possess a high capacity to degrade arginine to urea but a low urea metaboliz-
ing ability owing to a lower level of DUR1,2 expression in comparison to the 
expression of the CAR1 gene. Moreover, the timing and degree of aeration seem to 
affect urea production during alcoholic fermentation likely because of an increased 
nitrogen demand for anabolic reactions that are stimulated by oxygen. (Henschke 
and Jiranek 1993).

In conclusion, the amount of urea in wine at the end of the fermentation is 
affected by urea excretion and urea reabsorption by yeast cells whose metabolic 
activities differentiate depending on genetic as well as environmental factors. 
Furthermore, urea may be released in wine during the storage because of yeast 
autolysis. Since the chemical reaction between urea and ethanol is exponentially 
accelerated at elevated temperatures in acidic conditions, it is essential that wine be 
not exposed to elevated temperatures of storage (above 37 °C).

3.2.2  Origin of Carbamyl Phosphate and Citrulline

Carbamyl phosphate as well as citrulline are intermediate products in the synthesis 
of arginine in yeast cells. Particularly, in S. cerevisiae carbamyl phosphate is pro-
duced from ATP, CO2 and ammonium, resulting from glutamine, by a carbamyl- 
phosphate synthetase in a reaction which is enhanced when ammonia levels are high 
(Ingledew et  al. 1987). If ornithine is available, carbamyl phoshate may be con-
verted into citrulline through the ornithine transcarbamylase activity. Then, citrul-
line can be excreted or transformed via argininosuccinate to arginine, which is 
catabolized by arginase pathway. Generally, carbamyl phosphate and citrulline 
occurr in wine at low concentrations so that they may account only for a small frac-
tion of EC. Moreover, on a molar basis, citrulline has an ethyl carbamate formation 
rate of approximately one quarter of that of urea.
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3.3  Ethyl Carbamate Reduction

Although a legal limit for EC levels in wine is recognized only in Canada, the poten-
tial reduction of EC content is of general concern in wine industry. In this context, 
in 1997, the U.S. Food and Drug Administration (FDA), in collaboration with the 
Department of Viticulture and Enology at the University of the California (Davis), 
published an EC preventative action manual containing several advisory recom-
mendations, especially to minimise practices that can affect the urea levels in wine. 
On the contrary, no restriction or limits now exist in Europe. However, European 
food and health regulators, such as the European Food Safety Authority in 2006, 
have launched a study on the risks to human health related to the presence of Ethyl 
Carbamate in foods and beverages.

Concerning wine yeasts, since as above mentioned they display a certain vari-
ability in the production of urea, the inoculation of selected commercial low urea- 
producing yeast strains or, otherwise, the control of arginine content in spontaneous 
alcoholic fermentations are recommended in order to reduce EC formation in wine.

More recently, improved urea-degrading S. cerevisiae strains developed by 
recombinant DNA techniques have been proposed. In particular, a metabolically 
engineered S. cerevisiae (the UC Davis 522EC strain) able to continually break down 
urea produced during grape must fermentation, even in presence of a good nitrogen 
source, has been obtained owing to the constitutive expression of DUR1,2, the gene 
encoding the enzyme urea amidolyase which catalyze the degradation of urea to 
ammonia and CO2 (Coulon et al. 2006). This result was achieved by introducing an 
additional copy of the DUR1,2 gene under the control of PGK1 promoter and termi-
nator sequences for high expression. Since the S. cerevisiae 522EC strain (whose 
trade name is ECMo01) does not contain any antibiotic resistance marker genes or 
genetic material from any other organism it is not transgenic. Moreover, it is geneti-
cally stable and exhibits oenological properties corresponding to those of the paren-
tal strain. Analyses of EC content in commercial trials performed by ECMo01 yeast 
revealed EC reductions ranging from 76 to 92% in comparison with the control 
yeast. Therefore, considering also that the FDA proved that there are no safety con-
cerns associated with the use of the ECMo01 strain in the production of fermented 
alcoholic beverages, metabolically engineered urea-degrading wine yeasts could be 
a possible alternative to minimizing production of EC in wines.

3.4  Detoxifycation of Ochratoxin A

Mycotoxins are secondary metabolites that are produced by some mould species. 
Contamination of food and beverages by mycotoxins is a serious and recurring 
problem worldwide, which can result in economic losses and health concerns. The 
best-characterized mycotoxins are mainly produced by members of three fungal 
genera: Aspergillus (e.g., aflatoxin, ochratoxin A), Fusarium (e.g., T-2 toxin, 
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deoxynivalenol), and Penicillium (e.g., ochratoxin A, patulin) (Moss 2002). The 
fumonisin aflatoxins are found in grapes and wine, and while patulin is seldom 
detected, Alternaria mycotoxins (e.g., alternariol) are also frequently found. 
Therefore, as well as their individual considerations, the combined effects of myco-
toxins in wine also require consideration. Among these mycotoxins, ochratoxin A 
(OTA) is the main one found in wine. Ochratoxin A was originally detected in a 
culture of Aspergillus ochraceus and then was identified in numerous mycotoxino-
genic species of Aspergillus and Penicillium. The OTA molecule is a pentaketide 
that consists of a dihydroisocumarine linked to an L-ß-phenylalanine that contains 
two ionisable functional groups: a carboxylic group (-COOH) in the phenylalanine, 
and a hydroxyphenolic group (Fig. 11.3). OTA is a white or colourless crystalline 
solid that has weak acidic properties, is soluble in aqueous sodium hydrogen car-
bonate, and emits blue fluorescence under ultraviolet light irradiation (maximum 
emission at 467 nm in 97% ethanol). When recrystallized from benzene and xylene, 
OTA shows melting points of 90 °C and 171 °C, respectively. The most relevant 
metabolites related to OTA are the dechloro analog of OTA (ochratoxin B), its ethyl 
ester (ochratoxin C), and the isocoumaric derivatives of OTA (ochratoxin α and its 
dechloro analog ochratoxin β). Generally, OTA is the most relevant in vineyards, 
and its occurrence in grapes and wine has been reviewed (Hocking et al. 2007; Luo 
et al. 2018).

OTA is considered cytotoxic, nephrotoxic, immunotoxic, myelotoxic, terato-
genic, carcinogenic, genotoxic, and mutagenic (Pfohl-Leszkowicz and Manderville 
2007). OTA has been detected in a variety of foods and feed, including grapes, grape 
juice, beer, and wine. In humans, it is frequently cited as a possible causative agent 
of Balkan endemic nephropathy, a syndrome that is characterized by contracted 
kidneys with tubular degeneration, interstitial fibrosis, and hyalinization of the 
glomeruli. This endemic disease was described about 30 years ago in populations in 
isolated villages in the Balcans (i.e., Bulgaria, Croatia). Moreover, OTA has been 
implicated in testicular cancer (Schwartz 2002). For these reasons, the International 
Agency for Research on Cancer has classified OTA as a possible human renal car-
cinogen (group 2B) (IARC 2002). Children of 4–6 years old represented the highest 
risk group, as their daily intake was 16-fold the average intake of adults. Indeed, 
grape juice can contain more OTA than some table wines, and this is a serious prob-
lem: fruit juices appear to increase the daily OTA intake of children (Zimmerli and 
Dick 1996).

Name R1 R2 R3 R4 R5
Ochratoxin A phenylalanine Cl H H H
Ochratoxin B phenylalanine H H H H
Ochratoxin C phenylalanine ethyl ester Cl H H H
Ochratoxin A methyl ester phenylalanine methyl ester Cl H H H
Ochratoxin B methyl ester phenylalanine methyl ester H H H H
Ochratoxin B ethyl ester phenylalanine ethyl ester H H H H
Ochratoxin alpha OH Cl H H H
Ochratoxin ß OH H H H H
4R-Hydroxyochratoxin A phenylalanine Cl H OH H
4S-Hydroxyochratoxin A phenylalanine Cl OH H H
10-Hydroxyochratoxin A phenylalanine Cl H H OH

Fig. 11.3 Chemical structures of Ochratoxin A and related metabolites
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Elimination and detoxification of OTA in humans is very slow, where it shows 
the longest half-life known for living mammals (840 h, or 35 days) (Petzinger and 
Weidenbach 2002) (Fig. 11.4). A preliminary survey by the Food and Agriculture 
Organization of the United Nations (FAO) and the World Health Organization 
(WHO) Commission for the “Codex Alimentarius” that was based on information 
coming from various countries of the European Union, indicated that red wine is the 
second highest source of human exposure to OTA, after cereals, and before coffee 
and beer. For this reason, European regulations (Reg. CE N° 123/2005 of 26 January, 
2005) have established the maximum permissible levels of OTA in grapes and 
grape-derived products: 10.0 μg/kg (ppb) in dried grapes (i.e., Corinto dried grapes, 
dried grapes in general, as raisins and sultanas); and 2.0 μg/kg (ppb) in wines (red, 
white, rosé; excluded fortified wines and wine with alcohol levels higher than 15% 
by volume). The same OTA levels (2.0 μg/kg) must not be exceeded in other drinks 
made from grape must, and in grape juice, grape must itself, and grape must concen-
trates destined directly for human consumption. Therefore, the Joint FAO/WHO 
Expert Committee on Food Additives has established the provisional maximum 
weekly intake of 120 ng OTA/kg body weight.
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Fig.11. 4 OTA toxicity on humans
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Several studies have indicated that OTA levels in grapes and wines are very vari-
able and can be influenced by different factors. OTA levels in wines from southern 
wine-growing regions of Europe and northern Africa are higher than those in wines 
from the northern areas of Europe. Climate and high temperatures in particular are 
the major factors for OTA contamination. Therefore, OTA is found at higher levels 
in wines from the warmer southern Europe, compared to northern Europe (Otteneder 
and Majerus 2000). In the Mediterranean basin, the incidence of OTA in wine is 
very high (>50% of wines analyzed) (El Khoury and Atoui 2010). OTA contamina-
tion of grapes and wines also varies according to the latitude of the vineyard and 
from year to year in the same vineyard, depending on the climate. In addition, water 
activity influences the physiology of the fungal species that produce OTA. In colder 
regions, OTA is produced by Penicillium verrucosus and Penicillium nordicum, 
while in temperate regions it is mainly produced by Aspergillus carbonarius (opti-
mum temperature, 32–35 °C). Finally, in tropical and semitropical regions, OTA is 
more often produced by Aspergillus niger (optimum temperature, 35–37 °C).

The occurrence of OTA-derived products on grapes is due to the frequent pres-
ence of Aspergillus spp. and Penicillium spp. in vineyards, particularly during the 
maturation phase, from veraison onwards. In particular, black Aspergilli are the 
causal agents of several plant diseases. They are considered as opportunistic patho-
gens of grapes, and can cause bunch rot (i.e., sour rot) or berry rot, and raisin mould. 
Among the black Aspergilli, A. carbonarius is the most important, as OTA- 
producing isolates represent 41–100% of isolates examined (Battilani et al. 2003). 
Thus, A. carbonarius and some members of the A. niger aggregate are considered 
to be the main sources of OTA contamination in grapes and wines.

After its first detection in wine (Zimmerli and Dick 1996), records of OTA in 
grapes, grape juice, must, and wine were reported with increasingly alarming fre-
quencies. This aroused the awareness that consumption of food contaminated with 
OTA represents a risk that should not be underestimated, in particular for consumers 
of red wines, dessert wines, and dried grapes.

The occurrence of OTA depends on the winemaking technology used, and it is 
higher in red and sweet wines than in rosé and white wines. In particular, the maxi-
mum OTA levels detected in wines have been reported as 15.6, 6.32, and 8.86 mg/
kg for red, rosé and white wines, respectively. Here, inhibition of OTA-producing 
fungal growth on sensitive commodities appears to be by far the most reliable 
method to prevent OTA contamination of food and feed.

The adoption of preventive measures in the vineyard can help to reduce contami-
nation of mycotoxigenic fungi on grapes. However, severe OTA contamination still 
occurs in certain high-risk regions, for specific vintages, and on must obtained from 
susceptible grape varieties. Thus, different technological and biological methods to 
remove OTA in must and wine have been evaluated by the International Organization 
of Vine and Wine that, in 2005, adopted the “Code of sound vitivinicultural prac-
tices to minimise levels of Ochratoxin A in vine-based products” (Resolution Viti- 
Oeno 1/2005). The basic requirements of these methods should be their effectiveness, 
simplicity of use, low cost, and absence of negative effects on wine quality.
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The use of SO2, fining agents, and adsorbent materials can control the growth of 
OTA-producing moulds and the resultant mycotoxin contamination. However, con-
sumer trends are directed toward limited use of chemical products in wines. Hence, 
there is growing interest to use biological strategies to detoxify OTA, which include 
inhibition of Aspergillus spp. growth, degradation of OTA, and adsorption of OTA 
onto yeast cell surface (Fig. 11.5).

Cubaiu et al. (2012) showed that Saccharomyces cerevisiae wine yeasts can pre-
vent A. carbonarius growth, and that yeast culture filtrates inhibit OTA production 
and polyketide synthase transcription in A. carbonarius and A. ochraceus. They 
concluded that the inhibition mechanism observed is likely to involve synergistic 
mechanisms, which include effects mediated at the level of gene transcription.

Microbiological degradation of OTA can occur through hydrolysis of the 
amine bond, to release L-ß-phenylalanine and Ochratoxin α, or through hydroly-
sis of the lactone ring, with an opened lactone as the final degradation product. In 
addition, Angioni et al. (2007) suggested another possible pathway for degrada-
tion of OTA that is different from the previous mechanisms. Indeed, they reported 
that some yeasts can degrade OTA, but they could not find any products of this 
hydrolysis. Biological degradation of OTA has also been observed for some bac-
teria (e.g., Streptococcus, Bifidobacterium, Bacillus) and for living and heat-
treated dead conidia of black Aspergillus isolates (e.g., A. carbonarius, A. niger, 
Aspergillus japonicus) (Petruzzi et al. 2014). In addition, it has been reported that 
microbial- derived enzymes with carboxypeptidase A activity can degrade OTA 
(Amézqueta et al. 2009). Finally, considering that the opened lactone OTA form 
that can result from OTA hydrolysis has shown toxicity toward rats, mice, and 
Bacillus brevis, and that undesirable effects on non-targeted microorganisms 
might result in reduced wine quality, biological degradation of OTA is less desir-
able than its adsorption.

Ochratoxin A adsorption onto yeast cell surfaces is the consequence of the 
chemical nature of OTA, which is partially dissociated at the pH of wine, and carries 

Degradation

Toxic residues Angioni et al., 2007

Adsorption

inhibition

OTA
Ocratoxin cluster

Fig. 11.5 Biocontrol of OTA by yeasts
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a positive charge on the amine group. Moreover, OTA can bind to hydrophobic 
 surfaces through the phenol group. At the same time, yeast biomass can be regarded 
as a good source of adsorbent material. Indeed, the yeast cell wall is made up of 
beta D-glucans and mannoproteins. Due to the presence of mannosylphosphate, at 
the pH of wine, mannoproteins carry negative charges and can establish both polar 
and nonpolar interactions with OTA. Further, mannoproteins and cell wall compo-
nents are released during spontaneous or induced cell autolysis, which thus 
increases their adsorption capacity. Heat-treated and acid-treated cells bind higher 
levels of OTA than viable yeast cells. In addition, yeast ‘hulls’ have been used to 
significantly reduce OTA in wine. Piotrowska et al. (2013) used thermally inacti-
vated yeast biomass and achieved 95% OTA reduction. Garcia Moruno et al. (2005) 
evaluated the reduction of ochratoxin A in red wines by using active dry yeast and 
yeast lees obtained from alcoholic fermentation. The results pointed out that the 
effectiveness of the treatment depends upon the quantity of the active dry yeast 
used, while in the case of yeast lees, the greatest reduction was found in those 
obtained from white wine. Also Petruzzi et al. (2015) reported that yeast cell walls 
have higher adsorption capacity than thermally inactivated cells (50% vs. 43% 
OTA reduction).

Some variables have major roles in the efficiency of OTA adsorption and 
removal, including the protocol used for production of yeast derivatives, the 
must composition, and finally, the yeast strain. Heating yeast cell walls leads to 
protein denaturation and the production of Maillard products. Acid treatments 
might cause the release of monomers and aldehydes from cell-wall polysaccha-
rides, thus increasing the possible adsorption sites (Piotrowska et  al. 2013). 
Petruzzi and co-workers (2014) showed that the sugar concentration in the must, 
fermentation temperature, and diammonium phosphate supplementation all have 
major roles in OTA adsorption. They thus suggested that all of these factors 
allow better release of the mannoproteins in the must. Further compounds in 
wine might also compete with OTA for adsorption onto the yeast cell wall. Some 
of these, such as medium-chain and short-chain fatty acids and sulphur com-
pounds, are considered detrimental to winemaking process and wine quality. 
Thus, the adsorption and removal of these molecules by yeast cells might be 
considered of great interest.

On the contrary, the reduction of some other compounds might negatively affect 
wine quality, such as for the anthocyanins, which are largely responsible for the 
colour of red wine. However, Petruzzi et al. (2015) showed that adsorption of OTA 
and anthocyanins occurs through two different phenomena that act in different 
ways. Thus, specific yeast strains might adsorb OTA but not anthocyanins. In this 
respect, various studies have been devoted to the selection of starter yeast strains 
that can adsorb OTA from wine. Such yeast strains might thus have a great future 
for detoxification of OTA without using harmful chemicals and without any nega-
tive effects on the organoleptic quality of wine.
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3.5  Effect on Sulphite Content

The application of sulphur dioxide (sulphite or ‘SO2’) to treat must and wine is one 
of the most important oenological additives affecting character and quality and 
microbial stability of wine. The use of sulphur dioxide has always been regulated 
and oenological methods have always been developed to lower its concentrations in 
wines, because its addition can raise health-related objections (Romano and Suzzi 
1993; Ribéreau-Gayon et al. 2006; Fleet 2007). Health concerns and an unfavour-
able public perception of sulphite have led to demands for restriction of its use in all 
wine growing countries (Costanigro et al. 2014). Furthermore, a reassessment of all 
aspects of sulphite accumulation in wine is conducted and more and more alterna-
tive treatments are observed and tested to diminish the application of SO2 in recent 
years, in particular in organic wine production (Rauhut and Micheloni 2010). For 
this reason, the formation of sulphur-containing compounds by wine yeast itself has 
become a central and crucial point of research during the last decades (Divol et al. 
2012; Guerrero and Cantos-Villar 2015).

The occurrence of sulphur dioxide in food and wine can cause health-related 
problems. At the beginning of the nineteenth century research on the possible toxic-
ity of sulphur dioxide has been started. An intermediate product of the degradation 
of S-containing amino acids is sulphite, which is oxidized to sulphate. Adults that 
react normal in the metabolism of S-containing compounds, daily excrete about 
2.400 mg sulphate (25 mmol) with the urine or faeces. Sulphite is produced at a 
concentration of about 1000  mg per day during the metabolism of S-containing 
amino acids and inorganic sulphate in humans (Bakalinsky 1996). Consumption of 
food or wines treated with sulphites is usually not a problem except for a few per-
sons who are deficient in the natural enzyme (sulphite oxidase) to break it down. A 
number of studies showed reactions by sensitive humans consuming food, wine or 
other beverages with sulphites. The lethal dose for 50% of individuals (LD50) is 
between 0.7 and 2.5 g of SO2 per kilogram of body weight. Studies on chronic toxic-
ity in animals showed that the following three main complications could occur: thia-
mine insufficiency through its decomposition by sulphur dioxide, histopathological 
change of the stomach and reduced growth (Til et al. 1972). Research investigations 
in humans demonstrated that SO2 could lead to the following intoxication symp-
toms such as nausea, vomiting and gastric irritation at significantly high-absorbed 
concentrations (4  g of sodium sulphite in a single concentration). No secondary 
effects were noticed with an amount of 400 mg of SO2 during 25 days. Its possible 
toxicity in humans was often linked to the destruction of thiamine (vitamin B1) by 
sulphites, but this reaction is very limited at a pH of around 2, which is similar to 
stomach pH (Ribéreau-Gayon et al. 2006).

It could be shown that SO2 can cause allergic reactions at the beginning of the 
seventies. Allergic reactions occur at very low ingested concentrations (about 
1 mg) and mainly concern asthmatics (4–10% of the general population). Therefore, 
the US FDA (Food and Drug Administration) decided to declare the presence of 
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sulphites on wine labels (‘contains sulfites’) in the United States when the 
 concentration exceeds 10 mg/L, since 2005 it has also to be indicated in the EU. In 
Australia and New Zealand wine containing SO2 would be labelled as ‘contains 
preservative 220’ or ‘sulphur dioxide added’ (Ribéreau-Gayon et al. 2006; Guerrero 
and Cantos- Villar 2015).

The World Health Organization (WHO) set the RDA (recommended daily allow-
ance) at 0.7  mg of SO2/kg of body weight. The acceptable concentration for an 
individual is 49 mg per day (at a body weight of 70 kg). Therefore the consumption 
of half a bottle of wine per day (375 ml) can supply an amount of SO2 higher than 
the RDA, if the total SO2 concentration is at the maximum limit allowed by the EU 
(e. g. 150 mg/L for red dry wines and 200 mg/L for white dry wines). Although the 
average amounts of SO2 in wine is much lower in white and red wines, national and 
international health authorities recommend and demand for additional decreases in 
the legal limits of SO2 (Ribéreau-Gayon et al. 2006).

Often people seem to associate their problems with the occurrence of headaches 
after the consumption of wines with higher sulphite levels, but more extensive med-
ical studies are still necessary to clarify the cause of these experiences (Bakalinsky 
1996; Costanigro et al. 2014).

Sulphur is essential for yeast growth. S. cerevisiae can use sulphate, sulphite and 
elemental sulphur as source of sulphur to synthesize sulphur-containing amino 
acids. Yeasts are also able to produce and to liberate sulphite. This can lead under 
usual wine making conditions and with S. cerevisiae strains that have a normal abil-
ity for its production to levels about 10–20 mg/L ‘bound’ sulphite in wine and in 
certain cases 30 mg/L can be exceeded. Therefore, it is nearly impossible to produce 
wines without any sulphite, even if no sulphite was added.

S. cerevisiae can synthesize sulphur-containing amino acids (methionine and 
cysteine) from an inorganic sulphur source as sulphate (SO4

2−), SO2 or elemental 
sulphur (applied as fungicide in form of wettable sulphur). SO2 and SO4

2− will be 
sequentially reduced to sulphide (S2−) through the sulphate reduction sequence 
(SRS) pathway. The first step of the SRS pathway involves the transport extracel-
lular sulphate from the medium into the yeast cell through two specific sulphate 
permeases in co-transport with 3H+ (Belda et al. 2017; Rauhut 2017). Then, sul-
phate is activated by an adenylation and reduced by two successive reactions which 
require four NADPH + H+ molecules and two ATP molecules. The adenylation of 
sulphate decreases the electropotential of sulphate that the following reduction into 
sulphite and sulphide through NADPH + H+ can take place.

Sulphate activation occurs by two reactions. First, the adenosyl-phosphoryl- 
moiety of ATP is transferred to sulphate and 5′-adenylylsulphate (APS) is formed, 
which is catalyzed through ATP sulphurylase. Then APS is phosphorylated and 
3′-phospho-5′-adenylylsulphate (PAPS) is produced through APS kinase. In the 
next step, PAPS is reduced through PAPS reductase to sulphite. The reduction from 
sulphite to sulphide occurs through the activity of sulphite (S2−) reductase. The 
reduced sulphur atom can be incorporated into carbon chains to produce methionine 
and cysteine.
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O-acetylhomoserine (OAS) is the amino acid precursor to form methionine with 
sulphide via homocysteine, whereas cysteine is formed through the  trans- sulphuration 
pathway by the reaction of homocysteine and serine via the further intermediate 
cystathionine in yeasts (Thomas and Surdin-Kerjan 1997). The antioxidant glutathi-
one is then formed on the basis of cysteine with a reaction of glutamate and glycine 
(Thomas and Surdin-Kerjan 1997; Rauhut 2017).

Intermediates of the sulphate reduction pathway can be released out of the yeast 
cell and contribute to flavour and conservation of wine. Increased levels of sulphite 
can stabilize flavour by forming adducts with acetaldehyde. On the other hand, also 
a binding to further metabolites, e. g. pyruvate and 2-ketoglutarate can take place, 
which can increase the bound SO2-concentrations to inadequate amounts. Sulphide 
can be used to form the required sulphur-containing amino acids or it can be released 
out of the cell as hydrogen sulphide (H2S) if the necessary precursors are limited. 
H2S has an odour reminiscent of ‘rotton eggs’ and a very low odour threshold in 
wine (about 10 μg/L). H2S is the basis for various other flavour active compounds 
that also contribute to reduced sulphur off-flavours in wine (Belda et  al. 2017; 
Rauhut 2003, 2017). Liberation of sulphide is one of the main problems that affect 
wine fermentation.

The formation of sulphite by S. cerevisiae is strain-dependent and is influenced 
by the grape must composition and fermentation conditions. Sulphite is usually 
produced by S. cerevisiae in concentrations of 10–30 mg/L. More than 100 mg/L 
sulphite can be achieved through high SO2-producing strains. A comprehensive 
research study of Suzzi et al. (1985) verified that the majority of S. cerevisiae strains 
produced less than 10 mg/L SO2. Considerable differences in the regulation of sul-
phur metabolism and the activity of sulphate permease, ATP-sulphurylase and sul-
phite reductase were noticed in high and low sulphite-forming yeast strains. These 
effects and findings were summarized in reviews of Pretorius (2000) and Rauhut 
(2017).

Excessive sulphite production can be the result of defects in sulphate uptake and 
reduction. These processes are normally regulated by certain metabolites, like 
methionyl-t-RNA and S-adenosylmethionine. For example, methionine is not 
repressing the sulphate-permease in high-sulphite-producing strains. High and low- 
sulphite- producing yeasts have no regulation of ATP-sulphurylase through 
S-containing metabolites. Low-sulphite producing yeasts develop a higher forma-
tion of NADPH-dependent sulphite reductase at exponential growth as high- sulphite 
producers (Henschke 1997). As mentioned above, sulphite production needs a lot of 
energy; therefore, the cellular metabolism of high SO2-forming yeast strains is 
diminished, explaining a lower biomass and slow fermentation rate. Sulphite reduc-
tase can be reduced at higher concentrations of methionine and cysteine (Pretorius 
2000; Rauhut 2017). Several studies demonstrated that sulphite formation by yeasts 
is also affected from nutrient composition and sulphate concentration in the must, 
its clarification, initial pH-value, temperature and other oenological conditions 
(Pretorius 2000; Ugliano and Henschke 2009; Rauhut 2017).

During alcoholic fermentation, bound SO2 is mainly represented by the reaction 
of SO2 with acetaldehyde, pyruvate and 2-ketoglutarate. The binding of sulphites is 
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in addition increased by high glucose levels in musts of sweet wines, by molecules 
like keto-5-fructose, keto-2-gluconic acid, diketo-2,5-gluconic acid, which occur in 
healthy, ripe grapes. These substances are detected in large concentrations in grapes 
that are infected by Botrytis cinerea and acetic acid bacteria. Furthermore, elevated 
temperatures and pH-values in combination with aeration can favour the formation 
of these SO2-binding compounds. On the opposite, numerous studies demonstrate 
that thiamine (vitamin B1) can reduce the production of pyruvate and 2- ketoglutarate 
and thus the need for SO2 to stabilize the wine (Ribéreau-Gayon et al. 2006). Indeed, 
this vitamin is an essential part of the coenzyme of the pyruvate and 2-ketoglutarate 
decarboxylase, and, for this reason, its addition is allowed in concentrations up to 
0.6 mg/L to grape must according to EU-regulations.

Consequently, important desirable characteristics of Saccharomyces and non- 
Saccharomyces wine yeasts are low sulphite formation and low production of sul-
phite binding compounds (like acetaldehyde, pyruvate and 2-ketoglutarate) 
(Comitini et al. 2017; Padilla et al. 2016).

The addition of sulphites will be also needed in future to reduce the risks of 
microbial spoilage of the wine during the production process and after bottling. No 
other preservative is available, which combines different properties to ensure that 
the product reaches the consumer in the best possible condition and quality. Health 
concerns and an unfavourable public perception of sulphite have led to demands for 
restriction of its use in all wine growing countries of the world. Due to extensive 
research studies several, physical, chemical and biological options are available for 
winemakers to minimize, but not to eliminate the application of sulphites (Guerrero 
and Cantos-Villar 2015). There are only a few treatments or additives, which are 
able to compensate one of the properties of SO2 to a certain extent. Furthermore, it 
has to be taken into account that very low additions of SO2 and the partial use of 
alternatives will probably change the ageing potential of wine and that also other 
wine characteristics and styles can be expected, in particular for white wines. No 
addition of SO2 will be only possible for a few wines, which need specific oenologi-
cal treatments to be produced and stabilized. Parameters, which are often investi-
gated in SO2 replacement research studies, are reviewed by Guerrero and 
Cantos-Villar (2015) and Santos et al. (2012).

An important tool to minimize the use of SO2 and to lower its natural production 
is the selection of an adequate yeast strain with a low ability to produce SO2 and 
with a low formation of SO2-binding compounds. Furthermore, nutrient deficien-
cies in the grape musts have to be compensated by the addition of nutrient supple-
ments, especially thiamine (vitamin B1), is required to diminish the production of 
SO2-binding compounds like pyruvate and 2-ketoglutarate.

Climate change will lead to higher levels of sugar and increased pH-values in 
grapes and musts from certain vintages and wine-growing regions and consequently 
an increase in the need for sulphites will occur. More research is necessary in opti-
mizing the conditions and perfecting the methods to apply sulphites during the wine 
making process. Furthermore, research should be focused more intensively on sub-
stitute products and on the selection of yeasts strains, the application of mixed yeast 
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cultures (Saccharomyces and non-Saccharomyces) with suitable interactions that 
are better adapted to musts with specific requirements to minimize SO2 levels in 
wine. In this connection, an evolution-based strategy was recently designed to 
screen novel yeast strains impaired in sulphate assimilation (De Vero et al. 2011). 
This strategy, that combines the sexual recombination of spores and application of 
a specific selective pressure, provides a rapid screening method to generate genetic 
variants and select improved wine yeast strains with an impaired metabolism regard-
ing the production of sulphites and H2S. Indeed, three strains with a low sulphite 
production (SO2 < 10 mg/L) and with an impaired H2S production in grape must 
without added sulphites were selected.
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1  Introduction

The yeast species Saccharomyces cerevisiae is the protagonist of wine fermentation 
justifying the epithet of “wine yeast” by excellence. However, several other species 
are particularly important mainly regarding spoilage. In fact, according to our expe-
rience in the industry, the central role of wine yeasts in enology is much higher by 
its negative effects and economical losses than by the claimed quality imparted by 
specific yeast starters. In other words, once appropriate conditions are given to fer-
menting yeasts they fulfil their role without meriting special attention. On the con-
trary, spoilage yeasts are a permanent concern due to their possible detrimental 
effects. In fact, presently, wine spoilage yeasts represent one of the most significant 
problems in modern enology, even if recent reviews emphasize possible beneficial 
activities (Padilla et al. 2016; Valera and Borneman 2017; Gschaedler 2017).

The description of yeast species is found in taxonomy handbooks, the last of 
which includes about 1500 species (Kurtzman et al. 2011). The number may double 
in the future due to the exploration of a wider range of sources, mainly within 
insects (Boekhout 2005). However, this increase is not expected to be observed in 
foods and beverages, where new specific names derive more from improved species 
delineation using molecular biology tools (Kurtzman and Robnett 2003) than from 
non-described species. As an example, Starmerella bacillaris is the current species 
replacing C. zemplinina which had been frequently identified as C. stellata (Valera 
and Borneman 2017). About a fifth of all contaminating species may be found in 
food and beverages but only about a dozen are really detrimental to food quality. 
Among contamination yeasts, those surviving in foods but without the ability to 
grow are called adventitious, innocuous or innocent yeasts (Fig.  12.1). Those 
responsible for unwanted modifications of the processed product – visual, textural 

Wine contamination  

yeast species

Spoilage species
Innocuous species

Aureaubasidium pullulans
Basidiomycetous species

Sensu lato
Candida spp.

Debaryomyces spp.

Kloeckera spp.

Lachancea spp.

Pichia spp.

Sensu stricto
Brettanomyces bruxellensis
Saccharomyces cerevisiae
Saccharomycodes ludvigii

Schizosaccharomyces pombe
Zygosaccharomyces bailii

Fig. 12.1 Groups of most common contamination yeasts species with technological significance
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or organoleptical (producing off-flavours or off-tastes) – are called spoilage yeasts. 
However, for technologists the concept of spoilage yeast is narrower and only fits to 
species able to adversely modify foods processed according to the standards of good 
manufacturing practices (GMPs) (Pitt and Hocking 1985). These are the sensu 
stricto spoilage yeasts and represent the most resistant species to the stresses pro-
voked by food or beverage processing (Loureiro and Querol 1999; Loureiro 2000).

In wine industry, the definition of spoilage is not always obvious, because the 
microbial metabolites contribute to its flavour and aroma and their pleasantness is 
driven by many subjective factors (e.g. habits, fashions, opinion makers’ choices) 
that persuade the consumer taste. Therefore the definition of spoilage as “the altera-
tion of food recognised by the consumer” (Stratford 2006) is not fully satisfactory 
for wines. This situation is clearly demonstrated by the presence of volatile phenols 
in red wines, produced by the species Brettanomyces bruxellensis. While some con-
sumers and opinion makers prefer wines tainted by volatile phenols, particularly 
before knowing its origin, others do consider that, even in low concentration, these 
compounds depreciate wine quality due to diminished flavour complexity (Malfeito- 
Ferreira 2018).

1.1  Yeast Species Significance and Diversity in Grapes 
and Wines

The detrimental effects caused by yeasts are the most frequent problems of micro-
bial origin related with wine quality. The most common recognised symptoms of 
yeast spoilage are film formation in bulk wines, cloudiness, sediment formation and 
gas production in bottled wines, and off-flavour production during all processing 
and storing stages (Loureiro and Malfeito-Ferreira 2003a). The technological sig-
nificance of wine or grape juice contamination yeasts has been thoroughly discussed 
in previous reviews (Thomas 1993; Kunkee and Bisson 1993; Loureiro and 
Malfeito-Ferreira 2003a; Fugelsang and Edwards 2007; Malfeito-Ferreira 2011; 
Zuehlke et al. 2013; Escott et al. 2017) which constitute the background for the fol-
lowing description. Table 12.1 lists the species recently identified as a result of the 
analytical activity of our laboratory showing that practically all have already been 
described in those reviews.

1.1.1  Grapes and Grape Juices

Common yeast contaminants of grapes and grape juices before fermentation 
include basidiomycetous ans ascomycetous genera like Candida, Cryptococcus, 
Debaryomyces, Hansenula, Kloeckera/Hanseniaspora, Metchsnikowia, Pichia and 
Rhodotorula (Fleet et al. 2002). The yeast like fungus Aureaubasidium pullulans is 
also frequent in grapes. These grape yeasts do not cause problems in wines bottled 
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according to good manufacturing practices (GMPs) but may be a cause of concern 
in early stages of wine production. Grape health is the main driver of yeast diversity 
and the influence of any factor changing microbial communities (e.g. grape variety, 
geographical location, climate, vineyard spraying, technological practices, process-
ing stage and season) can only be properly studied if the damaged grapes are effec-
tively avoided (Barata et  al. 2012a), which has not been well understood by the 
scientific community (Valera and Borneman 2017). In particular sour rot is an infec-
tion where a wide number of yeast species may contribute to the high concentration 

Table 12.1 Contamination wine yeast species isolated in the ISA Microbiology laboratory from 
different sources during the last decade (unpublished data, species names resulting from DNA 
sequence matching and not updated to current synonyms)

Source Species

Insects in the vineyard Candida albicans, C. apicola, C. parapsilosis, Debaryomyces 
hansenii, Hanseniaspora uvarum

Damaged grapes C. fructus, C. stellimalicola, H. guilliermondii, H. uvarum, 
Issatchenkia orientalis, Pichia guilliermondii, Saccharomycopsis 
crataegensis, Zygoascus meyerae, Zygoascus hellenicus, 
Zygosaccharomyces bailii

Grape juices C. diversa, C. zemplinina, H. uvarum, Issatchenkia terricola, 
Lachancea thermotolerans, P. guilliermondii, P. fermentans, P. 
kluyveri, Metschnikowia pulcherrima, Saccharomyces cerevisae, 
Starmerella spp., Z. bailii, Z. rouxii, Wickerhamomyces anomalus

Concentrated and 
rectified grape juices

C. apicola, S. cerevisiae, Z. bailii, Z. rouxii

Winery equipment (tanks, 
hoses, pumps, buckets, 
purges, levels, presses)

C. ishiwadae, H. uvarum, H. guilliermondii, Issatchenkia orientalis, 
M. pulcherrima, P. kudriazevii, P. membranifaciens, Rhodotorula 
mucilaginosa, W. anomalus, Yarrowia lypolitica, Zygoascus 
hellenicus, Z. meyerae

Bottling equipment 
(tanks, filler, filters, 
hoses, capsules)

C. amapae, C. boidinii, C. parapsilosis, Cryptococus magnus,  
P. guillermondii, Sporobolomyces roseus

Base white wine for 
sparkling wine

Dekkera bruxellensis

Bulk and bottled red 
wine

D. bruxellensis, Candida spp., C. cantarelli, C. oleophila, C. 
parapsilosis, Lodderomyces elongisporus, Pichia spp., P. 
manshurica, P. membranifaciens, S. cerevisiae, Saccharomycodes 
ludwigii, Schizosaccharomyces pombe, Trigonopsis californica,  
Z. bailii, Z. parabailii

Bag in box red wine P. manshurica, Z. bailii

Bottled white wine Cystobasidium sloofiae, P. kudriavzevii, P. guilliermondii,  
R. mucilaginosa, Z. bailii

Rosé wine C. parapsilosis, Magnusiomyces capitatus, Schizosaccharomyces 
spp., Yarrowia lypolitica, Z. bailii, Z. parabailii

Alchool free wine C. pararugosa, Magnosiomyces capitatus, Exophiala 
dermatiditis, Filobasidium uniguttulatum, Sporopachidermia 
cereana, Trichosporon mycotoxinivorans, T. montevideense,  
Y. lipolytica, Z. bailii
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of acetic acid and unwanted modifications of juice composition before winemaking 
(Guerzoni and Marchetti 1987; Barata et al. 2012b). The rotting process is not yet 
clear, being initiated by acetic acid bacteria and promoted by contamination and 
spoilage wine yeasts. The main measures to adopt in winemaking to overcome 
problems involve grape selection, increased sulphur dioxide usage and prompt inoc-
ulation of active starters.

In juices, given the short period before fermentation, spoilage events are rare. 
In white juices with long settling periods or with long skin contact and in long red 
pre- fermentative maceration, film-forming yeasts (e.g. P. anomala) or apiculate 
yeasts may grow very fast. These species are easily controlled by adequate wine-
making measures (low temperature, sulphur dioxide, hygiene). In principle these 
species are inhibited during fermentation but even for a short period, due to their 
fast growth, they may produce unwanted amounts of metabolites like ethylacetate 
(vinegar smell) or acetaldehyde (oxidised taint) (Romano 2005), which can irreme-
diably spoil the wine.

1.1.2  Wine Fermentation

Fermentation problems are related with the activity of fermenting yeasts (S. cerevi-
siae or S. bayanus). The production of off-flavours (sulphur reduced compounds) 
(Bell and Henschke 2005) and acetic acid is due to nutritional imbalances or defi-
cient fermenting conditions (e. g. high temperature) that may lead to stuck fermen-
tations (Bisson and Butzke 2000). These events are a result of the environment 
conditions and not of any particular spoilage characteristic and so the correct man-
agement of fermenting conditions overcomes the problem. The activity of other 
yeast species is limited or unknown, being stuck wines highly susceptible to bacte-
rial spoilage.

1.1.3  Bulk and Bottled Wine

During bulk wine storage, film-forming yeasts (e.g. Candida spp., Pichia spp.) may 
form pellicles on wine surface and spoil wine by the production of odour active 
compounds. The absence of oxygen and proper sulphur dioxide usage together with 
appropriate hygienic measures prevent the emergence of films. These species are 
frequently encountered in bottled wine but, when in low number, tend to die, or to 
remain dormant, due to low resistance to the stress imposed by the bottled 
product.

The classical spoilage events that occur in bottled wine are due to a low number 
of species. Their spoiling abilities are related with bottled sweet wine refermenta-
tion or proliferation in bottled dry wines, leading to sediments or turbidity. The typi-
cal species are those capable of growing in bottled wines – Z. bailii, S. cerevisiae, 
Schizosaccharomyces pombe and Saccharomycodes ludwigii. Albeit not frequent 
grape or winery contaminants, the stress resistances of these yeasts enable their 
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survival and proliferation under conditions that are not tolerated by the other species. 
According to our experience, refermentation problems have increased in the last 
years in red wines because of the addition of concentrated grape juices to make 
softer wines in accordance to modern market demands (Sena-Esteves et al. 2018). 
In bag in box wines this problem is easily recognised by swollen packages. In bot-
tled wines, gas production and wine turbidity are also easily visible after bottle 
opening and pouring wine in the glass. In red wines the effect of sediment formation 
or haziness is less obvious, given the dark colour.

