























1. Introduction

The main characteristic of red winemaking (Figure 3) is the extraction of the
polyphenols of grape skins. This means that grape skins will be present during more
time than in white winemaking where grape berries are rapidly crushed and pressed
and the skins are removed. Red grapes are destemmed, and a small scratch is made.
After that, scratched grape berries are directly introduced into the fermentation tanks.
In this process, grape berries are fermented as a whole with skins, pulp and seeds.
During winemaking compounds contained in grape skins are released thanks to
alcoholic extraction. Polyphenols and aromas are transferred from skins to fermenting
must. As result of the generated CO, during fermentation, solids, mainly grape skins
are displaced to the top of the fermenter. That combination of solids is called cap. With
the purpose of optimising the extraction of skin compounds some technological
operations are usually done to move and break the cap. The preferred operation is
pumping over which involves the circulation of the fermenting must from the bottom
of the tank over the cap of skins in the top of the tank. This provides a percolation
effect where the must passes through the skins and homogenises the liquid. Other
operations involve plunging or punching down, heading down boards, etc. Apart from
the extraction it is important to break the cap because it accumulates a lot of heat which

eventually could be inconvenient for the quality of the wine.

Figure 3. Main steps of red vinification process (Adapted from Jolly et al., 2014)

After AF, wine liquid is extracted from the tank. Moreover, high content of wine

remains inside the skins. So, a pressing operation is needed to extract that liquid.
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1. Introduction

Once the AF of white and red wine is finished, they can undergo the MLF by LAB.
And finally, some finning operations are performed to prepare the wine for
consumption. Usually, MLF is performed in presence of yeast lees. Yeast lees are the
fermenting yeast that after completing the AF begin to die (Belda et al., 2016). During
this process yeast dead cells start to autolysate due to the hydro alcoholic environment.
These releases their intracellular components and enrich wine for the growth of LAB

(Diez et al., 2010).

1.1.3. Wine attributes

1.1.3.1. Volatile compounds and aromas in wine

Aroma is one of the most important sensory attributes of wine. It is compound by
a pool of hundred odorant molecules in concentrations of mg/L or even ng/L. Wine
aromas are generally classified in three groups: (i) varietal aromas, those coming
directly from the grape berry, (ii) fermentative aromas, or secondary aromas, related

to microbe metabolism and (iii) aging aromas from the aging process (Figure 4).

Norisoprenoids
Terpenes Methoxypyrazines
Varietal thiols

Ethyl esters Fatty acids
Acetates Fusel alcohols
H,S Acetic acid
HyS Acetic acid
Acetoin
2,3-butanediol Thio esters

Furans Strecker aldehydes
Alkenes

Ketones Lactones

Figure 4. Wine aroma classification. Main odorant family compounds are grouped regarding to their origin.
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Varietal aromas play an important role in the wine aroma. Besides, they contribute
to wine quality and character more than other family aroma (Ribéreau-Gayon et al.,
2006). It is determined by the V. vinifera cultivar of the fermenting grapes (Ruiz et al.,
2019). From that high amount of odorant molecules, few participate really in the

aromatic fingerprint of the cultivar (Gonzélez Alvarez et al., 2011).

This family is directly present in grape must as free odorant compounds. However,
the most of them are hired odorant compounds in precursor aroma forms. These
compounds are generally bounded to a sugar or amino acid molecule which are not
odorant. As result of chemical or enzymatic reactions during winemaking, those
bounds are broken and the aroma is released as free odorant molecule (Belda et al.,
2017b; Styger et al., 2011). Moreover, it exists an evolution of each aroma during the
ripening process where the aroma is transformed between the odorant and non-
odorant forms (Arias-Pérez et al., 2020). Also, they can be released as consequence of

mastication and salivation (Ferreira and Lopez, 2019).

Varietal aromas are secondary metabolites synthesized by the vine. The main
compounds of this family are terpenes and norisoprenoids (Figure 4). Also,
methoxypyrazines and varietal thiols contribute significantly to these aromatic group

(Ribéreau-Gayon et al., 2006).

Terpenes are the most studied varietal aromas of grape berries (Gonzalez-Barreiro
et al., 2015) and they exhibit the classical aroma of Muscat grapes. They can be
presented as free odorant form or non-odorant volatile precursor. These precursors
are mainly glycosylated. As result of the {3-glycosidase enzymatic activity of grape
enzymes or microbial metabolism, they are transformed to their free odorant form
(Michlmayr et al., 2012; Ribéreau-Gayon et al., 2006). The most important terpene is

linalool, together with genariol, among others (Ferreira and Lopez, 2019).

