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Objectives and Outline

The present work in fulfilment of my PhD degree was performed at Rovira i Virgili University
(URV) from 2015 to 2019. This work was developed in the Oenological Biotechnology group at
the Department of Biochemistry and Biotechnology. During this period, I held a pre-doctoral
fellowship from the Rovira i Virgili University (2016PVE-PIPF-8). Furthermore, in order to get
the distinction of international program I conducted a research at the Australian Wine Research
Institute (AWRI) in Adelaide (Australia) from March to July of 2017. The investigation
performed as a visitor PhD student resulted in a scientific report included in the appendix of the
manuscript.

The research carried out in this thesis is framed within two projects. The first one is the
WILDWINE EU Project (EU contract 315065) and its main objective was to determine the
microbial fingerprint of different Appellations of Origin (AOC) from different European wine
regions. The final goal of the project was to develop original mixtures of indigenous yeast and
lactic acid bacteria (LAB) to produce high quality wines taking advantage of the specific terroir of
its region. The second project was METACONVIN (AGL2015-73273-]JIN), entitled: “Application
of metagenomics and metatranscriptomics to microbiological control of aging wines”. The aim of
this project was to control the microbial communities of aged wines from different regions using
massive sequencing techniques. Taking all this together, a better understanding of the indigenous
yeast and bacterial communities present in the different wine elaboration stages would be
achieved using new technologies that provide new information and knowledge.

Within this framework, the thesis hypothesis was as follows: Certain non-Saccharomyces
yeasts can exert a positive effect on alcoholic fermentation and final wine quality depending
on the available nutrients during fermentation and the interaction of these non-
Saccharomyces yeasts with other microorganisms intrinsically present or inoculated in the
must.

In order to demonstrate this hypothesis, the general objective was to study the effect of biotic
and abiotic factors on yeast and bacterial communities during alcoholic fermentation and its effect

on the resulting wine. This general objective splits up in the following specific objectives:

OBJECTIVE 1: To assess the influence of grape health on non-Saccharomyces yeasts load and

diversity during spontaneous fermentations.
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Obijectives and Outline

The health state of grapes is critical for wine production and it causes great losses in
winemakers from all over the world. The alteration of grape status alters both the chemical and
microbiota composition affecting alcoholic fermentation and the final wine.

In this study, we followed the fermentation dynamics of Macabeo must from different health
status: healthy (i) and affected by sour rot (ii) or Botrytis infection (iii). The aim of this work was
to establish a relationship between the health state of the grape with specific changes on the grape
microbiota using culture dependent and independent techniques.

This objective is described in Chapter 1: Microbiome dynamics during spontaneous
fermentations of sound grapes in comparison with sour rot and Botrytis infected grapes.

Results published in International Journal of Food Microbiology (2018) 281, 36-46.

OBJECTIVE 2: To study the nutrient competition between Saccharomyces and non-
Saccharomyces yeasts during alcoholic fermentation.

As we have already mentioned, the use of non-Saccharomyces yeasts for wine production has
gained interest. However, the use of mixed or sequential cultures of non-Saccharomyces and
Saccharomyces yeasts can be not as good as we have expected depending on many factors. Some
of the main elements that can affect the fermentation performance and yeast dynamics are the
nutrients availability, specially nitrogen and sugar, or the inoculation time of S. cerevisiae.

To better understand the impact of these aspects in alcoholic fermentation, we carried out
mixed fermentations of Saccharomyces and four non-Saccharomyces yeasts under different
nitrogen and sugar conditions together with the sequential addition of S. cerevisiae at different
time points. We finally suggested the most suitable inoculation option depending on the nutrients
conditions.

This objective is described in Chapter 2: Saccharomyces and non-Saccharomyces
competition during microvinification under different sugar and nitrogen conditions. Results

published in Frontiers in Microbiology (2016) 7, 1959.

OBJECTIVE 3: To analyze the effect of non-Saccharomyces yeasts inoculation on the
fermentation performances of grape musts and their resulting wines.
In recent years, we have observed a growing interest in the use of non-Saccharomyces yeasts as

starter cultures for alcoholic fermentation. These yeasts have been described to dispose many
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Objectives and Outline

positive aptitudes that lead to more complex and distinctive wines. Hanseniaspora vineae is a non-
Saccharomyces yeast of special interest mainly for its positive contribution to the aroma profile of
wines.

In this study, we compared the fermentation dynamics and the final wines obtained from
Macabeo and Merlot natural musts inoculated with H. vineae or Saccharomyces cerevisiae. The
fermentations were performed in semi-industrial conditions and yeast population evolution was
analyzed using either culture dependent and independent techniques. Finally, the volatile
compounds of the resulting wines were determined and a sensorial analysis was also undergone
by a specialized panel.

This objective is described in Chapter 3: Comparison of fermentation and wines produced
by inoculation of Hanseniaspora vineae and Saccharomyces cerevisiae. Results published in

Frontiers in Microbiology (2016) 7, 338.

OBJECTIVE 4: To characterize the nitrogen regulation mechanisms in the non-
Saccharomyces yeast Hanseniaspora vineae.