A particular mention should be made to Dekkera bruxellensis. The recognition of 
its role in red wine spoilage due to the production of volatile phenols in bulk or 
bottled wines (“horse sweat” taint) has revealed a new challenge to winemakers 
since the last decade (Loureiro and Malfeito-Ferreira 2006). Moreover, its effects 
are particularly notorious in premium red wines aged in costly oak barrels, which 
considerably increased the economical losses provoked by spoilage yeasts in the 
wine industry. Presently, this species is regarded as the main threat posed by yeasts 
to wine quality. The effect is not only direct, due to the production of volatile phe-
nols, but also indirect due to the technological measures needed to control its activ-
ity and that may reduce wine sensory attributes. In particular, those winemakers 
stressed by having the slightest hint of “horse sweat” tend to adopt control and 
preventive measures that are reported as effective in research articles without vali-
dation under winery conditions (Malfeito-Ferreira 2018).

1.2  Factors Promoting the Dissemination of Spoilage Yeasts

The wine spoilage yeasts associated with wineries are disseminated by all surfaces 
with residues of nutrients where they can proliferate, namely wine residues in 
wooden barrels, valves, improperly cleaned tanks, hoses, fillers, corkers, filters, 
pumps, walls, floors, air, etc. They easily contaminate and grow in wine when envi-
ronmental conditions are favourable. It is common knowledge that their incidence 
increases with low levels of hygiene, so that the best way to prevent their contami-
nation is avoiding their propagation by sound hygiene procedures. However, the 
hygienic level is only a part of the problem. The primary source of spoilage yeasts 
are grapes, mainly those that are damaged. Yeasts may also be vectored by insects, 
air, mainly when the environment in the vicinity of the winery is dirty with wine-
making residues. The additives used in vinification and/or in the preparation of 
sweet wines from dry wines, particularly those processed, such as concentrated 
juices, sulphited juice with sub-lethal preservative doses and sucrose are also 
sources of spoilage yeasts (Loureiro and Malfeito-Ferreira 2003a; Valero et  al. 
2005). Another source are finished wines from external suppliers that may harbour 
high contamination loads especially wines newly fermented.

The grapes are, probably, the main source for wine spoilage yeasts justifying the 
understanding of how yeasts survive along the year and reach the grapes in the vineyard. 
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It is generally accepted that damaged grapes bear a wider diversity of species and 
in numbers of 5–6 orders of magnitude higher (Fleet et al. 2002; Barata et al. 2012a). 
Therefore, it seems legitimate to assume that rotten grapes are one of the most 
important sources of food spoilage yeasts. Recent studies showed that sour rot 
grapes bear a high concentration of Z. bailii that survives along the fermentation and 
reaches high counts in the final wine (Barata et al. 2012b). Guerzoni and Marchetti 
(1987) also showed that Brettanomyces/Dekkera spp. were present in higher num-
bers in sour rot grapes and Renouf and Lonvaud-Funel (2007) recovered D. bruxel-
lensis from sound grapes using an enrichment medium. Damage includes sour rot, 
grey rot, downy mildew, insects (Lobesia botrana, Eupoecillia ambiguella, honey-
dew producers, Drosophila spp., bees, wasps, ants, etc.), birds, hail, rain, and over-
ripened/mummified grapes (Barata et al. 2012a).

Assuming that spoilage yeasts enter the winery and cannot be fully eradicated, 
we need to learn how to deal with them. In particular, the use of wood cooperage 
increases the risk of of D. bruxellensis (Chatonnet et al. 1993) which must be prop-
erly sanitised (Barata et al. 2013). Among the enological practices that disseminate 
yeasts are, naturally, all contaminated wine transfers, mainly when blends with 
wines aged in used barrels are required. Similarly, concentrated grape juices and 
sulphited juices with sub-lethal doses of sulphur dioxide are vectors and promote 
the dissemination of resistant strains of Z. bailii in the winery. These ingredients 
should be handled in restricted areas within the winery to decrease the incidence of 
infections. In addition, all enological practices that promote yeast growth like those 
leading to high levels of dissolved oxygen (e. g. micro-oxygenation, untopped 
tanks, racking with aeration), low sulphur dioxide or sorbate levels may enhance the 
proliferation of spoilage yeasts. Finally, improper management of wine residues 
(e.g. husks, lees, distillery pomaces) that lead to dirty winery vicinities may signifi-
cantly contribute to yeast dissemination, mainly through insects (Drosophila) and 
air (Connel et al. 2002). Our experience tells us that wineries with dirty environ-
ments and without an efficient residue treatment system have, as a rule, higher inci-
dence of spoilage yeasts. In some cases we observed that water in underground 
sheets have heavy yeast populations, suggesting their contamination by winery 
effluents.

The bottling line is the last circuit run by the wine in the winery. The filling opera-
tion is the last opportunity for the wine to be contaminated by spoilage yeasts. 
Usually, the contamination of wine in this phase results from lack of hygiene and, 
particularly, from deficient disinfection of all circuit, including surfaces contacting 
with the cork that closes the bottle. However, the lack of hygiene results most fre-
quently from inadequate conditions to apply cleaning and disinfection programs – 
filler and corker design, microbiological quality of ambient air, equipment 
maintenance program and operator’s training – than from the efficiency of sanitation 
programs. Thus, the specificities of each bottling line are determinant in the levels 
and kind of spoilage yeast contaminating it. From our experience, the main contami-
nation sources are in the filler and in the corker and are more dangerous as equipment 
age increases and less maintenance is run (Loureiro and Malfeito- Ferreira 2003b). 
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When the fillers are poorly designed (or the sanitation procedures advised by the 
suppliers are not followed), their cleaning and disinfection may not reach all surfaces 
where there are wine residues, originating dangerous contamination sources, as self-
levelling systems, surfaces protected by o-rings and valves of isobarometric fillers. 
The usage of steam disinfection is an alternative to the chemical disinfection given 
that is possible to kill microorganisms without directly contacting the cells. However, 
filler steaming may bring a problem frequently overlooked – the formation of a nega-
tive pressure in the filler interior during cooling – leading to air suction (with spoil-
age yeasts in suspension) and, as a rule, the immediate filler contamination. In these 
cases, the solution is to introduce sterile compressed air during cooling. The corker 
may also be an important contamination source when the surfaces contacting with 
the side part of the corks are heavily contaminated, as the transport tube, the corker 
jaws and the feeding bin, where the formation of water droplets condensation pro-
motes the contamination and colonisation by yeasts suspended in the air. In modern 
machines heating the jaws up to lethal temperatures prevents this type of contamina-
tion. Other frequent contamination source is the bottle rinser or the rinsing water. 
When bottles arrive from the factory in good packaging conditions, the contamina-
tion appears after rinsing (Donnelly 1977b; Neradt 1982). As a final remark, in many 
companies, either the fillers or corkers are located in a closed room aiming to reduce 
contaminations from the winery ambient air. When they are correctly designed – 
with over pressure, wet air evacuation and correct hygiene – they are advantageous 
to proper bottling. However, in most cases they are poorly designed and become 
dangerous contamination sources, working as microbial incubators (Donnelly 
1977a). In fact, bottle breakage is current during bottling, leading to wine dispersion 
through room surfaces and, consequently, to microbial growth, stimulated by the 
moist environmental conditions.

The few scientific studies on the ecology of bottling lines do not allow conclud-
ing on the most frequent type of contaminating yeasts. Film-forming species should 
prevail, but it is conceivable that dangerous contaminants are favoured by develop-
ing on wine residues and by resisting to sub-lethal doses of chemical or physical 
agents used in equipment cleaning and disinfection. From our experience, when 
concentrate grape juice is used for producing sweet wines, it is very frequent to 
detect yeasts of the genus Zygosaccharomyces, particularly Z. bailii, in the fillers.

2  Description of the Main Yeast Genera/Species Involved 
in Wine Spoilage

The species involved in wine spoilage are also known for affecting other food 
commodities and their taxonomical, physiological or technological properties have 
been described in excellent textbooks (Deak and Beuchat 1996; Boekhout and 
Robert 2003; Blackburn 2006; Querol and Fleet 2006). The description of the species 
presented below is mainly concerned with their wine relevant properties.
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2.1  Apiculate Yeasts

Apiculate yeasts owe their denomination to lemon shaped form and include species 
of the genera Kloeckera/Hanseniaspora. They are particularly frequent on grape 
surfaces and in juices after grape crushing (Fleet et al. 2002). These species are eas-
ily controlled by adequate winemaking measures (low temperature, sulphur diox-
ide, hygiene) and are inhibited during fermentation. The production of unwanted 
amounts of metabolites like ethyl acetate (vinegar smell) (Romano 2005) may occur 
in white juices with long settling periods or with long skin contact and in long red 
pre-fermentative maceration. This spoilage activity is due to their fast growth but is 
not a great concern to winemakers because the preventive measures may be easily 
implemented.

2.2  Film-Forming Species

The denomination “film-forming yeasts” includes a group of species able to grow on 
the surface of wine developing pellicles. The species of the genus Candida and Pichia 
are regarded as the typical film-forming yeasts although S. cerevisiae, D. bruxellensis 
or Z. bailii may also be recovered from wines pellicles (Ibeas et al. 1996; Farris et al. 
2002). In the case of S. cerevisiae it is even a desirable feature for the race beticus, 
which is one of the agents of sherry-type wine production (Suárez- Lepe and Iñigo-
Leal 2004). The ability to form films by Pichia and Candida is probably explained by 
their aerobic nature and fast growth and so the other species are usually minor con-
stituents of film microflora. In bulk wines they quickly cover wine surface when air 
has not been removed from the top of storage vessels. Although strains of Candida 
spp. or Pichia spp. are tolerant to preservatives, their control in wines is mainly due to 
their weak tolerance to low oxygen tensions, which enhances the inhibitory effect of 
ethanol or preservatives. In bottled wines they may cause cloudiness if the initial con-
tamination load is high and so these species are regarded as indicators of poor GMPs. 
They may also produce, at the bottleneck, a film or a ring of cells adherent to the glass, 
if the closure does not prevent the diffusion of oxygen, the level of free sulphur 
dioxide is too low and the initial contamination is high.

2.3  Sensu Stricto Spoilage Yeasts

2.3.1  Zygosaccharomyces bailii and Related Species

The genus Zygosaccharomyces comprises some of the most feared species in the 
industries of high sugar and high acidic food products. Z. rouxii is mainly known for 
being highly osmotolerant while Z. bailii is notorious for its resistance to low pH, 
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high concentration of organic acids, including preservatives, and high osmotoler-
ance. Z. bisporus has been described as having intermediate features between the 
former two species (Pitt and Hocking 1985).

The most problematic species in wines is Z. bailli (Zuehlke et al. 2013). Its activ-
ity includes visible sediment formation, cloudiness or haziness in dry wines and 
refermentation in sweet wines. Given the visual nature of the spoiling effect it is a 
greater concern in white wines. It may also produce undesirable odour active metab-
olites (Fugelsang and Edwards 2007) but their relevance is lower that the former 
visual faults. One of the most relevant sources of Z. bailii are the grapes, particularly 
grapes damaged by sour rot (Barata et al. 2012a). These authors demonstrated that 
Z. bailii survived during wine fermentation being present in 105 CFU/ml in the fer-
mented wine. Once established in the winery, the main risk is the contamination of 
wine after sterile filtration, due to improper sanitation, before bottling (Malfeito- 
Ferreira et al. 1997).

The species Z. bisporus has been isolated from grapes affected by honeydew and 
sour rotten grapes (Barata et al. 2012a) but it was not detected at the end of fermen-
tation (Barata et al. 2012b), which may explain its lower incidence in wines than 
Z. bailii. In spite of the ability of Z. bisporus, isolated from sherry film, to resist to 
sorbic acid and sulphur dioxide (Splittstoesser et al. 1978) and to produce odorous 
acyloins in sherry wines (Neuser et al. 2000), we are not aware of spoilage events 
by this species (Loureiro and Malfeito-Ferreira 2003a).

The species Z. rouxii has been recovered from concentrated grapes juices. However, 
the importance of this yeast as bottled wine spoiler is much lower than that of Z. bailii, 
probably due to its weaker resistance to low pH and chemical preservatives.

A new species – Z. lentus – was recognized based on isolates from several food 
industries including one red wine. It is characterized by having similar stress toler-
ances to Z. bailii and S. cerevisiae, being distinguished by growing slowly at low 
temperature (4  °C) (Steels et  al. 1999). Another species with physiological tests 
similar to Z. bailii was identified as Z. parabailii (Suh et al. 2013). We have already 
isolated this species from bottled wines (Table 12.1). It remains to be seen if these 
two species may be regarded as wine spoilers. Interestingly, a Z. bailii-derived inter-
species hybrid strain ISA1307 with an unknown species, isolated from a continuous 
sparkling wine plant by our laboratory, was studied concerning its unusual acetic 
acid resistance (Mira et al. 2014).

Another species taxonomically closely related with Z. bailii is Torulaspora del-
brueckii (Kurtzman et al. 2011). It contaminates concentrated grapes juices and its 
spoiling effects are related with growth in bottled wine, as described by Minarik 
(1983). We have detected this species, particularly in concentrated or sulphited 
grape juices, but in spoiled wines its incidence in bottled wines is much lower than 
that of Z. bailii, probably given its weaker resistance to preservatives.

The last taxonomical rearrangements have created the genus Lachancea that 
includes L. thermotolerans (ex Kluyveromyces thermotolerans), L. waltii (ex K. 
waltii), L. cidri (ex Z. cidri) and L. fermentati (ex Z. fermentati) (Kurtzman and 
James 2006). The latter species has been implicated in the production of odour 
active compounds in sherry-like medium (Freeman et al. 1977) but has not been 
implicated in wine spoilage.
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2.3.2  Saccharomyces cerevisiae and Related Species

Yeast genome sequencing has provided a deeper understanding of the evolution of 
S. cerevisiae and related species like S. uvarum, S. kudriavzevii or S. eubayanus 
(Hittinger et al. 2015). The former species is the desired agent of wine fermentation. 
However, it may also be responsible for wine spoilage. During fermentation, the 
occasional nutritional imbalance of grape juice may lead to off-flavour production 
imparted by sulphur reduced compounds (Bell and Henschke 2005). Modern wine-
making systems with juice pump over under anaerobic conditions tend to increase 
the problem, contrarily to old systems where juice aeration was present. If not 
treated in due time, these taints may persist during storage and in bottled wines. In 
finished wines the most frequent detrimental effects of this species are refermenta-
tion of sweet wines and sediment, cloudiness or haziness formation. These effects 
are similar to those provoked by Z. bailii and some S. uvarum (former bayanus) 
strains may be more dangerous given their higher tolerance to ethanol (Malfeito- 
Ferreira et al. 1990).

2.3.3  Saccharomycodes ludwigii and Schizosaccharomyces pombe

S. ludwigii and S. pombe are notorious agents of wine spoilage thanks to their high 
resistance to stress conditions. Despite this feature their overall incidence is much 
lower than that of Z. bailii and S. cerevisiae, for which there is no obvious explanation. 
Both species have been isolated from grapes in vineyard but with reduced incidence 
(Florenzano et al. 1977; Combina et al. 2005) and in grape juices (Pardo et al. 1989), 
being also rare contaminants of winery environments. We hypothesise that their natu-
ral contamination sources are more restricted and/or their ability to survive in winery 
environments is lower than those of Z. bailii or S. cerevisiae. Their common effects 
result from cell growth in bottled wine leading to sediment or turbidity formation and 
refermentation. We currently isolate S. ludwigii in bulk white Vinho Verde wine, par-
ticularly when an excess of sulphur dioxide is used, and in sparkling wine plants using 
the Charmat system where their growth may clog stainless steel pipes. S. ludwigii is 
particularly resistant to sulphur dioxide probably due to its ability to produce high 
amounts of acetaldehyde. S. pombe has been exploited for the reduction of malic acid 
(Delfini and Formica 2001) which, if adopted, must be followed by preventive mea-
sures to reduce the risk of post-treatment proliferation.

2.3.4  Dekkera/Brettanomyces Bruxellensis

Dekkera bruxellensis, or its anamorph, Brettanomyces bruxellensis is presently the 
most notorious wine spoilage yeast due to the production of ethylphenols in red 
wines (Loureiro and Malfeito-Ferreira 2006). This species is long known as an unde-
sirable contaminant but not as a recognised producer of these metabolites. The pres-
ent widespread use of oak barrels to age premium red wine, where the ability to 
produce ethylphenols overwhelms the presence of other contaminants, contributed 
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significantly to its notoriety. In addition, the controversy about its influence on wine 
quality involving winemakers, journalists and consumers make this species as the 
most prominent microbial wine spoilage subject (Malfeito-Ferreira 2018).

D. bruxellensis is rather elusive yeast, being difficult to isolate from sources 
contaminated by other yeasts due to its low growth rates. Thus the use of selective 
media and long incubation periods are essential to its recovery. It has been rarely 
isolated from grapes (Guerzoni and Marchetti 1987; Renouf and Lonvaud-Funel 
2007) and winery environments (Connel et al. 2002), being dominant in bottled red 
wines, as ethylphenols producers, or in sparkling wines, inducing cloudiness, when 
have no concurrence of the other yeasts (Loureiro and Malfeito-Ferreira 2006). In 
relative terms, it is not so tolerant to ethanol or preservatives, as S. cerevisiae or Z. 
bailii but has the ability to remain viable for long periods and proliferate when con-
ditions become less severe (Renouf et al. 2007). Their occasional detection in spar-
kling wines may be related with their resistance to carbon dioxide as observed also 
for D. naardenensis in carbonated soft drinks (Esch 1992). However, it is seldom 
isolated from still white wines for which there is yet no satisfactory explanation 
(Barata et al. 2008). Another species, P. guilliermondii, is also able to produce eth-
ylphenols in grape juices but not in wines (Barata et al. 2006) and so should not be 
regarded as a sensu stricto spoilage species.

3  Yeast Monitoring

3.1  Microbiological Control

The conservative attitude of wine industry and, namely, the absence of microbio-
logical safety hazards, determine that the implementation of HACCP and self- 
control plans, mandatory in most food industries, is not dealt with the desirable 
strictness. In fact, the microbial stability of most dry table wines – white, rosé or 
red – attained when good winery practices are followed, leads to the absence of 
microbiological control by most producers. Exceptionally, commercial contracts 
with modern distributors (supermarket chains and others) or demanding clients may 
force the implementation of routine microbiological analysis. For this reason, 
microbiological control in wine industry is, as a rule, synonym of microbiological 
assessment (particularly yeasts) of bottled sweet wines processing where the risk of 
refermentation is high. However, the present microbiological hazards of wine indus-
try should justify much more attention.

3.1.1  Grape and Grape Juice Monitoring

During wine fermentation it is neither easy nor justifiable to implement microbio-
logical control plans to detect spoilage yeasts. Their influence in wine quality, as a 
rule, is irrelevant and possible corrective measures are practically absent. One of the 

M. Malfeito-Ferreira and A. C. Silva



387

few measures is to establish chemical indicators related with grape microbiological 
quality, already implemented in numerous wineries (particularly cooperatives or 
large companies to establish the price of grapes as a function of its health status), 
like laccase activity (indicator of grapes affected by grey rot) or volatile acidity and 
gluconic acid (indicator of grapes affected by sour rot). The utilisation of costly 
FTIR instruments makes these determinations readily available, thus providing the 
possibility of separate processing according to raw material quality. In smaller 
dimension wineries, grape selection enables the removal or separate processing of 
poor quality grapes.

3.1.2  Bulk Wine Monitoring

After wine fermentation, most wineries measure qualitative or quantitative chemi-
cal indicators to control the activity of lactic acid bacteria (malic acid assessment) 
and acetic acid bacteria (volatile acidity). It is not current practice to monitor the 
presence of spoilage yeasts. However, it would be useful to screen spoilage yeasts 
or its secondary metabolites, such as 4-ethylphenol and ethylacetate, namely in 
wines produced from poor sanitary quality grapes. In this case, the prevalence of 
such yeasts seems to be high and the wine resistance to microbial colonisation is 
reduced, creating conditions to product alteration. During this stage it is also impor-
tant to monitor the presence of film-forming yeasts growing on wine surface, mainly 
in large volume vessels or untopped tanks where it is not easy to avoid the presence 
of oxygen required by these yeasts. Microbiological analysis is not a requirement 
but visual inspection of tank tops every 2 weeks is a simple and effective practice. 
In white wines, particularly those with residual sugar, the specific detection of Z. 
bailii or S. cerevisiae should be considered, because may cause refermentation 
problems during storage.

3.1.3  The Peculiar Case of D. Bruxellensis

The relatively low demanding microbiological control during bulk wine storage is 
no longer advisable concerning red wines, particularly those deserving appropriate 
aging. Presently, the detection of D. bruxellensis is a pre-requisite for wineries dur-
ing all processing stages of premium red wines. In fact, it frequently appears in high 
levels just after the malolactic fermentation (Rodrigues et al. 2001) leading to pre-
mature “horse sweat” taint. During barrel ageing, irrespective of grape quality, it is 
essential to monitor D. bruxellensis periodically, mainly in used barrels, which are 
a well known ecological niche of these yeasts. We have established, for many 
Portuguese wineries, microbiological criteria that have been giving adequate results 
so far, and are given here only as guidelines. In the first case, for bulk-stored wines, 
it is satisfactory to detect D. bruxellensis monthly, bimonthly or even every 3 months 
(according to the type of wine and of container). The sample volumes are 1, 0.1, 
0.01 and 0.001 ml, from a blend composed by wine from the interface air/liquid and 
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from different depths of the container. When the result is positive for 1 ml, or less, 
and the level of 4-ethylphenol is higher than 150 μg/l, it is recommended a fine 
filtration immediately, accompanied by sulphite addition. In following analysis, 
after filtration, it is sufficient to monitor the level of 4-ethylphenol, as a rule. For 
wines before bottling, the criteria are more stringent, and detection should be made 
on 100, 10 and 1 ml of wine, sampled as described above. When the result is posi-
tive in 1 or 10 ml, it is recommended a very fine or sterilizing filtration. If positive 
detection is only obtained for 100 ml, it is acceptable to control viable cells only by 
addition of preservatives (e.g. 1 mg/l of molecular sulphite). In this case, bottling 
must be technically correct and dissolved oxygen should be lowered to practically 
zero. Otherwise, it is recommended a sterile filtration or, in alternative, a heat treat-
ment of the wine to destroy viable cells.

The use of selective media for Brettanomyces may also give false positive results 
that are very rare because, in red wines, this is the single species that produces vola-
tile phenols (positive responses include plate smelling). In these situations, micro-
scopical examination is an easy alternative to check identity because cellular 
morphology is unique among wine contaminating yeasts. Moreover, periodical 
analysis using selective media is an efficient strategy to avoid the use of expensive 
molecular methods that may be an option when immediate results are required.

3.1.4  Wine Bottling

Wine bottling is the main stage of conventional microbiological control, if adopted 
by wineries. Common procedures including analysis of bottles, rinsing water, clo-
sures (corks, rip caps), bottling and corking machines and atmosphere. When prop-
erly applied this control enables the detection of contamination sources determining 
corrective measures. Most frequently, the contamination sources are located in the 
filling and corking machines (Loureiro and Malfeito-Ferreira 2003b). The final 
analysis concerns the evaluation of bottled wine contamination (Loureiro and 
Malfeito-Ferreira 2003a). Common microbial contaminants do not survive long 
time after bottling and if microbial counts are higher than the specifications, the 
product is retained until clearance is given.

3.2  Tools Used in Microbiological Control in the Wineries

As a rule, yeast detection and enumeration methodologies are based on growth on 
plates containing a general-purpose culture medium, after membrane filtration of 
wine samples or rinsing solutions (Loureiro et al. 2004). The use of Most Probable 
Number (MPN) technique is not common, but according to our practical experience 
would be useful in some situations, particularly when is desired an estimation of 
yeast contamination in bulk wine, or in wines with high percentage of suspended 
solids. Novel techniques based on direct molecular analysis, flow cytometry or 
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biosensors are also available (Escott et al. 2017; Tubia et al. 2018) but their main 
limitation is the cost for most small and medium size companies. Even when cost is 
not an issue, our experience has shown that false positives due to the presence DNA 
fragments from dead cells may lead to exaggerated inactivation processes with 
occasional loss of wine quality. In our opinion, it is difficult for a winemaker to rely 
on techniques that frequently give false positives for microbial stable wines.

The utilisation of selective and/or differential culture media has only somewhat 
increased in the last years, mainly owing to the problems with D. bruxellensis. This 
situation shows a clear distinction from the typical bacterial control of other food 
industries, where bacterial indicators, based on the use of a wide variety of selective/
differential media, play a central role. Likewise, we presented the concept of zymo-
logical (zymo = yeast) indicator to be applied to the wineries, in order to increase the 
utility of the routine microbiological control (Loureiro and Querol 1999).

The objective of using zymological indicators is to measure the hygienic quality 
of surfaces that contact with wine and the spoilage risks involved, given that the 
microbiological safety is not an issue. Taking in account the formerly defined wine 
yeast groups, the hygienic quality of the wine processing may be assessed by the 
detection of film-forming yeasts by the MPN technique, using a general-purpose 
culture medium. To detect sensu stricto spoilage yeasts selective/differential media 
have been developed directed to the most dangerous species – Z. bailii (Schuller 
et al. 2000) and D. bruxellensis (Rodrigues et al. 2001). S. cerevisiae could be indi-
rectly estimated by the difference between counting on general purpose media in the 
absence or presence of cycloheximide or of lysine (Heard and Fleet 1986). The 
presumptive results obtained with culture media could be further confirmed, if nec-
essary, using molecular biological identification. Currently, yeast identity is obtained 
by DNA sequencing, which are usually used by external laboratories and not by 
wineries, due to the degree of expertise and equipment required. In rare and special 
situations, particularly commercial conflicts, fine molecular typing techniques, ade-
quate to source tracking (Giudici and Pulvirenti 2002), may be used for forensic 
studies of wine contamination. Additionally, chemical indicators can also be used to 
monitor yeast activity in an easy and fast way. Among the molecules produced by 
yeasts, 4-ethylphenol is currently the most common indicator of D. bruxellensis 
activity and should be used together with microbiological detection.

3.3  Acceptable Levels of Yeasts

The establishment of acceptable levels of microorganisms in the final product is a 
common concern to many food industries. In foods harbouring pathogenic micro-
organisms law regulates these levels and the technologist effort is addressed to 
their compliance. Regarding yeast spoilage legislation is practically absent and the 
aim of the technologist is to establish levels that are attainable under his industrial 
conditions and ensure product stability during its shelf life (Loureiro and Malfeito- 
Ferreira 2003a).
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In the case of Z. bailii, one viable cell per bottle may cause spoilage (Davenport 
1986; Deak and Reichart 1986; King et al. 1986; Thomas 1993) but such a strict 
limit is difficult to attain in winery practice and is not at all appropriate when yeasts 
counts belong to innocent contaminants. Occasionally specifications are established 
as a function of the sugar content, assuming that sweet wines are more vulnerable 
than dry ones. However, Deak and Reichart (1986) did not find differences in the 
microbial stability of white, red, semi-dry and semi-sweet wines and demonstrated 
that stability depends on the initial yeast population. Accordingly, Chandra et al. 
2015) using a response surface methodology approach also demonstrated that resid-
ual sugar do not increase wine instability with varying levels of ethanol and sul-
phite. These authors speculated that sugar do not prevent the cell death process, 
however if cells are able to grow then sugar will promote yeast proliferation with 
consequent spoilage. The absence of inhibition by ethanol in alcohol free wine may 
explain the recovery of unusual contaminant species, not associated with spoilage, 
in such products (Table 12.1).

In the absence of sound scientific background to establish appropriate specifica-
tions, the industry empirically establishes its limits, which may be used for commer-
cial purposes. A level of yeast counts as low as <1/500 ml or < 1/ml are currently 
regarded as the maximum acceptable level (Andrews 1992; Loureiro and Malfeito- 
Ferreira 2003a) reflecting the caution on the prevention of spoilage events. As a rule, 
the estimation of contaminating flora is obtained after growth on general media and so 
results reflect the total flora and not the spoiling one. If this may be wise for highly 
virulent species, in most of the cases these values are too strict for innocuous contami-
nation ones. Most wineries, when levels are higher than acceptable, hold the product 
for enough time to meet specifications or to re-bottle it. This procedure gives an indi-
cation of the spoilage risk because the increase in yeast counts is a signal of contami-
nation by spoiling yeasts. However, this may lead to long holding periods in the case 
of high initial yeast loads, which take time to be reduced to acceptable levels, even in 
the case of innocent contaminants. Their specific  detection would give clearance to 
the final product sooner with obvious economical advantages.
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1  Introduction

Sparkling wine can be produced by the Champenoise, bottle fermentation, transfer 
or Charmat processes. This chapter focuses principally on microbiological aspects 
of the traditional Champenoise method. Process details for the different methods of 
production are described in Howe (2003). All methods for sparkling wine produc-
tion require two successive alcoholic fermentations, but the Champenoise method is 
characterized by a long period of aging the wine on yeast lees, which profoundly 
affects the flavor and quality of the final product.

The first fermentation in the champenoise method transforms grape must into 
base wine. The second fermentation is the key element of this method. It takes place 
in the bottle and increases alcohol content and internal bottle pressure (up to 5–7 
atmospheres). After this second alcoholic fermentation, the wine is aged on the 
yeast lees for at least 9 months, depending on the legislation in the country where it 
is produced. Champagne is aged on the lees for 1 year, and vintage (millésimé) 
Champagne is aged for 3 years. Yeast autolysis occurs during this prolonged period 
of contact with the wine. This process is slow and involves cell death, with hydro-
lytic enzymes releasing cytoplasmic (peptides, fatty acids, nucleotides, amino acids) 
and cell wall (mannoproteins) compounds into the wine. Storage at low tempera-
tures during aging may lead to slow cell death rates and slow enzymatic reactions, 
accounting for the long time required for the process. The organoleptic and foaming 
properties of the wine are modified during ageing on yeast lees, reflecting changes 
in wine composition.

2  Viticultural Parameters

Desired characteristics of the grape juice should be taken into account when consid-
ering cultivation of grapes for sparkling wine production. An example for the 
Champagne grape juice is given Table 13.1 (Tusseau 2004).

It is essential to check grape maturity before harvest to ensure that the appropri-
ate analytical profile is obtained. Sparkling wines are generally white or rosé. They 
may be produced from either white or red grapes, but overripe red grapes are avoided 
to prevent coloration of the wine with red pigments. Different grape varieties are 
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used in order to produce different style of sparkling wine across the world. Table 13.2 
summarized the main grape varieties used to produce the most known sparkling 
wines.

The chemical parameters of juices/musts used for sparkling wine production dif-
fer from those used for still wine production, with musts for still wine production 
having lower ripeness indices, lower total acidity, higher sugar content and lower 
nitrogen concentration (Maujean et al. 1987). In addition to these maturity criteria, 
the prevention of mold development on the grapes is important. Botrytis cinerea has 
highly detrimental effects on sparkling wine quality (Ribéreau-Gayon et al. 2004), 
modifying juice protein content and foaming properties (Marchal et  al. 1999). 
Indeed, presence of Botrytis on grapes lead to oxidation and browning together with 
development of off-flavours production of β-glucans leading to clarification prob-
lems and above all Botrytis proteases alter effervescence, especially above 20% 
infestation (Cilindre et al. 2008; Buxaderas and Lopez-Tamames 2012).

Table 13.1 General 
properties of musts or juice 
used in Champagne 
production. (adapted from 
Tusseau 2004)

Potential alcohol (% v/v) 10.0
Sugar (g/l) 170
Total acidity (g/l H2SO4) 7.6
Ratio sugar/acidity 22.7
pH 3.10
Tartaric acid (g/l) 7.5
Malic acid (g/l) 6.5
Calcium (mg/l) 88
Total nitrogen (mg/l) 477
Ammoniacal nitrogen (mg/l) 127
Copper (mg/l) 1.8

Table 13.2 Grape varieties used for sparkling wine production in different countries (adapted 
from Buxaderas and Lopez-Tamames 2012)

Sparkling wine 
name Country Grape varieties

Crémant France Chardonnay, Chenin Blanc, Cabernet Franc, Aligoté, Gamay, 
…

Espumoso (Cava) Spain Macabeo, Parellada, Xarel-Lo, Chardonnay
Asti spumante Italia Moscato
Cap Classique South 

Africa
Sauvignon blanc, Chenin blanc, …

Traditional 
method

Australia Chardonnay, Pinot noir, Pinot meunier, Shiraz, occasionally, 
Cabernet-Sauvignon, Merlot

Traditional 
method

USA Chardonnay, Pinot blanc and Pinot noir, Riesling and others

Champagne France Pinot noir, Pinot meunier, Chardonnay
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3  Base Wine Production

Whole bunch pressing is the best method for pressing grapes for sparkling wine 
production, because the resulting juice is low in both phenolic compounds and sedi-
ment. Grapes are, therefore, best harvested by hand. The grape varieties used for 
sparkling wine production are highly diverse, resulting in very different products 
(Table 13.2).

3.1  Pressing

Mechanical harvesting is forbidden for grapes used for sparkling wine production in 
France. In contrast, mechanical harvesting is extensively used in Australia and else-
where, making it possible to harvest at night, when it is cooler. Depending on the 
country, grapes may be destemmed after harvest, crushed or pressed as a whole (i.e. 
without prior removal of stems).

In the Champagne region of France, grapes for premium quality sparkling wines 
are transported for pressing as quickly as possible, and pressed without crushing or 
destemming, to limit maceration. Pressing is a key step in sparkling wine produc-
tion, and serves to give a chemical fractionation of the juice released. The analytical 
composition of the juice changes during pressing, due to the heterogeneity of berry 
composition, especially in relation to the location of organic acids (Fig. 13.1).

The cells from the intermediate zones of the grape tissue are the most fragile, and 
release their contents first, followed by cells from the central zone and, finally, cells 
from the peripheral zone. Under appellation rules in France, 4000 kg of grapes can 
be pressed to create up to 25.5 hL of juice. The first 20.5 hL are known as the cuvée, 
and are obtained under a pressure of 0.2–0.6 bars. The remaining 5.0 hL are known 
as the taille, and are usually obtained under a standard pressure of 0.6–1.4 bars. 
Figure 13.2 illustrates the processes used to obtain the cuvée and the taille from 
grapes for the Champenoise method. The juice (0.75 hL) released during the load-
ing of the grapes into the press (rebêches) is discarded. The 20.5 hL cuvée, plus 
2–4% sediment, is then pumped into a racking tank, followed by the 5 hL taille plus 

Central zone
Tartaric acid ++
Malic acid +++

Peripheral zone
Tartaric acid +
Malic acid+++

Intermediate zone
Tartaric acid +++
Malic acid++

Fig. 13.1 Relative proportions of acids in different zones of grape berries used for wine 
production
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2–4% sediment which goes into a separate tank.. After racking, 4000 kg of grapes 
gives rise to 20.5 hL of cuvée, 5 hL taille, 0.75 hL rebêches and 0.5–1 hL sediment. 
Base wines are made from the cuvée and taille juices only, and, generally, they are 
fermented separately.

In summary, the composition of the juice changes during pressing, due to the 
heterogeneity of grape berry composition, the different grape berry zones and the 
different pressures applied. An example of changes in the acid constituents of the 
juice, pH and potassium content during pressing is shown in (Fig. 13.3a, b).

3.2  Racking

Racking is the operation used to clarify the juice after pressing. Various methods 
may be used, but all aim to remove solid/particulate material (Boulton et al. 1996). 
The process is a determinant of juice quality and consequently wine quality (Pernot 
1999). Furthermore, the type of fining agent used to clarify the juices influences the 
quality of base and sparkling wines (Puig-Deu et al. 1999).

Racking tank

Storage 
tank

Press+4000kg 
grapes

Racking tank

Storage tank

Press

A

0.75hl
Rebêches B

12

cuvée+sedimentstaille+
sediments

0.75hl
Rebêches

Racking tank

Storage tank

PressC

Rebêches Taille     Sediments   Cuvée

Fig. 13.2 The steps generating cuvée and taille during pressing of grapes for Champagne produc-
tion. Step A, when the press is charged some juice is liberated and discarded (A). During pressing 
two fractions are obtained, cuvée and taille (B). Sediments from each fraction are separated from 
the juice after racking (C). (Kemp et al. 2015)
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Sulfur dioxide is usually added to the must at a concentration of about 4 g.hL−1 
to prevent oxidation and browning of the juice. Furthermore, sufur dioxide inhibits 
microflora activity which can occur during settling and clarification of the juice. 
Different methods such as cold settling, with or without the addition of pectinolytic 
enzymes, and centrifugation are used for racking. The settling technique may affect 
the foaming properties of the wine and the primary alcoholic fermentation. Musts 
treated with pectic enzymes give wines with lower levels of foam stability and 
foamability than untreated musts (Lao et al. 1999). The lower protein and polysac-
charide contents of treated musts may account for the lower levels of foaming in 
later wines. Various fining agents may be added during racking to increase the effi-
ciency of juice settling, and facilitate the precipitation of suspended solids. Bentonite 
and potassium caseinate or cellulose are often used, but these treatments may affect 
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fermentation and foaming properties. Juices treated with caseinate and cellulose 
usually ferment more completely than juices treated with bentonite (Puig-Deu et al. 
1999). After racking, juice turbidity usually ranges from 5 to 50 NTU.

4  First Alcoholic Fermentation

Surprisingly, very few studies have been published on the first alcoholic fermenta-
tion during sparkling wine production, probably because this fermentation closely 
resembles that of still wine. However, the yeasts involved in this fermentation may 
affect sparkling wine quality.

Traditionally, wine fermentation was spontaneous, mediated by indigenous 
yeasts present on the grapes at harvest, or introduced from the equipment and cellar 
during the vinification process (Fleet and Heard 1993). Many factors may affect the 
total yeast population, resulting in considerable variations in the quality and organo-
leptic characteristics of the wine produced. Most sparkling winemakers, therefore, 
now add selected yeast strains to the must. The technological traits on which yeasts 
are selected for base wine production are not specific to the sparkling wine process, 
and are similar to those for yeast strains used in still wine production.

Once the juice has settled, indigenous yeast density in the must is between 100 
and 10,000 cells.mL−1. Selected yeasts are added at a density of 1–3 × 106 cells.
mL−1. The must is generally fermented in stainless steel tanks in which the tempera-
ture can be controlled. Nitrogenous nutrients (diammonium-hydrogenphosphate,) 
are added to the must (5–10 g.hL−1) before or at the start of alcoholic fermentation. 
The temperature is maintained at 18–20 °C during the alcoholic fermentation, giv-
ing the wines a more pronounced aromatic profile than fermentations at higher tem-
peratures. Fermentation kinetics are usually consistent and predictable under these 
conditions. Sluggish or stuck fermentations are very rare, as the final alcohol con-
centration rarely exceeds 11% (v/v) in base wine production. The ecological profile 
of yeasts associated with these fermentations is expected to be the same as that for 
still wines. The early stages will involve contributions from various indigenous 
strains within genus of Hanseniaspora, Metschnikowia, Candida, Pichia, and 
Kluyveromyces, but inoculated strains of Saccharomyces cerevisiae or Saccharomyces 
bayanus will eventually dominate the fermentation (Fleet 2007, 2008).

Most of must to get base wine for sparkling wine production are inoculated with 
Saccharomyces cerevisiae (Pozo-Bayon et al. 2009). However more recently, trials 
have been done with non-Saccharomyces yeast in order to improve quality and com-
plexity of wine, but also to improve the foaming properties of the base wine 
(González-Royo et  al. 2015; Medina-trujillo et  al. 2017). In the last study, the 
authors proved that the use of sequential inoculation for the production of base wine 
lead to a significant increase in higher maximum heights of foam compared to con-
ventional inoculation. These results could reflect a higher release of low molecular 
weight proteins during the autolysis of Torulaspora delbrueckii (Medina-Trujillo 
et al. 2017).
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5  Malolactic Fermentation

Malolactic fermentation generally takes place after alcoholic fermentation and is 
mediated by lactic acid bacteria, principally strains of Oenococcus oeni. This fer-
mentation has a particularly important effect on the wine, changing its composition 
and organoleptic properties. Its main effect is to reduce the total acidity of the wine 
and increase its pH, due to the decarboxylation of L-malic acid to L-lactic acid. 
Bacterial activity also stabilizes the wine and enriches its aromatic composition 
(Henick-Kling 1993).

The main goal of sparkling wine production is to obtain a fine and fruity wine 
with a desirable acidity. The need for malolactic fermentation, therefore, remains 
unclear for such wines. In warm regions that produce wines of low acidity (e.g. 
regions in Spain, Australia, Greece), malolactic fermentation is not desirable. In 
cool regions, base wines are highly acidic (pH around 3.0) at the end of the alco-
holic fermentation, and malolactic fermentation is needed to decrease this acidity. 
While malolactic fermentation is frequently an indigenous reaction, it can be carried 
out by inoculation with selected strains of O.oeni (Valade et al. 1987a, b).