Norisoprenoids come from the chemical or enzymatic breakdown of 3-carotenoids
and lutein and are related with floral and fruity aromas (Gutiérrez-Gamboa et al.,
2018). The most important norisoprenoids are: 3-damascenona, 1,1,6-trimethyl-1,2-
dihidronaftalene (TDN), el vitispirane y la {3-ionona (Mendes-Pinto, 2009). They are
mainly responsible of the varietal aroma of some cultivars as Chardonnay and

Sauvignon Blanc (Gonzalez-Barreiro et al., 2015).
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1. Introduction

The focus will be pointed in fermentative volatile compounds as they are the result
of the metabolism of yeast and LAB during the winemaking process. These volatile
compounds such as fusel alcohols, acetates, fatty acids (FA), esters, etc. (Figure 3) will

be discussed latter when talking about the fermentative processes (AF and MLF).

Ageing aromas are produced during wine ageing and storage as consequence of
chemical oxidations and aroma transference from the oak barrel. The main family
compounds related with ageing aromas are furans, Strecker aldehydes, alkenes,
ketones and lactones (Mayr et al., 2015). They are associated with olfactory sensations
of woody, balsamic, confectionery fruit, etc. (Escudero et al., 2000; Silva Ferreira et al.,
2003). Besides, they play an important role on the aroma quality of wines from overripe
grapes as Pedro Ximenez or Sauterness (Issa-Issa et al., 2020). Usually, their
concentration during wine ageing increase while varietal and fermentative aromas
decreases (Dumitriu et al., 2019; Loscos et al., 2010). This evolution is due to oxidation
reactions. Indeed, (Mislata et al., 2020) observed that Rioja red wines after strong
oxidation, exhibited a loss of 40% on the fermentative aromas and an increase of 85%

on the ageing aromas.

1.1.3.2. Wine polyphenols

As wine colour is the result of the present colourful forms, we need to precisely
quantify and catalogue the colour of red wines. For this purpose, CIELAB colorimetry
model is used to describe wine colour. The CIELAB model, adopted by the CIE
(International Commission on Illumination) in 1976. It represents a complex colour
space which models human vision and is independent of any material. The CIELAB
model builds on the theory of opponents by drawing inspiration from Richard
Hunter's former Model Lab (1942). The representation of a wine sample in the
CIELAB space depends on its coordinates: lightness (L*), chroma (C*), hue (h*),
red—greenness (a*), and yellow—blueness(b*) which precisely define the colour of the

sample.

Apart from their contribution to wine colour, they seem to have no other flavour
properties in the concentrations found in wine (Castafieda-Ovando et al., 2009). 15
anthocyanins can be found in wines produced with Vitis vinifera grape berries where

malvidin-3-O-glucoside is the most abundant one (Ribéreau-Gayon et al., 2006)
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Tannins are a group of molecules that can form stable bounds with proteins (Lamy
et al., 2011), polysaccharides (Li et al., 2019) and alkaloids. Generally, tannins are
classified as hydrolysable tannins and non-hydrolysable tannins according to
Freudenberg since 1920. This classification has been recently updated defining non-
hydrolysable tannins as condensed tannins or proanthocyanidins (Smeriglio et al.,
2017). They are responsible for the astringency of wine, that is, the sensation of dryness
and roughness in the mouth epithelium caused by astringent factors as tannins (Llaudy
et al., 2004). Red wine astringency is the result of the interaction of wine tannins with
salivary proteins though the formation of hydrophobic complexes or hydrogen-
bonded cross-linked complexes. Altogether, tannins contribute to the organoleptic
profile of wines as astringency is one of the most important properties which define

the quality of red wines. (Gawel, 1998; Gawel et al., 2000).

1.1.3.3. Perception of sensory attributes of wine

Wine chemical composition is a complex matrix to evaluate (Cayot, 2007). There
are hundreds of molecules which have some sensory effect in the costumers, in what
is called flavour. The flavour is defined as the “perception resulting from stimulating a
combination of the taste buds, the olfactory organs, and chemesthetic receptors within
the oral cavity” (Waterhouse et al., 2016). In this sense, the concentration of those
molecules is extremely low. Apart from water, ethanol, glycerol, tartaric and malic
acids, the rest of the molecules are in concentrations of mg/L, ng/L or even pg/L
(Figure 5). Those molecules interact and can exhibit synergic or antagonistic effects

which result in higher or lower perception in the costumer.

The perception of a molecule depends on the threshold concentration (Francis and
Newton, 2005). It determines the minimum quantity of the substance that can be
detected by the person. It can be affected by the sex of the person, the expertise and the

interaction with other molecules.

Wine tasting is the tool to assess the quality and the impact of particular
winemaking practices in the wine organoleptic profile. It is important since chemical
modification are not always precepted by the costumers. Wine tasting is composed by
three phases: (i) visual phase, where the colour and visual appearance of wines is tested;

(ii) olfactory phase, where the volatile composition is analysed and (iii) tasting where
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1. Introduction

the tactile attributes are studied. The summary of these three phases can assess the
impact of the chemical composition in the flavour exerted by the product and,

consequently precepted by the consumer.

