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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 10° and 10° 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 DekkeralBrettanomyces, Candida, Cryptococcus, Debaryomyces,
HanseniasporalKloeckera, 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

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

Aerobasidium

A. pullulans

Dekkera/
Brettanomyces

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

Occurrence on grapes

surface at harvest time;

low production of

volatile acidity;strong

fructofilic character;high

amounts of glycerol
production.

Starmerella

S. bombicola (formerly Candida stellata)

(continued)
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Table 1.1 (continued)

Occurrence on grape
berries before and during
full ripeness.

Cryptococcus

- | Potential presence on
| grape surface.

Debaryomyces

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

et r Chtsd ™, fermentation; weak
H. uvarum ethanol tolerance; less
efficient fermentation;
highest ability for
acetate formation.

Hanseniaspora/
Kloeckera

(continued)
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Kluyveromyces Generally present in
grape berries; found
during various stage of
fermentation.

K. marxianus
Metschnikowia 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)

Issakentia

It possesses divergent

‘| copy or -DNA GENE in

comparison with other
species;unambiguous
identification.

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

Candida

2

)

Present in grape berry
surface during various
stage of ripening;

fructophilic character.

Whickeramomyces

C. californica

W. anomalus (Pichia anomala)

|| Less frequent in grape
¢ | berry; Effect against

Dekkera/Brettanomyces
during fermentation or

aging

(continued)
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L o Yol I
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 SO, in
winery is widely present
(30-40% of total yeast
population)

Schizosaccharomyces

Zygosaccharomyces

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

Z. bailii

Strongly fermentative

| yeast; occasionally

present in unripe and
overripe grapes; high
ethanol tolerance

(continued)
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Table 1.1 (continued)

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 p-phenyl
ethanol

Torulaspora

Lachancea 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 p-phenyl
ethanol

L. thermotolerans

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; Hernandez
et al. 2018).

Oxidative-Fermenting Yeasts

HanseniasporalKloeckera 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-
tionalsodecreases 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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Fig. 1.1 Factors affecting yeast community in vineyard

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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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; Tesli¢ 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 <I 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 Ordufia 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, Cadez 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 Martinez (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 Martinez (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 Martinez (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 (Serrania 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; Katalini¢ 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
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Fig. 1.2 Factors affecting yeast community in winery

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; Ocon 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; Océn et al. 2010). Here may
exist a significant selective pressure on the S. cerevisiae population of the winery by
factors such as ethanol and SO, (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; Océn 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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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; Océn
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 Costanti 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
(Santamaria 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 SO, 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; Ocon 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
KloeckeralHanseniaspora, 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; Guillamén 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, SO, 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



1 Yeast Ecology of Wine Production 23

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; Pefia 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 (Konig 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 x Saccharomyces kudriavzevii X 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 x 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 107! and 107! 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 7. 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, 7. delbrueckii pos-
sesses several positive features that could be profitable used. Several investigations
agree that 7. 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 (a terpineol and linalool)
(Cus 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 p-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 Gonzdlez-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
Jjaponicus) 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
(Rodriguez 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 Téth 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.

DekkeralBrettanomyces 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). Dekkeral/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 (SO,). The recommended molecular dose
of SO, 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, SO, 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
SO, 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 DekkeralBrettanomyces 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 Kkiller 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 7. 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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