After the alcoholic and malolactic fermentations, the wine is gradually cooled to 
10–12 °C and clarified by racking and addition of fining agents. The wines are sta-
bilized before bottling to prevent bitartrate precipitation. Indeed, during the second-
ary fermentation, alcohol concentration increases, and this decreases the solubility 
of potassium hydrogen tartrate. The presence of tartaric salts in the bottle leads to 
the release of large amounts of gas and wine when the bottle is opened. The preven-
tion of bitartrate precipitation is, therefore, considered desirable. The wine is then 
filtered (Ribéreau-Gayon et al. 2004).

Blending is the final step before the secondary fermentation. It is often used to 
ensure that the base wine is balanced in terms of its composition and flavor. The 
blending of wines from different years, vineyards and grape varieties makes it pos-
sible to create a specific sparkling wine style.

6  Secondary Fermentation

The main goal of secondary fermentation is to obtain a sparkling wine with a pres-
sure of about six bars (6 Kg/cm2 or 6.105 pascal) at 10 °C. It is the unique step of 
sparkling wine production. Essentially, a mixture of yeast, sugar and fining agents 
(the tirage solution) is added to the base wine so that it contains about 1.5 × 106 
yeast cells.mL−1 and 24 g.L−1 sugar. The tiraged wine is then transferred to bottles 
or tanks for the secondary fermentation.

During secondary fermentation, yeast cells grow and metabolize the sugar added 
with the tirage. The yeast inoculum and tirage solution (liqueur de tirage) must be 
carefully prepared. An example of a yeast inoculum or tirage preparation as 
described by Laurent and Valade (2007), is provided in Fig. 13.4.
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Different commercial yeasts are generally used for the first and second alcoholic 
fermentations. The yeasts for the first fermentation are selected on the basis of high 
fermentation speed and low acid production, together with other desirable proper-
ties, whereas the yeasts for the second fermentation are selected on the basis of 
other technological properties (Martinez-Rodriguez et al. 2001a). These properties 
include the ability to grow at low temperatures and under pressure in a medium 
containing at least 10% (v/v) ethanol, and having desirable flocculating or aggluti-
nating abilities. For sparkling wine production, the yeast strain is also selected on 
the basis of its autolytic capacity and foam quality.

Due to the extreme conditions (low pH, high ethanol, and a steady increase in 
CO2 pressure), several weeks are required to complete this second fermentation. It 
was recently found that the second fermentation kinetics are significantly affected 
by the choice of the yeast strain with which the fermentation is conducted (Martí- 
Raga et al. 2015). Using a QTL mapping approach Martí-Raga et al. (2017) were 
able to identify 4 genes (PMA1, PDR1, MSB2, and VMA13) involved in the genetic 
determinism of second fermentation. These genes play a key role in maintaining 

Fig. 13.4 Protocol for preparing tirage and yeast inoculum for sparkling wine production (Laurent 
and Valade 2007). The first step (adaptation medium) prepares the yeast in a rehydratation medium 
containing sugar and diammonium phosphate. During this step, the initial temperature is 35 °C and 
is gradually decreased to 20 °C. Diammonium phosphate addition during this step favors sugar 
consumption and even during the next step (yeast inoculum preparation). The second step allows 
adaptation of yeast to a wine medium, especially to alcohol. The temperature (20 °C) allows a bet-
ter yeast survival than 35  °C. Agitation, decreases CO2 concentration and leads to better yeast 
survival
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intracellular pH regulation, cell detoxification, control of plasma membrane compo-
sition and the response to cold stress (Martí-Raga et al. 2017). According to these 
authors, the stressful conditions of second alcoholic fermentation have driven the 
selection of strains adapted to these conditions.

6.1  Yeast Inoculum Preparation

Before starting the “prise de mousse” (second fermentation) progressive acclima-
tion of S. cerevisiae is required before being inoculated into the base wine (Fig. 13.4), 
taking into account the synergistic effect of different stress factor such as high etha-
nol concentration (10%–12% (v/v)), low pH (2.9–3.2), low nitrogen content, accu-
mulation of toxic fermentation sub-products such as medium-chain fatty acids 
(C6-C12) and organic acids. In addition typical stress factors due to the second 
fermentation are low temperature (10 °C–15 °C), CO2 overpressure and high total 
acidity (5-7gL1of H2SO4).

Different protocol exist in order to adapt Saccharomyces to this harsh environ-
ment (see below). Recently it has been shown that some physiological parameters 
could be monitored and played a decisive role with respect to reaching the maxi-
mum pressure of 6 bars in bottles. These parameters are higher glycogen and treha-
lose contents, lower ROS accumulation, better vacuolar activity and lower ratios of 
ergosterol/squalene and oleic acid/stearic acid (Borrull et al. 2016).

Active dry yeast (ADY) is generally added at a concentration of 3 g.L−1. The 
addition of larger amounts of yeast generally prevents efficient cell multiplication 
and inhibits the recovery of activity (Laurent and Valade 2007). The yeast is rehy-
drated in water at 35–38 °C for 30 min. During the adaptation phase, the addition of 
nitrogen does not significantly increase growth rate (Mendes-Fereira et al. 2004), 
but sugar breakdown increases. The adaptation phase lasts 6–10  h  — the time 
required to reach a volumic mass or density of 1.025–1.015 (Fig. 13.4). Yeast cell 
viability is greater if the mixture is stirred during the stages of yeast addition and 
adaptation, than in the absence of stirring. This is probably due to the lower CO2 
content in the presence of stirring. The preparation of the inoculum is a very impor-
tant step and is a prerequisite for the success of the second fermentation. The second 
fermentation is realized by yeast under stressfull conditions including high ethanol 
content of the base wine, nitrogen starvation, low pH and low growth temperature 
(Penacho et al. 2012). These authors demonstrated that among the genes expressed 
during the second fermentation, there are those involved in respiratory metabolism, 
oxidative stress response, autophagy, and peroxisomal functions. Ethanol has been 
shown to be the main factor involved in the transcription profile, temperature also 
explain the observed transcription profile while nitrogen starvation does not seem to 
play a key role on this transcription profile (Penacho et al. 2012).

H. Alexandre



405

6.2  Fining Agents

Fining agents are added to the yeast inoculum to facilitate the shifting of yeast to the 
neck of the bottle during riddling (see Sect. 7). Three kinds of fining agents are 
used: bentonite, bentonite-kaolin, bentonite-alginate. All these agents facilitate rid-
dling, but have a large effect on the foaming characteristics of sparkling wines. The 
electrostatic interaction of bentonite with proteins considerably decreases their con-
centration (Senee et  al. 1998). However, proteins have a positive effect on foam 
stability (Martinez-Rodriguez et al. 2002; Todd et al. 2000). The addition of benton-
ite with other agents significantly modifies the protein and peptide composition of 
wines. It affects both foaming parameters and the visual, olfactory and gustatory 
properties of the wine, decreasing its sensory quality (Martinez-Rodriguez and Polo 
2003; Vanrell et al. 2007). Despite these deleterious effects, fining agents are essen-
tial to eliminate the yeast in the subsequent riddling and disgorging operations (see 
Sect. 7).

6.3  Bottle Fermentation

Once the base wine is inoculated with the tirage solution, a small polyethylene cup 
known as a “bidule” is inserted into the top of the bottle. Deposits of yeast cells and 
other particulates collect in the bidule during riddling, facilitating disgorging. A 
crown cap is then placed over the bidule and the bottles are sealed and stored at 
12–15 °C. Changes in sugar concentration, yeast populations or increase in pressure 
in the bottle (measured with an aphrometer) are used to monitor fermentation kinet-
ics. Figure  13.5 shows an example of changes in yeast populations and bottle 
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Fig. 13.5 Changes in pressure (◆), number of viable yeast cells (▲) and total population of yeast 
cells (■) during champenoise bottle fermentation. Valade and Laurent (1999)
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pressure during champenoise bottle fermentation. Yeasts grow from the initial 
population of about 1–2 × 106 cfu.mL−1 to a maximum population of about 4-8×106 
cfu.mL−1 within the first 20 days, using up all the fermentable sugar, and producing 
carbon dioxide to increase bottle pressure. Thereafter, they gradually lose viability 
and, usually, cannot be detected after 40–50 days. Yeasts are expected to perform 
under very stressful conditions (low pH, high initial ethanol content, increasing 
carbon dioxide concentration and pressure) during secondary fermentation, and the 
process must be properly managed to avoid stuck fermentations (Martinez-
Rodriguez et al. 2001a).

6.3.1  Effect of Carbon Dioxide on Alcoholic Fermentation

Carbon dioxide (CO2) is known to inhibit yeast growth at pressures of 3–5 atmo-
spheres (3–5 Kg/cm2), depending on the physical composition of the wine (Kunkee 
and Ough 1966). Base wine usually contains 0.5–1 g.L−1 CO2, corresponding to an 
initial pressure of 0.3–0.5 atmospheres. Even at low concentration, CO2 has an 
impact on fermentation kinetics. For base wines with an initial pressure of 0.6 atmo-
spheres (1 g.L−1 CO2) to 2 atmospheres (4 g.L−1 CO2), the secondary fermentation 
can be incomplete (Valade and Laurent 1999).

6.3.2  Effect of the Physicochemical Parameters of Base Wine 
on Secondary Fermentation

In addition to CO2, several other base wine properties, including pH, ethanol con-
tent, temperature and SO2, affect growth and activity of the inoculated yeast. Sugar 
consumption is decreased from 0.3 g.L−1 per day at 16 °C to 0.2 g.L−1 per day at 
13 °C. Fermentations at temperatures below 10 °C or above 20 °C should be avoided. 
Above 20 °C, the increase in pressure is faster and leads to premature secondary 
fermentation arrest (Valade and Laurent 1999). Ethanol concentration in the base 
wine affects the fermentation, with concentrations close to or exceeding 12% (v/v) 
limiting yeast growth and resulting in a sluggish, second fermentation. The alcohol 
content of the base wine increases by about 1.6% (v/v) during the secondary fer-
mentation, and this factor needs to be taken into consideration.

The pH of the base wine should be kept above 2.9, as lower values result in slug-
gish fermentation. Sulfite content is one of the most important factors for a success-
ful secondary fermentation. Free SO2 concentration in the base wine should not 
exceed 10 mg.L−1. Incomplete secondary fermentation, giving residual sugar, often 
results from the synergistic interaction of these factors and is illustrated in Table 13.3 
for pH, SO2 content and fermentation temperature (Charpentier et al. 1996; Valade 
and Laurent 1999).
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6.3.3  Yeast Nutritional Parameters

During alcoholic fermentation, yeast growth is affected by deficiencies in nutrients, 
such as nitrogen or vitamins, or oxygen deficiency (Alexandre and Charpentier 
1998). However, the addition of nitrogen (ammonium sulfate) or thiamine neither 
improves yeast growth nor affects the kinetics of secondary fermentation (Valade 
and Laurent 1999). These results obtained with the secondary fermentation of 
Champagne base wines may be specific, as such wines are already rich in nitrogen 
(300–400 mg.L−1 total nitrogen; 10–30 mg.L−1 ammoniacal nitrogen). Nevertheless, 
diammonium phosphate and thiamine are usually added to base wines at concentra-
tions up to 0.2 g.L−1 and 1.2 mg.L−1, respectively. While such addition may not 
affect the growth kinetics of the yeast, it may impact on wine flavour.

The production of higher alcohols, which is undesirable if they are produced at 
concentrations above 400 mg.L−1, is affected by must nitrogen content, with total 
higher alcohol concentration being increased by decreasing assimilable nitrogen 
(Rapp and Versini 1991). Fatty acid esters are also of great importance to wine 
aroma, as they are the dominant esters formed, and usually impart pleasant odors. 
Ester formation is positively correlated with the nitrogen status of the must. The 
addition of nitrogen should, therefore, increase ester production during the second-
ary fermentation (Beltran et al. 2005; Vilanova et al. 2007).

Oxygen has been shown to have no effect on secondary fermentation kinetics 
(Valade and Laurent 1999), and this is probably due to the slower growth of the 
yeast under these conditions than during the primary alcoholic fermentation.

Secondary fermentation is followed by prolonged aging of the wine in contact 
with yeast cells (lees) during which time yeast autolysis occurs.

Table 13.3 Combined effects of different physicochemical parameters of the base wine on 
residual sugar content of sparkling wine, 6 months after secondary bottle fermentation (Valade and 
Laurent 1999)

Trial pH Total SO2/Free SO2 (mg.L−1) Yeast inoculum (%)

Residual sugar 
g.L−1

15 °C 10 °C

A 3.20 80/15 5 0.2 0.6
B 2.90 80/15 5 0.9 7.2
C 3.20 64/5 5 0.2 0.4
D 2.90 64/5 5 0.9 4.2
E 3.20 80/15 1 0.2 0.2
F 2.90 80/15 1 2.8 9.3
G 3.20 64/5 1 0.2 2.1
H 2.90 64/5 1 1.2 8.3
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6.3.4  Volatile Compounds of Secondary Fermentation

The majority of studies involving volatile compounds and sparkling wines have 
been mainly focused on the aging stage. However, changes already occurred during 
the secondary fermentation compared to base wine (Torrens et al. 2010; Hidalgo 
et al. 2004).

7  Aging on Yeast Lees

Yeast autolysis in sparkling wine production has been the subject of many studies 
(for a review see, Alexandre and Guilloux-benatier 2006). The lees present in still 
wine during aging are composed of tartaric acid salts, organic residues and cells of 
various species of yeasts and bacteria, whereas sparkling wine lees are mainly com-
posed of cells from a single species of yeast, along with technological co-adjuvants 
(fining agents) such as bentonite, which help to flocculate and eliminate the yeast 
lees at the end of the aging period. The aging of sparkling wine on the lees in the 
bottle is generally longer than still wine aging, and yeast autolysis occurs under CO2 
pressure (6 atmospheres).

In still wines, malolactic fermentation usually takes place during aging on yeast 
lees, whereas in sparkling wines, malolactic fermentation, if carried out, is com-
pleted before aging in the bottle.

7.1  Mechanisms of Yeast Autolysis

Yeast autolysis may be considered a lytic event. It is an irreversible process cata-
lyzed by yeast intracellular enzymes. Autolysis generally takes place at the end of 
the stationary phase of growth, and is usually associated with cell death. The scien-
tific basis of yeast autolysis has been the subject of numerous reviews (Babayan and 
Bezrukov 1985; Charpentier and Feuillat 1993; Fornairon-Bonnefond et al. 2001).

Babayan et al. (1981) suggested that yeast autolysis occurs in four stages:

 – Degradation of internal cellular structures, leading to the release of vacuolar pro-
teases into the cytoplasm.

 – Inhibition of the released proteases by specific cytoplasmic inhibitors, followed 
by their activation due to the degradation of these inhibitors.

 – Hydrolysis of intracellular polymer components, with the hydrolysis products 
accumulating in the space restricted by the cell wall.

 – Release of hydrolysis products with molecular masses low enough to pass 
through the pores of the cell wall.

The autolysis of yeast cells may be induced by manipulating environmental con-
ditions, or it can develop naturally, as occurs in wine production. While similar 
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biochemical mechanisms may be involved in both circumstances, some differences 
also exist. Autolysis is often induced in industrial applications, such as in the pro-
duction of yeast extract for use as a flavor enhancer or for the production of intracel-
lular enzymes (Breddam and Beenfeldt 1991; Kollar et al. 1993; Zambonelli et al. 
2000). Yeast autolysates are also added to growth culture media as they are rich in 
vitamins and amino acids. With industrial processes, yeast autolysis may be induced 
by physical factors (increase in temperature, alternate freezing and thawing, osmotic 
pressure), chemical factors (pH, detergents, and antibiotics), or biological factors 
(aeration and starvation). Under these conditions, it may be very rapid, taking 
48–72 h, depending on the inducer.

Natural autolysis takes much longer. This is especially true in wines, in which the 
autolytic conditions, pH 3–4, aging temperature of 15 °C and presence of ethanol 
(12% v/v), are far from the ideal conditions of 45 °C at pH 5, often used to induce 
autolysis. These differences result in different autolysates (Charpentier and Feuillat 
1993; Connew 1998).

In sparkling wines, yeast autolysis does not begin until 2–4  months after the 
completion of secondary fermentation (Charpentier and Feuillat 1993; Todd et al. 
2000). Yeast autolysis can be promoted by using a mixture of “killer” and sensitive 
yeast for the secondary fermentation. In these conditions, the sensitive yeast cells 
rapidly die in the presence of the killer strains (Todd et al. 2000).

7.1.1  Biochemical and Morphological Changes

Hydrolytic enzymes play a major role in autolysis. Proteases are the most exten-
sively studied of all the enzymes involved in autolysis. Lurton et al. (1989) used 
specific inhibitors to show that, in acidic conditions, protease A was the principal 
enzyme involved in proteolysis during autolysis in a model wine system, despite the 
presence of many other proteolytic enzymes in yeast. It was suggested that protease 
A activity may be responsible for 80% of the nitrogen released during autolysis 
under optimal conditions. Using a Δpep4 mutant of S. cerevisiae lacking protease A, 
Alexandre et  al. (2003) showed that protease A was responsible for 60% of the 
nitrogen release observed during autolysis in wine. These results suggest that other 
acidic proteases may also be involved in the proteolytic process. Consistent with 
this hypothesis, Komano et al. (1999) and Olsen et al. (1999) have identified other 
acidic proteases (Yapsin proteases).

In sparkling wines, proteolytic activity decreases during active bottle fermenta-
tion and in the following months, but after 9 months of fermentation and aging, it 
gradually increases (Feuillat and Charpentier 1982). Leroy et al. (1990) reported 
that proteolytic activity during Champagne aging may also depend on the yeast 
strain used.

The yeast cell wall is degraded during autolysis, but few studies have investi-
gated the enzymes involved in this process during wine production. Cell wall deg-
radation during autolysis has been observed by microscopy and in studies of cell 
wall composition. The cell wall of S. cerevisiae may account for 20–30% of cell dry 
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mass. It consists principally of mannoproteins and β-glucans (85–90% of cell wall 
dry mass). The inner layer of the cell wall consists of glucans, with mannoproteins 
both embedded in and covering this glucan layer (Fleet 1991; Klis et al. 2002).

Glucanases are involved in yeast cell wall degradation (Arnold 1972; Charpentier 
and Freyssinet 1989). β-glucanases, classified as endo- and exoglucanases, hydro-
lyze the β-O-glycoside links of β-glucan chains, leading to the release of glucose, 
oligosaccharides and mannoproteins trapped in the cell wall or covalently bound to 
β-(1 → 6) and β-(1 → 3) glucans (Fleet 1991). The kinetics of β-glucanase activity 
during autolysis and the enological parameters affecting this activity in sparkling 
wine remain unknown. The action of these enzymes has been deduced from the 
compounds released. Cell wall degradation during autolysis results in the release of 
both amino acids and macromolecules, suggesting the action of both proteolytic and 
polysaccharide degrading enzymes (Hien and Fleet 1983).

Charpentier and Freyssinet (1989) and Feuillat et al. (1989) developed a model 
of cell wall degradation in which the glucans are first hydrolyzed by glucanases, 
releasing mannoproteins trapped within or covalently linked to the glucans. The 
glucans are then released, due to the activity of cell wall glucanases or solubilized 
glucanases in the medium. Finally, the protein fraction of the mannoproteins is 
degraded by proteolysis.

Microscopy has also been used to study the changes taking place in the yeast cell 
wall. Despite the action of proteases and glucanases on the cell wall, it does not 
break down completely (Vosti and Joslyn 1954; Avakyants 1982). The cell wall of 
yeasts grown in a synthetic medium for 24 h is thick and smooth and is easily dis-
tinguished from the plasma membrane. After autolysis, the yeast cells are much 
smaller and display wrinkles or folds and ridges (Avakyants 1982; Charpentier et al. 
1986; Kollar et al. 1993; Hernawan and Fleet 1995). These wrinkles are thought to 
be due to plasmolysis, consistent with the increase in vacuole size due to solubiliza-
tion of the cytoplasmic content (Martinez-Rodriguez et al. 2001b). In these studies, 
the structural and ultrastructural changes occurring in yeast cells during autolysis 
were compared in a model wine system and in sparkling wines. After 24 h of incu-
bation in a model wine system, the yeast cells had lost most of their cytoplasmic 
content and had a large vacuole, whereas yeasts aged for 12 months in a sparkling 
wine still had most of their cytoplasmic content and had a small vacuole. These find-
ings demonstrate that autolysis conditions are not optimal during the aging of spar-
kling wine or Champagne. Figure 13.6 schematically represents the various events 
that occur during yeast autolysis, but most of these processes are not completely 
understood.

Fig. 13.6 distributed throughout the vacuole. The cell wall is rough, small wrinkles or folds are 
observed. (C). After 12 months, the cell appears to have collapsed, accounting for its smaller size. 
The cell wall remains unbroken, with many ridges and folds. Yeast cells have lost much of their cyto-
plasmic content by this time. The fate of the plasma membrane during this process remains unclear 
(Alexandre and Guilloux-Benatier 2006). Nucleotides released during Champagne autolysis are ribo-
nucleotides. The main nucleotides detected in Champagne wine extracts were 5′- and 3′- (or 2′-) 
UMP, 5′- and 3′- (or 2′-) GMP, 5′- and3′-AMP, 5′- and 3′-CMP, and 5′-IMP (Charpentier et al. 2005)
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Fig. 13.6 Schematic representation of morphological and biochemical changes in yeast during 
autolysis in sparkling wine. (A) After the second alcoholic fermentation, yeast cells are elongated 
and ovoid. The cell wall is thick and smooth. Inside the cell, there is a large vacuole surrounded by 
spherical bodies. (B) After 6 months, the cell and vacuole are smaller in size. Spherical bodies are
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Autophagy was shown to play a possible role in the release of yeast compounds 
into wines (Cebollero et al. 2005). Autophagy is a degradation pathway activated by 
nitrogen or carbon starvation. It is characterized by the formation of autophago-
somes, which contain intracellular structures, including mitochondria, that are car-
ried to the vacuole and degraded (see Huang and Klionsky 2002, for a review). 
Cebollero et al. (2005) used a yeast mutant defective in the autophagic or Cvt path-
ways to show that autophagy does take place under wine production conditions. 
Genes related to autophagy are therefore good candidates for studying the molecu-
lar basis of autolysis or for the genetic engineering of wine yeasts.

7.1.2  Factors Affecting Autolysis

The principal factors affecting yeast autolysis in wines are pH, temperature, ethanol 
concentration and the nature of the yeast strain. As pH and ethanol content cannot 
be changed in the wine, they will not be considered here.

High temperatures, up to 60 °C, have been reported to favor autolysis in a model 
wine system. Molnar et al. (1981) reported the optimal temperature for proteolysis 
in the Champenoise method to be between 10 and 12 °C.

Autolysis varies considerably with the yeast strain. Suzzi (1990) compared the 
autolytic capacity of different strains and suggested that this criterion could be used 
to select yeasts. Autolytic capacity was evaluated by measuring the amino acids 
released by the yeast at various temperatures, 10 days after fermentation. Significant 
differences were observed in the autolytic capacity of three strains. Thus, the amount 
of nitrogen released into the medium depends on the yeast strain used, opening up 
useful possibilities for modification in sparkling wine production (Martinez- 
Rodriguez et  al. 2001c). Martinez-Rodriguez et  al. (2001a) suggested that yeast 
strains with a high autolytic capacity would produce better quality sparkling wine 
than yeasts with a low autolytic capacity. They also suggested that autolytic capac-
ity and foaming analysis should be used for selecting yeasts for sparkling wine 
production.

Nunez et al. (2005) recently confirmed the importance of the autolytic capacity 
of yeast strains for sparkling wine quality. A mutant strain with accelerated autoly-
sis was used to conduct the second fermentation. The resulting wine had better 
foaming properties than that produced with a control strain. The aging period was 
also reduced from nine to 6 months with this mutant, potentially decreasing produc-
tion costs.

7.2  Yeast Autolysis Compounds and Their Impact on Sparkling 
Wine Quality

The autolysis of yeast during aging results in the release of various compounds that 
modify the physical and organoleptic properties of sparkling wine (Alexandre 2011; 
Toressi et al. 2011).
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7.2.1  Changes in the Nitrogen Compounds Present at Different Stages 
in the Champenoise Method

Numerous studies have investigated the changes in nitrogen composition that occur 
during the aging of wine on lees. Nitrogen release is thought to reflect the autolytic 
activity of the yeast — proteolytic activity in particular. In sparkling wine produc-
tion, amino acids are released into the medium during bottle fermentation. Once the 
available glucose has been exhausted, amino acid levels in the wine increase 
(Feuillat and Charpentier 1982). This process, known as excretion (passive exorp-
tion), has been described by Morfaux and Dupuy (1966) and should not be confused 
with autolysis.

Yeast autolysis does not begin until 3–9 months after the end of the second fer-
mentation. The lag time until the start of autolysis varies considerably and depends 
on base wine composition, aging temperature and yeast strain. Total amino acid 
concentration increases before the increase in free amino acid concentration. Thus, 
peptides are released into the medium and then broken down into amino acids. 
Moreno-Arribas et al. (1996) studied the changes in the various nitrogen fractions 
during sparkling wine aging according to the Champenoise method. Between 3 and 
9  months after addition of the tirage solution, they observed no change in free 
amino-acid concentration, regardless of the grape variety used. Free amino-acid 
concentration increased after 9  months, indicating the start of autolysis. These 
results have been confirmed by Nunez et al. (2005).

Peptide content fluctuates, peaking after 12–15 months of aging on the lees, and 
decreasing thereafter. This behavior may reflect an initial release of peptides that are 
subsequently broken down. Moreno-Arribas et al. (1996) also showed that the dis-
tribution of free amino acids is very different from that of amino acids in peptides 
and proteins, as confirmed in other studies (Moreno-Arribas et al. 1998a; Guilloux- 
Benatier and Chassagne 2003).

The amount of peptides released by yeast autolysis during sparkling wine aging 
is variable, and depends on grape variety and aging time (Moreno-Arribas et  al. 
1998b). The nature of the peptides released also changes with aging, the length of 
the peptides released decreasing with increasing aging time (Martinez-Rodriguez 
and Polo 2000).

The amino-acid composition of the peptides present in sparkling wines has been 
investigated (Moreno-Arribas et al. 1996, 1998a, b). The peptides mostly originate 
from the break down of yeast proteins rather than grape juice proteins. Bartolomé 
et al. (1997) showed that different varieties of sparkling wines aged with the same 
yeast over 26 months, contained peptides with similar amino-acid compositions.

The high levels of threonine and serine in peptides from sparkling wine are con-
sistent with their yeast origin, as these amino acids are not the predominant free 
amino acids in the proteins of base wine (Usseglio-Tomasset and Bosia 1990; Acedo 
et al. 1994; Moreno-Arribas et al. 1998a). Threonine and serine are involved in the 
glycosidic bonds between proteins and mannans in the yeast cell wall (Klis et al. 
2002).
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The concentration and composition of proteins that are released during autolysis 
in sparkling wine have been little studied, possibly because amino acids are consid-
ered as better markers for following autolysis. Changes in protein content during 
autolysis seem to depend on the yeast strain. Leroy et al. (1990) compared two dif-
ferent yeast strains and found that protein content remained stable during the first 
9 months for one strain whereas it decreased greatly from the end of the second 
fermentation for the other strain. Nunez et al. (2005) reported an increase in protein 
and polypeptide levels during the first 3 months, followed by a decrease, attibuted 
to protease activity. Protein and peptide content then increased again after 6 months.

A total increase in protein content of 8–13% was reported by Todd et al. (2000) 
during the secondary fermentation and aging of sparkling wines. This release of 
protein by the yeast cells stabilized after 90 days, with only slight increases occur-
ring thereafter.

7.2.2  Impact of Nitrogen Fractions on Sparkling Wine Quality

Amino-acid enrichment of the medium may improve the aromatic potential of spar-
kling wines, as amino acids are the precursors of aroma compounds. Aroma com-
pounds may be generated by the deamination or decarboxylation of amino acids 
(Feuillat and Charpentier 1982). The levels of one lactone compound, 3-hydroxy- 
4,5-dimethyl-2(5H)-furanone, also known as sotolon (green nut, curry odor) gradu-
ally increase during the aging of sparkling wine. Pham et al. (1995) showed that 
sotolon is generated from threonine, which is transformed into α-ketobutyric acid 
that reacts with acetaldehyde. Vitispirane, a norisoprene-derived compound impart-
ing eucalyptus odors, is synthesized from methionine and has been detected in aged 
Cava wine (Francioli et al. 2003).

The surfactant properties of peptides are thought to play a role in wine, and some 
peptides are also responsible for sweet and bitter tastes (Polo et al. 1992). Peptides 
probably play a similar role in foam stabilization in both sparkling wines and beer. 
Foam (bubble) properties are extremely important in sparkling wine. Usually, they 
are measured as height of foam, foam area, foam collar (Nunez et al. 2005). Positive 
correlations between polypeptide molecular mass, hydrophobicity and foam stabi-
lizing activity have been found in beer (St John Coghlan et al. 1992; Onishi and 
Proudlove 1994). Moreno-Arribas et al. (1998a) suggested that the hydrophobicity 
of peptides might account for the foaming properties of sparkling wine.

Various studies have tried to identify the compounds affecting foam quality in 
wine (Brissonnet and Maujean 1991, Brissonnet and Maujean 1993; Malvy et al. 
1994; Andres-Lacueva et al. 1997). Most studies have focused on base wine, and it 
is therefore difficult to extrapolate the results obtained to sparkling wines. The 
autolysis occurring in the Champenoise method may have a major effect. Moreno- 
Arribas et al. (2000) found that foam characteristics were positively correlated with 
the concentrations of most free amino acids and proteins, confirming the results of 
Malvy et al. (1994). However, no relationship was found between foam characteris-
tics and the concentration of wine peptides.
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7.2.3  Polysaccharides

Glucanases and proteases release polysaccharides from the yeast cell wall during 
autolysis in sparkling wines. These macromolecules contain mainly glucose (74%) 
and mannose (26%). Their mannose/glucose ratio increases during autolysis, possi-
bly due to mannoprotein release after glucan degradation. Indeed, mannoproteins are 
trapped in the glucan layer of the wall, and the very low levels of mannosidase activ-
ity recorded cannot account for the increase in mannose concentration (Freyssinet 
et al. 1989). Polysaccharide concentrations in wines vary, and depend on the method 
used for their measurement. Charpentier (2000) reported an increase in polysaccha-
ride content from 366 mg.L−1 in the base wine to 602 mg.L−1 after 9 months of aging 
of a sparkling wine. More recently, Martínez-Lapuente et al. (2018) confirmed an 
enrichment in mannose during the six first months of aging followed by a decrease 
in the content, which could be due to precipitation phenomena.

There is strong evidence to suggest that mannoproteins from the yeast cell wall 
play a key role in wine stability and in the organoleptic properties of sparkling wine. 
Mannoproteins have been shown to reduce haze formation (Ledoux et  al. 1992; 
Dupin et al. 2000), presumably by competing with wine proteins for unknown fac-
tors. It has been suggested that, as the concentration of these factors decreases in the 
presence of mannoproteins, protein particle size and turbidity also decrease (Dupin 
et al. 2000).

Mannoproteins prevent the precipitation of tartaric salts (Lubbers et  al. 1993; 
Gerbaud et al. 1997; Moine-Ledoux et al. 1997). They stick to the growth sites of 
the crystal, blocking growth of the crystal lattice (Gerbaud et al. 1997).

The effect of colloids (macromolecules) on foam quality has also been investi-
gated (Brissonnet and Maujean 1991). Some of the compounds present in the foam 
precipitate in ethanol, consistent with the presence of macromolecules. Moreno- 
Arribas et al. (2000) showed that neutral polysaccharides are important for foam 
quality in sparkling wines. The optimum aging time for obtaining a high-quality, 
stable foam appears to be 18  months. However, foam quality decreases after 
18 months, which coincides with an increase in the level of monomeric compounds, 
such as fructose, that probably arise from the hydrolysis of grape components by 
yeast enzymes released during autolysis (Andres-Lacueva et  al. 1997). Finally, 
mannoproteins are thought to contribute to the mouthfeel of the wine. Bertuccioli 
and Ferrari (1999) developed an index for evaluating wine body, and showed that 
this index was increased by the presence of mannoproteins. Mannoproteins also 
influence the intensity and persistence of wine aromas (Lubbers et al. 1994; Feuillat 
2003).

7.2.4  Lipids

Lipids are important components of sparkling wines because they are a major source 
of flavor compounds (Forss 1969) and affect foam stability. Changes in the lipid 
content of sparkling wine have been the focus of several studies.
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Lipid content increases during the second fermentation (Troton et  al. 1989). 
Lipid content increases and qualitative changes occur during aging in the bottle in 
contact with the lees (Piton et al. 1988). The concentration of polar lipids decreases 
whereas the concentration of neutral lipids increases (monoglycerides, diglycerides, 
and triglycerides). Experiments in a model wine system showed that the levels of 
triacylglycerols, 1,3-diacylglycerols, 2-monoacylglycerols, free fatty acids, sterol 
esters and sterols increase after 2 days of autolysis and then decrease, probably due 
to yeast hydrolytic enzymes (Pueyo et al. 2000). No phospholipids were released 
into the medium, confirming previous results from Hernawan and Fleet (1995), and 
it was suggested that any phospholipids present are degraded.

Conflicting results have been published concerning the influence of lipids on 
foam. Maujean et al. (1990) found that octanoic and decanoic fatty acids reduced 
foam stability, whereas Dussaud et al. (1994) reported that the addition of a lipid 
mixture did not affect the foam. Pueyo et al. (1995) noted that linolenic and palmi-
toleic acid levels were the best indicators of foam stability. The effects of fatty acids 
on the foaming properties of wine were investigated by Gallart et al. (2002). The 
C8, C10 and C12 acids had a negative effect on foam quality, whereas ethyl esters 
of hexanoic, octanoic and decanoic acids had a positive effect.

7.2.5  Nucleic Acids

Although the degradation of proteins during yeast autolysis has been extensively 
studied, the hydrolysis of RNA and DNA has received less attention. RNA and 
DNA comprise 5–15% and 0.1–1.5% of cell dry weight, respectively (Nagodawithana 
1992).

The DNA of a brewing and baking strain of Saccharomyces cerevisiae was found 
to be almost completely degraded during autolysis (Hough and Maddox 1970; 
Suomalainen 1975). However, Trevelyan (1978) reported no decrease in DNA con-
tent during the autolysis of a baker’s yeast strain. The extent of DNA degradation 
during autolysis appears to depend on the yeast strain (Hernawan and Fleet 1995). 
The very low levels of DNA detected in autolysates probably reflect its degradation 
by DNase activity. DNA degradation requires several active enzymes and leads to 
oligonucleotide, nucleotide and nucleoside degradation products. The predomi-
nance of deoxyribonucleotides in the autolysate indicates that endo- and exonucle-
ases are principally responsible for the degradation process. Zhao and Fleet (2003) 
reported the degradation of up to 55% of total DNA in S.cerevisiae during autolysis, 
releasing 3′-and 5′ deoxyribonucleotides. Even under optimum autolytic condi-
tions, some parts of the DNA were resistant to autolytic degradation. However, fur-
ther studies of DNA degradation under enological conditions are required. The 
presence of ethanol, the lower pH of wine and low storage temperatures may give 
much lower levels of DNA degradation.

More than 95% of the nucleic acid in yeast cells consists of RNA. Zhao and Fleet 
(2005) suggested that RNA degradation is a key reaction in yeast autolysis. They 
showed, in different autolytic conditions, that up to 95% of cell RNA were degraded, 
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releasing mainly 3′-, 5′- and 2′-ribonucleotides. Formation of the flavor-enhancing 
nucleotides 5’-AMP and 5’-GMP was favored at 50 °C (pH 7.0) and pH 4.0 (40 °C), 
respectively. These conditions are far from optimal for wine production, but the 
degradation of RNA and the release of nucleotides into sparkling wine during autol-
ysis may affect its organoleptic properties (Courtis et al. 1998).

RNAse is active during autolysis in Champagne (Leroy et al. 1990), but data on 
the extent of nucleic acid degradation should be interpreted with caution because 
organic acids, phenolic compounds, peptides and other compounds in wine can 
interfere with the measurement of nucleotides. Monophosphate nucleotides in 
Champagne have been unequivocally identified (Aussenac et al. 2001; Charpentier 
et al. 2005). Three monophosphate nucleotides (5’-UMP, 5’-GMP and 5’-IMP) in 
Champagne aged on lees for 8 years were identified. Nucleotide monophosphate 
concentration ranged from 50–500 μgL−1, considerably different from previously 
reported concentrations (Courtis et al. 1998).

Monophosphate nucleotides are used as flavorings in the food industry (Abbas 
2006), but further studies are required to evaluate their impact on wine flavor.

7.2.6  Volatile Compounds

The release of volatile compounds during yeast autolysis has been studied less thor-
oughly than the release of non- aroma compounds. It is worth noting that reported 
changes of volatile compounds during aging are contradictory (Pozo-Bayon et al. 
2009). The few studies carried out have shown that many compounds are released, 
some of which are detected by tasters at low concentrations. Chung (1986) reported 
that autolysis of Saccharomyces cerevisae at 15–20 °C or 35–40° in a model wine 
system (12% v/v ethanol, pH 3.5) released many different volatile compounds after 
4–6 months. Esters comprise the major family of volatile compounds released dur-
ing autolysis, both qualitatively and quantitatively. Small acyl chain esters (C3-C4) 
and medium acyl chain esters (C6-C12) with characteristic fruity odors are released 
at the start of yeast autolysis and are then broken down. Heavy acyl chain esters 
have also been identified in model and sparkling wines (Molnar et al. 1981). Pozo- 
Bayon et al. (2003) reported an important effect of ageing time on volatile com-
pounds of Cava wines. They found that some esters (hexyl acetate, isopentyl acetate, 
ethyl butyrate, ethyl octanoate, diethyl succinate) are useful to discriminate Cava 
wines of different ages. However, contradictory results have been reported. 
Martinez-Garcia et al. (2017) observed a decrease in aliphatic esters of long chain 
fatty acids during the second fermentation process contrary to Welke et al. (2014) 
who obtained an increase in esters such as ethyl octanoate and ethyl decanoate dur-
ing 9 months of lees contact. Ruiz-Moreno et al. (2017) reported that the profile 
ester was significantly influenced by ageing on lees. They observed a decrease of 
total esters during the first 3 months of ageing while no changes occurred between 
3 and 9 months of ageing. However, different trends could be observed depending 
on the group of esters. For example, higher alcohol acetate decreased by 50% 
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during ageing while ethyl ester of branched acids increased during ageing (Ruiz- 
Moreno et al. 2017).

Regarding higher alcohol, Coelho et  al. (2009) described an increase in 
1- propanol, 2-methyl-1-propanol (isobutanol) and isoamyl alcohols after 24 months 
of ‘dégorgement’ (removal of yeast sediment from bottles) and Pozo-Bayón et al. 
(2010) the opposite. Recently Martinez-Garcia et al. (2017) show an increase for 
2-phenyl-1-ethanol and 1-propanol and a decrease for isobutanol and isoamyl alco-
hols contents during the second fermentation. These differences could be attributed 
to complex balances of intracellular synthesis and extracellular adsorption- 
desorption processes in the cell walls during lees aging (Pozo-Bayón et al. 2010).

Terpenic alcohols and higher alcohols are also released during autolysis. Geraniol 
and α-terpineol, citronellol and farnesol have all been identified. These compounds 
are perceived by tasters at low concentrations, from 100 to 300 μg.L−1. Molnar et al. 
(1981) suggested that farnesol contributes greatly to the aromatic quality of spar-
kling wine and Loyaux et al. (1981) suggested that nerolidol makes a similar contri-
bution to Champagne. The rapid formation of two higher alcohols, isoamyl alcohol 
and phenyl ethyl alcohol (rose odor), has been observed during autolysis in a model 
wine system (Chung 1986).

About ten aldehydes have been identified in sparkling wines. Methyl 3-butanal is 
the most abundant, accounting for 40% of all aldehydes present, and may be formed 
through a mechanism involving isoamyl alcohol oxidation. Most of the aldehydes 
identified are present at levels close to or greater than the detection threshold of the 
human nose for aqueous solutions. Aldehydes are described as having a grassy odor 
with a negative effect on organoleptic properties, although this mostly disappears 
during aging (Chung 1986).

Francioli et al. (2003) characterized the volatile compounds released in sparkling 
wines during autolysis and suggested that they could be used as age markers. 
Acetates appeared to decrease during aging, whereas diethylsuccinate, vitispirane 
and TDN (1,1,6-trimethyl-1,2-dihydro naphthalene) levels increased over time. 
Hexanol and 2-phenylethanol were also released during autolysis. Compounds such 
as vitispirane, TDN and diethylsucinate may be good age markers and can discrimi-
nate between young and aged sparkling wines. Riu-Aumatell et al. (2006) obtained 
similar results, reporting that some high molecular weight acetates, and ethyl and 
isoamyl esters, are typical aroma compounds in young Cava (Spanish sparkling 
wine), whereas vitispirane, diethyl succinate, TDN, hexenol and ethyl acetate are 
typical aroma compounds in Cava aged over a prolonged period. The release of 
these aromas by yeast enzymes acting on glycoside precursors has been identified 
as a possible mechanism for their formation, with C-13 norisoprenoids and vitispi-
rane being derived from glycoside-bound carotenoids and megastigma, respectively 
(Bosch-Fuste et al. 2007; Riu-Aumatell et al. 2006). TDN may be a direct degrada-
tion product of carotene (Rapp 1998), although precursors linked to a sugar mole-
cule have also been reported (Winterhalter 1991).