H. vineae has become a promising non-Saccharomyces yeast for winemaking considering its
positive contribution to the aroma profile of wines. However, as we have previously expounded,
nutritional factors like nitrogen content can negatively alter the fermentation performance and
the establishment of the inoculated yeast. The main driver of alcoholic fermentation, S. cerevisiae,
displays a nitrogen regulation mechanism called Nitrogen Catabolite Repression (NCR) to select
the best nitrogen source available in the environment for growth. This mechanism is thoroughly
described in this species. However, little is known in non-Saccharomyces yeasts entailing a big
field to explore which can become of great interest to improve mixed and sequential fermentations
approaches.

In this work, we evaluated the presence of the nitrogen catabolite repression (NCR)
mechanism in H. vineae. To achieve this purpose we did laboratory-scale fermentations using
synthetic must with a specific nitrogen concentration. Finally, we monitored both the expression
of selected ortholog genes regulated under NCR mechanism and the amino acid and ammonium

consumption along the fermentation.
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Obijectives and Outline

This objective is described in Chapter 4: Analysis of the NCR mechanisms in Hanseniaspora
vineae and Saccharomyces cerevisiae during winemaking. Results published in Frontiers in

Genetics (2019) 9, 747.

OBJECTIVE 5: To decipher the genetic and phenotypic diversity of the spoiler yeast
Brettanomyces bruxellensis.

Brettanomyces bruxellensis is a non-Saccharomyces yeast considered as the main responsible
of aging wines spoilage. Its versatility to develop in hostile environments and its capability to
produce volatile phenols emphasize the threat that supposes for winemakers. This yeast also
displays a great genetic and phenotypic diversity regarding to volatile phenols production and
sulphite tolerance, among others.

Taking into account these aspects, we aimed to determine the genetic and phenotypic diversity
of B. bruxellensis strains isolated from different Catalan wine regions. The genetic variability of
the isolates was studied using the intron splice sites (ISS-PCR) technique. After the genetic
clustering of the strains, selected isolates were evaluated for sulphite tolerance and volatile phenols
production.

This objective is described in Chapter 5: Genetic and phenotypic diversity of Brettanomyces
bruxellensis strains from wine regions of Catalonia. Results submitted to International Journal

of Food Microbiology.
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Introduction

1.  From grape to wine: microorganisms at the different winemaking

stages

1.1.  Wine production

The elaboration of fermented beverages is one of the most ancient practices of human history.
In this sense, wine is one fermented beverage that has played a major role in human civilization.
The first evidence of wine production dates back to 2000 years before present in Ancient Persia
(Jagtap et al., 2017; Pretorius, 2000) and it could be considered as the origin of biotechnology.
However, we have to move until 1863, after 200 years of the microscopic observation of yeasts by
Antonie van Leeuwenhoek, when Louis Pasteur recognized yeasts as the responsible of wine
fermentation (Barnett, 2000).

The winemaking process consists in different steps that can vary depending on the type of wine
desired, for example red or white wine (Figure 1). Despite the differences on the elaboration, the

alcoholic fermentation is an essential process to produce any type of wine.
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Figure 1. The main steps in white and red wine production (Jolly et al., 2014).

By and large, alcoholic fermentation consists on the biotransformation of the sugars present
in grapes (mainly glucose and fructose) into alcohol and carbon dioxide (Ribéreau-Gayon et al.,
2006). In addition to sugar, grapes contain other elements like amino acids, polyphenols or acids.
Some of these compounds are also metabolized by yeasts into volatile metabolites which have an
impact on the aroma and flavor of wine (Pretorius, 2016; Swiegers et al., 2005).

Saccharomyces cerevisiae has been universally considered as the wine yeast. This yeast species

has taken this consideration due to its ability to prevail along the winemaking process despite the
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hard conditions of the environment (low pH, high osmotic pressure, high ethanol concentration,
etc.). Other than that, S. cerevisiae is one of the best fermentation performers since it transforms
rapidly and efficiently the sugars present in the must. However, this is not the only yeast species
we find during winemaking process. Other yeast species share their habitat with S. cerevisiae in
some points of the wine production. This group of yeasts are commonly known as non-
Saccharomyces yeasts (Fleet, 2008).

Moreover, other organisms like bacteria and fungi are also cohabitants with yeasts on grape
berry surfaces or in winery environments. All these microbial communities interact and evolve
during winemaking process yielding a complex succession of microorganisms. Depending on
various conditions, the population dynamic would progress in different ways resulting in high
quality and complex wines, uniform wines or spoiled wines. Throughout this introduction, we
will cover the normal population’s progress during the different stages of winemaking, the
different techniques to study this population dynamic, and also which factors can affect the

development of specific microorganisms and the fermentation performance.

1.2.  Grape berry

One of the first steps in wine production begins with grape harvesting. The berry soundness
and the ripening state at harvest will have a great impact on the microbial communities present
on the grape surface and, therefore, on the correct evolution of the alcoholic fermentation.

Initially, the grape surface is inhabited by a community of aerobic fungi, yeasts and bacteria.
However, this aerobic community will be displaced by fermentative organisms as the fruit matures
and the sugar content increases (Bisson and Walker, 2015). Overall, the microorganisms dwelling
the berries are mostly species from the soil that have colonized the different plant tissues through
the roots (Zarraonaindia et al., 2015). This is not the only way to reach the grape surface,
microorganisms can also come from the vineyard, from the agricultural tools used or they can
even be spread by the air and by insect vectors or birds (Barata et al., 2012¢; Loureiro and Malfeito-
Ferreira, 2003; Madden et al., 2017).