Minerals 13%
Glycerol 1%
|

= \ Others 1%

L Organic acids 1%

Methanol 1%

_Sulfites 1%
Volatile esters 1%
_Acetaldehyde 1%

Figure 5. Representative composition (% w/w) of an average dry red table wine (Adapted from Waterhouse et al.,
2006).

1.1.4. Climate change in winemaking

In the last decades the temperature of the Earth is increasing (Ubeda et al., 2020).
One of the most affected sectors is the agricultural sector which is losing their
cultivable lands as consequence of desertification. Indeed, wine industry is affected
since it depends on grape berry development. The main consequence is that the grape

berry accumulates more sugars and has lower acidity.

As temperature rises, the sugar accumulation in grape is faster so the optimal ratio
sugar:acids is earlier achieved. It is not the same for the development of secondary
products as polyphenols and aromas. So, the higher the temperature, the more

decoupled are these two ripening processes (Pons et al., 2017).

In this new challenging scenario, winemakers have to harvest grapes earlier to their
ideal accumulation of secondary products to ensure an adequate sugar content to not
have fermentation problems (Fraga, 2019; Hannah et al., 2013). Besides, high alcoholic

content wines are not desirable by costumers.
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As consequence, the extraction of secondary metabolites, mainly from grape skins,
has never have such an importance. As well as the development of strategies form
reducing ethanol in winemaking. It is now necessary to have high extraction yields to
overcome the lees concentration of flavours and low ethanol yields. In this way, the
use of microbial resources, such as non-conventional yeasts can be a particular answer
to these problems by lowering ethanol (Contreras et al., 2014; Quiros et al., 2014; Zhu
etal., 2020), modulating wine acidity (Vilela, 2019) and extracting flavours (Escribano-
Viana et al., 2019).

1.2. Alcoholic fermentation and wine yeasts

The most important step of winemaking is the AF. As previously introduced the
changes occurring in this step are crucial for the obtaining of wine. This
biotransformation is performed in grape must where a complex microbiota is present
(Bagheri et al., 2020). Considering the main microbial groups of oenological interest
in the grape berry, fermentative yeasts are the predominant (10*-10° CFU/g) followed
by LAB (10° CFU/g) and acetic bacteria (10*-10° CFU/g) (Bae et al., 2006). These
population and proportions can be affected by the health status of the grape (Barata et
al., 2012).

From those, a diverse group of different yeast genera and species are the main AF
agents. These yeasts coming from the mature harvested grapes have to be adapted to
the changing environment found in fermenting must (Beltran et al., 2002). What is
more, some other yeasts that can be found in the fermenting may not come from the
grape but from the winery (resident microbiota). Most of them belong to non-
Saccharomyces species and it is not until middle stages of AF when S. cerevisiae will
appear (Beltran et al., 2002). High sugar concentration, which results in high osmotic
pressure, and low pH of grape must will be responsible of the selection of those yeast
species that will ferment the must (Garcia-Rios and Guillamoén, 2019; Pizarro et al.,
2007). Other compounds can also participate in the selective pressure of the must such
as the addition of sulphur dioxide, or the low concentration of nitrogen compounds
(Garcia-Rios and Guillamén, 2019). Since yeasts rapidly consume sugars and

transform it to ethanol and CO,, the selective pressures change and the fermenting
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medium develop to anaerobic (Garijo et al.,, 2011). Also, the quick metabolism of

yeasts impoverishes the must in terms of nutrients in high speed.

Species from the genera Hanseniaspora, Pichia, Candida, Kluyveromyces and
Metschnikowia are found in that early stage of AF. Occasionally, Zygosaccharomyces,
Saccharomycodes, Torulaspora, Dekkera and Schizosaccharomyces species can be

found (Fleet, 2003).

During the first days this yeast community start to grow until they reach 10°-10”
CFU/mL. As the ecosystem begin to change, their viability starts to decrease and the
previously not detected S. cerevisiae starts to grow (Beltran et al., 2002; Fleet, 2008). By
mid-fermentation the growth of S. cerevisiae is the dominant one of the fermenting
must reaching populations of 10’-10* CFU/mL (Albergaria and Arneborg, 2016). At
this point the fermentation is only controlled by S. cerevisiae and it ensures a successful
complete consumption of sugars. However, depending on the grape health status and
the winemaking operations the imposition of S. cerevisiaze can undergo difficulties
which can occasionally lead to stuck or sluggish fermentations. Besides, the complex
microbiota interactions present during AF, mainly the first stages, will determine the

outcome of the AF (Bagheri et al., 2020).