Descriptive sensory analyses can be used to characterize the effects of the 
Champenoise process on aroma. In one study, the sensory properties of sparkling 
wines after 18 months of aging on lees could not be predicted from the profiles of 
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the base wine (De La Presa-Owens et al. 1998). In this study, the authors demon-
strated that descriptive analysis of the base wine can be used to distinguish between 
different grape varieties, such as Chardonnay or Pinot noir. However, after second-
ary fermentation, sparkling wines could not be differentiated on the basis of the 
grape variety or color of grape used. Thus, secondary fermentation and aging on the 
lees can profoundly modify the aromatic profile of the wine.

7.2.7  Phenolic Compounds

Contrary to expectation and the importance of phenolic compounds from a sensorial 
point of view, there are only few studies regarding the phenolic compounds compo-
sition of sparkling wines (Pozo-Bayon et  al. 2003). Browning of sparkling wine 
during aging has been observed (Ibern-Gomez et  al. 2000; Serra-Cayuela et  al. 
2013, 2014) and was attributed to two different mechanisms, oxidation of phenolic 
compounds released during yeast autolysis and the action of cytoplasmic enzymes. 
Resveratrol content has been shown to decrease during aging (Jeandet et al. 2006) 
which could be explained by the adsorption capacity of yeast cell wall (Mazauric 
and Salmon 2005, 2006). However, contradictory results are reported by Pozo- 
Bayon et al. (2003). In this study, the authors did not find changes in the low molec-
ular weight phenolic composition of the sparkling wines aged for over 18 months 
with lees. These observations might be linked to the reduction conditions in the 
bottle during aging. This hypothesis is supported by two different studies. In the first 
one, it has be shown that antioxidant activity of a sparkling wine does not change 
during aging (Satue-Gracia et al. 1999). In the second one, the authors observed that 
the aldehyde level (oxidation marker) in sparkling wine is lower compared to other 
types of wines (Cullere et al. 2007). However, it has been reported that antioxidant 
potential of sparkling wines decreased during ageing on lees (Stefenon et al. 2014).

In a more in depth study it was shown that gallic acid, catechin and particularly 
GRP increased with time during ageing on lees while tartaric esterified hydroxycin-
namic acids (cis-coutaric acid, caftaric acid and fertaric acid) tended to decrease 
(Serra-Cayuela et al. 2013). Other phenolic compounds such as trans-coutaric and 
p-coumaric increased significantly with time and was significantly correlated with 
browning (Serra-Cayuela et al. 2013). It is interesting to note that in this study the 
authors reported that 5-hydroymethylfurfural (5-HMF) concentration was signifi-
cantly correlated with browning. Thus, they suggested the 5-HMF could be used as 
a quality marker (Serra-Cayuela et al. 2013).

8  Foaming Properties

Foaming properties of a sparkling wine is a very important criteria and is a major 
sensorial characteristic. Foaming properties depend to a great extent to the must and 
wine composition and has been reviewed (Martinez-Rodriguez and Pueyo 2009; 

13 Yeasts and Sparkling Wine Production



420

Pozo-Bayon et al. 2009; Kemp et al. 2015). Here we will only focus on the effect of 
lees aging on sparkling wine foaming properties. The main yeast component 
involved in foaming properties is the mannoproteins released during alcoholic fer-
mentation and the process of autolysis. These amnnoproteins have been shown to 
increase the foaming properties of the sparkling wine (Nunez et al. 2005).

Based on this observation, some authors proposed to select sparkling wine yeast 
strain with high autolytic capacity (Martinez-Rodriguez et  al. 2001a). However, 
according to Martínez-Lapuente et al. (2015) polysaccharides among which man-
noproteins, did not correlate with foamability or foam stability. On the other hand, 
there were a positive correlation between polysaccharides and foam stability. These 
contradictory results highlight a need for future research.

9  Riddling, Disgorging and Dosage

9.1  Riddling

Riddling is carried out to move sediment (yeast lees, protein material, bitartrate) 
towards the neck of the bottle to facilitate its removal. It takes place between 6 and 
36  months after tirage, depending on the legislation of the country concerned. 
Historically, riddling was carried out manually, with a riddling rack specially 
designed to allow the bottles to be gradually turned and brought from the horizontal 
to the vertical position. During this movement, the sediment is moved from the side 
of the bottle to the neck. This system is highly labor-intensive and takes about 
20–30 days to complete. Many companies have replaced this method with the use 
of mechanical processes, using gyropallets. With these methods, large crates are 
electronically rotated and shaken from the horizontal to the vertical in a few days 
(Hardy 1993; Howe 2003).

9.2  Disgorging

Once the bottle has been inverted, the lees present in the neck of the bottle are 
removed, in a process known as disgorgement. The yeast sediment entrapped in the 
bidule is snap frozen by immersing it in a solution at around −20  °C. Once the 
extreme end of the neck is frozen, the bottle is placed the right way up, opened and 
the ice plug (containing the deposit) is ejected by a gas pressure corresponding to 
2% of the bottle volume. As the wine is cold, gas loss from the wine is minimal dur-
ing this process (1–2 atmospheres of carbon dioxide lost) (Lacoste 1983). After 
pressure release upon opening the bottle, spontaneous over-foaming called gushing 
can occur (Kupfer et al. 2017b). Specific proteins seem to be involved in the devel-
opment of gushing. It has been reported that surface-active proteins produced by the 
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grape-associated fungus Penicillium oxalicum are involved on the development of 
gushing (Kupfer et al. 2017b). Kupfer et al. (2017a) identified the highly glycosyl-
ated seripauperin 5 (PAU5) from Saccharomyces cerevisiae as a potential biomarker 
for gushing because the absence of the protein was associated with the occurrence 
of gushing in a high percentage of analyzed samples. The foam stabilizing property 
of PAU5 was recently demonstrated (Kupfer et al. 2017b). The authors suggested 
that PAU5 might play a role not only indirectly as a marker for gushing but also have 
a direct impact as a protein that stabilizes sparkling wine against gushing-inducing 
factors.

9.3  Dosage

After disgorging, the bottle is then topped up by addition of a small volume of a 
reserved wine, mixed with or without sugar, to give the final sparkling wine its 
desired balance. This process is known as dosage. Even dry sparkling wines (“brut”) 
are sweetened, and contain 5–12 gL−1 residual sugar. A cork is inserted into the 
bottle and fixed in place with a wire. The bottle is then labeled for the market 
(Lacoste 1983).

10  Secondary Fermentation with Flocculent or Immobilized 
Yeast

10.1  Flocculent Yeasts

Flocculation is useful property of industrial Saccharomyces strains for winemaking 
(Shinohara et al. 1997). The flocculation phenomenon is complex, and is controlled 
by dominant and recessive genes FLO1, FLO5, FLO8, FLO9, FLO10, FLO11, flo3, 
flo6, flo7, fsu1, fsu2, tup1 (Verstrepen et al. 2003). Flocculent wine yeasts are rare, 
and the frequency of strains displaying flocculation among wild Saccharomyces 
yeasts isolated from grape musts is low (Speers et al. 1992). Flocculent-bond forma-
tion in Saccharomyces cerevisiae involves a protein-carbohydrate interaction 
between specific proteins on the surface of flocculent cells and mannan present on 
the cell surface. Flocculent yeasts form aggregates (flocks), which sediment rapidly 
after fermentation.

Some winemakers use flocculent strains for the secondary fermentation, to facili-
tate riddling. Flocculent strains decrease the time and cost required for riddling, 
provided that there is a good interaction between the yeast and the fining agents 
(Bidan et al. 1986). Riddling takes a few days with flocculent strains, rather than 
several weeks.
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As flocculation properties depend on the genetic constitution of the strain, 
several studies have focused on the construction of flocculating enological strains 
(Romano et al. 1985; Thornton 1985; Vezinhet et al. 1992; Shinohara et al. 1997). 
These studies demonstrated that hybrid strains had useful flocculating and wine-
making properties. Coloretti et  al. (2006) characterized interspecific hybrids of 
Saccharomyces. They reported that flocculent hybrid strains of Saccharomyces 
cerevisiae and the cold-fermentation strain Saccharomyces uvarum had interesting 
characteristics. The hybrid strains carried out fermentation at low temperature and 
formed a compact deposit that sedimented much faster than the non flocculent 
Saccharomyces cerevisiae strain. The aim when using such strains is not to shorten 
the aging time but to facilitate and accelerate the ridling process. Indeed, aging still 
requires several months since flocculant strains do not necessarily give faster 
autolysis.

10.2  Immobilized Sparkling Wine Yeasts

Use of immobilized yeast cells to conduct fermentations has several technical and 
economic advantages over the use of free cells (Stewart and Russell 1986; Strehaiano 
et al. 2006). Immobilized yeast technology was applied to sparkling wine produc-
tion and the Champenoise method as early as the 1960s and 1980s, respectively 
(Martynenko and Gracheva 2003). The chief benefit of this system is elimination of 
the riddling step, which is time consuming. Production costs are, therefore, lower 
with this technique.

In the wine industry, yeasts are immobilized by adsorption or adhesion to various 
supports or by incorporation into a carrier gel (calcium alginate, carrageenan etc.). 
Carrier gels are widely used because a high density of yeast cells may be entrapped 
in such systems, and have a high level of operational functionality (see Chap. 9, 
Strehaiano et al. 2006).

Immobilized yeasts were first used for sparkling wine production by the 
Champenoise method by Bidan et al. (1980). Bottle fermentation is conducted by 
adding around 200 yeast- gel beads per bottle which gave 106–107 cells.mL−1 and 6 
pKa pressure after 20–30 days at 15 °C. As in the traditional process, beads are left 
in the bottle for aging for at least 1 year. According to Yokotsuka et al. (1997), simi-
lar changes in the nitrogen fractions due to autolysis were observed. Furthermore, 
there were no distinct differences in taste and smell between the sparkling wine 
made using free and immobilized yeasts. Indeed, in another study no chemical or 
organoleptic differences have been found between Champagne produced with free 
or immobilized cells (Martynenko and Gracheva 2003). Calcium alginate is now the 
major carrier for immobilized yeasts used for bottle fermentation. Calcium alginate 
beads are easy to prepare and have no effect on wine aroma. The secondary fermen-
tation process is also unaffected by the presence of beads. However, there are sev-
eral serious drawbacks of this method. Yeast cells may leak from the gel beads into 
the bottle, increasing turbidity (Fumi et al. 1987, 1988). A double immobilization 
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technique has been used to overcome this problem, with the beads being coated with 
a gel layer without microorganisms (Klein and Wagner 1986; Duteurtre et al. 1987; 
Strehaiano et al. 2006). However, this seems to decrease mass exchange in the bio-
catalyst, resulting in partial cell release. Martynenko et al. (2004) tackled this prob-
lem by treating the biocatalysts with an aromatic alcohol (factor d1) that inhibited 
yeast growth and proliferation without affecting the fermentation.

Although, all the studies demonstrated that entrapped cells in double-layered 
alginate beads led to wines similar to those produced by the traditional method, this 
technology has not received wide application, except for its use by the Moët et 
Chandon winery (Strehaiano et al. 2006).

11  Conclusion

Major changes in the sparkling wine production process have occurred over the last 
20 years. Grape and must quality have benefited from viticultural progress (clonal 
selection, grape yield, maturity). Technological advances in pressing have made it 
possible to obtain juice of higher quality. Active dry yeasts are widely used, making 
it possible to avoid stuck or sluggish fermentations, and making it easier to control 
the quality of the base wine. Similar improvements have also been observed with 
selection of the lactic acid bacteria used for malolactic fermentation. Advances in 
secondary fermentation techniques reflect a greater knowledge in microbiological 
aspects of this fermentation and a better understanding of the physicochemical fac-
tors influencing its kinetics. Moreover, control of the yeast inoculum has also been 
improved, increasing the likelihood of successful secondary fermentation.

In microbiological terms, future progress is likely to be less spectacular. 
Indigenous yeasts are still widely used for still wines. Investigations are currently 
underway to determine the impact of these yeasts on aromatic profile and the con-
trol of such fermentations. Progress in this field will also probably benefit sparkling 
wine production. Indigenous strains could be used during the primary alcoholic 
fermentation, to improve the aromatic quality of the base wine. Yeast cocktails 
could be used as an alternative, mimicking the natural process (Fleet 2008).

Finally, genetic engineering could potentially be used to improve sparkling wine 
production. Many targets for the improvement of wine yeast and malolactic bacteria 
have been identified. For example, the overexpression of alcohol acetyl transferase 
genes (ATF1 and ATF2) in Saccharomyces cerevisiae has been shown to have a 
marked effect on ester formation in wine. A number of genetically modified yeasts 
already exist, but their commercial use will depend on consumer acceptance. 
However, genetic modification could constitute an interesting strategy for obtaining 
yeast strains carrying out accelerated autolysis. Indeed, accelerated autolysis is 
highly desirable since it can reduce production costs. As stated above, increasing the 
aging temperature or addition of autolysate have been considered with various 
results. Thus, this aspect of the process needs to be improved in the future.

13 Yeasts and Sparkling Wine Production



424

References

Abbas, C. A. (2006). Production of antioxidants, aromas, colours, flavours, and vitamins by yeasts. 
In A. Querol & G. H. Fleet (Eds.), Yeasts in food and beverages (pp. 285–334). Berlin: Springer.

Acedo, M. I., Pueyo, E., & Polo, M. C. (1994). Preliminary studies on peptides in wine by HPLC. 
American Journal of Enology and Viticulture, 45, 167–172.

Alexandre, H. (2011). Downstream processing and product recovery: Autolysis of yeasts. In 
M. Moo-Young (Ed.), Comprehensive biotechnology (Vol. 2, 2nd ed., pp. 641–649). Elsevier.

Alexandre, H., & Charpentier, C. (1998). Biochemical aspects of stuck and sluggish fermentation 
in grape must. Journal of Industrial Microbiology and Biotechnology, 20, 20–27.

Alexandre, H., & Guilloux-Benatier, M. (2006). Yeast autolysis in sparkling wine. Australian 
Journal of Grape and Wine Research, 12, 119–127.

Alexandre, H., Guilloux-Benatier, M., Chassagne, D., Charpentier, C., & Feuillat, M. (2003). Les 
peptides du vin: Origine et impact. In A. Lonvaud-Funel, G. de Revel, & P. Darriet (Eds.),. 
Œnologie 2003 Tec & Doc (pp. 512–514). Paris: Lavoisier.

Andres-Lacueva, C., Lamuela-Raventos, R. M., Buxaderas, S., & del Carmen de la Torre-Boronat, 
M. (1997). Influence of variety and aging on foaming properties of Cava (sparkling wine).2. 
Journal of Agricultural and Food Chemistry, 45, 2520–2525.

Arnold, W. N. (1972). The structure of the yeast cell wall. Solubilization of a marker enzyme, 
β-fructofuranosidase, by the autolytic system. Journal of Biological Chemistry, 4, 1161–1169.

Aussenac, J., Chassagne, D., Claparol, C., Charpentier, M., Duteurtre, B., Feuillat, M., & 
Charpentier, C. (2001). Purification method for the isolation of monophosphate nucleotides from 
Champagne wine and their identification by mass spectrometry. Journal of Chromatography, 
907, 155–164.

Avakyants, S.  P. (1982). Etudes au microscope électronique de l’autolyse des levures de vin. 
Vinodelie i vinogradstvo (USSR), 2, 55–59.

Babayan, T. L., & Bezrukov, M. G. (1985). Autolysis in yeast. Acta Biotechnology, 5, 129–136.
Babayan, T. L., Bezrukov, M. G., Latov, V., Belikov, V. M., Belatseva, E. M., & Titova, E. F. (1981). 

Induced autolysis of Saccharomyces cerevisiae. Morphological effects, rheological effects 
and dynamics of accumulation of extracellular hydrolysis products. Current Microbiology, 5, 
163–168.

Bartolomé, B., Moreno-Arribas, V., Pueyo, E., & Polo, M. C. (1997). Online HPLC photodiode 
array detection and OPA derivation for partial identification of small peptides from white wine. 
Journal of Agricultural and Food Chemistry, 45, 3374–3381.

Beltran, G., Esteve-Zarzoz, B., Rozès, N., Mas, A., & Guillamon, J. M. (2005). Influence of the 
timing of nitrogen additions during synthetic grape must fermentations on fermentation kinet-
ics and nitrogen consumption. Journal of Agricultural and Food Chemistry, 53, 996–1002.

Bertuccioli, M., & Ferrari, S. (1999). Laboratory experience on the influence of yeast in mouthfeel. 
Proceedings Les entretiens scientifiques de Lallemand. Montreal.

Bidan, P., Divies, C., & Dupuy, P. (1980). France patent n°. 2432045.
Bidan, P., Feuillat, M., & Moulin, J. P. (1986). Les vins mousseux. Bulletin de l’OIV, 59, 563–626.
Borrull, A., Lopez-Martinez, G., Miro-Abella, E., Salvado, Z., Poblet, M., & Cordero-Otero, R. 

(2016). New insights into the physiological state of Saccharomyces cerevisiae during ethanol 
acclimatation for producing sparkling wines. Food Microbiology, 54, 20–29.

Bosch-Fuste, J., Riu-Aumatell, M., Guadayol, J. M., Calxach, J., Lopez-Tamames, E., & Buxaderas, 
S. (2007). Volatile profiles of sparkling wines obtained by three extraction methods and gas 
chromatography mass spectrometry (GC-MS) analysis. Food Chemistry, 105, 428–435.

Boulton, R. B., Singleton, V. L., Bisson, L. F., & Kunkee, R. E. (1996). Principles and practices of 
winemaking. New York: Chapman & Hall.

Breddam, K., & Beenfeldt, T. (1991). Acceleration of yeast autolysis by chemical methods for 
production of intracellular enzymes. Applied Microbiology and Biotechnology, 35, 323–329.

Brissonnet, F., & Maujean, A. (1991). Identification of some foam active compounds in Champagne 
base wines. American Journal of Viticulture and Enology, 42, 97–102.

H. Alexandre



425

Brissonnet, F., & Maujean, A. (1993). Characterization of foaming proteins in a Champagne base 
wine. American Journal of Viticulture and Enology, 44, 297–301.

Buxaderas, S., & Lopez-Tamames, E. (2012). Sparkling wines: Features and trends from tradition. 
Advances in Food Nutrition and research, 66, 1–45.

Cebollero, E., Carrascosa, A. V., & Gonzalez, R. (2005). Evidence for yeast autophagy during 
simulation of sparkling wine aging: A reappraisal of the mechanism of yeast autolysis in wine. 
Biotechnology Progress, 21, 614–616.

Charpentier, C. (2000). Yeast autolysis and yeast macromolecules? Their contribution to wine fla-
vour and stability. American Journal of Viticulture and Enology, 51, 271–275.

Charpentier, C., & Feuillat, F. (1993). Yeast autolysis. In G. H. Fleet (Ed.), Wine microbiology and 
biotechnology (pp. 243–264). Chur: Harwood Academic Publishers.

Charpentier, C., & Freyssinet, M. (1989). The mechanism of yeast autolysis in wine. Yeasts, 5, 
S181–S186.

Charpentier, C., Nguyen Van Long, T., Bonaly, R., & Feuillat, M. (1986). Alteration of cell wall 
structure in Saccharomyces cerevisiae and Saccharomyces bayanus during autolysis. Applied 
Microbiology and Biotechnology, 24, 405–413.

Charpentier, M., Bondet, V., Duteurtre, B., Meirland, S., Virion, M.-C., & Valade, M. (1996). 
Enqête sur les fins de prise de mousse difficiles. Le Vigneron Champenois, 3, 6–15.

Charpentier, C., Aussenac, J., Charpentier, M., Prome, J. C., Duteurtre, B., & Feuillat, M. (2005). 
Release of nucleotides and nucleosides during yeast autolysis: kinetics and potential impact on 
flavor. Journal of Agriculture and Food Chemistry, 53, 3000–3007.

Chung, S. (1986). Contribution à l’étude de la formation des composés volatils au cours de 
l’autolyse des levures de vinification. Thesis, Université de Bourgogne.

Cilindre, C., Jegou, S., Hovasse, A., Schaeffer, C., Castro, A. J., Clement, C., Van Dorsselaer, A., 
Jeandet, P., & Marchal, R. (2008). Proteomic approach to identify champagne wine proteins as 
modified by Botrytis cinerea infection. Journal of Proteome Research, 7, 1199–1208.

Coelho, E., Coimbra, M. A., Nogueira, J. M. F., & Rocha, S. M. (2009). Quantification approach 
for assessment of sparkling wine volatiles from different soils, ripening stages, and varieties 
by stir bar sorptive extraction with liquid desorption. Analytica Chimica Acta, 635, 214–221.

Coloretti, F., Zambonelli, C., & Tini, V. (2006). Characterization of flocculent Saccharomyces 
interspecific hybrids for the production of sparkling wines. Food Microbiology, 23, 672–676.

Connew, S. J. (1998). Yeast autolysis: A review of current research. Australian and New Zealand 
Wine Industry Journal, 13, 31–64.

Courtis, K., Todd, B., & Zhao, J.  (1998). The potential role of nucleotides in wine flavour. 
Australian Grapegrower and Winemaker, 409, 51–53.

Cullere, L., Cacho, J., & Ferreira, V. (2007). An assessment of the role played by some oxidation- 
related aldehydes in wine aroma. Journal of Agricultural and Food Chemistry, 55, 876–881.

De La Presa-Owens, C., Schlich, P., Davies, H.  D., & Noble, A.  C. (1998). Effect of Method 
Champenoise process on aroma flavour of four V. vinifera varieties. American Journal of 
Enology and Viticulture, 49, 289–294.

Dupin, I. V., McKinnon, B. M., Ryan, C., Boulay, M., Markides, A. J., Jones, G. P., Williams, P. J., 
& Waters, E. J. (2000). Saccharomyces cerevisiae mannoproteins that protect wine from pro-
tein haze: their release during fermentation and lees contact and a proposal for their mechanism 
of action. Journal of Agricultural and Food Chemistry, 48, 3098–3105.

Dussaud, A., Robillard, B., Carles, B., & Duteurtre, B. (1994). Exogenous lipids and ethanol influ-
ences on the foam behaviour of sparkling base wines. Journal of Food Science, 59, 148–151.

Duteurtre, B., Ors, P., & Hennequin, D. (1987). Les levures incluses. Développement semi- 
industriel. Vigneron Champenois, 108, 595–602.

Feuillat, M. (2003). Yeast macromolecules: origin, composition and enological interest. American 
Journal of Enology and Viticulture, 54, 211–213.

Feuillat, M., & Charpentier, C. (1982). Autolysis of yeasts in Champagne. American Journal of 
Viticulture and Enology, 33, 6–13.

13 Yeasts and Sparkling Wine Production



426

Feuillat, M., Freyssinet, M., & Charpentier, C. (1989). L’élevage sur lies des vins blancs de 
Bourgogne II. Evolution des macromolécules (polysaccharides et protéines). Vitis, 28, 161–176.

Fleet, G. H. (1991). Cell walls. In A. H. Rose & J. S. Harrison (Eds.), The Yeasts (Vol. 4, 2nd ed., 
pp. 199–277). London: Academic.

Fleet, G. H. (2007). Wine. In M. P. Doyle & L. R. Beuchat (Eds.), Food microbiology fundamentals 
and frontiers (3rd ed., pp. 863–890). Washington DC: ASM Press.

Fleet, G. H. (2008). Wine yeasts for the future. FEMS Yeast Research, 8, 979–995.
Fleet, G. H., & Heard, G. M. (1993). Yeast-growth during fermentation. In G. H. Fleet (Ed.), Wine 

microbiology and biotechnology (pp. 27–54). Chur: Harwood Academic Publishers.
Fornairon-Bonnefond, C., Camarasa, C., Moutounet, M., & Salmon, J. M. (2001). Etat des con-

naissances scientifiques actuelles sur le phénomène d’autolyse des levures et l’élevage des vins 
sur lies. Journal International des Sciences de la Vigne et du Vin, 35, 57–78.

Forss, D. A. (1969). Role of lipids in flavours. Journal of Agricultural and Food Chemistry, 17, 
681–685.

Francioli, S., Torrens, J., Riu-Aumatell, M., Lopez-Tamanez, E., & Buxaderas, S. (2003). Volatile 
compounds by SPME-GC as age markers of sparkling wines. American Journal of Viticulture 
and Enology, 54, 158–162.

Freyssinet, M., Feuillat, M., & Charpentier, C. (1989). Rôle de la paroi cellulaire dans l’autolyse 
des levures. Applications oenologiques. In Actualités oenologiques 89 (pp. 160–168). Paris: 
Masson.

Fumi, M. F., Trioli, G., & Colagrande, O. (1987). Preliminary assessment on the use of immo-
bilized yeast cells in sodium alginate for sparkling wine processes. Biotechnology Letters, 9, 
339–342.

Fumi, M. F., Trioli, G., & Colagrande, O. (1988). Immobilization of Saccharomyces cerevisae 
in calcium alginate gel and its application to bottle-fermented sparkling wine production. 
American Journal of Enology and Viticulture, 39, 267–272.

Gallart, M., Lopez-Tamames, E., Suberbiola, G., & Buxaderas, S. (2002). Influence of fatty acids 
on wine foaming. Journal of Agricultural and Food Chemistry, 50, 7042–7045.

Gerbaud, V., Gabas, N., Blouin, J., Pellerin, P., & Moutounet, M. (1997). Influence of wine poly-
saccharides and polyphenols on the crystallisation of potassium hydrogen tartrate. Journal 
International des Sciences de la Vigne et du Vin, 31, 65–83.

González-Royo, E., Pascual, O., Kontoudakis, N., Esteruelas, M., Esteve-Zarzoso, B., Mas, A., 
Canals, J.  M., & Zamora, F. (2015). Oenological consequences of sequential inoculation 
with non-Saccharomyces yeasts (Torulaspora delbrueckii or Metschnikowia pulcherrima) 
and Saccharomyces cerevisiae in base wine for sparkling wine production. European Food 
Research and Technology, 240, 999–1012.

Guilloux-Benatier, M., & Chassagne, D. (2003). Comparison of components released by fer-
mented or active dried yeasts after aging on lees in a model wine. Journal of Agricultural and 
Food Chemistry, 51, 746–751.

Hardy, F. (1993). La clarification des vins en bouteilles en method champenoise. Le remuage (2ème 
partie). Revue des Œnologues, 68, 21–26.

Henick-Kling, T. (1993). Malolactic fermentation. In G. H. Fleet (Ed.), Wine microbiology and 
biotechnology (pp. 289–326). Chur: Harwood Academic Publishers.

Hernawan, T., & Fleet, G. H. (1995). Chemical and cytological changes during the autolysis of 
yeasts. Journal of Industrial Microbiology, 14, 440–450.

Hidalgo, P., Pueyo, E., Pozo-Bayón, M. A., Martínez-Rodríguez, A. J., Martín-Álvarez, P., & Polo, 
M. C. (2004). Sensory and analytical study of rosé sparkling wines manufactured by second 
fermentation in the bottle. Journal of Agricultural and Food Chemistry, 52, 6640–6645.

Hien, N. H., & Fleet, G. H. (1983). Variation of (1→3)-β-glucanases in Saccharomyces cerevi-
siae during vegetative growth, conjugation and sporulation. Journal of Bacteriology, 156, 
1214–1221.

Hough, M. D., & Maddox, I. S. (1970). Yeast autolysis. Process Biochemistry, 5, 50–52.

H. Alexandre



427

Howe, P. (2003). Sparkling wines. In A. G. H. Lea & J. R. Piggot (Eds.), Fermented beverage 
production (2nd ed., pp. 139–155). New York: Kluwer Academic.

Huang, W. P., & Klionsky, D. J. (2002). Autophagy in yeast: A review of the molecular machinery. 
Cell Structure and Function, 27, 409–420.

Ibern-Gomez, M., Andres-Lacueva, C., Lamuela-Ravento, R. M., Buxaderas, S., Singleton, V. L., 
& de la Torre-Boronat, M. C. (2000). Browning of cava (sparkling wine) during aging in con-
tact with lees due to the phenolic composition. American Journal of Enology and Viticulture, 
51, 29–36.

Jeandet, P., Chaudruc, D., Robillard, B., Peters, F., Tusseau, D., Conreux, A., et  al. (2006). 
Determination of the trans-resveratrol content of Champagne wines by reversed-phase HPLC. 
Journal International Des Sciences De La Vigne Et Du Vin, 40, 117–119.

Kemp, B., Alexandre, H., Robillard, B., & Marchal, R. (2015). Review: Effect of production phases 
on bottle fermented sparkling wine quality. Journal of Agricultural and Food Chemistry, 63, 
19–38.

Klein, J., & Wagner, F. (1986). Methods for the immobilization of microbial cells. Applied 
Biochemistry and Bioengineering, 4, 11–51.

Klis, F.  M., Mol, P., Hellingwerf, K., & Brul, S. (2002). Dynamics of cell wall structure in 
Saccharomyces cerevisiae. FEMS Microbiological Review, 26, 239–256.

Kollar, R., Sturdik, E., & Sablaturova, E. (1993). Biochemical, morphological and cytochemical 
studies of enhanced autolysis of Saccharomyces cerevisiae. Folia Microbiologica, 38, 473–478.

Komano, H., Rockwell, N., Wang, G., & Krafft, G. (1999). Purification and characterization of the 
yeast GPI-anchored, mono-basic aspartyl protease yapsin 2 (Mkc7p). Journal of Biological 
Chemistry, 274, 24421–24437.

Kunkee, R. E., & Ough, C. S. (1966). Multiplication and fermentation of Saccharomyces cerevi-
siae under carbon dioxide pressure in wine. Applied Microbiology, 4, 643–648.

Kupfer, V. M., Vogt, E. I., Ziegler, T., Vogel, R. F., & Niessen, L. (2017a). Comparative proteomic 
protein profile analysis of wines made from Botrytis cinerea infected and healthy grapes reveals 
a novel biomarker for gushing in sparkling wine. Food Research International, 99, 501–509.

Kupfer, V. M., Vogt, E. I., Siebert, A. K., Meyer, M. L., Vogel, R. F., & Niessen, L. (2017b). Foam- 
stabilizing properties of the yeast protein PAU5 and evaluation of factors that can influence its 
concentration in must and wine. Food Research International, 102, 111–118.

Lacoste, J. (1983). Elaboration des vins effervescents (méthode champenoise). Vigne et Vin, 325, 
16–19.

Lao, C., Santamaria, A., Lopez-Tamanes, E., Bujan, J., Buxaderas, S., & Torre-Boronat, M. C. 
(1999). Effect of grape pectic enzyme treatment on foaming properties of white musts and 
wines. Food Chemistry, 65, 169–173.

Laurent, M., & Valade, M. (2007). La préparation du levain de tirage à partir des levures sèches 
actives. Le Vigneron Champenois, 3, 81–90.

Ledoux, V., Dulau, L., & Dubourdieu, D. (1992). Interprétation de l’amélioration de la stabilité 
protéique des vins au cours de l’élevage sur lies. Journal International des Sciences de la Vigne 
et du Vin, 26, 239–251.

Leroy, M. J., Charpentier, M., Duteurtre, B., Feuillat, M., & Charpentier, C. (1990). Yeast autolysis 
during Champagne aging. American Journal of Viticulture and Enology, 41, 21–28.

Loyaux, D., Roger, S., & Adda, J. (1981). The evolution of champagne volatiles during ageing. 
Journal of the Science of Food and Agriculture, 32, 1254–1258.

Lubbers, S., Leger, B., Charpentier, C., & Feuillat, M. (1993). Effet colloïdes-protecteur d’extraits 
de parois de levures sur la stabilité tartrique d’une solution hydro-alcoolique modèle. Journal 
International des Sciences de la Vigne et du Vin, 27, 13–22.

Lubbers, S., Voilley, A., Feuillat, M., & Charpentier, C. (1994). Influence of mannoproteins from 
yeast on the aroma intensity of a model wine. Lebensmittelwissenschaft und Technologie, 27, 
108–114.

Lurton, L., Segain, J. P., & Feuillat, M. (1989). Etude de la protéolyse au cours de l’autolyse de 
levures en milieu acide. Sciences des Aliments, 9, 111–124.

13 Yeasts and Sparkling Wine Production



428

Malvy, J., Robillard, B., & Duteurtre, B. (1994). Influence des protéines sur le comportement de la 
mousse des vins de Champagne. Sciences des Aliments, 14, 87–98.

Marchal, R., Brunet, S., Marchal-Delahaut, L., Jeandet, P., Maujean, A., & Legendre, L. (1999). 
Conséquences de l’infection des raisins par Botrytis cinerea sur la composition protéique des 
moûts champenois. Revue Française d’œnologie, 177, 23–27.

Martinez-Garcia, R., Garcia-Martinez, T., Puig-Pujol, A., Mauricio, J. C., & Moreno, J. (2017). 
Changes in sparkling wine aroma during the second fermentation under CO2 bottle in sealed 
Bottle. Food Chemistry, 237, 1030–1040.

Martínez-Lapuente, L., Guadalupe, Z., AyestarÁna, B., & Pérez-Magariño, S. (2015). Role 
of major wine constituents in the foam properties of white and rosé sparkling wines. Food 
Chemistry, 174, 330–338.

Martínez-Lapuente, L., Apolinar-Valiente, R., Guadalupe, Z., Ayestarán, B., Pérez-Magariño, 
S., Williams, P., et al. (2018). Polysaccharides, oligosaccharides and nitrogenous compounds 
change during the ageing of Tempranillo and Verdejo sparkling wines. Journal of the Science 
of Food and Agriculture, 98, 291–303.

Martinez-Rodriguez, A.  J., & Polo, M. C. (2000). Characterization of the nitrogen compounds 
released during yeast autolysis in a model wine system. Journal of Agricultural and Food 
Chemistry, 48, 1081–1085.

Martinez-Rodriguez, A. J., & Polo, M. C. (2003). Effect of the addition of bentonite to the tirage 
solution on the nitrogen composition and sensory quality of sparkling wines. Food Chemistry, 
81, 383–388.

Martinez-Rodriguez, A. J., & Pueyo, E. (2009). Sparkling wines and yeast autolysis. In V. Moreno- 
Arribas & C. Polo (Eds.), Wine chemistry and biochemistry (pp. 61–80). New York: Springer.

Martinez-Rodriguez, A. J., Carrascosa, A. V., Barcenilla, J. M., Pozo-Bayon, M. A., & Polo, M. C. 
(2001a). Autolytic capacity and foam analysis as additional criteria for the selection of yeast 
strains for sparkling wine production. Food Microbiology, 18, 183–191.

Martinez-Rodriguez, A. J., Polo, M. C., & Carrascosa, A. V. (2001b). Structural and ultrastruc-
tural changes in yeast cells during autolysis in a model wine system and in sparkling wines. 
International Journal in Food Microbiology, 71, 45–51.

Martinez-Rodriguez, A. J., Carrascosa, A. V., & Polo, M. C. (2001c). Release of nitrogen com-
pounds to the extracellular medium by three strains of Saccharomyces cerevisiae during 
induced autolysis in a model wine system. International Journal in Food Microbiology, 68, 
155–160.

Martinez-Rodriguez, A. J., Carrascosa, A. V., Martin-Alvarez, P. J., Moreno-Arribas, V., & Polo, 
M. C. (2002). Influence of the yeast strain on the changes of the amino acids, peptides and 
proteins during sparkling wine production by the traditional method. Journal of Industrial 
Microbiology and Biotechnology, 29, 314–322.

Martí-Raga, M., Sancho, M., Guillamón, J.  M., Mas, A., & Beltran, G. (2015). The effect of 
nitrogen addition on the fermentative performance during sparkling wine production. Food 
Research International, 67, 126–135.

Martí-Raga, M., Peltier, E., Mas, A., Beltran, G., & Marullo, P. (2017). Genetic causes of pheno-
typic adaptation to the second fermentation of sparkling wines in Saccharomyces cerevisiae. 
G3: Genes, Genomes, Genetics, 7, 399–412.

Martynenko, N. N., & Gracheva, I. M. (2003). Physiological and biochemical characteristics of 
immobilized Champagne yeasts and their participation in champagnizing process: A review. 
Applied Biochemistry and Microbiology, 39, 439–445.

Martynenko, N. N., Gracheva, I. M., Sarishvili, N. G., Zubov, A. L., El’Registan, G. I., & Lozinsky, 
V.  I. (2004). Immobilization of Champagne yeasts by inclusion into cryogels of polyvinyl 
alcohol: Means of preventing cell release from the carrier matrix. Applied Biochemistry and 
Microbiology, 40, 158–164.

Maujean, A., Brun, O., Veselle, G., & Sugot, O. (1987). Study of the maturity of Champagne vari-
eties. Bulletin de l’OIV, 60, 27–35.

Maujean, A., Poinsaut, P., Dantan, H., Brissonnet, F., & Cossiez, E. (1990). Etude de la tenue et de 
la qualité de la mousse des vins effervescents. Bulletin de l’OIV, 63, 405–427.

H. Alexandre



429

Mazauric, J. P., & Salmon, J. M. (2005). Interactions between yeast lees and wine polyphenols 
during simulation of wine aging: I. Analysis of remnant polyphenolic compounds in the result-
ing wines. Journal of Agricultural and Food Chemistry, 53, 5647–5653.

Mazauric, J. P., & Salmon, J. M. (2006). Interactions between yeast lees and wine polyphenols 
during simulation of wine aging: II. Analysis of desorbed polyphenol compounds from yeast 
lees. Journal of Agricultural and Food Chemistry, 54, 3876–3881.

Medina-Trujillo, L., Gonzalez-Royo, E., Sieczkowski, N., Heras, J., Canals, J. M., & Zamora, F. 
(2017). Effect of sequential inoculation (Torulaspora delbrueckii/Saccharomyces cerevisiae) in 
the first fermentation on the foaming properties of sparkling wine. European Food Research 
Technology, 243, 681–688.

Mendes-Fereira, A., Mendes-Faia, A., & Leao, C. (2004). Growth and fermentation patterns of 
Saccharomyces cerevisiae under different ammonium concentration and its implication in 
winemaking industry. Journal of Applied Microbiology, 97, 540–545.

Moine-Ledoux, V., Perrin, A., Paladin, I., & Dubourdieu, D. (1997). First results of tartaric acid 
stabilisation by adding mannoproteins (Mannostab™). Journal International des Sciences de 
la Vigne et du Vin, 31, 23–29.

Molnar, I., Oura, E., & Suomalainen, H. (1981). Study of the volatile substances produced during 
the autolysis of Champagne yeasts. Acta Alimentaria, 10, 27–36.

Moreno-Arribas, V., Pueyo, E., & Polo, M. C. (1996). Peptides in musts and wines. Changes dur-
ing the manufacture of Cavas (Sparkling Wines). Journal of Agricultural and Food Chemistry, 
44, 3783–3788.

Moreno-Arribas, M. V., Bartolomé, B., Pueyo, E., & Polo, M. C. (1998a). Isolation and charac-
terization of individual peptides from wine. Journal of Agricultural and Food Chemistry, 46, 
3422–3425.

Moreno-Arribas, V., Pueyo, E., Polo, M. C., & Martin-Alvarez, P. J. (1998b). Changes in the amino 
acid composition of the different nitrogenous fractions during the aging of wine with yeasts. 
Journal of Agricultural and Food Chemistry, 46, 4042–4051.

Moreno-Arribas, V., Pueyo, E., Nieto, F. J., Martin-Alvarez, P. J., & Polo, M. C. (2000). Influence 
of the polysaccharides and the nitrogen compounds on foaming properties of sparkling wines. 
Food Chemistry, 70, 309–317.

Morfaux, J. N., & Dupuy, P. (1966). Comparaison de l’exorption des acides aminés par une souche 
de Saccharomyces cerevisiae et un mutant résistant à la canavanine. Compte Rendu de l’ 
Académie des Sciences, 263, 1224.

Nagodawithana, T. (1992). Yeast-derived flavors and flavor enhancers and their probable mode of 
action. Food Technology, 46, 138–144.

Nunez, Y. P., Carrascosa, A. V., Gonzalez, R., Polo, M. C., & Martinez-Rodriguez, A. J. (2005). 
Effect of accelerated autolysis of yeast on the composition and foaming properties of sparkling 
wines elaborated by a Champenoise method. Journal of Agricultural and Food Chemistry, 53, 
7232–7237.

Olsen, V., Cawley, N.  X., Brandt, J., Egel-Mitani, M., & Loh, Y.  P. (1999). Identification and 
characterization of Saccharomyces cerevisiae yapsin 3, a new member of the yapsin family of 
aspartic proteases encoded by the YPS 3 gene. Biochemistry Journal, 339, 407–411.

Onishi, A., & Proudlove, M.  O. (1994). Isolation of beer foam polypeptides by hydrophobic 
interaction chromatography and their partial characterization. Journal of Science and Food 
Agriculture, 65, 233–240.

Penacho, V., Valero, E., & Gonzalez, R. (2012). Transcription profiling of sparkling wine second 
fermentation. International Journal of Food Microbiology, 153, 172–186.