Regarding to the population size of the main microbial groups of oenological interest in the
grape berry, yeasts are the predominant organisms ranging populations of 10* — 10° cfu/g when
grapes are mature (Fleet, 2003). On the other hand, acetic acid bacteria (AAB) and lactic acid

bacteria (LAB) reach populations up to 10* - 10° cells/g (Barbe et al., 2001) and 10° cfu/g (Bae et
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al., 2006), respectively in sound grapes. However, the damage of the berry is associated with an

increase load of yeasts and AAB together with the alteration of the species diversity (Barata et al.,

2012a).

The ecology of the grape berry has been studied by many researchers worldwide showing

similar results which demonstrate the ubiquitous nature of the microbial species colonizing the

grape berry and their strong relationship with the vineyard environment (Table 1). Taking into

account all this information, Barata et al. (2012b) proposed to classify the yeast grape microbiota

in three groups depending on their behaviour on grapes. Therefore, the classification is the

following:

1.

Oligotrophic, oxidative basidiomycetous yeasts (Cryptococcus spp., Sporobolomyces spp.,
Rhodotorula spp., Filobasidium spp., etc.) and the yeast-like fungus Aerobasidium
pullulans. These are the dominant yeasts pre-veraison and during early ripening when the
nutrient availability is poor. Apart from grape surfaces, this group is also prevalent in other
plant tissues related to the vineyard environment (soil, bark and leaves) (Barata et al.,
2012b; Bisson and Walker, 2015; Gilbert et al., 2014; Loureiro and Malfeito-Ferreira, 2003;
Pinto et al., 2014).

Copiothrophic ascomycetes yeasts including oxidative (some Candida spp.), weakly
fermentative apiculate (Hanseniaspora spp.), film-forming (Pichia spp.) and fermentative
(Starmerella bacillaris, Metschnikowia spp.) yeast species. These ascomycetous yeasts
succeed the basidiomycetous as the fruit ripens and the juice is released raising nutrients.
Moreover, ecological studies have pointed out Hanseniaspora as the prevailing genus on
grape berries since its species represent between 50-75% of all the yeasts population
(Romano et al., 2006). However, the application of next-generation sequencing (NGS)
techniques have shown that the presence of this genus in grapes and musts depends on the
vintage (Grangeteau et al., 2017) and it is much lower than previously detected by other
techniques (Bokulich et al., 2014; Wang et al., 2015).

Copiothrophic strongly fermentative yeasts (Saccharomyces spp., Torulaspora spp.,
Zygosaccharomyces spp. and Pichia spp.). The high prevalence of this yeast group occurs
when the grape berry is damaged and the environment is full of nutrients (Barata et al.,
2008). Nevertheless, small populations of these genera have been also detected on sound

grapes and musts (Grangeteau et al., 2017; Wang et al., 2015).
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Furthermore, we can also find AAB and LAB in lower proportions on grape surfaces (Table
2). In the case of AAB, Gluconobacter oxydans is the most described species in sound grapes while
in damaged grapes, AAB population increases and includes Gluconobacter spp. and Acetobacter
spp. (Barbe et al., 2001). However, just some LAB species have been identified on berry surfaces
and they mostly belong to Lactobacillus spp., despite the seldom isolation of Pediococcus spp. and
Oenococcus oeni (Barata et al., 2012¢; Bisson and Walker, 2015; Portillo and Mas, 2016). Finally,
other aerobic bacteria are present on grape surfaces although they are not able to survive the
subsequent fermentation conditions. Some of these bacteria are Enterococcus spp., Enterobacter
spp.» Bacillus spp., Burkholderia spp., Serratia spp., and Staphylococcus spp. (Barata et al., 2012a,
2012b).

The employment of NGS techniques has allowed the identification of greater microorganisms
in vineyard environments. Stefanini and Cavalieri (2018) performed a list of the most abundant
fungal and bacterial phyla and genera detected through this technology on grapes and musts,
which in general supports and complements previous works (Table 3).

As the grapes are harvested and enter to the winery, the microbiota of the berry can change
depending on the treatment applied (washing or filtration techniques) or through the contact with
the winery equipment and surfaces containing indigenous yeast populations like Saccharomyces
spp. Once in the winery, the grapes are crushed and the yeast from the berry, mainly non-

Saccharomyces yeasts, enter in contact with the resulting grape juice for fermentation.
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Table 1. Yeast species identified in healthy grape surface and grape must.