Pernot, N. (1999). Le débourbage des moûts en Champagne. Le Vigneron Champenois, 8, 43–60.
Pham, T. T., Guichard, E., Schlich, P., & Charpentier, C. (1995). Optimal conditions for the forma-

tion of sotolon from α-cetobutyric acid in the French “Vin Jaune”. Journal of Agricultural and 
Food Chemistry, 43, 2616–2619.

Piton, F., Charpentier, M., & Troton, D. (1988). Cell wall and lipid changes in Saccharomyces 
cerevisiae during ageing of Champagne wine. American Journal of Viticulture and Enology, 
39, 221–226.

13 Yeasts and Sparkling Wine Production



430

Polo, M. C., Gonzalez de Llano, M. D., & Ramos, M. (1992). Derivatization and liquid chromato-
graphic separation of peptides. In M. L. Nollet (Ed.), Food analysis by HPLC (pp. 117–140). 
New York: Dekker.

Pozo-Bayon, M. A., Hernandez, M. T., Martin-Alvarez, P. J., & Polo, M. C. (2003). Study of low 
molecular weight phenolic compounds during the aging of sparkling wines manufactured with 
red and white grape varieties. Journal of Agricultural and Food Chemistry, 51, 2089–2095.

Pozo-Bayon, M.  A., Martınez-Rodrıguez, A., Pueyo, E., & Moreno-Arribas, M.  V. (2009). 
Chemical and biochemical features involved in sparkling wine production: From a traditional 
to an improved winemaking technology. Trends Food Sciences and Technology, 20, 289–299.

Pozo-Bayón, M. A., Martín-Álvarez, P.  J., Moreno-Arribas, M. V., Andújar-Ortiz, I., & Pueyo, 
E. (2010). Impact of using Trepat and Monastrell red grapes varieties on volatile and nitrogen 
composition during the manufacture of rosé Cava sparkling wines. LWT-Food Science and 
Technology, 43, 1526–1532.

Pueyo, E., Martin-Alvarez, P., & Polo, M. C. (1995). Relationship between foam characteristics 
and chemical composition in wines and cavas (sparkling wine). American Journal of Viticulture 
and Enology, 46, 518–524.

Pueyo, E., Martinez-Rodriguez, A., Polo, M. C., Santa-Maria, G., & Bartolome, B. (2000). Release 
of lipids during yeast autolysis in a model wine system. Journal of Agricultural and Food 
Chemistry, 46, 116–122.

Puig-Deu, M., Lopez-Tamanes, E., Buxaderas, S., & Torre-Boronat, M. C. (1999). Quality of base 
and sparkling wines as inflenced by the type of fining agent added pre-fermentation. Food 
Chemistry, 66, 35–42.

Rapp, A. (1998). Volatile flavour of wine: Correlation between instrumental analysis and sensory 
perception. Nahrung, 42, 351–363.

Rapp, A., & Versini, G. (1991). Influence of nitrogen compounds in grapes on aroma compounds 
of wines. In J. M. Rantz (Ed.), Proceedings of the international symposium on nitrogen in 
grapes and wine (pp. 156–164). Washington: Seattle.

Ribéreau-Gayon, P., Dubourdieu, D., Donèche, B., & Lonvaud, A. (2004). Traité 
d’Oenologie.1.microbiologie du vin, 5ème ed Dunod, France.

Riu-Aumatell, M., Bosch-Fusté, J., Lopez-Tamames, E., & Buxaderas, S. (2006). Development of 
volatile compounds of cava (Spanish sparkling wine) during long ageing time in contact with 
lees. Food Chemistry, 95, 237–242.

Romano, P., Soli, M.  G., Suzzi, G., Grazia, L., & Zambonelli, C. (1985). Improvement of a 
wine Saccharomyces cerevisae strain by a breeding program. Applied and Environmental 
Microbiology, 50, 1064–1067.

Ruiz-Moreno, M.  J., Munoz-Redondo, J.  M., Cuevas, F.  J., Marrufo-Curtido, A., Leon, J.  M., 
Ramirez, P., et al. (2017). The influence of pre-fermentative maceration and ageing on ester 
profile and marker determination of Pedro Ximenez sparkling wine. Food Chemistry, 230, 
697–704.

Satue-Gracia, M.  T., Andres-Lacueva, C., Lamuela-Raventos, R.  M., & Frankel, E.  N. (1999). 
Spanish sparkling wines (cavas) as inhibitors of in vitro human low-density lipoprotein oxida-
tion. Journal of Agricultural and Food Chemistry, 47, 2198–2202.

Senee, J., Viaux, L., Robillar, B., Duteurtre, B., & Vignes-Adler, M. (1998). The endogenous par-
ticles of a sparkling wine and their influence on the foaming behaviour. Food Hydrocolloids, 
12, 217–226.

Serra-Cayuela, A., Aguilera-Curiel, M. A., Riu-Aumatel, M., Buxaderas, S., & López-Tamames, 
E. (2013). Browning during biological aging and commercial storage of Cava sparkling wine 
and the use of 5-HMF as a quality marker. Food Research International, 53, 226–231.

Serra-Cayuela, A., Jourdes, M., Riu-Aumatell, M., Buxaderas, S., Teisseidre, P.  L., & López- 
Tamames, E. (2014). Kinetics of browning, phenolics, and 5-hydroxymethylfurfural in com-
mercial sparkling wines. Journal of Agricultural and Food Chemistry, 62, 1159–1166.

Shinohara, T., Mamiya, S., & Yanagida, F. (1997). Introduction of flocculation property into 
wine yeasts (Saccharomyces cerevisiae) by hybridization. Journal of Fermentation and 
Bioengineering, 83, 96–101.

H. Alexandre



431

Speers, R. A., Tung, M. A., Durance, T. D., & Stewart, G. G. (1992). Biochemical aspects of yeast 
flocculation and its measurement. Journal of the Institute of Brewing, 98, 293–300.

St John Coghlan, D., Woodrow, C. W., Bamforth, C. W., & Hinchliffe, E. (1992). Polypeptides 
with enhanced foam potential. Journal of the Institute Brewing, 98, 207–213.

Stefenon, C. A., Bonesi, C. D. M., Marzarotto, V., Barnabé, D., Spinelli, F. R., Webber, V., et al. 
(2014). Phenolic composition and antioxidant activity in sparkling wines: Modulation by the 
ageing on lees. Food Chemistry, 145, 292–299.

Stewart, G. G., & Russell, I. (1986). One hundred years of yeast research and development in the 
brewing industry. Journal of the Institute of Brewing, 92, 537–558.

Strehaiano, P., Ramon-Portugal, F., & Taillandier, P. (2006). Yeasts as biocatalysts. In A. Querol & 
G. H. Fleet (Eds.), Yeasts in food and beverages (pp. 243–284). Berlin: Springer.

Suomalainen, H. (1975). Some enzymological factors influencing the leavening capacity and keep-
ing quality of baker’s yeast. European Journal of Applied Microbiology, 1, 1–12.

Suzzi, G. (1990). La capacita autolitica come caracterre di selezione in Saccharomyces cerevisiae. 
Industrie delle Bevande, 19, 318–321.

Thornton, R. J. (1985). The introduction of flocculation into homothallic wine yeast. American 
Journal of Enology and Viticulture, 36, 47–49.

Todd, B., Fleet, G. H., & Henschke, P. A. (2000). Promotion of autolysis through the interaction 
of killer and sensitive yeasts: Potential application in sparkling wine production. American 
Journal of Enology and Viticulture, 51, 65–72.

Toressi, S., Frangipane, M. T., & Anelli, G. (2011). Biotechnologies in sparkling wine production. 
Interesting approaches for quality improvement: A review. Food Chemistry, 129, 1232–1241.

Torrens, J., Riu-Aumatell, M., Vichi, S., López-Tamames, E., & Buxaderas, S. (2010). Assessment 
of volatile and sensory profiles between base and sparkling wines. Journal of Agricultural and 
Food Chemistry, 58, 2455–2461.

Trevelyan, W. E. (1978). Effect of procedures for the reduction of the nucleic acid content of SCP 
on the DNA content of Saccharomyces cerevisiae. Journal of Science and Food Agriculture, 
29, 903–908.

Troton, D., Charpentier, M., Robillard, B., Calvayrac, R., & Duteurtre, B. (1989). Evolution of the 
lipid contents of Champagne wine during the second fermentation of Saccharomyces cerevi-
siae. American Journal of Enology and Viticulture, 40, 175–182.

Tusseau, D. (2004). Les moûts 2003. Le Vigneron champenois, 1, 42–69.
Usseglio-Tomasset, L., & Bosia, P. D. (1990). Evolution des acides aminés et des oligopeptides du 

moût au vin. Bulletin de l’OIV, 63, 21–46.
Valade, M., & Blanck, G. (1989). Evolution des paramètres analytiques au cours du pressurage en 

Champagne. Revue Française d’œnologie, 118, 23–27.
Valade, M., & Laurent, M. (1999). La prise de mousse: Les phénomènes microbiologiques. Le 

Vigneron Champenois, 6, 67–89.
Valade, M., Laurent, M., Nail, T. H., Delgenes, P. H., & Putier, F. (1987a). La fermentation malo-

lactique en Champagne, son ensemencement par l’intermédiaire de bactéries lyophilisées 
sélectionnées. Première partie. Le Vigneron Champenois, 108, 399–414.

Valade, M., Laurent, M., Nail, T. H., Delgenes, P. H., & Putier, F. (1987b). La fermentation malo-
lactique en Champagne, son ensemencement par l’intermédiaire de bactéries lyophilisées 
sélectionnées. Deuxième partie. Le Vigneron Champenois, 108, 455–471.

Vanrell, G., Canals, R., Esteruelas, M., Fort, F., Canals, J. M., & Zamora, F. (2007). Influence of 
the use of bentonite as a riddling agent on foam quality and protein fraction of sparkling wines 
(Cava). Food Chemistry, 104, 148–155.

Verstrepen, K.  J., Derdelinckx, G., Verachtert, H., & Delvaux, F. R. (2003). Yeast flocculation: 
What brewers should know. Applied Microbiology and Biotechnology, 61, 197–205.

Vezinhet, F., Barre, P., Laurent, M., & Valade, M. (1992). Introduction of flocculation into an 
industrial yeast strain by transfer of a single chromosome. Journal of the Institute of Brewing, 
98, 315–319.

13 Yeasts and Sparkling Wine Production



432

Vilanova, M., Ugliano, M., Varela, C., Siebert, T., Pretorius, I.  S., & Hensckke, P.  A. (2007). 
Assimilable nitrogen utilisation and production of volatile and non-volatile compounds in 
chemically defined medium by Saccharomyces cerevisiae wine yeasts. Applied Microbiology 
and Biotechnology, 77, 145–157.

Vosti, D. C., & Joslyn, M. A. (1954). Autolysis of baker’s yeast. Applied Microbiology, 2, 70–78.
Welke, J. E., Zanus, M., Lazzarotto, M., Hepp-Pulgati, F., & Alcaraz-Zini, C. (2014). Main dif-

ferences between volatiles of sparkling and base wines accessed through comprehensive two 
dimensional gas chromatography with time-of-flight spectrometric detection and chemometric 
tools. Food Chemistry, 164, 427–437.

Winterhalter, P. (1991). 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) formation in wine. 1. 
Studies on the hydrolysis of 2,6,10,10-tetramethyl-1-oxaspiro[4.5]dec-6-ene-2,8-diol ratio-
nalizing the origin of TDN and related C13 norisoprenoids in Riesling wine. Journal of 
Agricultural and Food Chemistry, 39, 1825–1829.

Yokotsuka, K., Yajima, M., & Matsudo, T. (1997). Production of bottle-fermented sparkling wine 
using yeast immobilized in double-layer gel beads or strands. American Journal of Enology 
and Viticulture, 48, 471–481.

Zambonelli, C., Rainieri, S., Chiavari, C., Montanari, G., Benevelli, M., & Grazia, L. (2000). 
Autolysis of yeasts and bacteria in fermented foods. Italian Journal of Food Science, 1, 9–21.

Zhao, J., & Fleet, G. H. (2003). Degradation of DNA during the autolysis of Saccharomyces cere-
visiae. Journal of Industrial Microbiology and Biotechnology, 30, 175–182.

Zhao, J., & Fleet, G.  H. (2005). Degradation of RNA during the autolysis of Saccharomyces 
cerevisiae produces predominantly ribonucleotides. Journal of Industrial Microbiology and 
Biotechnology, 32(9), 415–423.

H. Alexandre



433© Springer Science+Business Media, LLC, part of Springer Nature 2019 
P. Romano et al. (eds.), Yeasts in the Production of Wine, 
https://doi.org/10.1007/978-1-4939-9782-4_14

Chapter 14
Yeasts Associated With Biological Ageing 
of Fortified Wines

Tahía Benítez, Ana M. Rincón, and Antonio C. Codón

Contents

1  Introduction: Fortified Wines Subjected to Biological Ageing: Sherry  
and Sherry-Like Wines  433

2  Yeasts Associated With the Ageing of Sherry Wines  436
2.1  Taxonomic Characterization and Ecology of Flor Yeasts  438
2.2  Metabolic and Physiological Characteristics of Saccharomyces Flor Yeasts 

Involved in Biological Ageing  440
2.3  Genetic Characteristics of Flor Yeasts  445

3  Velum Formation  447
3.1  External Conditions that Modulate Velum Formation  447
3.2  Genes Induced During Velum Formation  448

4  New Technologies in Sherry Production and Application of Flor Yeasts  451
5  Conclusion  453
 References  453

1  Introduction: Fortified Wines Subjected to Biological 
Ageing: Sherry and Sherry-Like Wines

Fortified wines are produced from fully fermented, partially fermented or unfer-
mented grape juice, by fortification with wine derived ethanol. Historically, these 
wines were created in response to technical problems encountered in warm climatic 
regions: sugar-rich grapes and high temperatures frequently led to stuck fermenta-
tions producing unstable wines easily susceptible to subsequent acidification and 
spoilage. The addition of alcohol stopped fermentation, stabilized the wine, and 
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resulted in an alcoholic, sweet wine product. Generally, these wines have final 
ethanol concentrations between 15 and 23% (v/v). General descriptions of the his-
tory and production of these types of wines can be found in Moreira and Guedes de 
Pinho (2011); Perestrelo et  al. (2011); Pozo-Bayon and Moreno-Arribas (2011); 
Reader and Dominguez (2003) and Riberereau-Gayon et al. (2006).

Fortified wines are classified according to their sugar levels as semi-dry (up to 
20 g.L−1), sweet (up to 36 g.L−1) and syrupy sweet (liquoreux) (above 36 g.L−1). For 
semi-dry and sweet wines, alcoholic fermentation is usually stopped before comple-
tion by adding ethanol from fermented grape distillations; syrupy sweet wines 
require higher sugar concentrations that are not attained by conventional winemak-
ing procedures. In these cases, grapes can be dried naturally by the sun, frozen on 
the vine (e.g. producing icewine), or subjected to noble rot (e.g. Botrytized wines, 
see Chap. 7) to increase their initial sugar contents to levels such as 400 g.L−1.

These wines vary according to grape variety and ageing process, which may be 
biological (e.g. as for Sherry wines) or physico-chemical (e.g. as for Port and 
Madeira wines).

Sherry wines from Spain are among the most prestigious fortified wines (Parish 
and Fleet 2013; Riberereau-Gayon et al. 2006) and are the types discussed in this 
Chapter. In 2017, global production of Sherry wines, made exclusively from white 
grapes, was about 326.000 HL (https://www.sherry.wine/sites/default/files/memo-
ria_2017.pdf).

Sherries are mainly produced from grapes cultivated in Spain in areas around 
Jerez de la Frontera, Cádiz. Their production is regulated by the “Consejo Regulador 
de la Denominación de Origen”. The vineyards are situated in alkaline soils called 
albariza, characterized by their capacity for water retention (Reader and Dominguez 
2003). Over 95% grape vines are the Palomino Fino variety and the rest are mostly 
Moscatel and Pedro Ximénez varieties. As for other Spanish regions, Sherry-like 
wines are mainly produced in the Montilla-Moriles area, near Córdoba, where tem-
peratures are higher than in Cádiz, and wines are produced almost exclusively with 
Pedro Ximénez grapes that are more resistant to those climatic conditions 
(Table 14.1) (Benitez et al. 2011; Moreno-Garcia et al. 2015a, b; Pozo-Bayon and 
Moreno-Arribas 2011; Suarez Lepe and Iñigo Leal 2011).

Sherry and Sherry-like wines possess alcohol content from 15 to 18%, which 
derives from adding alcohol to fully fermented musts that usually have ethanol con-
centrations of 10–12%. Sherry and Sherry-like wines are classified as fino, amontil-
lado or oloroso, based on the process of ageing (Table 14.1). They are all aged by 
the soleras and criaderas method (Fig. 14.1). The butts selected for fino and amon-
tillado production are filled up to 5/6 of volume; those selected for oloroso are filled 
completely. The ageing of fino, and the first period of amontillado, are conducted in 
the coolest part of cellars where wines are aged biologically by flor yeasts that form 
a film (velum) on the wine surface; olorosos are maintained in a warmer place and 
are aged chemically in the presence of oxygen (Reader and Dominguez 2003).

There are also sweet, fortified Sherry wines that possess sugar concentration over 
50 g.L−1; the grape variety is Pedro Ximénez. Berries are sun-dehydrated and an 
incomplete fermentation is stopped by adding brandy up to 18% ethanol, thus 
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 producing very sweet wines which are then submitted to oxidative ageing by the 
soleras and criaderas procedure (Campo et  al. 2008; Suarez-Lepe 1997). Other 
Sherry wines marketed as medium dry, medium cream or pale cream Sherries usu-
ally contain oloroso wine and also small amounts of fino -to lighten the color- and 
of amontillado, together with variable amounts of sweetening material. Finos elabo-
rated in Sanlúcar de Barrameda are called manzanillas; Sanlúcar de Barrameda is 
located on the Atlantic coast, and so manzanillas have an intense and characteristic 
iodine flavor (Table 10.1). Wines from some butts subjected to physico-chemical 
ageing develop characteristics from both amontillado (aroma) and oloroso (taste) 
and are called palo cortado; in addition, fortified wines recovered from fermenta-
tion lees and subjected to physico-chemical ageing but with less intense aroma than 
that of olorosos are classified as raya (Table 14.1).

Table 14.1 Grape varieties, type of wines and ageing procedures carried out in the areas of Jerez 
and Montilla-Moriles

D. O.
Jerez-Xerez-Sherry and 
Manzanilla-Sanlúcar Montilla-Moriles

Regulations
Ministry 
order:

O.M. 2-V-77 O.M. 12-XII-85
B.O.E. 12-V-77 B.O.E. 27-XII-85

Grape Varieties
Whites: Whites:
Palomino de Jerez Airén
Palomino Fino Baladí-Verdejo = Jaén blanco
Pedro Ximénez Moscatel
Moscatel Pedro Ximénez

Type of wine
Fortified wines: Ethanol 

(v/v)
Fortified wines: Ethanol 

(v/v)
Fino 15° Fino 14–17.5°
Amontillado 16–18° Amontillado 16–22°
Oloroso 18–20° Oloroso 16–20°
Palo Cortado and Raya 18–20° Palo Cortado 16–18°
Manzanilla 15° Raya 16–20°
Sweet and syrupy wines 15–20° Sweet and syrupy wines 15–20°

Pedro Ximénez
Whites:
Without ageing 10–12°
With ageing Mín. 13°
Young wines
Ruedos Mín. 14°

Ageing
Procedure of criaderas and soleras in 
oak butts. Wines aged for at least 3 years

Procedure of criaderas and soleras in 
oak butts. Wines aged for at least 2 years
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2  Yeasts Associated With the Ageing of Sherry Wines

Yeasts have two roles in the process of Sherry production. First, they conduct alco-
holic fermentation in the grape must. The wine so produced is then subject to a 
specific storage process where yeasts have a second role in contributing to wine 
maturation and ageing. After must fermentation, lees are removed, and alcohol is 
added to the wine. Increase in ethanol concentration to 15.5% induces flor yeast 
growth aerobically forming a white, rough layer on the surface of the wine, called 
the velum (Campo et al. 2008).

Fino wine under velum is submitted to some special conditions as a result of 
yeast oxidative metabolism and the reducing environment created in the wine, since 

Fig. 14.1 The elaboration scheme (fermentation and ageing) of Sherry wines. Musts are fer-
mented producing dry wines with 10–12% ethanol. A first classification will select the coarser 
wines that will be fortifed to 18% ethanol and will be subjected to physico-chemical ageing for 
OLOROSOS elaboration. The paler and more delicate wines will be fortified to 15.5% ethanol and 
subjected to biological ageing. After a second classification, some butts will be selected for FINOS 
and will maintain their biological ageing whereas other butts will be fortified to 17.5% ethanol for 
AMONTILLADOS and will be subjected to physico-chemical ageing. Wines, unblended, are then 
allowed to undergo static ageing (AÑADAS) for 1–3 years. Finos, amontillados and olorosos are 
further subjected to a dynamic process of continuous blending (SOLERAS). Portions of wine from 
the oldest butts (Solera) are periodically blended and bottled. The volume removed is replaced 
with a similar amount of younger wine (First Criadera), the process being repeated until wines 
from the youngest Criadera are replaced with wine from the AÑADAS
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dissolved oxygen is consumed by the flor yeasts and the velum prevents wine from 
uptaking new oxygen from the air (Mauricio and Ortega 1997; Pozo-Bayon and 
Moreno-Arribas 2011). A combination of both processes causes transformation in 
the substances contained in fino wines that result in the formation of different and 
unique organoleptic flavors and aromas (Berlanga et al. 2004; Mauricio and Ortega 
1997; Moreno-Garcia et al. 2015a) (Table 14.2).

For wines subjected to biological ageing, velum develops in each of the butts, 
either añadas, criaderas or soleras. During the transfer of wine from one stage of 
the solera to the next, velum is periodically broken and newly formed. This phe-
nomenon has important implications in flor yeasts ecology and population 
frequencies.

S. cerevisiae strains, responsible for must fermentation, are present in vineyards 
and fermentation tanks only for a few weeks a year, whereas yeast strains involved 
in Sherry ageing are always present in cellars (Benitez et al. 2011; Martinez et al. 
1995; Infante et al. 2003b). The matter of whether flor yeasts, responsible for Sherry 
maturation, were in fact fermenting yeasts adapted to the conditions of the ageing 
wine (Suarez Lepe and Iñigo Leal 2011), or different strains or species present at 
very low concentration in the fermenting must and further selected, has long been 
debated (Capece et al. 2013).

Table 14.2 Suitable añada base wine for flor maturation and characteristics and average values of 
Sherry wine components from Jerez area

Characteristics
Winesc

Añadasd Finos Olorosos Pedro Ximénez

Soil Albariza Albariza Albariza Albariza
Grape variety Palomino Palomino Palomino Pedro Ximénez
Alcohol content 14.8–15.3 15.5 18 15.5
Ageing Biological Biological Physico-chemical Physico-chemical
Years of ageing 1–3 3–5 8–10 8–25
Analytical values
pH 3.0–3.25 2.9–3.3 3.1–3.5 3.6–4.1
alcohol 14.8–15.3 15.5–17.0 18–21 15.5
aciditya (g L−1) – 3.7–5.2 4.5–6.0 5.2–7.1
volatile acidityb (g L−1) <0.65 <0.3 <0.8–1.2 <0.8–1.3
acetaldehyde (mg L−1) – 200–400 60–80 150–200
glycerol (g L−1) 6.7–7.2 <1.0 5–8 3–5
malic acid (mg L−1) <0.15 134–268 335–603 2500
lactic acid (mg L−1) <1.15 <900 <720 <400
polyphenols (mg L−1) <250 250 275–350 500

aIn g L−1 tartaric acid
bIn g L−1 acetic acid
cModified from Garcia Maiquez E. (1995)
dModified from Reader and Dominguez (2003)
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2.1  Taxonomic Characterization and Ecology of Flor Yeasts

The velum is in fact a heterogeneous mixture of microorganisms. They are mostly 
yeasts and over 95% of them are formed by different strains of S. cerevisiae 
(Kurtzman et al. 2011). The remaining yeasts are species of Debaryomyces, Pichia, 
Hansenula and Candida (Alexandre 2013; Marin-Menguiano et al. 2017; Martinez 
et al. 1995, 1997a, b, c).

Taxonomic descriptions of flor yeasts are complex and confusing. Flor yeasts 
within Saccharomyces have been identified by several authors and considered to 
represent a variety of species, including Saccharomyces beticus and Saccharomyces 
cheresiensis (synonymous with S. cerevisiae), Saccharomyces montuliensis (now T. 
delbrueckii) and Saccharomyces rouxii (now Zygosaccharomyces rouxii) (Alexandre 
2013; Barnett et al. 1990; Reader and Dominguez 2003; Toledano et al. 1991).

Merida et al. (2005) described the predominance of specific varieties according 
to country region: In most cases, there is a taxonomic linkage between specific vari-
eties and strain properties: T. delbruckii strains (S. cerevisae var. montuliensis) have 
low acetogenic power; S. cerevisiae var. cerevisiae strains possess the highest alco-
holigenic power (Toledano et al. 1991), var. ellipsoideus have higher ethanol toler-
ance, vars. capensis and bayanus give higher color reduction capacity, var. bayanus 
has higher tolerance to CO2, var. capensis gives intensive flavour, var. rosei renders 
low volatile acidity, vars. beticus and cheresiensis have strong oxidative capabilities 
and film forming potential, and vars. montuliensis and rouxii produce high concen-
trations of acetaldehyde production and tolerance. However, all varieties belong to 
the same species, S. cerevisiae (Alexandre 2013; Barnett et al. 1990; Moreno et al. 
1991; Marin-Menguiano et al. 2017; Martinez et al. 1997a, b, c; Merida et al. 2005).

Because of their diversity, S. cerevisiae flor strains have been classified accord-
ing to “races” by other authors, depending on their capacity to ferment and assimi-
late different sugars (Legras et al. 2014; Marin-Menguiano et al. 2017; Sancho et al. 
1986; Suarez Lepe and Iñigo Leal 2011). Of the different races of S. cerevisiae, race 
montuliensis is able to assimilate only glucose; race beticus assimilates glucose and 
sucrose; race cheresiensis, glucose, sucrose and maltose; race rouxii assimilates 
glucose and maltose; race aceti glucose, sucrose and trehalose, and race chevalieri, 
glucose, sucrose and galactose. A sugar fermentation and assimilation test is rou-
tinely used and the strains are classified according to races for quality control and 
rapid identification of S. cerevisiae strains in biological ageing (Marin-Menguiano 
et al. 2017; Sancho et al. 1986; Suarez-Lepe 1997). Species and races are cited in 
this Chapter as they appeared in the original papers.

The presence of different races, in diverse proportions affects the characteristics 
of wines, and so classifications according to races is still maintained in cellars. 
Velum from Sherry-like wines from Montilla-Moriles was formed by S. cerevisiae 
races capensis, chevalieri and aceti (Guijo et al. 1986). Other authors found that S. 
beticus (ca. 85%) and S. montuliensis (ca. 15%) were the predominant races isolated 
in different wineries of this region (Marin-Menguiano et al. 2017).
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Variable flor yeast populations have also been reported in different cellars within 
the same area. In some cellars from Jerez, as also occurs in those of Montilla- 
Moriles (Marin-Menguiano et al. 2017) 95% of the velum population was formed 
by S. cerevisae strains, with two main races, beticus and montuliensis (Martinez 
et al. 1995). Two races, beticus and cheresiensis, and a small population of Pichia 
species (Mesa et al. 1999), a single race, beticus (Esteve-Zarzoso et al. 2001), a 
single population of beticus per butt, together with species of Brettanomyces and 
Dekkera as a minority population (Ibeas et al. 1996), have also been reported in dif-
ferent cellars. In consequence, the organoleptic characteristics of the Sherries elabo-
rated are also very different, and specific for each cellar (Esteve-Zarzoso et al. 2001; 
Marin-Menguiano et al. 2017).

Characterization of flor yeasts in añadas, the youngest Sherries, indicated the 
presence of S. cerevisae races beticus and cheresiensis (Mesa et al. 2000). The pres-
ence of montuliensis and rouxii races has only been described in the final blending 
stages of relatively old Sherries. These differences in yeast populations have been 
attributed to differences in sensitivity to compounds such as acetaldehyde (Martinez 
et al. 1997b), or to the presence of a killer factor (Ibeas and Jimenez 1996; Mesa 
et al. 1999) that would select the most tolerant populations, or to differences in the 
time needed for velum formation (Martinez et al. 1995). Furthermore, within a single 
race, phenotypes with low, medium and high acetaldehyde production have been 
described (Martinez et al. 1997a, b, c; Marin-Menguiano et al. 2017). S. cerevisiae 
races beticus and cheresiensis are faster at forming velum, phenotypic differences 
being also found within the same race. For this reason, beticus and cheresiensis races 
are predominant in younger Sherries, in which acetaldehyde concentration is never 
higher than 300 mg.L−1. During biological ageing, all wines undergo an increase in 
acetaldehyde concentration. S. cerevisiae races montuliensis and rouxii are more 
resistant to this compound and so the latter strains are progressively selected in the 
velum against the former races. Disruptions in the dynamic system, for instance 
every time wine is removed and the butts refilled, produce loss of velum that needs 
to be formed again, thus favoring the development of beticus and cheresiensis races 
(Alexandre 2013; Marin-Menguiano et al. 2017; Martinez et al. 1997a, b, c).

Some reports have aimed at correlating the enological and genetic characteris-
tics of flor and fermenting yeasts (Martinez et al. 1995, 1997a, b, c, 1998), after 
using molecular and physiological techniques to identify them. Different isolates 
belonging to the same yeast race displayed great variability in the RFLP of their 
mtDNA but rendered little diversity in karyotype. However, after comparison of 
physiological and molecular characteristics based on the 5.8S rRNA gene, internal 
transcribed regions (5.8S-ITS) and phylogenetic analyses (Esteve-Zarzoso et  al. 
2004) no correlation was found between flor races, strains isolated from culture col-
lections and those from natural environments (Capece et al. 2013). It is interesting 
to note that two flor yeast groups have been identified in Vins Jaunes. Yeasts isolated 
physically from different areas and characterized by the production of a thin velum 
had similar “interdelta” genetic profile, different from that of yeasts producing a 
thick velum (Alexandre 2013).
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By applying molecular and physiological analyses, other authors (Esteve- 
Zarzoso et al. 2001; Granchi et al. 2002; Ibeas et al. 1997a), identified flor strains, 
which differed in their molecular karyotype but yielded identical mtDNA restriction 
patterns, whereas others showed distinguishable mitochondrial genomes but exhib-
ited identical karyotype. The interpretation was that the different strains identified 
were very closely related. Colonies isolated from individual barrels surprisingly 
corresponded in most cases to a single karyotype, and that was still the case over a 
period of at least 2 years, thus indicating that the genotype of the dominant strain 
was quite stable (Ibeas et al. 1997a).

2.2  Metabolic and Physiological Characteristics 
of Saccharomyces Flor Yeasts Involved in Biological 
Ageing

The physiological properties of flor yeasts are very different from those of ferment-
ing yeasts, and very different among the various flor isolates (Esteve-Zarzoso et al. 
2001, 2004; Marin-Menguiano et  al. 2017; Martinez et  al. 1997a, b, c, 1998) 
(Table 14.3A). These flor yeasts are metabolically very active, to the extent that 
ethanol consumption could be of 7.5–9 L per butt (500 L) per year (Benitez et al. 
2011).

Comparative genomics, proteomics and metabolomics of flor and wine yeasts 
have revealed the extent of proteome remodelling imposed by the biofilm life-style 
(Legras et al. 2014). Moreno-Garcia et al. (2014, 2015a, b, 2016, 2017) performed 
a proteome analysis during biofilm formation to elucidate the role of the mitochon-
dria and detected several mitochondrion-located proteins that were highlighted and 
were involved in carbohydrate oxidative metabolism, velum formation, apoptosis, 
stress responses to ethanol, acetaldehyde reactive-oxygen species, metabolism of 
non-fermentable carbon uptake, respiration, aroma formation and other phenomena 
that were particularly expressed in yeasts forming velum as compared to fermenta-
tive conditions. As a result, production of specific compounds take place under 
velum formation and wine ageing (Legras et al. 2016).

Sherry finos, amontillados and olorosos processes extract tanins, phenols (ferulic 
acid, syringaldehydes) and other compounds from the oak butts (Martinez de la 
Ossa et al. 1987a, b); in olorosos, oxidation of polyphenols from the grapes gives 
rise to organic acids such as caffeic, cumaric and gentisic (Martinez de la Ossa et al. 
1987a, b). For finos and amontillados, oxidative metabolism of different strains of 
S. cerevisiae is mainly responsible for the characteristics of the final products 
(Marin-Menguiano et  al. 2017; Martinez et  al. 1997a, b, c; Pozo-Bayon and 
 Moreno- Arribas 2011). These wines are all relatively rich in 3-methylbutanal, phen-
ylacetaldehyde, methional, ethyl esters of methylpentanoic acids and sotolon 
(Fig. 14.2), the latter contributing to the typical aged aroma of Sherries (Collin et al. 
2012; Martin et al. 1992). Nevertheless, finos are particularly rich in acetaldehyde, 
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diacetyl, ethyl esters of branched aliphatic acids and 4-ethylguaicol (Campo et al. 
2008; Marin-Menguiano et al. 2017; Pozo-Bayon and Moreno-Arribas 2011).

Flor yeasts play two central roles in wine maturation. They use and transform 
various substances such as ethanol and glycerol and produce acetaldehyde, acetic 
acid, acetoin and intermediate compounds that are oxidized via reactions in which 
they act as electron donors (Berlanga et al. 2004). Changes in ethanol, glycerol, 

Table 14.3A Concentrations of volatile and other compounds produced by different species of 
wine yeastsa

Volatile compounds concentration (μg mL−1)

Yeast species Propanol Isobutanol Isoamyl 
alcohol

2-Phenyl 
etanol

Ethyl 
acetate

Isoamyl 
acetate

Acetoin

Saccharomyces 
cerevisiae

0.4–170 5–666 17–769 5–83 10–205 0.1–16 0–29

Kloeckera apiculata 4–25 3–60 10–35 40–870 0.04–
1.1

56–187

Candida stellata 4–8 13–21 6–11 7–25 0.1–0.4 35–254
Hansenula 
anomalab

3–15 18–29 11–25 27 137–2150 1–11

Metschinikowia 
pulcherrima

1–43 37–123 21–243 22 150–382 0.1–0.8

Zygosaccharomyces 
bailii

18–25 20–30 48–85 13–22 23–53 0.1–0.5 17–24

Pichia 
membranaefaciens

<1 1–9 0.5–9.5 16–21 1–6

Brettanomyces 
bruxellensis

2–3 19 46 26 36–860 <1

Other compounds
Ethanol 
(%)

Glycerol 
(mg 
mLl−1)

Acetaldehyde 
(μg mL−1)

Acetic 
acid 
(mg mL−1)

Succinic acid 
(mg mL−1)

Saccharomyces 
cerevisiae

6–23 3.7–6.8 15–30 0.1–2.0 0.6–1.7

Kloeckera apiculata 2–7 5.5–8.2 8–54 0.1–1.2 0.3
Candida stellata 6–7 1.08–1.3
Hansenula 
anomala3

0.5–5 0.2–2.2 3.2–8.1 1.6 0.2

Metschinikowia 
pulcherrima

2–4 2.7–4.2 23–40 0.1–0.2

Zygosaccharomyces 
bailii

5–13 0.1–0.3 1.6

Pichia 
membranaefaciens

0.1–0.5 4.1–5.4 2.9 0.3

Brettanomyces 
bruxellensis

9–12 1–7

aModified from Fleet (2002)
bNowadays Pichia anomala (Kurtzman et al. 2011)
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acetaldehyde, acetic acid, nitrogen compounds, including amino acids, urea and 
ammonium and major volatile compounds are continuously ocurring as the 
Sherries are growing older (Cortes et al. 1998) (Table 14.3B). An active consump-
tion of oxygen and the isolating effect of velum prevent oxidation of the wine, thus 

Fig. 14.2 (A) Formation of sotolon. Sotolon contributes to the typical aged aroma of Port, Vins 
Jaunes, Vins Doux Naturels, Botrytized and Sherries. α-ketobutyric acid may be formed enzymati-
cally by deamination of threonine with threonine deaminase from S. cerevisiae or during wine 
physico-chemical maturation. Sotolon would be formed by a chemical reaction between 
α-ketobutyric acid and acetaldehyde produced by yeasts, in Sherries and French Sherry-type 
wines. Sotolon is formed as a result of condensation and further cyclization of two carbonyl com-
pounds in Port wines and wines subjected to physico-chemical ageing (from Pham et al. 1995). (B) 
Structures of volatile compounds different from sotolon, formed during physico-chemical ageing 
of fortified wines. Their development increases with ageing and they are reliable indicators of age-
ing in oak, having a major impact on the aromas of fortified wines (from Cutzach et al. 2000)
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providing a highly reductive medium (Marin-Menguiano et  al. 2017; Martinez 
et al. 1995, 1998).

Ethanol is rapidly oxidized to acetaldehyde and acetate at the time of velum 
formation during biological ageing (Gutierrez et al. 2010). Velum formation requires 
energy consumption, its main carbon source available being ethanol (Martinez et al. 
1998; Mauricio et  al. 2001). Once velum is completed, glycerol is consumed, 
together with ethanol, organic acids (acetate, lactate, citrate and succinate) and 
amino acids, mostly proline (Gutierrez et  al. 2010). Glycerol (about 7  g.L−1) is 
steadily consumed, reaching about 0.3 g.L−1 in the oldest Sherries (Martinez et al. 
1998).

Amino acid concentration diminishes progressively in wine. Proline stands for 
over 75% total amino acid concentration and so utilization of proline reflects overall 
amino acid consumption. Utilization of proline is not restricted, since flor yeasts 
undergo oxidative metabolism. Under oxygen limitation conditions, flor yeasts may 
liberate amino acids such as threonine, methionine, cysteine and tryptophan, syn-
thesized from ethanol, to balance their redox potential. These amino acids act as 
electron acceptors to oxidize excess of NADH (Martinez et al. 1998; Mauricio et al. 
2001). Higher alcohols (isobutanol and isoamylic), acetaldehyde and acetoin are 
produced (Berlanga et  al. 2001). Isobutanol that derives from valine increases 
steadily after velum formation, and then stays almost unalterable, whereas isoam-
ylic alcohols that derive from isoleucine and leucine increase later in the process; 
their increase corresponds to a decrease in the corresponding wine amino acids 
(Martinez et al. 1998).

Acetaldehyde is mainly responsible for the typical flavor of Sherries. Together 
with acetaldehyde, diethylethane and acetoin in high concentrations are typical of 
aged Sherries, thus contributing strongly to their sensory properties (Mauricio and 
Ortega 1997).

Malo-lactic fermentation is carried out by bacteria present in the velum, which 
also consume gluconic, malic and lactic acid (Bravo-Abad 1986; Martinez et  al. 
1998; Pozo-Bayon and Moreno-Arribas 2011), and takes place only during the first 
period of ageing (5th and 4th criaderas) (Bravo-Abad 1986). Lactic bacteria are 
absent in younger wines (sobretablas) because the SO2 concentration is too high for 
them to survive (50–60 mg.L−1). During the dynamic phase of ageing process, this 
concentration is reduced to 30–40 mg.L−1, and SO2 is mostly bound to acetaldehyde 
(Martinez et al. 1998).

Gluconic acid is almost never found in the juice of sound grapes, and so it is an 
indicator of Botrytis infection, although is also formed by acetic acid bacteria 
(Magyar 2011). This compound is not metabolized by fermenting yeasts. Lactic 
bacteria undergo fermentation of gluconic acid and produce lactic and above all 
acetic acid (volatile acidity) during biological ageing of wine obtained from grapes 
infected with B. cinerea, affecting the quality of the wine. Both lactic and acetic 
acids can be metabolized by flor yeasts when concentration of gluconic acid is 
under 600  mg.L−1(Perez et  al. 1991). Among the flor yeasts, S. cerevisiae race 
capensis is the most efficient flor race at using gluconic acid during biological 

14 Yeasts Associated With Biological Ageing of Fortified Wines



444

Ta
bl

e 
14

.3
B

 
C

on
ce

nt
ra

tio
ns

 o
f 

vo
la

til
e 

co
m

po
un

ds
 p

re
se

nt
 in

 P
al

om
in

o 
gr

ap
e 

m
us

ts
 f

er
m

en
te

d 
w

ith
 d

if
fe

re
nt

 s
pe

ci
es

 o
f 

w
in

e 
ye

as
ts

a

V
ol

at
ile

 c
om

po
un

ds
 c

on
ce

nt
ra

tio
n 

(μ
g 

m
L

−
1 )

n-
Pr

op
an

ol
Is

ob
ut

an
ol

2-
M

et
hy

l b
ut

an
ol

3-
M

et
hy

l b
ut

an
ol

E
th

yl
 a

ce
ta

te
E

th
yl

 c
ap

ro
at

e
E

th
yl

 c
ap

ri
la

te
E

th
yl

 c
ap

ra
te

S.
 c

er
ev

is
ia

e
24

56
22

17
8

10
0.

7
1.

1
2.

8
Sa

cc
ha

ro
m

yc
es

(fl
or

 s
tr

ai
n)

24
95

27
20

7
-

0.
4

0.
9

3.
3

K
. a

pi
cu

la
ta

4
10

1
10

5
0.

4
-

-
C

an
di

da
 s

p.
21

19
6

47
21

0.
1

0.
4

0.
4

P
ic

hi
a 

fe
rm

en
ta

ns
4

 6
2

7
50

0
0.

2
0.

1
-

a M
od

ifi
ed

 f
ro

m
 G

ar
ci

a 
M

ai
qu

ez
 (

19
95

)

T. Benítez et al.



445

 ageing (Peinado et al. 2004a, b, c). Yeasts of the races beticus and cheresiensis are 
more efficient at reducing volatile acidity (Martinez de la Ossa et  al. 1987a, b; 
Martinez et al. 1998).

2.3  Genetic Characteristics of Flor Yeasts

Molecular techniques have allowed for a much better understanding of the taxo-
nomic identities of yeasts pecies and strains associated with Sherry production and 
have revealed significant variability in nuclear and mitochondrial genomes of 
Saccharomyces flor yeasts.

Spanish and Jura flor strains of S. cerevisiae possess specific genomic patterns 
due to the occurrence of a 24 bp deletion and a G insertion respectively in the ITS1 
region (Legras et al. 2014). Restriction analysis of this region from over 150 flor 
strains indicated that such deletion is found only in flor yeast populations (Alexandre 
2013; Esteve-Zarzoso et al. 2001, 2004; Marin-Menguiano et al. 2017). That dele-
tion was present in sequences of three other Saccharomyces strains, described as 
Saccharomyces aceti and Saccharomyces gaditensis (isolated from velum of Sherry 
wines), and S. prostoserdovii (isolated from Vernaccia di Oristano wine velum) 
(Fernadez-Espinar et  al. 2000). Flor yeast populations from Hungary (Tokay), 
France (Jura), Italy (Sardinia) and Spain (Jerez and Cordoba) have recently been 
compared by applying different molecular techniques (microsatellite markers, CGH 
on array, polymorphism of FLO11 gene and others) (Legras et  al. 2014, 2016). 
Results reveal that most flor strains share the same unique origin, possibly 
Mesopotamia, where wine domestication originated.

Flor strains show little variability both in number and size of chromosomes 
(Legras et al. 2014; Martinez et al. 1995; Valero et al. 2007). The severe selective 
conditions of Sherry production have very likely favored an almost unique chromo-
somal pattern, similar in all flor yeasts, but different from that of fermenting yeasts. 
This lack of karyotype polymorphism may also be related to the scant presence of 
Ty1 elements (Ibeas and Jimenez 1996). However, Mesa et al. (1999, 2000) found 
high polymorphism of nuclear and mitochondrial genome in flor yeasts, although 
there were preferential nucleus-mitochondria associations of specific patterns, and 
associations of these patterns with ageing phases.

Aneuploidy is also very common in flor strains (Legras et al. 2014). Polysomy of 
chromosome XIII was observed in all flor strains examined by Guijo et al. (1997). 
Strains of the races beticus and montuliensis showed aneuploidies of chromosomes 
I, III and VI (beticus) and X and XII (montuliensis) as well as differences in copy 
number in 38% ORFs of the total genome. Those ORFs were very often associated 
with the presence of Ty and LTR regions (Codon et al. 1998; Storchova et al. 2006).

Most flor strains studied by Martinez et al. (1995) were unable to sporulate or, 
when sporulating, they produced non viable spores. The presence of lethal recessive 
mutations in heterozygosis in flor yeasts (Jimenez and Benitez 1988) supports this 
view, since the sporulation frequency is lower than that of mutation. This sexual 
isolation prevented a random distribution of taxonomic characters.
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Several mutations in genes involved in mating type switching have been detected 
in S. cerevisiae flor yeasts isolated from Sardinian Sherry-like wines (Pirino et al. 
2004; Zara et  al. 2008). When flor and non-flor (fermenting) S. cerevisiae wine 
yeasts were compared, non-flor strains were all homothallic whereas almost 80% 
flor strains were semi-homothallic (Budroni et al. 2000). Observed semi- homothallic 
behavior derived from several mutations and transpositions occurring in flor yeasts 
genome, as was further verified in other flor strains by Infante et al. (2003a). Ristow 
et  al. (1995) demonstrated that ethanol induced DNA single-strand breaks in S. 
cerevisiae, that acetaldehyde had a deleterious effect on chromosomal DNA in cells 
as well as on isolated DNA, and that ethanol is mutagenic via its metabolite, acetal-
dehyde. This suggestion has proved to be true on mtDNA of wine yeasts (Castrejon 
et al. 2002; Codon et al. 1998; Ibeas and Jimenez 1996).

A combination of methods revealed several differentiated regions between wine 
and flor yeasts with sites positively selected in flor yeasts such as the high-affinity 
transporter gene ZRT1, the hexose transporter gene HXT7, the yapsin gene YPS6, 
the membrane protein gene MTS27 and above all the flocculine gene FLO11. 
Therefore there are several genomic regions in flor yeasts clearly adapted to ageing 
conditions such as cell-cell adhesion, zinc or hexose transport or signaling pathways 
(Coi et al. 2017; Marsit and Dequin 2015). Microsatellite genotyping also reveals 
that flor yeasts are close to fermenting wine strains (Legras et al. 2016). Comparative 
genome hybridization indicated amplification of a few genes, but single nucleotide 
polymorphisms are very frequent (Legras et al. 2016).

Hybridization experiments using DNA microarrays have allowed for a compari-
son of the complete genome of flor yeasts with that of yeasts from other sources. 
Specific amplifications or deletions of some genome regions explain the high 
genetic variability of flor yeasts and some of their enological features (Backhus 
et al. 2001; Infante et al. 2003a).

Most examples of genome reorganizations in industrial yeasts refer to carbon 
source metabolism (Codon et al. 1998; Alves Jr. et al. 2008). Velum forming ability 
in flor yeasts seems to be positively correlated to resistance to oxidative stress, cop-
per, acetaldehyde and ethanol and inversely correlated to utilization of fermentable 
carbon sources other than glucose such as maltose, galactose, sucrose or raffinose 
(Budroni et al. 2005; Capece et al. 2013). The ability to assimilate different sugars 
and all characteristics related to flor metabolism, such as alcohol dehydrogenases or 
superoxide dismutases, were checked in S. cerevisiae strains, races montuliensis, 
beticus, cheresiensis and rouxii and compared with the presence or absence of genes 
encoding the corresponding enzymes. Amplification of genes encoding a putative 
monocarboxylic acid transporter and endocytosis trafficking have also been 
described (Legras et al. 2014, 2016). Genes encoding ADH1 and ADH2 enzymes 
had several locations in chromosomes; genes related to sugar metabolism such as 
AGT1, MAL23, SUC2 or GAL1 were also present, even when flor yeasts were unable 
to utilize the corresponding sugar (Fierro-Risco 2011; Legras et al. 2014).

Sherry wine lacks fermentable carbon sources, and “petites” are bound to disap-
pear in cellars during biological ageing. However, they can transitorily be detected. 
Ibeas et al. (1997b) reported a synergistic effect of ethanol and temperature on flor 

T. Benítez et al.



447

yeasts, and so at 26  °C and 15.5% ethanol, 20–30% cells lacked functional 
mitochondria. Esteve-Zarzoso et  al. (2001) also found a percentage of “petite” 
mutants in Sherry wines whose mitochondria displayed RFLP patterns different 
from those of “grande” cells, with functional mitochondria; the percentage of 
“petite” mutants was increased in butts with higher acetaldehyde concentrations. 
When mtDNA is repaired, DNA polymerase introduces mistakes accounting for the 
observed changes in the RFLP. Since mitochondrial DNA polymerase lacks proof-
reading capability whereas nuclear DNA polymerase possesses such capacity, the 
preferential effect of ethanol on mitochondrial rather than nuclear genome could be 
the result of a better system to repair breaks in nucleus (Castrejon et al. 2002).

3  Velum Formation

Velum is considered an adaptive structure made up by yeasts that modify their cell 
shape, size and hydrophobicity (Legras et al. 2016; Martinez et al. 1995). During 
velum formation, cells increase in size, and become elongate; their walls seem to be 
thinner than those of yeasts at fermenting phase (Martinez et al. 1997b, c). Increase 
in hydrophobicity results from the synthesis of hydrophobic proteins (Martinez 
et al. 1997b, c) that causes cells to aggregate, and those aggregates retain gas bub-
bles, which originate in respiratory process. As a result, cells create a multilayered 
floating film (Martinez et al. 1997b).

3.1  External Conditions that Modulate Velum Formation

Cell changes during velum formation, that resulted from the lipogenic activity of 
yeasts were reported (Bravo-Abad 1986; Valero et al. 2002). However, other authors 
found that addition of oleic acid or ergosterol did not affect velum formation, 
whereas addition of proteases decreased cell hydrophobicity and eliminated cell 
aggregates (Martinez et al. 1995, 1997a), thus indicating that the process depended 
on hydrophobic proteins present on cell surfaces (Douglas et al. 2007; Van Mulders 
et al. 2009). Adherence is a property conferred by molecules called adhesins, which 
have a central role in formation of fungal biofilms. Biofilms are resistant to multiple 
hostile conditions, including ethanol, acetaldehyde or antimicrobial drugs. Velum 
also protects against additional extreme conditions, including low pH, oxidative 
stress, hydric stress and the presence of high metal concentrations such as copper 
(Martinez et al. 1997a, b, c, 1998). Adhesin encoding genes of yeasts are thus acti-
vated by a series of adverse environmental effects, such as carbon or nitrogen starva-
tion, and the presence of ethanol or acetaldehyde. Biofilm also develops on 
non-fermentable carbon sources other than ethanol, such as glycerol or ethyl acetate 
(Alexandre 2013; Zara et al. 2010).
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Synergy between temperature, low pH, ethanol, acetaldehyde, oxidative stress 
and other adverse effects may slow down velum development, may increase the 
time necessary for velum completion or may contribute to velum loss (Ibeas and 
Jimenez 1997; Martinez et al. 1997b). Velum does not develop in the presence of 
fermentable carbon sources or ammonium, whereas proline and ethanol seem to 
activate the process (Martinez et al. 1997b). The presence of polyphenols and biotin 
has also been described as activating velum formation (Bravo-Abad 1986; Budroni 
et al. 2005; Martinez et al. 1997b).

Amino acids can induce yeast cell adhesion; as it seems that amino acids trans-
porters are regulators of FLO11 and invasive growth (Torbensen et al. 2012). Among 
them, glutamine transporter genes DIP5 and GNP1 were essential for biofilm for-
mation in a protein kinase dependent manner (Torbensen et  al. 2012). Tpk3p, a 
protein kinase A, also seems to function specifically in biofilm formation, since 
biofilm development and cell-cell adhesion was absent in tpk3 mutants (Bojsen 
et al. 2012; Scherz et al. 2014). The presence of FOT genes that encode oligopeptide 
transporters in several flor strains favor their adaptation to nitrogen-limited condi-
tions during wine ageing (Legras et al. 2016). In addition, flor strains cannot metab-
olize dipeptides containing L-histidine, and so L-histidine reduces dramatically 
velum formation (Bou Zeidan et al. 2014; Legras et al. 2016). For the same reason, 
L-carnosine and L-histidine-containing dipeptide also inhibits velum formation 
(Legras et al. 2016).

3.2  Genes Induced During Velum Formation

Velum formation has also been considered to be a modified form of flocculation, 
with cells acquiring a pseudohyphal shape (Budroni et al. 2000; Palecek et al. 2000). 
FLO genes, responsible for flocculation, constitute subtelomeric gene families 
which encode proteins located in the cell surface and anchored in the cell membrane 
by a GPI residue (Teunissen and Steensma 1995; Bony et al. 1998; Legras et al. 
2014; Verstrepen et al. 2004, 2005). One of these genes, FLO11 (also called MUC1), 
encodes the Flo11p adhesin which plays an important role in determination of cell 
surface hydrophobicity, pseudophyphal development and invasive growth (Lo and 
Dranginis 1998; Ma et al. 2007; Tamaki et al. 2000; van Dyk et al. 2005), and also 
in the ability of cells to form biofilms (Reynolds and Fink 2001; Zara et al. 2005), 
similar to the velum formed on Sherry wines (Guo et al. 2000).

Expression of FLO11 increased considerably in flor yeasts during velum forma-
tion induced by high ethanol and acetaldehyde concentration, low pH and oxidative 
stress, which suggested that this gene is a suitable candidate responsible for velum 
development (Infante et al. 2003a; Purevdorj-Gage et al. 2007; Barrales et al. 2008). 
A comparison of flor and non-flor yeasts indicated that the ability to form velum 
exclusively depended on the FLO11 gene. Furthermore, a genome screening identi-
fied 71 genes essential for velum formation, half of which were necessary for 
FLO11 transcription (Scherz et al. 2014).
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Polymorphism of FLO11 is a key feature in flor strains since their hydrophobic-
ity is regulated by the level of FLO11 expression and Flo11p length (Barua et al. 
2016; Zara et al. 2005; Legras et al. 2014). Flor yeasts possess a deletion of 0.1 Kb 
within a repression region of the FLO11 gene promoter, that increased FLO11 gene 
expression, and rearrangements within the tandem repeats of the coding region, 
which yielded more hydrophobic Flo11p variants (Fig.  14.3) (Alexandre 2013; 
Fidalgo et al. 2008). Analysis of FLO11 gene sequence carried out on 20 different 
flor yeast strains identified thirteen different alleles whose sizes varied from 3 to 6.1 
Kb (Alexandre 2013). Halme et  al. (2004) found that the FLO gene family was 
regulated genetically and epigenetically. Regulatory regions varied according to the 
presence or absence of the 0.1 Kb repression sequence, two short repeats sequences 
and single point mutations, which were targets for at least the pH, the MAPK path-
ways, the cAMP cascade and the Gcn4p pathways (Alexandre 2013; Wang et al. 
2015).

Apart from the FLO11 gene, there are other genes related to ethanol metabolism, 
glycerol assimilation, oxidative stress and oxido-reduction potential that increase 
their expression during velum formation (Alexandre 2013; Espinazo-Romeu et al. 
2008; Infante et al. 2003a; Martineau et al. 2007); among them, the heat shock pro-
teins genes HSP12, HSP26, HSP82, HSP104 (Alexandre 2013). Expression of 
ALD2, ALD3 and ALS4 genes that encode aldehyde dehydrogenases, NRG1, a nega-
tive regulator of glucose-repressed genes, and BTN2 that encodes a protein involved 
in intracellular protein trafficking, are also induced (Alexandre 2013; Aranda and 
del Olmo 2003; Aranda et  al. 2002). A truncated form of Nrg1p affects FLO11 
repression whereas deletion of BTN2 affects velum formation (Alexandre 2013). It 
seems that the role of Btn2p in amino acid transport is linked to ethanol resistance 
(Alexandre 2013). Zara et  al. (2002) reported that the HSP12 gene is strongly 
induced in the absence of glucose and in the presence of ethanol; its lack of expres-
sion resulted in the lack of velum formation (Alexandre 2013). Furthermore, over-
expression of HSP12 increased the levels of glutathione peroxidase and reductase 
activities. As a result, a higher intracellular glutathione content and a reduced per-
oxided lipid concentration, that resulted in a higher resistance to oxidative stress 
conditions, faster growth of velum and higher survival of flor yeast transformants 
overexpressing HSP12, was observed (Fierro-Risco et al. 2013).

Other genes that encode cell surface proteins have also been related to velum 
formation. Alexandre et al. (2000) identified a 49 kDa hydrophobic mannoprotein 
present in flor yeasts, and associated it with velum formation. Reynolds and Fink 
(2001) described cell surface adhesine-like glycoproteins anchored to the cell mem-
brane; the genes encoding these proteins were expressed under carbon or nitrogen 
starvation conditions (Lambrechts et al. 1996a, b; Lo and Dranginis 1998); the pro-
teins allowed cell to cell adherence or adherence of cells to inert solid surfaces. One 
of those proteins, Sed1p, regulated by Msn2p and Msn4p, conferred resistance to 
2.4 D and to β-1.3-glucanase and controlled pH gradient through the plasma mem-
brane, under hostile conditions (Puig and Perez-Ortin 2000).

Most S. cerevisiae genes containing intragenic repeats, encode cell wall proteins 
(Pir) such as adhesins. Recombination events among internal repeats of adhesin 
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Fig. 14.3 Increased hydrophobicity and velum formation depend on two modifications of FLO11 
gene of flor yeasts: deletion of a repression region in the promoter, and rearrrangements of the 
tandem repeats of the ORF that yield more hydrophobic Flo11 proteins. (A) Increase in hydropho-
bicity when promoters and ORFs from flor (FLOR) and laboratory (LAB) genes or different com-
binations of both were cloned in a plasmid and yeast strain 133dflo11Δ, lacking FLO11 gene, was 
transformed with the constructions. 133dflo11Δ strain derived from strain 133, a meiotic product 
of a flor/laboratory hybrid able to form flor. Over a certain hydrophobicity limit (arrow) hydropho-
bicity permits velum formation. (B) Velum formation after chimeric FLO11 genes that combined 
the different domain repeats (C, D, E, F) were cloned in a plasmid, and those constructions were 
used to transform strain 133dflo11Δ. Velum formation was assessed in the transformants (from 
Fidalgo et al. 2006)
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genes also cause expansion and contraction of gene size (Verstrepen and Klis 2006). 
Thus, coupled with epigenetic changes in gene expression, these genetic rearrange-
ments provide a reservoir of cell surface molecules with new functions, and/or cre-
ate alterations in phenotypes such as adhesion, flocculation and biofilm formation, 
or functional diversity of cell surface antigens that elude the host immune system in 
pathogens (Verstrepen et al. 2004, 2005). The CCW7/HSP150 gene has been shown 
to encode a cell surface protein, one of the members of the Pir protein family 
(Moukadiri and Zueco 2001a, b). This protein possesses an average of eleven repeat 
units, as occurs with other adhesins. Kovacs et al. (2008) compared the characteris-
tics of Hsp150p in numerous fermenting and flor yeasts isolated from several geo-
graphical regions, including Sherry and Sherry-like wines, as well as Botrytized 
biological aged Hungarian wine regions. All the analyzed S. cerevisiae flor yeasts, 
regardless of their geographical regions, have a deletion of three repeat units. Non- 
flor wine strains show pronounced polymorphism of the CCW7 locus.

Ethanol and acetaldehyde toxicity are related to the formation of reactive oxygen 
species (ROS) in the mitochondria and to mutations and deletions ocurring mostly 
in the mtDNA (Lloyd et al. 2003). Glutathione metabolism plays an important role 
in oxidative stress tolerance in cells, growing as a biofilm (Gales et al. 2008). In 
addition, superoxide dismutases encoded by SOD1 and SOD2 genes protect against 
ROS effects (Costas et al. 1997; Longo et al. 1996). SOD1 is strongly expressed 
during stationary phase and during velum formation in flor yeasts (Infante et  al. 
2003a), and the protective role of Sod1p in ethanol tolerance has been amply dem-
onstrated (Fig. 14.4) (Costas et al. 1997). Overexpression of genes involved in oxi-
dation stress resistance in flor yeasts allows for faster velum formation; SOD1 and 
SOD2 overexpression increased superoxide dismutase activity as well as activities 
of catalase, glutathione reductase and glutathione peroxidase (Fierro-Risco et  al. 
2013).

4  New Technologies in Sherry Production and Application 
of Flor Yeasts

With regards to Sherry wine making the following new technology trends are now 
envisaged:

Reduction in Sherry ageing time. It has been attemped by increasing the surface- 
volume ratio, using stainless steel tanks or increasing aireation with stirrers or with 
pulses of short micro areation periods (Pozo-Bayon and Moreno-Arribas 2011). 
Other methods used submerged cultures of S. cerevisiae var. capensis (Peinado 
et al. 2004a, b, c; Pozo-Bayon and Moreno-Arribas 2011). Addition of quercetin -a 
major flavonol found in several fruits that strongly protects yeast cells against oxi-
dative stress- may also contribute to increase flor yeasts viability and velum stability 
during biological Sherry ageing (Belinha et al. 2007). Applications of flor yeasts 
might also be widened by immobilization within a fungal hyphal framework (Legras 
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et  al. 2016). Different fungus-yeast combinations could be further extended for 
application in different biotechnological purposes.

Improving sweet Sherry production by acceleration during grape drying. 
Alternative processes involve the use of hot air driers, facilitating rapid water loss 
from harvested grapes (Pozo-Bayon and Moreno-Arribas 2011).

Sherry from organic grapes. There have been attemps to produce Sherries from 
grapes cultivated ecologically (Pozo-Bayon and Moreno-Arribas 2011).

To introduce these new technologies it would be necessary to add the advances 
in cell inmobilization described above. These new methods may facilitate both the 
establishment of more stable velum and the shortage of ageing time.

Fig. 14.4 Oxygen as well 
as respirable carbon 
sources such as ethanol 
and lactate favor oxidative 
stress and formation of 
reactive oxygen species 
(ROS). Superoxide 
dismutases Sod1p and 
Sod2p encoded by SOD1 
and SOD2 genes protect 
against ROS effects. (A) 
Growth (O.D. at 660 nm) 
of wild type yeast strain 
EG103 and deficient SOD 
mutants in minimal 
medium with non- 
fermentable carbon sources 
at high (left) or low (right) 
aeration. ROS are 
produced even under low 
aeration. (B) 
Transformation with wild 
type yeast or human SOD 
gene restored survival to 
sod- mutants. Viability of 
transformed sod1- and 
sod1- sod2- yeast strains 
with either yeast or human 
SOD1 gene (from Longo 
et al. 1996)
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5  Conclusion

The addition of neutral spirits or brandy to grape must fermentation to avoid wine 
spoilage has given rise to excellent fortified wines, mainly due to the introduction of 
sophisticated maturation methods, such as the solera system in the production of 
Sherry wines, and to very restrictive conditions in the vineyards with regards to 
grape varieties and cultivation procedures. Blending procedures mostly in Port and 
Sherry wines allow formation of very high quality wines. From high quality 
Palomino grape añadas (low polyphenol and sugar content), fino Sherry wines are 
obtained after subjecting them to biological ageing. During biological ageing, a 
velum is formed on the wine surface. That, together with the respiratory metabolism 
of flor yeasts creates a reducing atmosphere in the wine, and this condition is 
responsible for its pale color and many of its delicate organoleptic properties.

Neverthless, because of the blending during the winemaking process and exter-
nal or metabolic derived stress conditions, velum ocasionally undergoes disruption 
and flocculation. Molecular technics have allowed the identification of many genes 
responsible for flor formation and stability as long as stress resitance. Manipulation 
of these genes encoding sugar transporters, alcohol-acyltransferases, flocculin-like 
proteins and heat shock proteins will allow the isolation of new yeasts with improved 
properties for fermentation and maturation of these types of wines.

Finally, there is more a more knowledge about the link between intracellular 
proteins and metabolites excreted by flor yeasts that are related to sensorial proper-
ties and that may result in information useful for innovative wine making.
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1  Introduction

It has been recognized internationally that wine is the alcoholic beverage resulting 
exclusively from the fermentation of grape or grape must. This is stated clearly in 
the definition of wine in the International Code of Oenological Practices issued by 
International Organization of Vine and Wine with its 47 member states. Various 
wine producing countries have also implemented regulations controlling the use of 
grape varieties and the amounts of harvest that can be used to produce particular 
wines. Thus, it is apparent that alcoholic beverages fermented from other fruits are 
not recognized as wine by international convention. By trials and errors since antiq-
uity, grape was found most suitable and is solely utilized as raw material for wine-
making. All modern winemakers still place great care in the vineyards to obtain 
perfectly sound grapes for winemaking and they understand that winery operations 
can only enhance the already good quality grapes (Rankine 2004). These facts 
indicate that fermented beverages of grape origin only are accepted as wine. 
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However, other fruits and sugary substrates have been fermented to obtain various 
alcoholic beverages but they were assigned specific names corresponding to the 
type of raw materials employed. These include cider from apple, mead from honey 
and sake from rice.

Due to the lack of international agreement on production practices for fruit 
wines, alcoholic beverages from fruits other than grape and apple are called fruit 
wine with a particular fruit name, for example, pineapple wine, peach wine and 
strawberry wine. These names have confused consumers with wine (from grape) 
causing them to expect similar quality and flavor as that of table wine. But most 
fruits have different compositions and microflora from grape and the resulting 
beverages are usually significantly different in quality.

In order to produce high quality fruit wines, these differences must be taken into 
account and utilized to optimize the style of the beverage that reflects the nature of the 
fruit as well as the production process to obtain a suitable product which could be 
much different from conventional wines, with unique characteristics and benefits. 
In this respect, the roles of yeasts during fermentation are one of the most important 
factors to be considered in the development of alcoholic beverages from fruits.

In wine made from grape, the roles of yeasts that contribute to overall wine 
quality are well documented and already discussed in previous chapters of this book. 
These include the following:

 1. Yeasts metabolize sugars and nitrogen compounds into alcohols and other flavor 
compounds, impacting wine quality;

 2. Ethanol produced by yeasts not only affects organoleptic property but also acts 
as solvent extracting color and flavor, such as tannins from grape into wine;

 3. Enzymatic activities resulting from yeast growth can transform flavor precursors 
present in grape must into flavor active compounds, such as glycosidase enzymes;

 4. Yeast fermentation increases the concentrations of some organic acids but 
decreases some acids and some phenolic compounds are transformed into vola-
tile compounds;

 5. In cases of lees contact, dead yeast cells will decompose by autolytic enzymes 
and will impart specific characteristics known to be associated with autolysis;

 6. Yeast cell walls can absorb certain wine constituents, resulting in decreasing 
amounts of these compounds.

These yeast contributions to wine quality in different fruit systems could differ 
from those occurring in grape and, therefore, must be thoroughly investigated before 
optimized production process can be designed for a certain fruit.

2  Opportunities for Fruit Wines

Throughout the world, many different kinds of fruits are cultivated and commercial-
ized. Some fruits are only available during specific seasons and can attain high value 
when retailed as fresh products such as durian, lychee and mangosteen but others 
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are produced in large quantities during longer period of time, causing their values to 
decline significantly. Even high-valued fruits may undergo similar problem with 
over production in certain years due to favorable climatic conditions. Furthermore, 
cultivation areas for popular fruits are expanding, replacing original crops, causing 
over supply. In order to gain some revenues from overproduced fruits, they are nor-
mally processed into preserves, jams, canned fruits and other products but these are 
too common for consumers and do not increase much higher revenue for producers. 
An interesting alternative of producing value added products from over-supplied 
fruits is fruit-winemaking. They can be marketed at higher values and attain much 
higher profits due to the nature of alcoholic beverages which tends to be marketed 
as high value products indicating social status.

A new trend in beverage market is the consumption of low alcohol and this trend 
has been determined by many factors, such as health awareness of consumers and 
the enforcement of restrictions on alcohol consumption by excise taxes and alcohol 
control laws in many countries. These restrictions aim to reduce alcohol related ill-
nesses and road accidents caused by irresponsible drivers under the influence of 
alcohol intoxication. Fruit juices usually contain lower amounts of fermentable sug-
ars than wine grapes and therefore could yield new products with low concentra-
tions of ethanol. International Code of Oenological Practices indicates that wine 
must contain over 8.5% alcohol but fruit wine products can have lower alcohol 
content without violating any international standard.

Modern consumers are always searching for new products. Alcoholic beverages 
from different kinds of fruits with their unique flavor could cater for this market. 
Alcoholic beverages from exotic fruits can deliver their special characteristics to 
consumers in distance market without the need to transport fresh products over long 
distance in refrigerated containers. Even commonly known product in one country 
could be a new product in another. For example, sake or rice wine from Japan has 
been popular in the United States where as many brands of American cider are dis-
tributed widely in Japan. Thus, wine made from tropical fruits could be appreciated 
by consumers in temperate zones and vice versa.

All over the world, health and functional foods have gained increasing interests 
by producers and consumers alike. Fruit wines offer various health benefits such as 
antioxidant activity from phenolic compounds found in many fruits. Total phenols 
and antioxidant activities had been investigated by Kalkan Yildirim (2006) in differ-
ent fruit wines made from black mulberry, blackberry, quince, apple, apricot, melon, 
red raspberry, bilberry, sour cherry and strawberry. The highest value of antioxidant 
activities and total phenolic contents were determined in bilberry, blackberry and 
black mulberry wines (61.80%, 1161  mg/l gallic acid equivalents; 60.00%, 
1232  mg/l gallic acid equivalents; 58.10%, 1081  mg/l gallic acid equivalents), 
respectively. These results showed a potential as natural antioxidants of bilberry, 
blackberry and black mulberry wines.

Ortiz et al. (2013) determined antioxidant activity of wines made in Ecuador from 
Andean blackberries (Rubus glaucus Benth.) and bluberries (Vaccinium floribundum 
Kunth.) and Golden Reinette apples and found that Andean blackberries had the 
highest total phenolic content (1265 ± 91 mg/L) and antioxidant activity (12 ± 1 mM). 
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They concluded that these berries are suitable raw materials to produce wines with 
an in vitro antioxidant capacity that is comparable to red grape wines.

Commercially available fruit wines from blackberry, cherry, raspberry, black-
currant, strawberry and apple produced in Croatia were analyzed by Ljevar et al. 
(2016). The results showed that blackberry, cherry and blackcurrant wines con-
tained the highest amount of total phenolic compounds, while cherry and blackcur-
rant wines also contained the highest amount of total anthocyanins. Blackberry, 
followed by cherry, raspberry and blackcurrant wines also had a significantly higher 
antioxidant capacity than strawberry and apple wines. Fruit wines inhibited the 
growth of human cancer cells in vitro in a dose-dependent manner with differing 
susceptibility among tested cancer cells.

Phenolic contents and antioxidant activities found in fruit wines might not cor-
relate with actual health benefits, so many researchers had investigated the effects 
of fruit wines as antioxidant agents in vivo. Srikanta et al. (2016) found that feed-
ing mulberry and jamun wines to streptozotocin-induced diabetic rats increased 
antioxidant enzymes and hepatic glutathione contents but decreased non-esterified 
fatty acids and lipid peroxidation. These findings suggest that fruit wines can be 
beneficial as antioxidants. Escudero-López et  al. (2018) evaluated the potential 
effect on cardiovascular risk factors of the regular consumption by healthy humans 
of a beverage obtained by alcoholic fermentation and pasteurization of orange 
juice. It was found that fermented orange beverage intake significantly increased 
oxygen radical absorbance capacity (43.9%) and reduced uric acid (−8.9%), 
catalase (CAT) (−23.2%), thiobarbituric acid reactive substances (TBARS) 
(−30.2%) and C-reactive protein (−2.1%). They concluded that regular consump-
tion of orange could result in protecting the cardiovascular system in healthy 
humans and be considered a novel functional beverage.

Fruits are important sources of vitamins. Alcoholic fermentation affects vitamin 
contents in grape wines, resulting in decreased vitamin contents (Rankine 2004). 
However, in fruit wines the effect varies, depending on the fruit matrixes. Escudero- 
López et al. (2018) found that ascorbic acid contents in fermented orange beverage 
did not undergo a significant change. In another study (Cerrillo et al. 2014), signifi-
cant increases in carotenoid content and provitamin A value of fermented orange 
juice were observed from day 0 (5.37 mg/L and 75.32 RAEs/L, respectively) until 
day 15 (6.65 mg/L and 90.57 RAEs/L, respectively). The authors suggested that the 
increases were probably due to a better extractability of the carotenoids from the 
food matrix as a result of fermentation.

3  Challenges in Fruit Wine Fermentation

In order to fully utilize the potential benefits of fruit wines, information on various 
aspects of production process and the nature of the fruits including the following 
topics must be investigated.

 1. Fruit juice extraction and process to obtain suitable musts for fermentation
 2. Ecology of yeasts and factors affecting their presence in fruit juices and wines
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 3. Microbiology of fermentation, starter culture and fermentation conditions tailored 
for particular fermentation

 4. Contributions of fermentation to beverage quality

Figure 15.1 illustrates various aspects and approaches in the development of fruit 
wines that need to be chosen according to different fruits and style of beverage desired. 

Fig. 15.1 Different approaches in the development of fruit wines
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It can be seen that at each stage of production, a set of alternatives is available. These 
factors influence the outcome of the finished wines as in conventional winemaking 
and have to be taken into account with detailed scientific studies.

4  Fruit Juice Pre-Treatments

Unlike grape, many fruits contain skins that must be peeled off and the pulps cut 
in to small pieces for subsequent juice extraction. During the peeling and cutting 
processes, indigenous yeast flora on the surface of the peels could be transferred 
into the extracted juice. Fruits without skin also have yeast microflora on the sur-
face that can carry out alcoholic fermentation. Furthermore, depending on the 
equipment and method being employed, yeasts colonizing in the environment of 
the processing plant can also contaminate into the musts and influence the overall 
fermentation.

Some fruits, especially those with low water contents, require further extraction 
processes in order to obtain sufficient amount of juice to be fermented. Heat treat-
ment, such as pasteurization, is used to reduce microbial contamination and facili-
tate juice extraction of some fruits. However, heat can change the composition of 
the juice and affect nutrient availability for yeast fermentation. Ascorbic acid, total 
flavanones, total carotenoids and provitamin A values were found to decrease after 
pasteurization (Escudero-López et  al. 2016). On the other hand, Cerrillo et  al. 
(2015) found that, although pasteurization of orange juice produced partial amino 
acid degradation, the total amino acid content was higher in the final product than in 
the original juice. These changes could affect the growth of yeasts, resulting in 
modified flavor of finished beverages.

Higher acidity of the musts can affect organoleptic characteristics of fruit wines. 
This problem was rectified by dilution of fruit juices to obtain acceptable ranges of 
acidity (Akubor 1996). However, this practice also reduces concentrations of fruit 
sugars as well as nitrogen compounds necessary for yeast growth. Most fruits, even 
without acid dilution, contain less sugars than grape and therefore chaptalization or 
the additions of sucrose into the musts can be employed in order to increase alcohol 
contents of the finished wines (Akubor 1996; Jitjaroen 2007; Duarte et al. 2010; 
Won et al. 2015; Satora et al. 2018). Nutrient addition commonly practiced in the 
wine industry is also necessary in fruit juices pre-treatment, especially those with 
acid dilution. Jitjaroen (2007) studied the effects of nutrient supplements in banana, 
santol and ma-mao juices. It was found that banana juice supplemented with 
1000  mg/L diammonium phosphate (DAP) and santol juice supplemented with 
1000  mg/L DAP and 0.6  mg/L thiamine showed less sulfur binding capacities, 
resulting in perceptible dryness.

These pre-treatment practices affect yeast growth and their metabolic activities, 
resulting in the final quality of the finished wines.
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5  Ecology of Yeasts in Fruit Juices and Wines

It is well documented that indigenous yeasts belonging to the genera Candida, 
Kloeckera/Hanseniaspora, Pichia, Metschnikowia, Kluyveromyces and other non- 
Saccharomyces grow during the early stages of alcoholic fermentation of grape 
juice into wine, although strains of Saccharomyces cerevisiae predominate mid to 
later stages of fermentation (Fleet and Heard 1993; Fleet 2003). Indigenous yeasts 
represent the microflora of the grapes and S. cerevisiae is present in low numbers on 
grapes and can also originate from winery equipment. Similar occurrences were 
observed in other fermentation systems such as those in palm wines (Stringini et al. 
2009; Ouoba et  al. 2012) and traditional rice wine in South East Asia where 
Saccharomycopsis fibuligera occurred during saccharification of rice (Thanh et al. 
2016; Farh et  al. 2017). Therefore, it can be expected that in many fruit wine 
fermentation systems, succession of yeast domination phases could also occur. 
Indigenous yeasts from the fruits would grow during the early stages of fermenta-
tion and then die out, leaving S. cerevisiae as the main fermenting yeast to complete 
the alcoholic fermentation.

Among the fruit wines, cider is one of the oldest known beverages and is pro-
duced in more than 25 countries around the world and the highest production and 
consumption is mainly in European countries (about 70–80%). It must be under-
lined that the appreciation of this fermented beverage is linked to the recognition of 
its “territoriality”. Indigenous yeasts can actively contribute to the expression of 
cider typicality and significantly influence the sensory profile of cider.

Thus, Morrissey et al. (2004) examined the role of the indigenous yeast flora in 
traditional Irish cider fermentations, finding Hanseniaspora uvarum to predominate 
in the initial phase of fermentation. Thereafter Saccharomyces cerevisiae dominated 
in the alcoholic fermentation phase. Coton et al. (2016) isolated from unpasteurized 
ciders and different cider musts 15 yeast species, the dominant being Saccharomyces 
bayanus (about 35%), followed by S. cerevisiae and non-Saccharomyces yeasts, 
such as Lachancea cidri, Dekkera anomala and Hanseniaspora valbyensis.

The roles of yeasts in apple or cider fermentation have been reviewed by Cousin 
et al. (2017).

Fruit juices under sterile condition without contact with winery equipment such 
as the juice press, fermentation tanks and pumps do not yield adequate alcohol con-
centrations for stable beverage products without pasteurization. This is due to the 
lack of fermentative Saccharomyces yeasts from winery equipment. Freshly pressed 
pineapple juices obtained from Thailand, Australia and Angola were allowed to fer-
ment spontaneously by native microflora (Chanprasartsuk et al. 2010; Dellacassa 
et al. 2017). The yeasts Hanseniaspora uvarum and Pichia guilliermondii predomi-
nated all fermentations yielding low alcohol contents (2–4% by volume). S. cerevisiae 
was not found in any of the fermentations. When pineapple juice was inoculated 
with selected strains of S. cerevisiae, the fermentable sugars were completely 
consumed from initial value of 24 °Brix (Baidya et al. 2016).
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6  Yeast Starter Cultures and Their Contributions to Fruit 
Wine Quality

Since relying on naturally occurring Saccharomyces yeasts from winery environ-
ment can result in uncontrollable fermentations with inconsistent wine qualities, 
inoculation with desired strains of S. cerevisiae has become standard practice in 
most wineries (Reed and Nagodawithana 1988). However, Fleet and Heard (1993) 
had proposed that not only the inoculated S. cerevisiae that determine the character-
istics of the resulting wines but also indigenous yeasts that grow during the early 
stages of fermentation. Subsequent studies have confirmed the contributions of 
indigenous yeasts to overall wine flavor profiles and the use of alternative yeasts as 
co-starter with S. cerevisiae or as single cultures in grape wine fermentations have 
been reported and these have been reviewed by Fleet (2008).

For fruit wine fermentations, many studies regarding yeast fermentation  
have been carried out for different fruit juices and these have been reviewed  
by Prakitchaiwattana and Tananuwong (2011) and Chanprasartsuk and 
Prakitchaiwattana (2015). Species of Saccharomyces have been examined for their 
potential as starter cultures. Sixteen different strains of Saccharomyces cerevisiae 
and Saccharomyces bayanus were evaluated in the production of raspberry fruit 
wine (Duarte et al. 2010). Various kinetic parameters were determined and com-
pared. One strain of S. cerevisiae was recommended for the fermentation of rasp-
berry juice which produced a fruit wine with low concentrations of acids and high 
concentrations of acetates, higher alcohols and ethyl esters.

Three commercial S. cerevisiae yeast strains were evaluated for the production of 
pomegranate wine (Berenguer et al. 2016). The same fermentation patterns were 
observed for pH, titratable acidity, density, sugar consumption, and ethanol and 
glycerol production. A high ethanol concentration (10.91 ± 0.27% v/v) in combina-
tion with 1.49 g/L glycerol was achieved. Citric acid concentration increased rap-
idly at 31.7%, malic acid disappeared as a result of malolactic fermentation and the 
lactic acid levels reached values between 0.40 and 0.96 g/L. The analysis of total 
anthocyanin content highlighted a lower degradation of monomeric anthocyanins 
during winemaking with Viniferm PDM yeast. The resulting wine retained 34.5% 
of total anthocyanin content of pomegranate juice blend.

Saccharomyces uvarum strains were isolated from traditional fermentations of 
apple chicha in Patagonia, a region covering Argentina and Chile (Rodríguez 
et al. 2017). This research group also studied the physiological characteristics of 
S. uvarum and Saccharomyces eubayanus strains recovered from natural habitats 
and traditional fermentations. The yeast S. uvarum produced high glycerol levels, 
low acetic acid and increased production of the higher alcohol 2-phenylethanol and 
2-phenylethyl acetate. Similar properties were observed for S. eubayanus. The com-
bination of these strains can be used as a starter culture in cidermaking (González 
et al. 2017).

Non-Saccharomyces yeast species possess various characteristics which could be 
beneficial to fruit wine fermentations and these yeasts were investigated for their 
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potential as single, sequential or co-starter cultures with S. cerevisiae. Volatile 
compounds formed during fermentation of papaya juice using a mixed culture of 
Saccharomyces cerevisiae and Williopsis saturnus were analyzed by Lee et  al. 
(2010). Different volatile compounds were produced during fermentation including 
fatty acids, alcohols, aldehydes and esters but some volatile compounds, including 
those initially present in the juice, were utilized. The mixed culture fermentation by 
S. cerevisiae and W. saturnus benefited from the presence of both yeasts, with more 
esters being produced than the S. cerevisiae monoculture fermentation and more 
alcohols formed than the product fermented with W. saturnus alone. It was suggested 
that papaya juice fermentation with a mixed culture of S. cerevisiae and W. saturnus 
may be able to result in the formation of more complex aroma compounds and higher 
ethanol level than those using single yeasts. They also found that the yeast ratio of 
W. saturnus and S. cerevisiae in sequential fermentation of papaya wine was an 
important factor affecting fermentation performances (Lee et al. 2013).