Genera

Species

Countries

Basidiomycetous yeast

Cryptococcus C. laurentii Portugal®, Australia®, France?
C. magnus Portugal®, China®, Australia®
C. flavescens China®, France?
C. carnescens China®
C. oreinsis Australia®
C. albidus France®
Sporobolomyces S. roseus Portugal®, France®
Sporidiobolus S. pararoseus China®, France?
S. salmonicolor France®
Rhodosporidium R. babjevae Australia®, France®
Rhodotorula R. laryngis Australia®
R. glutinis France®
R. graminis France®
R. mucilaginosa France®
Ascomycetous yeast
Aerobasidium A. pullulans Portugal®, Spain®®, Italy®, Australia®, France®
Candida C. stellata Portugal®, Italy, France®
C. boidinii Italy®, France?
Other Candida spp. ~ Portugal®, Italy®®, France?, Chile®, China®
Starmerella S. bacillaris Portugal®®, Spain‘", Ttaly?, China®
Hanseniaspora H. uvarum Portuggl(“*’), Spain©®, Chile¥, Italy®?, China®,
France?
H. guillermondii Portugal®, SpainV, Italy?, China®, France®
H. vineae Spain®
H. opuntiae Italy®, France?
H. valbyensis Spain®
Meschnikowia M. pulcherrima Portugal®, Spain‘, Chile'®, Italy”, China®, France?
Pichia P. guilliermondii Portugal®, China®
P. burtonii Portugal®
P. anomala Spain‘, France?
P. glabrum Italy®
P. fermentans France®
Torulaspora T. pretoriensis Portugal®
T. delbrueckii Spain®, Chile®
Issatchenkia L orientalis Spain®, Italy®, China®, France?
L terricola Italy®?, China®, Spain™, France®
Kluyveromyces K. thermotolerans Spain®, Chile, Italy®
K. marxianus Italy®
K. lactis France®
Saccharomycopsis S. vini Portugal®
Saccharomyces S. cerevisiae Spain®, Chile, Italy”, France?
S. boulardii France?
Zygosaccharomyces Z. bailii Spain®, Italy®®, China®
Z. microellipsoide Chile®
Z. fermentati China®, Spain®
Debaromyces D. hansenii Chile¥, France®
Zygoascus Z. hellenicus Italy®©
Yarrowia Y. lipolytica France®
Lipomyces L. spencermartinsiae  France?

(a) Barata et al. (2008); (b) Barata et al. (2012a); (c) Clavijo et al. (2010); (d) Ganga and Martinez, (2004) (e) Tristezza et al. (2013);
(f) Garofalo et al. (2016); (g) Li et al. (2010); (h) Padilla et al. (2016); (i) Prakitchaiwattana et al. (2004); (j) Renouf et al. (2005).
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Table 2. Bacterial species identified in healthy grape surface and grape must.

Genera Species Countries
Acetic Acid Bacteria (AAB)
Gluconobacter G. oxydans France®?, Portugal®, Spain®?, Chile®
G. cerinus Greece®
G. japonicus Spain®
Gluconacetobacter Ga. saccharivorans Portugal®, Spain®
Ga. hansenii Portugal®, Spain®
Ga. liquefaciens Spain®
Ga. xylinus Spain®
Ga. europaeus Spain®
Acetobacter A. malorum Portugal®, Spain®
A. aceti Spain®
A. cerevisiae Chile®, Spain®
A. pasteurianus Spain®
A. tropicalis Spain®
Lactic Acid Bacteria (LAB)
Lactobacillus L. casei France®

L. sanfransiensis

France®®, Spain®

L. lindneri Australia®, Spain®

L. kunkeei Australia®

L. plantarum France, Greece®, Spain®

L. brevis Chile®

L. mali Spain®
Lactococcus L. lactis Australia®
Leuconostoc L. mesenteroides France®?
Pediococcus P. parvulus France®?

P. acidilactici France”

P. damnosus France”

P. pentosaceus Spain®
Oenococcus O. oeni France®®, Spain®
Weisella W. paramesenteroides Australia®, France@
Other bacterial species
Serratia S. rubidaea France®?

Serratia spp. Chile®
Enterobacter E. gergoviae France®?

Enterobacter spp. Chile®

E. ludwigii Greece®
Pseudomonas P. jessenii France®?
Bukholderia B. vietnamiensis France®?
Leyfsonia L. xyli France®?
Bacillus B. mycoides France®

B. subtilis Greece®
Enterococcus E. faecium France®?

E. durans Australia®, Portugal©

E. avium Australia®
Staphylococcus Staphylococcus spp. Chile®

S. saprophyticus Portugal®

S. epidermidis Greece®
Acinetobacter Acinetobacter spp. Chile®
Klebsiella K. oxytoca Greece®
Tatumella T. ptyseos Greece®

(a) Renouf et al. (2005); (b) Bae et al. (2006); (c) Barata et al. (2012a); (d) Renouf et al. (2007); (e) Gonzélez et al. (2005); (f) Prieto
et al. (2007); (g) Nisiotou et al. (2011); (h) Franques et al. (2017); (i) Gonzalez et al. (2004) (j) Valera et al. (2011)
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Table 3. Most abundant genera and phyla identified in grapes and musts using NGS techniques and
classified as “fermenting”, “innocent”, “spoilage” and “unknown effect” microorganisms (Stefanini and

Cavalieri, 2018).

Grapes Fungi Bacteria
Fermenting Hanseniaspora, Saccharomyces Firmicutes, Lactobacillales
Firmicutes, Proteobacteria,
Candida, Debaryomyces, Hanseniaspora, Bacillales, Bacillus,
Innocent . . 7 .
Metschnikowia, Pichia Enterobacteriales,
Pseudomonadales
Botryotinia, Cladosporium, Pichia, L .
Spoilage Ton/tvlaspora, ZygosSCCharomyces, Flrmlcut‘,ss,’ Proteobacteria,
Rhodospirillales
Saccharomycodaceae
Alternaria, Aureobasidium, Cryptococcus,
Erysiphe, Issatchenkia, Itersonilia, Pasteurellales, Bacteroidales,
Unknown effect Monilinia, Mucor, Phoma, Sporidiobolus, Actinobacteria, Lysinibacillus,
Starmerella, Dothioraceae, Pleosporaceae, Sporosarcina
Dothideomycetes
Musts Fungi Bacteria
Fermenting Hanseniaspora, Saccharomyces Lactobacillales, Oenococcus
Candida, Hanseniaspora, Lachancea, .
Innocent Metschnikowia, Pichl; , Rhodospirillales
Spoilage Aspergillus, Botryotinia, Cladosporium, Bacillales, Enterobacteriales,
Saccharomycodes, Penicillium, Pichia Pseudomonadales
Aureobasidium, Davidiella, Erysiphe,
Unknown effect Saccharomycopsis, Saturnispora, Propionibacter, Corynebacterium

Sphingomonas, Starmerella, Yarrowia

1.3.  Alcoholic fermentation

A great diversity of yeast genera and species is initially present in the grape must. As previously
mentioned, the origin of these yeasts is mainly the grape berry. Nevertheless, some yeasts also
come from the resident microbiota of the winery. The vast majority of them belong to non-
Saccharomyces yeast species while S. cerevisiae, which is a typical inhabitant of the winery
environment, is nearly absent on the berry surface and beginning of the fermentation (Fleet,
2003).

The microbiota present in the grape must changes along the alcoholic fermentation process.
Indeed, the initial grape juice composition supports the growth of just certain microbial species
favouring the development of fermentative yeasts. The high sugar content and the low pH are the
main responsible of this selective pressure (Bisson and Walker, 2015). Also the imbalance between
carbon and nitrogen sources is relevant in the selectivity of the grape must (Mas et al., 2014).
Moreover, the addition of sulphur dioxide, an antioxidant and antimicrobial agent, can also exert

an additional pressure especially towards oxidative microorganisms. As the fermentation
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progresses, the environment becomes more restrictive with increasingly anaerobic conditions,
higher levels of ethanol and less availability of nutrients that tighten up the number of microbial
species able to survive (Pretorius, 2000; Ribéreau-Gayon et al., 2006).

Overall, Hanseniaspora, Candida and Metschnikowia genera begin the fermentation process.
Occasionally, species of Pichia, Issatchenkia and Kluyveromyces can also develop during this stage.
These yeast species may grow up to 10°-10” cfu/ml until mid-fermentation when their population
sharply decay. This is the point in which S. cerevisiae becomes predominant, reaching populations
of 107-10° cfu/ml, until it completes the fermentation. Nevertheless, the microbial succession
occasionally can lead to stuck or sluggish fermentations as a result of an excessive propagation of
non-fermentative yeasts that consume the nutrients needed for the development of the
fermentative ones (Ciani et al., 2006; Medina et al., 2012; Padilla et al., 2016a).

Despite the heterogeneous microbial communities present in grape must, S. cerevisiae became
the desired wine yeast to impose over the other species in order to lead the alcoholic fermentation
(Reed and Peppler, 1975). Nowadays, thanks to Miiller-Thurgau who introduced in 1890 the
concept of inoculating wine fermentations with pure yeast cultures, most industrial wineries use
this practice to inoculate a selected yeast strain, mainly belonging to S. cerevisiae, to ensure the
completion of the fermentation and the uniformity of wines (Pretorius, 2000).

This brings us to the concepts of spontaneous and inoculated fermentations. While the
inoculated fermentations guarantee wine production and quality, the result of spontaneous
fermentations is unpredictable. Despite of the spoilage threaten, the final wines from spontaneous
fermentations can be more complex and integrate more flavours than the inoculated ones (Jolly
etal., 2014). In fact, recent trends are pushing winemakers to produce wines through spontaneous
or “natural” fermentations. Again, this is taking wineries to a loss of microbiological control that
can end up in the problems previously mentioned, such as sluggish or stuck fermentations and
the production of unpleasant compounds.

Therefore, to take advantages of both inoculated and spontaneous approaches, mixed and
sequential fermentations are catching winemaker’s attention and interest. Using these strategies,
we can benefit from non-Saccharomyces and S. cerevisiae metabolism obtaining more interesting

and distinctive wines (Comitini et al., 2017; Padilla et al., 2016a, 2017).
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1.3.1. Saccharomyces cerevisiae

Saccharomyces cerevisiae is the dominant yeast species in wine fermentations and many of its
strains are commercialized in the form of active dry yeast as starter cultures. The physiological
aptitudes exhibited by this yeast makes it the most desired driver of fermentation. Thus, not only
it is able to grow under wine fermentation conditions (high ethanol and organic acids levels, low
pH values, scarce oxygen, resistance to SO, and absence of certain nutrients) (Bisson, 1999) but
also it is one of the fastest yeast in consuming sugar and producing ethanol even in the presence
of oxygen (Cabtree effect) (Albergaria and Arneborg, 2016).

Recently, strategies like whole-genome sequencing and systems biology are being evaluated to
achieve a Saccharomyces yeast with the suitable properties to face the current viticulture and
consumer challenges, being climate change one of the most concerning issues (Table 4)
(Borneman et al., 2013; Jagtap et al., 2017). Apart from these strategies, other Saccharomyces
species like S. uvarum and its hybrids with S. cerevisiae (S. cerevisiae x S. uvarum) have gained

interest for their potential to unravel these winemaking challenges (Pérez-Torrado et al., 2017).