Rodríguez-Lerma et al. (2011) studied the microbial ecology of spontaneous fer-
mentation to select a starter culture for prickly pear wine production. Results 
showed that a mixed starter inoculum containing Pichia fermentans and S. cerevi-
siae yielded a fermented product that contained 8.37% alcohol (v/v). Analysis of 
volatile compounds revealed the presence of 9 major alcohols and esters (isobuta-
nol, isopentanol, ethyl acetate, isoamyl acetate, ethyl octanoate, ethyl decanoate, 
ethyl 9-decanoate, β-phenylethyl acetate, and phenylethyl alcohol) that contributed 
to fruity, aromatic notes essential for desirable wine quality. It was concluded that 
combinations of Saccharomyces and non-Saccharomyces strains could be used to 
obtain high-quality fermented beverages from prickly pear juice.

A mixed culture of Saccharomyces cerevisiae and Williopsis saturnus var. mrakii 
was used to ferment three varieties of mango juices (Li et al. 2012). Both yeasts 
grew well and fructose, glucose and sucrose were consumed to trace levels in all 
juices. But since only one ratio of yeast mixture was used, comparison between 
volatile constituents of mango wines could be distinguished between different 
mango varieties.

Strains of S. cerevisiae, Pichia kudriavzevii, Pichia fabianii and Saccharomycopsis 
fibuligera were isolated from masau fruits and their traditionally fermented fruit 
pulp in Zimbabwe and tested for production of flavor compounds during fermenta-
tion of masau wines (Nyanga et al. 2013). It was found that S. cerevisiae strains 
produced higher amounts of ethanol and flavor compounds as compared to the other 
species, especially fatty acid ethyl esters that provide the major aroma impact of 
freshly fermented wines.

Sun et al. 2014 examined the effect of mixed fermentation of non- Saccharomyces 
(Torulaspora delbrueckii and Metschnikowia pulcherrima) and Saccharomyces 
cerevisiae on the production of cherry wines. Mixed culture of S. cerevisiae/M. 
pulcherrima was found to significantly enhance the production of higher alcohols, 
esters, acids and terpenes; while the characteristic of S. cerevisiae/T. delbrueckii 
pair was an increase in fruity esters, higher alcohols and decrease in acid produc-
tion. The differences in the aromatic composition of the cherry wines were con-
firmed by the sensory evaluation.
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Satora et  al. (2014) investigated the influence of Wickerhamomyces anomalus 
killer yeast on the fermentation and chemical composition of apple wines. The yeast 
was inoculated together with S. cerevisiae strain as a mixed culture. It was found 
that the addition of W. anomalus killer strains to the unpasteurized must signifi-
cantly decreased volatile acidity, while increased the amount of higher alcohols and 
titratable acidity. It was concluded that the use of W. anomalus strains together with 
S. cerevisiae as a mixed culture positively influenced the chemical composition and 
sensory characteristics of apple wines.

Ye et  al. (2014) studied the effects of sequential mixed cultures of 
Wickerhamomyces anomalus and S. cerevisiae on apple cider fermentation. The 
results showed that growth of W. anomalus and S. cerevisiae was affected by each 
other during co-fermentation process. All the mixed cultures produced statistically the 
same level of ethanol as S. cerevisiae monoculture. The mixed fermentation produced 
more variability and higher amounts of acetate esters, ethyl esters, higher alcohols, 
aldehydes, and ketones. Sensory evaluation showed that ciders obtained from 
co-fermentation with W. anomalus obtained higher scores than ciders fermented by 
pure culture of S. cerevisiae.

Chen et  al. (2015) evaluated the performance of Torulaspora delbrueckii, 
Williopsis saturnus, and Kluyveromyces lactis in lychee wine fermentation. It was 
found that T. delbrueckii had the fastest growth rate and high sugar consumption, 
producing the highest level of ethanol (7.6% v/v), while K. lactis and W. saturnus 
produced lower amounts (3.4% v/v and 0.8% v/v, respectively). Furthermore, 
K. lactis and W. saturnus over-produced ethyl acetate which was considered detri-
mental to wine quality. The yeast T. delbrueckii produced high levels of isoamyl 
alcohol, 2-phenylethyl alcohol, ethyl octanoate, and ethyl decanoate and retained 
high aroma-character compounds. It was concluded that this yeast could be a prom-
ising non-Saccharomyces yeast for lychee wine fermentation.

Minnaar et al. (2017) studied the effect of using Schizosaccharomyces pombe 
and Saccharomyces cerevisiae yeasts in sequential fermentations on phenolic 
acids of fermented Kei-apple (Dovyalis caffra L.) juice. Kei-apple wines obtained 
by sequential cultures of S. pombe and S. cerevisiae showed substantially lower 
concentrations of L-malic acid and had lower phenolic acid concentrations than 
Kei- apple wines produced with S. cerevisiae only. However, wine judges described 
the Kei-apple wines produced with the two yeast combination as having notice-
able off- odors, while those produced with S. cerevisiae were described as fresh 
and fruity.

Influence of selected Saccharomyces and Schizosaccharomyces strains and their 
mixed cultures on chemical composition of apple wines was investigated by Satora 
et al. (2018). It was found that S. bayanus strain increased the level of malic acid 
and carbonyl compounds in apple wines, while Sch. pombe highly deacidified it and 
produced the most amounts of glycerol, esters, and acetic acid. The wines obtained 
with these species gained the best and the worse notes, respectively, during sensory 
analysis. Mixed yeast cultures produce higher amounts of ethanol, methanol, and 
volatile esters compared to pure cultures.
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7  Factors Affecting the Growth and Metabolites Production 
of Yeasts in Fruit Wines

Various factors influence yeast growth and their metabolic activities, resulting in 
differing flavor profiles of finished products, depending on the compositions of fruit 
juices and other environmental factors. These factors such as sugar concentrations, 
nitrogen and other nutrients availability, pH, temperature and the addition of sulfur 
dioxide are important parameters in controlling fermentation of grape wines and 
have been well documented (Fleet and Heard 1993). In fruit juice fermentations, 
these parameters are also important in determining the final quality of fruit wines. 
Most studies concerning fruit wines mainly focused on yeast fermentation. There 
were fewer studies carried out on different fermentation conditions as affected by 
environmental factors.

Temperature of fermentation is one of the most important factors determining 
the production of volatile compounds by yeasts but it is also the most difficult 
parameter to control in fruit wine fermentations, especially in the tropical regions. 
Many studies on fruit wine fermentations were carried out at higher temperatures 
than those used for grape wine (Jitjaroen 2007; Peng et al. 2015; Lu et al. 2017a, b). 
This is probably due practical reasons since cooling requirements in these climates 
involve high running costs. Reddy and Reddy (2011) examined the effect of fer-
mentation conditions on yeast growth and volatile composition of mango wine. 
Temperature had important effect on yeast growth and on the levels of volatile 
compounds. It was observed that the final concentrations of ethyl acetate and some 
of the higher alcohols decreased when fermentation temperature increased to 
25 °C. Sulfur dioxide stimulated the yeast growth up to certain levels and in excess 
it inhibited the yeast metabolism. Ethanol concentration slightly increased with the 
addition of 100  ppm SO2 and decreased with increase in concentration of SO2. 
Aeration by shaking increased the viable cell count but decreased the ethanol 
productivity.

Temperature effect during fermentation of apple wine on the key aroma com-
pounds and sensory properties were investigated by Peng et  al. (2015). The 
 concentration of nine key aroma compounds (ethyl acetate, isobutyl acetate, isopen-
tyl acetate, ethyl caprylate, ethyl 4-hydroxybutanoate, isobutyl alcohol, isopentyl 
alcohol, 3-methylthio-1-propanol, and benzeneethanol) in apple wine significantly 
increased with the increase of fermentation temperature from 17 to 20 °C, and then 
eight out of the nine key aroma compounds, with an exception of ethyl 
4- hydroxybutanoate, decreased when the temperature increased from 20 to 26 °C. 
The results showed that temperature control is of great importance in fruit 
winemaking.

Lu et al. (2017b) investigated the effects of temperature (20 and 30 °C) and pH 
(pH 3.1, 3.9) on the changes in chemical constituents of durian wine fermented with 
S. cerevisiae. Temperature significantly affected growth of S. cerevisiae EC-1118 
regardless of pH with a higher temperature leading to a faster cell death. The pH had 
a more significant effect on ethanol production than temperature. However, relatively 
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higher levels of isobutyl alcohol and isoamyl alcohol were produced at pH 3.1 than 
at pH  3.9 regardless of temperature. In contrast, production of esters was more 
affected by temperature than pH, where levels of ethyl esters and acetate esters were 
significantly higher at 20 °C than at 30 °C. Higher temperature improved the reduc-
tion of volatile sulfur compounds. The authors concluded that temperature control 
would be a more effective tool than pH in modulating the resulting aroma com-
pound profile of durian wine.

Sulfur dioxide is widely used in the wine industry to control oxidation and for 
microbial stability. It is also used in industrial fermentation of other fruits, such as 
apple juice into alcoholic cider. Herrero et al. (2003) studied the effect of sulfur 
dioxide on the production of flavor volatiles during industrial cider fermentation. 
Addition of 100 mg/L SO2, which is the level frequently used in industrial cider-
making, induced higher acetaldehyde production by yeast than that obtained with-
out SO2. These amounts of acetaldehyde could prevent the occurrence of 
simultaneous alcoholic and malolactic fermentation, which is desirable in reducing 
malic acid in apple cider.

Lu et al. (2017a) investigated the effect of initial sugar concentrations (17, 23 and 
30 °Brix) on mango wine composition fermented by Saccharomyces cerevisiae 
MERIT.ferm. It was found that growth rate and maximum cell population were 
inversely correlated with initial sugar levels, with the fastest growth rate and largest 
cell population in the low sugar fermentation. However, the cell population in the 
low and medium sugar fermentation declined significantly relative to the high sugar 
fermentation in which cell populations remained stable upon reaching the stationary 
phase. Glycerol production increased with increasing sugar content in low, medium 
and high sugar fermentation. In addition, high sugar fermentation had a negative 
impact on volatile production with significantly lower amounts of acetate esters but 
more acetic acid compared to the low and medium sugar fermentations. The authors 
concluded that mango wines fermented with different levels of sugars would have 
different flavor and aromas.

8  Conclusions

Fruit juices present opportunities for the development of new alcoholic beverages 
with their original color, flavor, antioxidants and other bioactive compounds with 
potential health benefits. The development of alcoholic beverages from fruits must 
take into account various aspects and approaches available at each stage of the pro-
duction process. Pre-treatment of the juices can provide suitable medium for yeast 
fermentation but some practices could be detrimental to wine quality due to their 
effect on chemical compositions of the mash. Indigenous yeasts already present in 
the pressed musts could survive during fruit-winemaking process and influence 
chemical and sensorial properties of the resulting wine. These yeasts have different 
fermentation profiles than Saccharomyces cerevisiae wine strains and their roles in 
spontaneous or inoculated fermentations must be elaborated in each particular juice. 
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Factors such as temperature, pH, sugar concentrations, and the presence of sulphur 
dioxide affect growth and fermentation activities of yeasts at varying degrees and a 
suitable combination of these factors must be obtained by systematic investigations. 
Thorough understandings is necessary of metabolic behavior and characteristics of 
Saccharomyces and non-Saccharomyces yeasts that can offer unique characteristics 
and can be employed to obtain desirable styles of fruit wines.

9  Dedication

This chapter is based on a lecture given by Prof. Graham H. Fleet during the 
Thai Fruit Wine Seminar held in conjunction with the Third International 
Symposium on Tropical Wine held during 12–18 November 2011 in Chiang Mai, 
Thailand. The author wishes to dedicate this chapter to his memory.
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1  Introduction

The production of alcoholic beverages from fermentable carbon sources by yeast is 
the oldest and most economically important of all biotechnologies. Yeast, in particu-
lar the species Saccharomyces cerevisiae, plays a vital role in the production of all 
alcoholic beverages (see Fig.  16.1) and the selection of suitable yeast strains is 
essential not only to maximise alcohol yield, but also to enhance beverage sensory 
quality.

The yeast species that dominates in the production of worldwide distilled spirits 
is S. cerevisiae, and the specific strains of this species employed in fermentation 
exert a profound influence on spirit flavour and aroma characteristics. For large- 
scale beverage fermentations, as in brewing, winemaking and distilled spirit pro-
duction, pure cultures of selected strains of S. cerevisiae are typically employed 
(Walker 1998). These strains are either sourced and cultivated in house or supplied 
for direct inoculation from yeast producing companies. In smaller-scale (artisanal) 
processes, spontaneous fermentations may be allowed to occur that rely on indige-
nous microorganisms (wild yeasts and bacteria) present in the raw materials and in 
the production facility. For example, this would be typical in small distilleries in 
México (for Tequila and Mezcal production) and in Brazil (for Cachaça produc-
tion). In some types of alcoholic beverage fermentations, non-S. cerevisiae yeasts 
may be employed either as starter cultures, or occur naturally. For example, 

Raw Materials
(Cereals, Sugar Cane, Molasses, Fruit, Agave, Whey, etc.)

Fermentable Sugars
(Maltose, Maltotriose, Sucrose, Fructose, Glucose)

Fermentation S. cerevisiae

Maturation
(e.g., Beer, Wine, Cider, Mead)

Distillation

Matured Spirits
(e.g., Whisky, Cognac, Rum)

Non-Matured Spirits

Non-Flavoured
(e.g., Vodka, Grappa, Tsiporo)

Flavoured
(e.g., Gin)

Fig. 16.1 The key role of Saccharomyces cerevisiae in production of fermented beverages. 
Adapted from Walker and Stewart (2016)
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Schizosaccharomyces pombe is found in molasses fermentations for rum  production, 
and Kluyveromyces marxianus strains are employed in cheese whey fermentations 
for the production of white spirits such as vodka and gin. Table 16.1 summarizes 
different yeast species encountered in alcoholic beverage fermentations.

This Chapter will focus on the zymology aspects pertaining to distilled spirit 
production and will compare and contrast fermentation processes for both wine and 
spirits.

2  Yeasts in Production of Cereal-Based Spirits

Distilled spirits that employ cereals as their starting raw materials include: whisky 
(e.g. Scotch whisky), whiskey (e.g. Irish and American), vodka, gin and shochu (see 
Table 16.1). The cereals in question are predominantly barley, wheat, rye, maize, 
rice and sorghum. The starting carbohydrate in all cases is starch which cannot 
be  fermented directly by S. cerevisiae. This glucose polysaccharide requires 

Table 16.1 Yeasts used in the production of selected distilled alcoholic beverages. Adapted from 
Walker and Stewart (2016)

Beverage Yeast involved Comments

Whisk(e)y Saccharomyces 
cerevisiae

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

Rum Saccharomyces 
cerevisiae and 
Schizosaccharomyces 
pombe

Saccharomyces cerevisiae strains in rum fermentations 
are developed as starter cultures and provide faster 
fermentation with more higher alcohols and fatty acids, 
but less esters resulting in lighter style rums.
Schizosaccharomyces pombe in rum fermentations 
provides slower fermentations leading to less higher 
alcohols and fatty acids, but more esters resulting in 
heavy, strong aroma rums. Growth of Schiz. pombe is 
favoured by low pH, higher sugar concentrations.

Tequila, 
Mezcal, 
Bacanora

Natural yeasts in 
artisanal Agave 
fermentations

Various yeasts have been isolated from such processes: 
S. cerevisiae, Kluyveromyces marxianus, Pichia spp., 
Brettanomyces spp., Rhodotorula spp., etc.

Brandies, 
Gin, Vodka, 
etc.

Saccharomyces 
cerevisiae

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

Cheese 
whey- derived 
beverages

Kluyveromyces 
marxianus

Lactose-fermenting yeast to produce ethanol destined 
for gin, vodka and cream liqueurs, etc.
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pre-hydrolysis to simple sugars prior to yeast fermentation, and this contrasts 
markedly from winemaking where fermentable sugars (glucose and fructose) are 
readily available in the grape berries and in the subsequent must. Other salient dif-
ferences exist between wine and distilled cereal spirits. For example, the alcohol 
content of bottled spirits is approximately 3–four fold higher than in finished wines 
(e.g. a typical whisky would have an alcohol concentration of 40% v/v, whereas a 
typical table wine would be 12% v/v). Yeast strains employed for spirits and for 
wine are also different and the following discussion covers fermentation aspects of 
distilled spirits from cereals, with a special emphasis on whisky production pro-
cesses. Figure 16.2 outlines the major categories of global whiskies.

One of the best selling spirit drinks in the world is Scotch whisky which is pro-
duced by fermentation of an infusion of malted barley and other cereals with strains 
of S. cerevisiae and matured over time in oak barrels (Russell and Stewart 2014; 
Walker and Hill 2016). There are two main types of Scotch whisky: malt whisky 
and grain whisky. Blended Scotch whisky is a mix of these types. Malt whisky is 
produced using malted barley as the cereal and enzyme source, and the fermented 
wash is distilled in copper pot stills. Grain whisky is produced using wheat or maize 
as the predominant cereal, with a small proportion (e.g. 15%) of malted barley as a 
source of amylolytic enzymes, and the fermented wash is distilled continuously in 
large “Patent” or “Coffey” stills. In the UK, Scotch Whisky has had a legal defini-
tion since 1909 (recognised by the EC in 1989) and the current (2009) Scotch 
Whisky Regulations define five categories of Scotch Whisky: Single Malt, Single 
Grain, Blended, Blended Malt and Blended Grain. Blended Scotch whisky is typi-
cally a mix of malt and grain whiskies, with some blends having a much a 50 indi-
vidual malt and grain whiskies. These Regulations state that “Scotch Whisky”:

Global whiskies

Scotland Ireland Japan USA

Blended
Whisky

Blended
Malt

Blended
Grain

Single
Grain

Single
Malt

Blended
Whiskey

Pure
Pot Still

Single
Grain

Single
Malt

Blended

Single
Malt

Bourbon

Tennessee

Corn

India

Other

Spain

Sweden

France

Wales

Canada

Fig. 16.2 Categories of the main global whiskies. Adapted from Walker and Hill (2016)
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 a. Has been distilled at a distillery in Scotland from water and malted barley (to 
which only whole grains of other cereals have been added) all of which have 
been -

 (i) processed at that distillery into a mash;
 (ii) converted at that distillery into a fermentable substrate only by endogenous 

enzyme systems; and
 (iii) fermented at that distillery only by the addition of yeast;

 b. Has been distilled at an alcoholic strength by volume of less than 94.8%.
 c. Has been matured in oak casks not exceeding 700 L for a period not less than 

3 years.

Whisky processes involve the production of a sugary solution called wort, which is 
generated following the enzymatic extraction of maltose and other sugars from an 
aqueous mash of barley malt grist (as in the case of malt whisky) or an aqueous mash 
of malt and other cereals (as in the case of grain whisky). The saccharification of 
cereal starch is accomplished by amylolytic enzymes present in malted barley. For 
Scotch whisky production, exogenous (commercial) enzymes are not permitted, but 
for grain neutral spirit (GNS) destined for vodka or gin production, application of such 
enzymes is permitted. After cooling, the wort is then fermented with selected strains 
of S. cerevisiae to produce wash at around 8% v/v ethanol. For malt whisky, fresh 
alcohol distillate is produced following two batch distillations as shown in Fig. 16.3.

Washback Wash
charger Washpreheater

Washstill Pot Ale
Receiver

Spent lees

WashsafeLow wine/
Feints receiver

Spirit still

Pot Ale

Low wines and
feints safe

Intermediate
spirit receiver

Warehouse
maturation

Fig. 16.3 Summary of the main processes involved in Scotch malt whisky production. Adapted 
from Walker and Hill (2016)
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The spirit fraction typically has an alcohol concentration of 63–70% v/v and is 
matured in oak barrels for a minimum of 3 years (but often for 10–15 years) to 
impart characteristic flavour, aroma and taste to the spirit (Russell and Stewart 
2014; Bryce and Stewart 2004; Murray 2017). “Single malt” Scotch whisky is such 
whisky produced only from malted barley and from a single distillery. Grain whisky 
distillations employ continuous Coffey (or Patent) stills comprising a rectifier and 
an analyser to produce spirit at a strength of 94.5% v/v alcohol. Grain whiskies are 
mainly used for blending with malt whiskies (Lea and Piggott 2003).

Regarding the yeasts used for whisky production, fermentations are conducted 
by specific strains of S. cerevisiae which convert mash sugars into ethanol, carbon 
dioxide and numerous secondary fermentation metabolites that collectively act as 
flavour congeners in the final spirit (Walker and Hill 2016). Yeast strain selection for 
whisky production is therefore critically important in dictating the organoleptic 
qualities of the final product. The same is true for wine yeasts. The fermentable 
sugars extracted following cereal mashing are predominantly maltose and maltotri-
ose, in contrast to glucose, fructose and sucrose in wine musts. An important dis-
tinction between beer and whisky production is that in whisky wort preparation, 
because the wort is not boiled, starch degradation processes do not stop when the 
wort leaves the mashing vessel. Consequently, residual malt enzymes continue their 
amylolytic activity in fermentation. This has similarities with the Simultaneous 
Saccharification and Fermentation (SSF) processes typically found in fuel alcohol 
plants that process maize (Walker 2011).

In Scotch whisky processes, where no exogenous enzymes are allowed, malto-
dextrin molecules (small branched oligosaccharides) in the wort may be utilised by 
some whisky yeast strains. For example, a widely used Scotch whisky yeast strain, 
named “M type” (thought to be a hybrid of S. cerevisiae and S. cerevisiae var. dia-
staticus) possesses limited starch-debranching amylolytic activity (Watson 1993). 
Whisky yeast strains have been described as “maltose + oligosaccharide type” to 
reflect their properties in rapidly fermenting maltose, maltotriose and other oligo-
saccharides. In contrast, other beverage yeasts have been described as “sucrose + 
maltose type” to reflect fermentation of sucrose, glucose and maltose (Jones 1998). 
The ability to efficiently and completely ferment maltotriose is an important distin-
guishing characteristic of Scotch whisky yeasts. Table 16.2 outlines the main desired 
attributes of distiller’s yeast, compared with wine yeasts.

Spontaneous fermentations are no longer conducted in modern whisky distill-
eries that use freshly propagated or commercially supplied pure-cultured strains of 
S. cerevisiae. This yeast may be supplied in compressed (cake) form, liquid (cream) 
yeast, or in dried form (Walker and Hill 2016). The pitching rate (inoculum) is gen-
erally 0.5–2 × 107 cells/mL. Unlike breweries or wineries, whisky fermentations are 
typically allowed to proceed for 2–3 days without precise temperature control. Wort 
pH in a whisky fermentation will start at pH 5–5.5 and will fall to pH 4.2–4.5 at the 
end of fermentation. Yeast viability at the end of fermentation is very low due to the 
combination of low pH, temperatures >30 °C, and high final ethanol concentrations. 
These factors exert considerable physiological stress on yeast (Walker and van 
Dijck 2006).

G. M. Walker et al.
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Whisky-distillers (and oenologists), unlike brewers, do not recycle yeast. 
Fermented wash including yeast is distilled resulting with concomitant destruc-
tion of yeast cells. This necessitates the supply of freshly propagated yeast from 
separate commercial yeast organisations (Jones 1998). The specifications for 
Scotch whisky yeast strains include yeast cell viability, bacterial count and mois-
ture content (Korhola et al. 1989). Some Scotch whisky distilleries formerly sup-
plemented their distiller’s yeast with a small proportion of spent brewer’s yeast. 
The presence of brewers’ yeast provides flavour benefits in terms of final spirit 
quality (Korhola et al. 1989) and in controlling fermentation pH due to pyruvic 
acid uptake (McGill 1990).

In addition to the selected distillers strain of yeast to initiate fermentation, vari-
ous wild yeasts such as non-distilling strains of S. cerevisiae, Pichia membranifa-
ciens, Torulaspora delbrueckii and Candida species may also be present in whisky 
fermentations. Although such yeasts are potentially problematic in affecting fer-
mentation progress, their levels are usually kept low due to the dominance of the 
main production yeast strain of S. cerevisiae. Another wild yeast, Dekkera bruxel-
lensis (anamorph Brettanomyces bruxellensis), which is a common contaminant in 
wine fermentations, may play an important role in cereal fermentations for distilled 
spirits production. For example, Passoth et  al. (2007) found that D. bruxellensis 
dominated wheat-based distillery fermentations following out-competition of the  
S. cerevisiae starter cultures.

Table 16.2 Attributes of distiller’s yeasts compared with wine yeasts

Attribute Distillers yeast Wine yeasts

Genetics Some whisky yeasts are natural hybrids between  
S. cerevisiae and S. cerevisiae var. diastaticus, but 
generally have complex ploidy (e.g. polyploid). 
Some Scotch whisky is made using mixtures of 
distiller’s and brewer’s yeast cultures. S. cerevisiae 
strains found in agave juice fermentations show 
high genetic diversity.

Wine yeasts are generally 
homothallic diploids, but 
some strains may be 
polyploid or aneuploid.

Metabolism Rapid and complete fermentation of cereal sugars. 
Most distillers yeasts will ferment glucose, maltose, 
matotriose and some limited fermentation of 
maltodextrins (glucoamylase activity). Agave juice 
yeasts ferment fructose and glucose. Production of 
desirable flavour congeners (esters, organic acids, 
aldehydes, higher alcohols etc.). In Scotch whisky 
and Agave fermentations, there is also a 
contribution to spirit flavour made by lactic acid 
bacteria (see text).

Vigorous fermentation 
desired, with correct volatile 
acidity, aromatic character 
(esters, succinic acid) and 
viscosity (glycerol). Low 
acetaldehyde and correct 
balance of sulphur 
compound production.

Stress 
physiology

Stress-tolerance to temperature, ethanol, osmotic 
pressure and competitive microbes (lactic acid 
bacteria) desired.

In addition to tolerance to 
variable temperature, 
osmotic pressure and pH, 
wine yeasts should be SO2 
tolerant.
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Due to the lack of a pre-fermentation boiling stage (as in brewing) and due to the 
non-aseptic processes employed, other microorganisms, notably bacteria, are present 
during cereal fermentations. For example, the importance of lactic acid bacteria has 
been shown in grain whisky processes (van Beek and Priest 2002); in wheat- based 
processes (Passoth et al. 2007); in corn mash-processes (Thomas et al. 2001; Smith 
2017) and in rice-based processes (Watanabe et  al. 2007). In a wheat distillery, 
Passoth et al. (2007) proposed that Lactobacillus vini contributed, with yeast, to an 
“ethanol-producing consortium”. In Scotch malt whisky fermentations, limited bac-
terial activity plays an important role in flavour development of the final spirit. In 
particular, whisky producers recognise positive influences of lactic acid bacteria 
including Lactobacillus plantarum and L. fermentum during the latter stages of fer-
mentation. Lactic acid bacteria (LAB) can produce lactic and acetic acids, which 
become esterified to ethyl lactate and ethyl acetate, respectively. These compounds 
impart sweet, fruity, creamy, and pineapple-like flavours to the spirit. Lactobacillus 
spp. can also produce γ-dodecalactone which imparts a “sweet and fatty” character-
istic to the spirit. In other cereal-based distilled spirits such as “sour-mash” bourbons, 
lactic acid bacterial growth is encouraged during certain process steps to depress 
wort pH and impart desired flavour congeners to the final distillate (Smith 2017).

The choice of the distillers strain, together with contributions from other micro-
organisms, will play an important role in dictating the final flavour and aroma char-
acteristics of cereal-based distilled spirits. In addition to the main fermentation 
metabolites, ethanol and carbon dioxide, numerous secondary fermentation com-
pounds will be produced that act as important flavour congeners in the final spirit. 
Table 16.3 summarises the principal flavour congeners in distilled spirits, and these 
include: fatty acids and their esters (e.g. ethyl caprate, ethyl laurate), organic acids 
(e.g. succinic acid), higher alcohols or “fusel oils” (e.g. n-propanol, isoamylalco-
hol), aldehydes (e.g. acetaldehyde) and vicinal diketones (diacetyl).

Table 16.3 Important yeast-derived flavour congeners in distilled spirits

Compound class Example Flavour/Aroma

Higher alcohols n-propanol Isobutanol Alcoholic
Iso-amyl alcohol Pharmacy
(3-methylbutan-1-ol) Fusel, alcoholic, fruity, banana
Phenylethanol Roses, perfume

Esters Ethyl acetate Solvent, acetone
Ethyl butyrate Pineapple, banana, mango
Ethyl caproate Apple, aniseed
Ethyl caprylate Apple
Ethyl hexanoate Pineapple, unripe banana
Ethyl lactate Butter/cream
Ethyl octanoate Sour apple, apricot
Iso-amyl acetate Banana, fruity

Aldehydes Acetaldehyde Green apple
Vicinal diketones Diacetyl Butter, butterscotch
Phenolics 4-Vinyl guaiacol Clove-like
S-Compounds Hydrogen sulphide Rotten eggs

G. M. Walker et al.
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Many flavour-active compounds are produced by yeast in reactions between 
alcohols and acyl CoA molecules but some esters, notably ethyl lactate, are linked 
to the presence of lactic acid bacteria. Ester production during fermentation is linked 
to the relative abundance of the corresponding alcohols and acyl CoAs, with ethyl 
acetate being the predominant ester produced, with isoamyl acetate at lower con-
centrations. The latter has a much lower flavour threshold than ethyl acetate and 
contributes a fruity (banana) aroma to beverages. Another yeast-derived group of 
flavour congeners important in distilled spirits (and in wine) are the fusel oils. Their 
concentration levels in beverages are linked to the levels of corresponding amino 
acids in the fermentation medium (for example, phenylalanine stimulates phenyle-
thanol production leading to a rose-like aroma). In distilled spirits these compounds, 
if controlled within certain limits, are beneficial contributors to the aroma character-
istics of distillates.

Further information on the origin of different flavour congeners in distilled spir-
its can be found in: Lea and Piggott (2003); Walker and Hughes (2010); Russell and 
Stewart (2014); Goodall et al. (2015) and Walker et al. (2017).

3  Yeasts in the Production of Agave and Dasylirion-Based 
Spirits

Agaves or magueyes (Agave) and sotoles (Dasylirion) are succulent plants that have 
great biological, ecological and economic importance. They belong to the family 
Asparagaceae, subfamilies Agavoideae and Nolinoideae, respectively, which are 
endemic to America. During pre-Hispanic times the integral use of these plants was 
so important, that the survival and cultural development of several Mesoamerican 
civilizations could not be explained without their existence (Fiore et  al. 2005; 
Lappe-Oliveras et al. 2008). Different Agave and Dasylirion species have long been 
exploited for the production of distilled alcoholic beverages, which are produced by 
distillation of the fermented must of several species, and are generically known with 
the names mezcal or sotol, respectively (Lappe-Oliveras et al. 2008).

In México, a great diversity of agaves (175 species) exists with around 50 spe-
cies being used in the production of mezcal. From these, 28 are frequently employed 
in artisanal production and, 14 in larger-scale commercial processes. The final prod-
uct may come from the exploitation of a single agave species, or from the combina-
tion of several ones (Aguirre and Eguiarte 2013; Torres et  al. 2015). Thus, the 
distinctive characteristics of mezcal spirit beverages depends on: the agave species 
or mixture of species used; the growth conditions and maturity of the plants, as well 
as from the cooking, fermentation, distillation and aging processes. Together, these 
factors give rise to a great diversity of mezcales. Some of them, such as tequila, 
bacanora and mezcal, are widely known, have national and international recogni-
tion and are protected by their appellation of origin (AO). However, most mezcales 
are regional products, not known outside their place of origin and do not have an AO 
that  protects them.
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The genus Dasylirion consists of 20 species, 16 of them endemic, which grow in 
several states of México (Reyes-Valdés et al. 2012). Sotol is produced in the states 
of Chihuahua, Coahuila and Durango from several Dasylirion species, mainly  
D. durangense.

3.1  Distilled Agave Spirits: Tequila, Mezcal, Bacanora, 
Raicilla and Sotol

Tequila, Mezcal, Bacanora, Raicilla and sotol are specific names of distilled bever-
ages obtained from different Agave and Dasylirion species (Table 16.4). Tequila is 
the famous spirit beverage classically associated with México. The word tequila 
derives from the Nahuatl tequillan, from tequitl = tribute, work or employment and 
tlan = place, meaning a place of tribute or in which work is done. However, this 
word may also be associated with the Ticuilas a tribe who lived in the hillside of the 
extinct volcano Tequila, in Jalisco. The word mezcal, mescal or mexcal derives from 
the Nahuatl words metl  =  maguey or agave, and ixcaloa  =  to roast, and means 
roasted agave. In pre-Hispanic México the agave plants had several uses (food, 
 fodder, medicine, construction material, textiles, and soap, among others) and for 
centuries they have been used to produce alcoholic beverages.

With the introduction by the Spaniards of the Philippine and Arab stills, in the 
second half of the sixteenth and the beginning of the seventeenth centuries, respec-
tively, the distilled agave beverages originated and over time took their present form 
(Cedeño 2003). However, recently some researchers based on strong archaeological 
and ethnographic evidence have proposed that distillation is not of mestizo origin, 
but pre-hispanic, which has caused great controversy that remains to be elucidated.

The following contribution will present the different processes of elaboration of 
agave spirits with special emphasis on yeasts species and their contribution to the 
characteristics of the final product.

3.2  Tequila Categories, Types and Production Process

The most famous agave spirit from México is undoubtedly Tequila. This alcoholic 
beverage is obtained from distillation of the fermented must of Agave tequilana 
Weber var. azul; it is produced in the territory of AO which includes all the state of 
Jalisco and some regions of the states of Guanajuato, Michoacán, Nayarit and 
Tamaulipas (Table 16.4). The principal characteristics of this agave are: a high con-
centration of a complex mixture of highly branched fructooligosaccharides contain-
ing principally β (2–1) linkages (Mancilla-Margalli and López 2006) which are 
used as reserve carbohydrate by the plant, low fiber content, and the presence of 
some chemical compounds like terpenes, which contribute to the flavour and taste 

G. M. Walker et al.



Table 16.4 Bacteria and yeasts isolated from the must fermentation process of Mexican distilled 
Agave and Dasylirion spirits

Beverage Agave species
States of 
production Microbiota1 References

Tequila A. tequilana var. 
azul

Jalisco, 
regions of the 
states of 
Guanajuato, 
Michoacán, 
Nayarit and 
Tamaulipas

LAB, non-Saccharomyces 
(Candida spp., C. intermedia, C. 
magnoliae, Dekkera anomala, D. 
bruxellensis, Hanseniaspora spp., 
H. uvarum, H. vineae, Issatchenkia 
orientalis, Kazachstania humilis, 
Kluyveromyces lactis, K. 
marxianus, Meyerozyma 
guilliermondii, Pichia 
membranifaciens, Torulaspora 
delbrueckii, Zygosaccharomyces 
bailii) and Saccharomyces  
(S. cerevisiae) yeasts
In industrialized process selected 
S. cerevisiae strains

Lachance 
(1995)
Cedeño (2003)
Gschaedler 
et al. (2004)

Mezcal A. fourcroydes Yucatán Non-Saccharomyces (Candida 
parapsilosis, Clavispora 
lusitaniae, Debaryomyces 
hansenii, I. orientalis,  
K. marxianus, Meyerozyma 
caribbica, M. guilliermondii, 
Millerozyma farinosa, Ogataea 
angusta, P. membranifaciens,  
T. delbrueckii, Wickerhamomyces 
anomalus)
Basidiomycetous yeasts 
(Rhodotorula spp., Rhodotorula 
mucilaginosa)

Lappe et al. 
(2004)

Mezcal A. angustifolia Oaxaca LAB, AAB; non-Saccharomyces 
(Candida spp., C. apicola, C. 
boidinii, C. parapsilosis, 
C. zemplinina, Citeromyces 
matritensis, Cl. lusitaniae, D. 
hansenii, D. anomala, Diutina 
rugosa, Hanseniaspora spp., H. 
guilliermondii, H. osmophila, I. 
orientalis, K. lactis, K. 
marxianus, M. guilliermondii, 
Pichia fermentans, P. 
mandshurica, P. 
membranifaciens, 
Schizosaccharomyces pombe,  
T. delbrueckii, W. anomalus,  
Z. bailii, Z. bisporus, Z. rouxii) 
and Saccharomyces  
(S. cerevisiae) yeasts
Basidiomycetous yeasts 
(Cryptococcus uniguttulatus, 
Naganishia albida, Pseudozyma 
prolifica, Rhodosporidiobolus 
fluvialis, Rhodotorula glutinis, 
Rh. mucilaginosa, Sporidiobolus 
salmonicolor)

Andrade 
Meneses and 
Ruiz Terán 
(2004)
Kirchmayr 
et al. (2017)

(continued)



Table 16.4 (continued)

Beverage Agave species
States of 
production Microbiota1 References

Mezcal A. salmiana 
subsp. 
crassispina

San Luis 
Potosí

LAB, Zymomonas mobilis; 
non-Saccharomyces (C. 
ethanolica, Cl. lusitaniae, I. 
orientalis, Kazachstania exigua, 
K. marxianus. P. fermentans, 
Pichia kluyveri, T. delbrueckii,  
Z. bailii) and Saccharomyces  
(S. cerevisiae) yeasts

Escalante- 
Minakata et al. 
(2008)
Verdugo 
Valdez et al. 
(2011)

Mezcal A. angustifolia 
A. lechuguilla  
A. montium- 
sancticaroli

Tamaulipas LAB, Non-Saccharomyces  
(C. parapsilosis, Cl. lusitaniae,  
K. marxianus, M. guilliermondii, 
P. kluyveri, T. delbrueckii, 
Yamadazyma mexicana, Z. bailii) 
and Saccharomyces  
(S. cerevisiae) yeasts

Arratia Mireles 
(2009)
Narváez-
Zapata et al. 
(2010)

Basidiomycetous yeasts  
(Rh. mucilaginosa)

Mezcal A. durangensis Durango Non-Saccharomyces (H. uvarum, 
K. marxianus, T. delbrueckii,  
P. fermentans, Saturnispora 
diversa) and Saccharomyces  
(S. cerevisiae) yeasts

Páez-Lerma 
et al. (2013)

Mezcal A. cupreata  
A. angustifolia

Guerrero Non-Saccharomyces  (Kz. exigua, 
K. marxianus, M. guilliermondii, 
P. kluyveri, T. delbrueckii and  
Z. rouxii) and Saccharomyces  
(S. cerevisiae) yeasts

Kirchmayr 
et al. (2014)

Mezcal A. cupreata  
A. inaequidens 
A. angustifolia
A. americana
A. hookerii

Michoacán Non-Saccharomyces (K. lactis,  
K. marxianus) and Saccharomyces 
(S. cerevisiae) yeasts

Gallardo-
Valdez et al 
(2008), Pérez 
et al. (2013)

Bacanora A. angustifolia Sonora Non-Saccharomyces (Candida 
blankii, C. silvatica, D. 
bruxellensis, Mi. farinosa,  
M. guilliermondii, Ogataea 
polymorpha, T. delbrueckii) and 
Saccharomyces (S. cerevisiae) 
yeasts.

Vallejo-
Córdoba et al. 
(2005)
Zamora- 
Quiñonez 
(2006)
Álvarez-Ainza 
et al. (2015)Basidiomycetous yeasts 

(Rhodotorula sp.)
Raicilla A. angustifolia 

A. inaequidens 
A. maximiliana

Jalisco Non-Saccharomyces (Cl. 
lusitaniae, K. marxianus) and 
Saccharomyces (S. cerevisiae) 
yeasts

Arrizon et al. 
(2007)

Sotol Dasylirion spp. Chihuahua Non-Saccharomyces (Dekkera 
sp., Kloeckera sp., Hanseniaspora 
sp., Kluyveromyces spp., K. 
marxianus, Zygosaccharomyces 
sp.), and Saccharomyces  
(S. cerevisiae) yeasts

De la 
Garza- Toledo 
et al. (2008)

Durango
Coahuila

aMicrobiota in spontaneous fermentation. LAB = Lactic acid bacteria, AAB = Acetic acid bacteria
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of the final product. The elaboration process is subject to the Mexican Official 
Regulation NOM-006-SCFI-2012, which recognizes only two tequila categories: 
“Tequila 100%” obtained exclusively from sugars of A. tequilana var. azul, and 
“Tequila”, produced using 51% of agave sugars and 49% from other sugar sources 
(sugar cane, molasses or hydrolyzed corn syrup). In each category there are five 
types of tequila: tequila blanco (silver) without maturation; tequila joven or oro 
(gold) containing permitted additives (oak extract, glycerin, sugar syrup) and 
colours (generally caramel colour); tequila reposado (aged) matured at least 
2 months in white oak barrels (this being the most popular kind of tequila); tequila 
añejo (extra aged) and tequila extra añejo (ultra aged) matured for 1 or 3 years in 
white oak barrels, respectively. According to the Consejo Regulador del Tequila 
(CRT) (Tequila Regulatory Council) in 2017 the global production of tequila was 
271.4 million liters. “Tequila 100%” represented more than 56% of the total produc-
tion, and more than 80% of the annual production was exported. By mid-2018 there 
were 1450 registered tequila brands produced in 235 Mexican distilleries certified 
by the CRT, which is the council that verifies the compliance of the Official Mexican 
Regulation.