Table 4. Desirable properties of wine yeast (Pretorius, 2000).

Fermentation properties Technological properties

Rapid initiation of fermentation
High fermentation efficiency
High ethanol tolerance

High osmotolerance

Low temperature optimum

Moderate biomass production

High genetic stability

High sulphite tolerance

Low sulphite binding activity
Low foam formation
Flocculation properties
Compact sediment
Resistance to desiccation
Zymocidal (killer) properties
Genetic marking

Proteolytic activity

Low nitrogen demand

Flavour characteristics
Low sulphide/DMS/thiol formation
Low volatile acidity production
Low higher alcohol production
Liberation of glycosylated flavour precursors
High glycerol production
Hydrolytic activity
Enhanced autolysis

Modified esterase activity

Metabolic properties with health implications

Low sulphite formation
Low biogenic amine formation
Low ethyl carbamate (urea) potential
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1.3.2. Non-Saccharomyces yeasts

Lately, the new tendencies in winemaking have brought non-Saccharomyces yeasts in the
spotlight of oenological field. Their positive contribution to the wine have largely displaced the
negative background associated to this yeast group. Therefore, many studies conducting mixed
and sequential fermentations have been done in the last few years (Varela, 2016).

Due to the interest of the market in premium and high quality wines together with great
acceptance among consumers of wines presenting distinctive autochthonous peculiarities, we
should introduce the concept of terroir. Wine terroir refers to the relationship between the
features of wine with vineyard environment (Leeuwen and Seguin, 2006). Terroir is influenced by
regional, varietal and climatic factors that in turn condition the microbial biogeography of grapes
(Bokulich et al., 2014). In that sense, the WILDWINE Project was a European project with the
participation of my research group, conducted from 2012 to 2015 that explored the concept of
terroir and proposed the use of indigenous yeasts and bacteria as starter cultures. Therefore, the
microbial fingerprint of different European wine regions was established and the species and
strains that were isolated were evaluated for their aptitudes in wine production (Mas et al., 2016).
For example, in Priorat region, the main species isolated in the vineyard were the yeast-like fungus
A. pullulans and Hanseniaspora uvarum, while in the must, H. uvarum was the predominant
followed by S. cerevisiae and S. bacillaris. Other yeast species like Torulaspora delbrueckii and
Metschnikowia pulcherrima were also identified but in lower proportions (Mas et al., 2016; Padilla
et al., 2016a). Therefore, in order to get a wine with “Priorat terroir” we should industrially
reproduce the described microbial fingerprint with the inoculation of these species at their
respective proportions in the grape must.

The employment of non-Saccharomyces yeasts not only improves wine complexity and flavour
through their enzymatic activities that influence primary and secondary aroma compounds (Jolly
et al., 2014; Padilla et al., 2016b). These yeasts also contribute to wine stability through the
production of extracellular metabolites that prevent the growth of spoilage microorganisms
(Comitini et al., 2004; Mehlomakulu et al., 2017; Mehlomakulu and Africa, 2015; Villalba et al.,
2016). Moreover, their potential in lowering ethanol content in wine is one of the most recent and
interesting features explored to face both consumer preferences and the greater maturity of grapes

as a consequence of climate change (Contreras et al., 2015; Quirds et al., 2014; Varela et al., 2017).
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Table 5. Positive oenological characteristics of non-Saccharomyces yeast.

Yeast genera Oenological features References

Torulaspora Reduction of ethanol concentration Bely et al. (2008), Azzolini et al.
Low volatile acidity and acetaldehyde (2012, 2015), (Belda et al., 2015) ,
Increase production of 2-phenylethanol, Garcia et al. (2017), Gonzélez-Royo
lactones and glycerol etal. (2015), Villalba et al. (2016)
Decrease fatty acids and ethyl esters
content
Consumption of malic acid
Few production of higher alcohols
High mannoproteins production
Release of TdKT killer toxins against
spoilage yeasts

Metschnikowia Reduction of ethanol and acetaldehyde Contreras et al. (2014), Varela et al.
concentration (2016, 2017a), Ruiz et al. (2018),
High production of esters and glycerol Escribano et al. (2018)
Increase levels of the thiol 4-MSP (4-
methyl-4-sulfanylpentan-2-one), 2-
phenyl ethyl alcohol and 2-phenyl acetate
Low volatile acidity

Hanseniaspora Increase levels of acetate esters, ethyl esters  Medina et al. (2013, 2016), Hu et al.
compounds, medium-chain fatty acid (2018b, 2018a), Lombardi et al.
ethyl esters, terpens and fatty acids (2018), Martin et al. (2016b, 2016a),
High production of 2-phenylethyl acetate, Tristezza et al. (2016)
glycerol, acteladehyde and vitisin B
Low volatile acidity
Synthesis of benzenoid compounds

Candida/Starmerella Reduction of ethanol concentration Englezos et al. (2015, 2016a, 2016b,

Low volatile acidity

High production of glycerol,
aldehydes, ketones, terpenes and Cl13-
norisoprenoids

esters,

Decrease ethyl acetate, volatile fatty acids
and malic acid compounds

Production of volatile organic compounds
(VOCs) with antifungal activity agains B.
cinerea

2018), Lemos Junior et al. (2016),
Nisiotou et al. (2018)

Kluyveromyces/Lachancea

Reduction of the pH and acetaldehyde and
higher alcohols content.

Increase of lactic acid, glycerol and 2-
phenylethanol

Low volatile acidity

Release of Kwkt killer toxins against
Brettanomyces/Dekkera

Balikci et al. (2016), Benito et al.
(2015), Comitini et al. (2004a),
Comitini and Ciani (2011), Gobbi et
al. (2013), Kapsopoulou et al. (2005,
2007)

Issatchenkia Reduction of malic acid and acetaldehyde  Kim et al. (2008), Gonzélez-Pombo
Higher production of phenols, etal. (2011), Ovalle et al. (2018)
monoterpens and norisoprenoids

Pichia Increase of the thiol 3-mercaptohexyl Anfang et al. (2004), Benito et al.

acetate (3MHA) and acetaldehyde
Enhancement of vinylphenolic
pyranoanthocianins

Release of killer toxins with antifungal
activity

High content of polysaccharides

(2011), Btlaszczyk et al.
Domizio et al. (2011)

(2015),
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Yeast genera Oenological features References

Zygosaccharomyces Low production of acetic acid, H.S and SO, Domizio et al. (2011), Jolly et al.
Degradation of malic acid (2014b)
High production of polysaccharides

Schizosaccharomyces Consumption of malic acid Loira et al. (2018), Morata (2013),
Decrease urea content Mylona et al. (2016), Romani et al.
High production of polysaccharides (2018)

Increase pyruvic acid and vinylphenolic
pyranoanthocyanin content

1.4. Malolactic fermentation

Malolactic fermentation is performed after alcoholic fermentation by lactic acid bacteria
(LAB). This process is commonly applied in red wines and also in certain white wines with
remarkable acidity. The biological process consists in the conversion of the dicarboxylic L-malic
acid into the monocarboxylic L-lactic acid and carbon dioxide. As a result, there is an increase of
the pH of the wine in 0.1-0.2 units and a decrease of the titratable acidity (Liu, 2002).

Oenococcus oeni is the most common driver of malolactic fermentation. This bacterium
outcompetes other LAB species due to its ability to develop in harsh environments with high
ethanol concentrations, low pH and limited nutrient content. Despite this fact, other LAB species
found in wine belong to the genera Lactobacillus, Leuconostoc and Pediococcus (Table 6)
(Bartowsky, 2005).

Table 6. Lactic acid bacteria genera and species isolated from wine (Bartowsky, 2005).

Lactobacillus Leuconostoc Oenococcus Pediococcus
Heterolactic Heterolactic Heterolactic Homolactic
Lb. brevis, Lb. cellobiosis Lc. mesenteroides O. oeni P. pentosaceus,
Lb. buchneri, Lb. casei Lb. P. damnosus
hilgardii, Lb. jensenii (P. cerevisiae)
Lb. kunkeei, Lb. nagelii P. parvulus

Lb. trichodes, Lb. sakei
Lb. curvatus

Lb. delbrueckii

Lb. fermentum

Lb. fructivorans

Lb. vermiforme
Homolactic

Lb. plantarum

The same as yeasts, the selection of indigenous LAB strains is of interest to get starter cultures
for malolactic fermentation and obtain wines with specific terroir (Mas et al., 2016). In the
WILDWINE Project, Franques et al. (2017) identified and typified several LAB strains from

grapes and wine of Priorat region. Whereas in grape samples Lb. plantarum was the main species
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recovered, in wine, O. oeni was the predominant one representing almost the 96% of all the LAB
isolates.

Finally, considering the new role of non-Saccharomyces yeast in alcoholic fermentation, many
studies about the effect of non-Saccharomyces yeast on LAB and malolactic fermentation are being

performed to face the new oenological scenarios (Balmaseda et al., 2018).

1.5. Aging and bottling

After alcoholic or malolactic fermentation, wine can be directly bottled or undergo an aging
period in barrels. This post-fermentation stage is a critical point in winemaking since the
occurrence of some microorganisms can alter the quality of the final product.

The main microorganisms that represent a risk in this stage are acetic acid bacteria (AAB),
particularly Acetobacter species, and the yeast Brettanomyces bruxellensis (Bartowsky, 2009;
Loureiro and Malfeito-Ferreira, 2003). Nevertheless, LAB and other Saccharomyces and non-
Saccharomyces yeasts can also develop during the aging stage and spoil the wine (du Toit and
Pretorius, 2000). The growth of AAB supposes an important concern since it results in the
production of acetic acid by the oxidation of ethanol. In order to avoid AAB is necessary to ensure
the absence of oxygen during storage as they are aerobic bacteria (Bartowsky and Henschke,
2008). On the other hand, B. bruxellensis presence can occur even under oxygen absence and its
threat is mostly related to its ability to produce volatile phenols that confer unpleasant aromas to
the wine (Loureiro and Malfeito-Ferreira, 2003).