The process of elaboration begins with the harvest of 7–9 year old agave plants 
(Cedeño 2003). As with many other agave plants, A. tequilana var. azul is rich in 
carbohydrates, mainly highly branched fructans and neo-fructans (Mancilla- 
Margalli and López 2006; Waleckx et al. 2008). The complete plant is cut down, the 
leaves are removed leaving the stem and the leaf bases, what is called the head or 
piña. The heads are cooked in brick ovens heated by steam injection for 36–48 h at 
100 °C; then the steam injection is suspended and the agave pieces are left in the 
oven for two more days to complete the cooking process. Nowadays, in most distill-
eries, brick ovens have been replaced by steel autoclaves to increase efficiency. The 
main objectives of the cooking process are: (1) To accomplish hydrolysis of fructans 
into simple sugars, mainly fructose, glucose and sucrose, which are easily fermented 
by yeasts; (2) To facilitate the milling operation and the extraction of sugars, since 
during cooking the agave plants acquire a soft texture (3) To generate some impor-
tant chemical compounds (e.g. fusel oils) which determine the sensorial character-
istics of the final product; some of these are produced by caramelisation and Maillard 
reactions (Cedeño 2003).

The cooked agave is milled to extract a sweet must which contains a high con-
centration of fructose and other fermentable sugars. In some distilleries, the milling 
process is still done with rudimentary mills (tahona), such as those used in the 
elaboration of mezcal. Nowadays, the mills used in the tequila industry are similar 
to those used in the sugarcane industry. In the last 15 years a new milling/cooking 
technology has been developed to extract fructans or fructose with hot water using 
diffusors. This technology is applied to crude crushed agave or to wash the agave 
fibers improving the efficiency of the sugar extraction.

The fermentation process will be discussed in detail in the Sect. 3.4. Most distill-
eries use stainless steel fermentation tanks (whose capacity ranges from 2000 to 
120,000 L) although some still employ wooden tanks. The fermentation wort of 
“Tequila 100%” is comprised solely of agave must, with an initial sugar concentra-
tion between 4–10% v/v, depending on the amount of water added during milling. 

16 Yeasts Associated With the Production of Distilled Alcoholic Beverages



490

For “Tequila” other sugars are added, which are previously dissolved and mixed 
with the agave must to obtain an initial sugar concentration of 8–16%, depending on 
the sugar tolerance of the yeast strain that will be used in the fermentation process. 
The pH of agave must oscillates around 4.5, needing no adjustment. Wort formula-
tion is based on the composition of raw materials and the nutritional requirements 
for yeast growth and fermentation. Generally, a nitrogen source (urea, ammonium 
sulphate, ammonium phosphate) and salts (magnesium sulphate) can be added. The 
fermentation wort may be left to ferment spontaneously or in some distilleries 
selected S. cerevisiae strains are employed (Gschaedler et al. 2004).

Distillation involves the separation and concentration of the alcohol from the 
fermented wort. Tequila is obtained after two consecutive differential distillations in 
copper or stainless steel stills. Some distilleries also use rectification columns. 
During the first distillation the fermented must is split into three different products: 
a light product (head), a tail product or vinasses which is discarded and a slope cut 
product called ordinario (with an ethanol content of 20–30% v/v) which is sub-
jected to a second distillation to obtain a distillate or spirit with around 55% v/v 
ethanol (Prado-Ramírez et al. 2005).

Finally, tequila can be matured in different ways, depending on the type of 
tequila to be obtained. According to the norm, this process can only be carried out 
in the region of AO. The regulation specifies that the maturation tanks have to be 
made of oak or holm oak wood with a maximum capacity of 600 L. Prior to bottling, 
tequila is filtered. In the case of “Tequila 100%” the product has to be bottled in the 
region of AO, “Tequila” can be exported in bulk outside of México, but when bot-
tled, it must be labelled with the legend Made in México or Product of México.

3.3  Mezcal, Bacanora and Sotol Categories, Types 
and Production Process

For the elaboration of others spirits obtained from Agave and Dasylirion species, 
the general stages of the processes are the same as in tequila. The main differences 
between tequila and the different types of mezcal are the species of agave used as 
raw material, and that the elaboration process of mezcal is more artisanal than the 
tequila process. It is important to highlight that the word mezcal is the generic name 
of all the agave distilled beverages, which are produced in 26 of the 32 states of 
Mexico (Aguirre and Eguiarte 2013; Torres et al. 2015). This word refers also to a 
spirit with AO whose elaboration process is subjected to the Mexican Official 
Regulation NOM-070-SCFI-2016). The region of AO includes the states of Durango, 
Guerrero, Oaxaca, San Luis Potosí, Zacatecas and some regions of Guanajuato, 
Michoacán, Puebla and Tamaulipas (Table 16.4). The regulation stipulates that mez-
cal is a distilled alcoholic beverage, 100% maguey or agave obtained by distillation 
of the fermented juices, extracted from mature cooked heads of different agave spe-
cies (A. angustifolia, A. cupreata, A. durangensis, A. inaequidens, A. maximiliana, 
A. potatorum, A. salmiana, among others) (Fig. 16.4a) harvested in the territory of 
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Fig. 16.4 Mezcal elaboration process. (a) Agave angustifolia. (b) Raw agave heads or piñas. (c) 
Pit oven filed with stones. (d) Brick oven. (e) Cooked agave heads or piñas. (f) Rudimentary mill 
or tahona. (g) Fermentation of cooked agave must with fiber in wooden vats. (h) Fermentation of 
agave must without fiber in a brick tank. (i) Distillation of fermented agave must in a rudimentary 
still. (j) Arab type still. (k) Mezcal aging in oak barrels (optional)
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AO. Three categories are recognized Mezcal, Mezcal Artesanal (Artisanal Mezcal) 
and Mezcal Ancestral (Ancestral Mezcal); each one with six classes.

 i) Blanco o joven (white or young), without any further processing
 ii) Madurado en vidrio (matured in glass); Mezcal stabilized in a glass container 

for more than 12 months
 iii) Reposado (aged); matured from 2 to 12 months in wooden containers of any 

size, form and capacity
 iv) Añejo (extra aged); matured more than 12 months in wooden containers with 

less than 1000 L capacity
 v) Abocado con (doomed with); added with authorized ingredients to give flavour, 

such as maguey’s worm, damiana, lemon, honey, orange, among others
 vi) Destilado con (distilled with); Mezcal must be distilled with ingredients to 

incorporate flavours, such as turkey or chicken breast, rabbit, mole, fruits, 
among others

In 2017 the global production of mezcal reported by the Consejo Regulador del 
Mezcal was 3,986,221 L, 88% of Mezcal Artesanal, with Oaxaca being the largest 
producer (87.0%). In recent years Mezcal has achieved national and international 
recognition, and is the second most consumed agave distilled beverage in the coun-
try after Tequila.

Bacanora and sotol are other agave spirits with government official recognition 
and AO.  The Mexican Official Regulation NOM-168-SCFI-2004 specifies that 
bacanora is only produced in the state of Sonora from A. angustifolia. Sotol is pro-
duced in the states of Chihuahua, Coahuila and Durango. The Mexican regulation 
NOM-159-SCFI-2004 recognized two categories: “Sotol 100% puro”, obtained 
exclusively from sugars of the Dasylirion spp. and “Sotol 51% or sotol”, produced 
using 51% of Dasylirion sugars and 49% from other sugar sources. Four types of 
bacanora and sotol are allowed: blanco (silver), joven u oro (gold), reposado (aged) 
and añejo (extra aged) with the same description as the different tequila types.

Outside these areas with AO other agave spirits are produced. Raicilla is elabo-
rated in the Western region of Jalisco with different agave species; another spirit is 
produced in Southern Jalisco with different varieties of A. angustifolia.

After harvest of the raw material (wild or cultivated) the mezcal elaboration pro-
cess is similar to the one described for tequila, although there are modifications 
since in general it is a more artisanal process (Fig.  16.4). The raw agave heads 
(Fig. 16.4b) are usually cooked in pit ovens filled with stones, heated with wood and 
covered with earth, to impart a smoked flavour to the product, or it can be done in 
brick ovens or steel autoclaves, as in some distilleries of San Luis Potosí and 
Zacatecas (Fig. 16.4c, d). The milling of the cooked agave heads is commonly done 
in a rudimentary mill or tahona (Fig. 16.4e, f). In San Luis Potosí during the milling 
process water is added, and the juices are collected by gravity. In Oaxaca and 
Guerrero all the crushed agave is used in the fermentation process added with some 
water. In some parts of Guerrero and Michoacán milling is still carried out with 
wood or steel mallets and the juices are collected in a canoa, a hollow-log fermenta-
tion container (Gallardo-Valdez et al. 2008; Kirchmayr et al. 2014).
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A wide variety of fermentation vessels are used: round holes carved directly in 
the ground, rectangular wooden crates buried in the ground, wooden vats with 
1000 L capacity (Fig. 16.4g), rectangular stone or brick tanks with 3000–10,000 L 
capacity (Fig. 16.4h), or stainless steel tanks as those used in the tequila industry. In 
general, the fermentation process is carried out spontaneously with the microbiota 
present in the must, and lasts 1–10 days depending on the temperature, region and 
weather conditions. The fermented must is distillated twice in rudimentary equip-
ment as Philippine-type stills (whose advantage is that they allow the production of 
spirits from a small amount of a  Agave, and that they can be disassembled and 
transported quickly) or metal stills (Fig.  16.4i). In others distilleries the classic 
Arab-type still with serpentine is used (Fig. 16.4j).

3.4  Yeasts and Fermentation Aspects

3.4.1  Yeasts Identified in Natural Fermentations

Few research papers deal with the identification and characterization of the yeasts 
involved in the fermentation process of the different agave spirits. Lachance (1995) 
firstly reported the yeast communities present in a tequila distillery, where a natural 
fermentation was undertaken. Due to the cooking step carried out to hydrolyse fruc-
tans into fermentable sugars, the yeasts found on fresh agave plants (Clavispora 
lusitaniae, Kluyveromyces marxianus, Metschnikowia agaves, and Pichia membra-
nifaciens) differed from those found on cooked agave, fresh must and crushing 
equipment (Candida spp., Hanseniaspora vineae, P. membranifaciens, S. cerevisiae 
and Torulaspora delbrueckii). During fermentation, a succession of different yeast 
species was observed. During earlier fermentation stages a rich mixture of species 
was detected including Dekkera bruxellensis, Hanseniaspora guilliermondii,  
H. vineae, K. marxianus, P. membranifaciens, T. delbrueckii as secondary yeasts 
and, S. cerevisiae (three biotypes) as dominant species. During the progression of 
the fermentation the heterogeneity of species diminished and, at the end of the fer-
mentation the maltose-positive non-flocculent S. cerevisiae biotype became domi-
nant (Table 16.4). Gschaedler et al. (2004) reported the isolation of different yeast 
species in 13 tequila distilleries: Candida magnoliae, Hanseniaspora uvarum,  
H. vineae Issatchenkia orientalis and Kluyveromyces lactis (Table 16.4). Karyotype 
analysis of seven S.cerevisae isolates showed six different profiles indicating the 
existence of a wide genetic heterogeneity within this species (Table 16.3).

For mezcal, studies have been published dealing with the microbiota present dur-
ing the natural fermentation stage in different production regions of México. A great 
diversity of yeasts was found in all studies, especially in the initial fermentation 
stages, where several common genera and species were recognized (Table 16.4). 
For example, in mezcal from Yucatán, Lappe et al. (2004) reported Candida parap-
silosis, Cl. lusitaniae, Debaryomyces hansenii, I. orientalis, K. marxianus, 
Millierozyma farinosa, Meyerozyma caribbica, My. guilliermondii, Ogataea 
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angusta, P. membranifaciens, Rhodotorula spp., Rh. mucilaginosa, T. delbrueckii 
and Wickerhanomyces anomalus at the beginning of the fermentation. As fermenta-
tion progressed they also observed a dramatic reduction in yeast heterogeneity, 
probably due to the fermentation conditions, until the end of the fermentation, stage 
in which K. marxianus was the dominant species. During fermentation of mezcal 
from Oaxaca, Andrade-Meneses and Ruiz-Terán (2004) identified species of the 
genera Candida, Hanseniaspora, Rhodotorula and Saccharomyces. In two other 
mezcal factories from the same region, Kirchmayr et  al. (2017) reported a great 
diversity of non-Saccharomyces species, stating great differences in yeast diversity 
between factories and production years (Table 16.4). In this study, the coexistence 
of non-Saccharomyces populations (Kluyveromyces, Torulaspora and Zygosac-
charomyces) with S. cerevisiae until the end of fermentation was described.

In two studies of mezcal from San Luis Potosí produced with A. salmiana subsp. 
crassispina, a low yeast diversity was detected during fermentation. Escalante- 
Minakata et al. (2008) identified the yeasts Cl. lusitaniae, K. marxianus and Pichia 
fermentans; and the bacteria Zymomonas mobilis subsp. mobilis, Z. mobilis subsp. 
pomaceae, Weissella cibaria, W. paramesenteroides, Lactobacillus farraginis,  
L. kefiri, L. plantarum and L. pontis, highlighting the participation of a mixed 
microbial culture in mezcal fermentations. Verdugo Valdez et al. (2011) described 
species of four additional yeast genera (Candida, Kazachstania, Saccharomyces, 
Torulaspora and Zygosaccharomyces) (Table  16.4). As the presence of growth 
inhibitors (e.g. saponines) has been reported in the agave species used in this region, 
the raw material might have a direct impact on the presence and survival of some 
yeast species.

In mezcal from Tamaulipas, species of non-Saccharomyces (Candida, Clavispora, 
Kluyveromyces, Meyerozyma, Pichia, Torulaspora, Yamadazyma, Zygosac-
charomyces) and Saccharomyces (S. cerevisiae) were detected in the early stages of 
the fermentation (Table 16.4). Only T. delbrueckii and S. cerevisiae persisted until 
the end of the process.

In two mezcal distilleries from Durango, Páez-Lerma et al. (2013) identified the 
same yeast biota (H. uvarum, K. marxianus, P. fermentans, S. cerevisiae, 
Saturnispora diversa and T. delbrueckii) at the beginning of the fermentation. As 
fermentation progressed the yeast diversity decreased and at the end of both pro-
cesses only S. cerevisiae or S. cerevisiae and T. delbrueckii were recovered, 
respectively.

Kirchmayr et al. (2014) described the microbial consortia found in three mezcal 
distilleries in Guerrero. Besides species of the genera Kazachstania, Kluyveromyces, 
Meyerozyma, Pichia, Saccharomyces, Torulaspora and Zygosaccharomyces, which 
changed clearly between factories the authors also described the presence of high 
populations of lactic acid bacteria during these fermentations (Table 16.4).

In fact, the high abundance of bacterial populations has been detected in several 
of the mentioned studies, e.g. tequila and mezcal from San Luis Potosí, Oaxaca, 
Guerrero and Tamaulipas, in which different species of Lactobacillus, Leuconostoc, 
Oenococcus and Weissella, as well as acetic acid bacteria have been reported. Acid 
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fermentation has been observed parallel to the alcoholic fermentation carried out 
mainly by yeasts and in some cases also by Zymomonas mobilis (Escalante- 
Minakata et al. 2008; Narváez-Zapata et al. 2010; Kirchmayr et al. 2017).

For bacanora, S. cerevisiae was reported as the predominant yeast during natural 
fermentation processes carried out in different municipalities, although several non- 
Saccharomyces yeasts species of the genera Candida, Dekkera, Meyerozyma, 
Millerozyma, Ogataea, Torulaspora and Rhodotorula were also identified 
(Table 16.4). For raicilla and sotol, few studies have been conducted to characterize 
the microbial diversity present during fermentation. In both beverages, K. marxia-
nus and S. cerevisiae have been reported, in addition to Cl. lusitania for the former 
and, Dekkera spp., Kloeckera sp., Hanseniaspora sp., Zygosaccharomyces spp. for 
the latter  Vallejo-Cordoba et  al. 2005; Zamora-Quinonez 2006; Alvarez-Ainza 
et al 2015; De La Garza Toledo et al. 2008).

It is clear that during the initial phases of the fermentation of agave distillates 
from different regions of México, a great yeasts diversity is present that influences 
the quality and sensory properties of the final product. Yeast diversity tends to 
diminish towards the end, as also shown in other spirits and in wine fermentations, 
although several non-Saccharomyces yeasts persist during the whole process. 
Besides S. cerevisiae, the dominant and persistent species, K. marxianus and  
T. delbrueckii were reported in most of the aforementioned studies; while Cl. lusita-
niae, M. guilliermondii, P. membranifaciens and Z. bailii only in some The remain-
ing yeast genera and species were only sporadically isolated. It is clear that the 
yeast species involved in agave must spontaneous fermentations are variable, and 
no mezcal has the same microbial diversity profile, which makes these beverages 
unique.

3.4.2  Fermentation Development

The general practice in the production of mezcal, raicilla, bacanora and sotol is the 
spontaneous or natural fermentation of the must by the microbiota present in the 
substrate. In the tequila industry, few companies maintain the natural fermentation 
because the microbial consortium produces a wide diversity of volatile compounds 
that contribute to the sprit flavour and bouquet, despite the lower productivity of 
ethanol. In some distilleries, mainly in the tequila industry, the wort is inoculated 
with S. cerevisiae commercial strains (fresh baker’s yeasts or dried yeast for wine, 
beer, or rum production). This practice is not the most appropriate because these 
yeasts are adapted to other substrates different from agave must and could have a 
negative impact on the sensory profiles of the final product. Another option is to use 
yeast strains isolated from natural fermentations which is deemed the most appro-
priate practice (Gschaedler et al. 2015). When a starter culture inoculum is used, the 
selected yeast strain (maintained on agar slants, lyophilized or in liquid nitrogen) is 
propagated in a medium with the same composition as the agave wort. The inocu-
lum is scaled up with continuous aeration to produce enough volume to inoculate 5 
or 10% of the final volume of the fermentation tank. Depending on the yeast strain, 
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populations from 100–300 × 106 cells mL−1 are normally achieved at the onset of 
fermentation (Cedeño 2003). Tequila fermentation starts when the formulated must 
is poured in the fermentation tanks with or without yeast inoculation. Normally the 
temperature of the wort at the beginning of the fermentation is around 30  °C, 
increasing during the process and can exceed 40 °C. This has a negative effect on 
the yeasts, so the strains employed in the process require to be temperature tolerant. 
Using yeast inocula, the fermentation time ranges from 12 h in the fastest process to 
3 or 4 days in the slowest. Without inocula the fermentation lasts from 2 days to 
1 week. The time of fermentation has an important impact on the generation of the 
volatile compounds – these are lower in a fast fermentation compared with a slow 
fermentation. The rate of the fermentation depends mainly on the yeast strain, 
medium composition (sugar concentration at the beginning of the fermentation, 
nutriment supplementation), operating and weather conditions. Ethanol production 
can be detected from the beginning of the fermentation and, depending on the yeasts 
involved and the initial sugar concentration, ethanol concentrations reach 4–9% v/v 
at the end of the process (Gschaedler et al. 2015). In order to increase fermentation 
yields, the use of enzymes to convert residual agave polymers into fermentable sug-
ars has been reported (Cedeño 2003). Arrizon and Gschaedler (2002) showed the 
possibility to achieve high fermentation efficiency (above 90%) at high initial sugar 
concentration or when an additional nitrogen source is added during the exponential 
growth phase of the yeast.

Several studies have focused on the use of non-Saccharomyces yeasts (alone or 
in co-culture with Saccharomyces). Díaz-Montaño et al. (2008) compared, at labo-
ratory scale, the fermenting behaviour in A. tequilana juice of 5 yeasts strains: 3 of 
S. cerevisiae and 2 of Hanseniaspora. This study highlighted major differences 
between the three S. cerevisiae strains, especially in the production of volatile com-
pounds, and the disadvantage of Hanseniaspora strains to achieve complete alco-
holic fermentation, although these strains produced large amounts of esters. 
Valle-Rodríguez et al. (2012) showed that supplementation of the agave juice with 
certain specific amino acids allowed H. vineae to complete the fermentation. 
González-Robles et  al. (2015) explored the use of mixed cultures of 
Saccharomyces/Hanseniaspora observing the contribution of the latter in aromatic 
profiles of tequila. Amaya-Delgado et  al. (2013) carried out fermentations of  
A. tequilana juice at an industrial scale using two non-Saccharomyces yeasts  
(P. kluyveri and K. marxianus) with a fermentation efficiency higher than 85% and 
an interesting production of volatile compounds, mainly esters. This behaviour was 
confirmed at laboratory scale by Segura-García et al. (2015).

Tequila fermentations are generally carried out in open tanks, allowing evapora-
tion of alcohol and carbon dioxide to alleviate yeast stress. Nowadays, some distill-
eries use cooling systems to reduce alcohol evaporation and to keep fermentation 
temperature tolerable for yeasts (Gschaedler et al. 2015).

Finally, it is important to mention that during tequila fermentation lactic acid 
bacteria from the genus Lactobacillus, Lactococcus, Leuconostoc and Pediococcus 
are also present and, Acetobacter, an acetic acid bacterium may appear in old fer-
mented worts (Cedeño 2003). These bacteria may have a positive impact on the 
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generation of volatile compounds, as has been reported in whiskey, cider, and wine 
fermentations. However, if the bacterial populations are too large, they could affect 
the ethanol yield and produce some undesirable compounds.

In the case of mezcal, bacanora and raicilla fermentations, these are generally 
carried out with the agave fibers present (except for mezcal from San Luis Potosí), 
increasing the fermentation time. A general characteristic of these processes is that 
they are completely spontaneous, without any control of the key parameters of fer-
mentation, such as sugars concentration or temperature. In San Luis Potosí, the 
fermentation of A. salmiana subsp. crassispina juice is carried out without the agave 
fibers, with low initial sugar concentration and is generally induced by the addition 
of a mixed inoculum containing low counts (>1 × 106 cells mL−1) of non- 
Saccharomyces yeasts and bacteria. Verdugo Valdez et al. (2011) observed a short 
fermentation (around 30 h), with low residual sugars concentration and yeast popu-
lation between 10–15 ×106 cells mL−1. The amount of ethanol and volatile 
 compounds were relatively low and were directly related to the initial sugar content 
of the agave must. From Oaxaca, where spontaneous fermentation is generally car-
ried out with agave fiber, Kirchmayr et al. (2017) published a study about mezcal 
production process in two different distilleries, in two consecutive years. 
Fermentation kinetics and volatile compound generation differed markedly between 
the studied processes (all of them spontaneous), mainly due to the lack of control 
during the fermentation and changes in the ambient condition (mainly temperature). 
This study pointed out great differences in the initial sugar concentration and total 
yeast populations (that ranged from 12 to 180 ×106 cells mL−1). Low fermentation 
efficiencies were observed due to high concentration of residual sugars at the end of 
the fermentation. Nevertheless, this study also demonstrated that the employment of 
wild inocula in the fermentation of cooked agave juice may be a good practice in 
order to increase alcoholic fermentation efficiency.

There are very few in situ fermentation studies of agave distillates. However, in 
spontaneous fermentations, in which non-Saccharomyces, Saccharomyces, lactic 
and acetic acid bacteria participate, although they sometimes have low conversion 
rates of sugars to ethanol, they do result in beverages with complex sensory profiles 
that are currently sought by a new type of consumer. Some of the yeasts isolated 
from these spontaneous fermentations display interesting characteristics, compared 
with wine strains. Fiore et al. (2005) evaluated parameters of technological interest, 
such as SO2 and copper resistance, ethanol tolerance and enzymatic activities in 
Candida krusei, C. magnolia, Kloeckera africana, K.. apiculata, and S. cerevisiae 
strains isolated from agave, sotol and grape must. All agave strains were more resis-
tant to SO2 than wine strains, and non-Saccharomyces agave yeasts were more toler-
ant to ethanol. This behaviour is not common in non-Saccharomyces associated 
with alcoholic beverages. In contrast, all the non-Saccharomyces strains showed 
similarities in β-glucosidase and β-xylosidase activities, except C. krusei. 
Remarkable characteristics were the β-glucosidase activity of a S. cerevisiae strain 
and β-xylosidase activity of a C. krusei strain, both isolated during the fermentation 
of sotol carried out with must and fiber. This special condition could have caused the 
adaptation of the yeasts that would explain these activities.
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3.4.3  Production of Aromatic Compounds

Regarding the process of elaboration of these spirits, the production of volatile aro-
matic compounds in such beverages is influenced by several factors. These include 
raw materials, fructan hydrolysis processes (oven, acidic or enzymatic hydrolysis), 
spontaneous or directed fermentations, distilling systems (still or column) and 
finally aging (Table 16.5).

Raw materials used in agave distilled beverages play an important role in the 
development of the sensory characteristics of the final product. Compounds includ-
ing terpenes, alcohols, esters, and acids derive from the raw materials (Prado- 
Jaramillo et  al. 2015). Peña-Álvarez et  al. (2004) identified diverse terpenes in 
different agave species used in mezcal (7 in A. angustifolia, 9 in A. salmiana) and 
tequila production (32 in A. tequilana). Arrizon et al. (2007) determined the volatile 
compounds in tequila and raicilla. Sixteen terpenes were found in both beverages 
mainly: β-myrcene, isocineole, linalool, 1-terpineol, 4-terpineol, citronellol, nerol, 
geraniol and nerolidol; 15 more were detected only in raicilla, predominantly 
α-pinene, camphene, limonene, γ-terpinene, ρ-cymene, myrcenol, neryl acetate, 
geranyl acetate, α-eudesmol. From these, geraniol, linalool, limonene, myrcenol, 
γ-terpinene, 4-terpineol, were among others are found in the final product. This 
highlights the impact of the raw material on the sensory profiles of agave distillates 
(Table 16.5).

During production of agave distillates, it is necessary to carry out the hydrolysis 
of fructans, which can be accomplished by a cooking process. During this process 
agave heads and/or agave juice are exposed to temperatures between 95  °C and 
121 °C, causing caramelisation and Maillard reactions. Some compounds that have 
been identified in cooked agave juice are: 5-hydroxymethylfurfural, methyl-2- 
furonoate and 2, 3-dihydroxy-3,5-dihydro-6-methyl-4 (H) -pyran-4-one (Mancilla- 
Margalli and López 2002). Prado-Jaramillo et al. (2015) reported the presence of 
acids, aldehydes, ketones, esters, and mainly furans (1-furan-2-yl-ethanone, 
5- acetoxymethyl-furfural, 5-methyl-furfural, furfural and hydroxymethylfurfural) 
and terpenes (α-terpineol, Δ-cadinene, linalool, nerolidol, ocimene and γ-terpinene). 
These are compounds that persist in the distilled and aged beverage (Tables 16.5).

Another compound generated during cooking or the agave fructans hydrolysis 
stage is methanol, whose concentration is stipulated in the regulations of tequila and 
mezcal. Due to the cooking conditions (high temperatures and low pH) methoxyl 
groups are released from the pectin present in the agave heads, and methanol is 
formed in the presence of water. This alcohol is partially separated during distilla-
tion (Prado-Ramírez et al. 2005).

The most studied stage in agave distillates production is fermentation. Usually, 
at the beginning of the process a high yeast diversity is present, mainly non- 
Saccharomyces species (of the genera Candida, Hanseniaspora, Meyerozyma, 
Kluyveromyces, Pichia, Torulaspora, Zygosaccharomyces, etc.) which produce a 
large amount of volatile compounds and flavour congeners that impact in the sen-
sory quality of the agave spirits (Table 16.5). The generation of these compounds 
depends on different factors, including: agave species; preparation of the must with 
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hydrolyzed agave juice, with or without bagasse fibers; spontaneous or induced 
fermentation; yeast strain; fermentation conditions (temperature, dissolved oxygen, 
pH, nitrogen concentration), among others, (Arrizon and Gschaedler 2002, 2006; 
Arellano et al. 2008; Díaz-Montaño et al. 2008; Verdugo Valdez et al. 2011; López- 
Álvarez et  al. 2012; Morán-Marroquín et  al. 2011; Amaya-Delgado et  al. 2013; 
Segura-García et  al. 2015; González-Robles et  al. 2015; Kirchmayr et  al. 2017) 
(Tables 16.5).

During agave juice fermentation higher alcohols are the most important aromatic 
compounds produced, representing between 50–90% of the total of volatile com-
pounds produced during this stage. These include, mainly: amyl alcohol, 1- propanol, 
isobutanol and furfuryl alcohol (Gschaedler et al. 2015). Factors that influence their 
production are the yeast strain (Arellano et  al. 2008; Díaz-Montaño et  al. 2008; 
Segura et al. 2015), high fermentation temperature and low nitrogen concentration 
(Arellano et al. 2008; Arrizon et al. 2006). Esters are the most diverse compounds 
found, and their production depends mainly on the yeast strain. Non-Saccharomyces 
species as K. marxianus, P. kluyveri and T. delbrueckii have been reported to pro-
duce more esters than S. cerevisiae (Amaya-Delgado et  al. 2013; Segura-García 
et al. 2015; Núñez-Guerrero et al. 2016). However, anaerobic conditions (Morán- 
Marroquín et al. 2011) as well as high nitrogen concentrations, can influence the 
production of these compounds in A. tequilana and A. durangensis juices (Arrizon 
and Gschaedler 2002; Rutiaga-Quiñones et al. 2012). At the end of tequila fermen-
tation, Prado-Jaramillo et al. (2015) detected 71 compounds belonging to alcohols, 
acids, terpenes, furans, aldehydes, ketones and esters (Table 16.5).

Other volatile compounds produced during agave must fermentation are: acetals, 
aldehydes, acids, ketones, phenols, hydrocarbons, sulfur, etc., although they have 
been identified, have not been quantified, and the parameters that influence their 
production are still unknown (Prado-Jaramillo et al. 2015) (Table 16.5).

It is important to highlight that agave species, place of origin, age, year season, 
spontaneous fermentation, and fermentation conditions can change the profile of 
volatile compounds produced (Pinal et al. 2009). The different yeast and bacteria 
species that participate in the spontaneous fermentation of agave-spirits can also 
impact the production of non-volatile compounds such as: ethyl acetate, ethyl lac-
tate, acetic acid and lactic acid, that modify the titratable acidity of the must 
(Kirchmayr et al. 2017; Escalante-Minakata et al. 2008; Narváez-Zapata et al. 2010; 
Páez-Lerma et al. 2013).

There are few reports regarding the production and recovery of volatile com-
pounds during the distillation of agave spirits (Prado-Ramírez et al. 2005). In these 
beverages more than 200 compounds have reported mainly: alcohols, acids, ter-
penes, furans, aldehydes, ketones and esters, whose profile varies depending on the 
species of agave used, its region of origin, the fermentation process and distillation 
conditions (Table 16.5) (Álvarez-Ainza et al. 2013; Prado-Jaramillo et al. 2015).

Agave distillates can be aged in wooden (oak, white oak, holm oak) barrels for 
months or years, depending of the type of distillate to be obtain (Fig 16.4k). In aged 
agave spirits more 327 compounds have been identified (Prado-Jaramillo et  al. 
2015). During tequila aging the main compounds detected are: higher alcohols, 
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methanol, esters, furans, gallic acid, vanillin, syringaldehyde, synapinaldehyde, 
coniferaldehyde, syringic acid, ferulic acid, esculetin, scopoletin, cis/trans whisky 
lactones, guaiacol, 4-ethyl guaiacol and, vainillin (González-Robles and Cook 2016).

3.5  Recent Developments and Future Prospects

The great number of agave species and their many uses are a natural and cultural 
symbol of México. For more than 10,000 years these plants have been used for dif-
ferent purposes (nutritional, medicinal, fibers extraction, production of alcoholic 
beverages, construction, etc.). This emphasises why the diversity of agaves must be 
protected to maintain their ecology, ethnobotany and evolution, ensuring their avail-
ability to support the economic and cultural needs of the Mexican people.

The production processes of Agave and Dasylirion spirits have to be understood 
and precisely described. The genetic diversity of the plants used as raw material as 
well as the production and composition of the must have to be determined. The 
microbiota present in the must that participates in the complex fermentation process 
has to be phenotypically and genotypically characterized, and their potential as 
starter cultures. Finally, the precise roles of microbes during spontaneous fermen-
tations in the production of ethanol and aromatic compounds remains to be 
evaluated.

4  Yeasts in Production of Miscellaneous Spirits

This section covers yeast and fermentation aspects of selected miscellaneous dis-
tilled spirits. It is outwith the scope of this Chapter to provide a comprehensive 
coverage of these topics and the reader is directed to several publications and web-
sites for more detailed information (e.g. for fruit-based spirits: http://www.pediaco-
gnac.com/en/; for sugar/molasses-based spirits: Piggot (2003); and for whey-based 
spirits: O’Shea (2003).

4.1  Yeasts in Production of Fruit-Based Spirits

Various spirits are produced following the distillation of fermented fruit sugars. For 
example, brandies are distilled wines and eau-de-vies are distilled fruit beverages. 
The fruits in question are those from which fermentable sugars, principally glucose 
and fructose, can be easily extracted and include grapes, apples, plums, apricots and 
several others.

For brandies, including the best-known example Cognac, the starting material 
for the distillation is wine. Yeast and fermentation aspects of wine production have 
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been well covered in previous chapters in this book and the reader is also directly to 
the recent elegant paper on wine yeasts by Pretorius (2016).

Several naturally-occurring and selected yeasts are involved in grape fermenta-
tions for spirit production, principally including: S. cerevisiae, Candida famata and 
K. apiculata. For cognac production, the Bureau National Interprofessionnel du 
Cognac (BNIC, http://www.bnic.fr/cognac/) in France recommends 8 strains of 
yeast (Dr L. Lurton, BNIC, personal communication) which will produce different 
concentrations of secondary fermentation metabolites that act as flavour congeners 
in cognac spirits (e.g. ethyl acetate, isoamyl acetate, higher alcohols, 2- phenyethanol, 
ethyl laurate etc.). Ester formation by cognac yeasts is a desirable attribute as these 
compounds impart characteristic fruity and floral aromas to the spirit. The choice of 
yeast strain is therefore critical in defining spirit quality.

A typical composition of a freshly-distilled wine spirit like cognac would com-
prise: ~72% v/v ethanol; ~28% v/v water and < 1% volatile substances. Of the latter, 
80 olfactive zones have been characterized by gas chromatography-olfactometry 
and many of these have been identified (e.g. in the following chemical classes: alco-
hol, esters, aldehydes, norisoprenoïds, terpenes, etc.) in concentrations ranging from 
nanogram/l to several hundred milligrams/l. Although cognac aroma originates from 
the grapes, distillation and ageing, the role of yeast and progress of fermentation is 
of paramount importance for cognac sensory characteristics. The BNIC have devel-
oped a cognac aroma wheel that depicts the cycle of the seasons (Fig. 16.5).

Cognac wine fermentations are complete within 4–8 days, depending on tem-
perature which also influences volatile flavour and aroma compounds in the spirit. 
For example, increasing temperature (e.g. 18–22 °C) results in elevated levels of 
higher alcohols, but decreasing levels of isoamyl acetate. In order to have some 
control over congener profiles and also off-flavours, the yeasts employed for cognac 
fermentations (at an inoculation rate of around 1×106 cells/mL) must be able to 
initiate alcoholic fermentation of grape must rapidly to prevent growth of contami-
nant microbes. This is especially important since SO2 is not allowed in cognac pro-
duction processes. In addition, the level of utilisable nitrogen in the grape must will 
dictate the kinetics and extent of yeast growth and nitrogen deficiency can be 
addressed by supplementation (within defined limits) with ammonium salts. Rapid 
yeast growth also exerts some degree of control over bacterial malolactic fermenta-
tion. Generally speaking, distillers producing wine-based spirits such as cognac 
must select the most suitable strains of S. cerevisiae to dominate the fermentation 
and to liberate the correct balance of congeners into the spirit. In other words, the 
sensory profile of a wine spirit, as it is with other alcoholic beverages, is highly 
yeast strain-dependent.

4.2  Yeasts in Production of Sugarcane-Based Spirits

Various distilled spirits can be produced from sugar cane. Those emanating from the 
fermentation of the raw sugar cane juice are spirits such as Rhum Agricole (from 
Réunion and Martinique) and Cachaça (from Brazil), and those emanating from 
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sugar cane molasses are spirits collectively called rum. There are several styles of 
rum, classed as white rum (having no colour, generally unaged in oak wood bar-
rels); amber rum (with a golden colour, typically aged in oak barrels for between 
1–3 years) and dark rum (typically aged 3 or more years). Molasses (or sugar cane 
juice) fermentations can either be spontaneous, relying on natural microorganisms 
(wild yeasts and bacteria) indigenous to the raw materials and distillery environ-
ments, or can be specially selected S. cerevisiae strains to be used as starter cultures. 

Fig. 16.5 Cognac aroma depicting the cycles of the seasons From: http://www.bnic.fr/cognac/ © 
BNIC / Gérard MARTRON
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Fermentations can either be batch, continuous or semi-continuous processes, but in 
all cases, the main fermentable sugar available to yeast is sucrose. Therefore, yeasts 
with a high invertase activity are employed to facilitate sucrose hydrolysis to glu-
cose and fructose. In addition to S. cerevisiae, other yeasts play important roles in 
rum fermentations such as Schizosaccharomyces pombe (Pech et  al. 1984; 
Fahrasmane et al. 1988).l., This fission yeast can impart desirable flavour and aroma 
characteristics, particularly in dark, heavy rum styles. Compared with S. cerevisiae, 
Schizo. pombe conducts slower fermentations, produces less higher alcohols and 
fatty acids, but more esters. This yeast is favoured by low pH and higher sugar con-
centrations in molasses. Schizo. pombe also has interesting enological properties 
such as malo-ethanolic fermentation (Benito et al. 2012).

4.3  Yeasts in Production of Whey-Based Spirits

There are a variety of beverages, both alcoholic and non-alcoholic, derived from 
cheese whey, a by-product of the cheese-making process (Jeličić et al. 2008). In 
addition to whey “beer” and whey “wine”, distilled spirits are also made from 
cheese whey (O’Shea 2003). In all cases, the fermentation of lactose in the whey is 
conducted by lactose-fermenting yeasts, notably K. marxianus (Walker and O’Neill 
1990). The spirits include whey-based vodka and such beverages are produced on a 
large scale in several countries (e.g. Ireland, New Zealand, Turkey). Because whey 
only contains around 5% w/v lactose, it has to be concentrated (following ultrafiltra-
tion to remove whey protein) using reverse osmosis to increase the final alcohol 
concentration in the beer prior to distillation. The alcohol levels produced in whey 
fermentations are also restricted by the relatively low ethanol tolerance of 
Kluyveromyces spp. employed and this is an area for further yeast research.

5  Conclusions and Future Prospects

The diversity of distilled spirits is linked to the diverse starting raw materials and the 
main available sugars for yeast fermentation, which are: maltose (for whiskies), 
glucose and fructose (for brandies), sucrose (for rums), lactose (for cheese whey- 
based spirits) and fructose (for tequila and mezcal). The choice of yeast strain for 
such spirits must therefore reflect specific sugar fermentability. For example, a fruc-
tophilic yeast would not be appropriate for malt wort fermentations for whisky.

Many developments have taken place aimed at improving the efficiency of sugar 
conversion to alcohol, and in selecting new strains of S. cerevisiae to impart desir-
able sensory characteristics to spirit beverages. Walker et al. (2012) have identified 
desirable characteristics for Scotch whisky distilling yeast strains.

Although scientific advances in knowledge of yeast genetics and molecular biol-
ogy as applied to brewing and winemaking have been made in recent times this has 
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proved of very limited practical value to the distiller. In particular, strain engineer-
ing employing recombinant DNA techniques has not found favour for production of 
spirit beverages, mainly due to public perception issues. In other words, the con-
straints in employing GM yeast strains in this field are primarily sociological, rather 
than technological. Self-cloned yeast strains, involving yeast-yeast genetic modifi-
cation may be more attractive to consumers than yeast transformation with non- 
yeast genes and may also be more favourable from a regulatory standpoint (Argyros 
and Stonehouse 2017). Where such genetically manipulated (GM) strains are being 
successfully exploited is in the fuel ethanol sector (see Walker and Walker 2018). 
Nevertheless, some molecular biological techniques applied to beverage spirit yeast 
strains have proved useful. For example, proteomic analysis of whisky yeast strains 
during fermentation has provided insight into stress responses of yeast during fer-
mentation of industrial grain mashes (Hansen et al. 2006). Molecular genetics and 
bioinformatics applied to industrial strains of S. cerevisiae represent powerful tools 
in monitoring and control of fermentations for beer, wine and spirit production 
(Bond and Blomberg 2006). Future research into yeast physiology and genetics will 
lead to a deeper understanding of S. cerevisiae strains exploited for spirit fermenta-
tions. In turn, novel yeast strains with interesting new attributes with improved 
 fermentation performance and flavour quality are on the horizon.
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