There are three possible points in which these organisms can enter in the winemaking process:
from the raw material including grapes and winery equipment, during alcoholic and malolactic
fermentation, and finally, during aging in oak barrels and bottling. The aging stage takes place
during several months allowing the slow growth of spoilage microorganisms coming from
previous stages or already present in the barrels and bottles. Indeed, wines stored in barrels are
more exposed to Brettanomyces spoilage since they are used several times and B. bruxellensis has
been found 8 mm down within the wood barrel staves (Malfeito-Ferreira, 2005). Therefore, an
appropriate cellar sanitation, the exclusion of oxygen and the supplementation with antimicrobial
agents are extremely important in these post-fermentation processes to prevent the development

of spoilage yeasts and bacteria (du Toit and Pretorius, 2000).
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Additionally, these microorganisms can also proliferate after bottling causing turbidity or haze
related to the microbial growth, producing oft-flavours and releasing carbon dioxide. Thus, the
amount of residual nutrients and microorganisms should be taken in consideration to avoid

microbial development and ensure the wine entirety (Bisson and Walker, 2015).
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2. Approaches to assess the microbiome diversity during wine

elaboration

The study of the microbial populations during winemaking, from grapes to wine, is a field of
interest since Pasteur determined that alcoholic fermentation was a biological process (Barnett,
2000). Initially, the microbiota diversity was basically assessed by culture-dependent techniques.
However, the limitations of culturing methods and the diversity discrepancy between culturable
and in situ microorganisms has turned out the attention to culture-independent techniques,

basically based on molecular biology approaches.

2.1.  Culture-dependent techniques

Several culture media and conditions are used to recover the vast majority of the species in the
environment or a specific microorganism. Therefore, the choice of the media will determine the
characterisation of the community.

In oenological field, some culture media are commonly employed to isolate microorganisms
associated with the winemaking process. Actually, plating in a non-selective rich medium like
YPD (Yeast-Peptone-Dextrose) is the most usual practice to follow yeast populations during
fermentation. However, the fast growth of Saccharomyces species restricts the development of
other yeast species belonging to non-Saccharomyces group. To face this problem, samples are also
plated on Lysine Agar where Saccharomyces grows slowly in comparison to non-Saccharomyces
yeasts when lysine is used as the only nitrogen source (Bisson and Walker, 2015; Egli et al., 1998).
Other strategies to isolate specific yeast species have been developed. For example, the addition of
cycloheximide in the medium selects some non-Saccharomyces species and it is specially applied
for Brettanomyces isolation (Barnett et al., 1990). In addition, WL (Wallersteins Laboratory
Nutrient Agar) medium is a very interesting tool to assess the known community of a
fermentation because it is a non-selective medium that allows yeast identification by colony
colour and morphology (Pallmann et al., 2001). However, the application of this medium for
ecological studies can be questioned as some species or genera share similitudes of morphology.
Thus, the use of this medium has to be accompanied by other identification methods.

Regarding to LAB and AAB recovery, MRS and GYC media are respectively used for the
selective isolation of each microbial group. In fact, MRS is a complex broth containing different

nutrient sources to support LAB growth (De Man et al., 1960). Moreover, this medium has been
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optimized to recover these bacteria from hostile environments like wine providing it with
additional salts, amino acids or antimicrobial and antifungal agents (Bordas et al., 2013). Finally,
GYC (Glucose-Yeast Extract-CaCOs) is described for AAB isolation in wine (Ruiz et al., 2000)
and it has become one of the preferential media for many researchers. This culture medium
enables a great strains recovery and a quick and visual identification of AAB, since their
production of acetic acid degrades the CaCOsresulting in a clear halo on the plate (Vegas et al.,
2010).

After isolation and growth of the different microorganisms in each medium, isolates are then
identified using molecular techniques mainly based on the polymerase chain reaction (PCR) of
different ribosomal DNA regions. For example, the restriction enzyme digestion of internal
transcribed spacers (ITS) amplicons from 5.8S ribosomal DNA region (Esteve-Zarzoso et al.,
1999; Guillamén et al., 1998) is the leading technique for yeast identification together with rDNA
sequencing analysis (Kurtzman and Robnett, 1998). Furthermore, restriction analysis of different
rDNA regions (PCR-RFLP of 16S rDNA; PCR-RFLP of 165-23S rDNA ITS or PCR-RFLP of 16S-
23S-5S8 rDNA) are also proposed for identification of AAB at species level (Mas et al., 2007).
Similarly to yeast and AAB, the characterisation of LAB from oenological environments usually
revolves around the restriction analysis of the amplified 16S rDNA, known as 16S-ARDRA
method (Rodas et al., 2003).

The application of these culture-dependent techniques has allowed the isolation and
identification of more than 70 genera of fungi and up to 40 yeast and 50 bacterial species
associated with winemaking (Morgan et al., 2017). Despite the successful results of culture based
methods, its application is time consuming and sometimes ends up with biased results (Andorra
et al., 2008; Rantsiou et al., 2005). Moreover, the culture media and conditions only allow the
growth of some species, commonly the most abundant and fast-growing ones. So, these
techniques fail in reproducing the ecological niches since they just show a small fraction of the
community leaving low abundance species as well as viable but non-culturable (VBNC) cells
behind (Andorra et al., 2008; Millet and Lonvaud-Funel, 2000; Nocker et al., 2007; Torija et al.,
2010) . Nowadays, in order to have a better image of the microbial diversity and community

composition of wine related samples, the use of culture-independent techniques is required.
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2.2.  Culture-independent techniques
At the end of the 20" Century, researchers started using culture-independent techniques to

study the microbial ecology in fermented foods. Most of these techniques rely on molecular
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