1.2.1. Yeast metabolism in wine

Their main metabolism is sugar metabolism related to the AF. Still, other
metabolisms are important for their survival as nitrogen and fatty acids (FA)
metabolism. Apart from the role in yeast growth, these metabolisms are responsible

for the production of many products of oenological interest found in wine.

1.2.1.1. Sugar metabolism: glycolysis, alcoholic fermentation, glyceropyruvic

fermentation and Krebs cycle

Hexoses (glucose and fructose) are the main sugar substrates found in grape must
(Figure 6). That is why, these molecules are the preferential carbon source for yeast
catabolism in wine. The transport into the cell is driven by membrane-bound

transporters encoded in several genes (Diderich et al., 1999).

39



1. Introduction

Glycolysis is a ubiquitous pathway present in yeasts (Barnett and Entian, 2005). It
involves the process where a hexose is oxidized to pyruvate. During the process, NAD*

is reduced to NADH and two molecules of ATP are produced. Steps from glucose to

pyruvate are commonly known as Embden-Meyerhof-Parnas (EMP) pathway.

Amino
acids

Y

‘/I Fusel alcohol acetate a-keto acid
Glycerol 4———————— DHAP o3P \§ Fusel alcm\
F‘ynt/ate —> Acetaldehyde ————> Ethanol
Aldehyde
27 |
/ Acetate FAEE
Pyruvate l -

Acetyl-CoA Acetyl-CoA = Malonyl-CoA

H,S

OAA

l Ciliate

Malate
l Isocitrate

|

a-ketoglutarate

l 1 MCFA-CoA
. inate-CoA

SCFA-CoA

Fumarate

LCFA-CoA

Figure 6. Scheme of the most relevant oenological metabolisms of yeasts. CoA: coenzyme A, DHAP;
Dihydroxyacetone phosphate, FA: fatty acids, FAEE: fatty acid ethyl esters, G3P: Glyceraldehyde 3-phosphate,
OAA: oxalacetate.

Under fermentation conditions, those reduced NADH are accumulated due to the
high hexose concentration and, consequently high activity of this pathway. That is why
pyruvate is used to re-establish the redox balance between NADH and NAD*. Pyruvate
is cleaved into acetaldehyde and CO, by the pyruvate decarboxylase (PDC1, PDC5 and
PDC6). Then, acetaldehyde is reduced to ethanol by alcohol dehydrogenase (ADH]1,
ADH2, ADH3, ADH4 and ADH5) or be metabolized to cytosolic acetyl-CoA via
acetate by acetaldehyde dehydrogenase and acetyl-CoA synthase. This acetyl-CoA is

used for the biosynthesis of lipids and amino acids.

Another pathway yeast can use to re-establish the redox balance is the

glyceropyruvic fermentation. An intermediate of glycolysis, through glycerol 3-

40



1. Introduction

phosphate dehydrogenase is converted to glycerol-3-phosphate, which is an
intermediate to glycerol. Finally, glycerol 3-phosphatase produces glycerol as end
product of this fermentation. This pathway is usually active in the first stages of the AF
when alcohol dehydrogenase lacks (Flores et al., 2000; Ribéreau-Gayon et al., 2006).
Indeed, the production of glycerol helps the yeast to face the osmotic pressure found

in grape must (Garcia-Rios and Guillamén, 2019).

The citric acid cycle (TCA) or Krebs involve 8 enzymatic reactions which
completely oxidize acetyl-CoA into CO,and H,O (Ribéreau-Gayon et al., 2006). These
cycle takes place in the mitochondrion, in contrast to the other previous pathways
driven out in the cytosol. In anaerobic conditions where oxygen is present the main
carbon flow passes through this cycle generating high reductive power which is later
used to produce energy in the electron transport chain (ETC). Pyruvate is transported
into the mitochondria. Then, pyruvate is oxidized to acetyl-CoA and CO, by the
pyruvate dehydrogenase complex, resulting in one molecule of NADH+H*. Once
acetyl-CoA is formed, enters TCA cycle by combining with citric acid by citrate

synthase.

However, under fermentation conditions, several enzymes in the Krebs cycle have
minimal activity, most notably citrate lyase and succinic dehydrogenase. As a result,
the Krebs cycle acts like two independent branches under fermentation conditions
(Waterhouse et al., 2016). Even if this uncoupled TCA cycle dos does not act as energy
pathway under fermentation conditions, it represents an important biosynthetic

pathway for some intermediary metabolites.

Succinic acid is the TCA cycle’s most generated metabolite. It is mainly formed by
the reductive branch from pyruvate (Camarasa et al., 2003). Also, succinic acid
concentration can increase if the yeast uses amino acids (as aspartate, GABA and
glutamate), to produce oxaloacetate and then, succinate. In this process, NADH+H" is
produced which contrasts with the need to re-oxidize this cofactor in fermentation
condition. However, FAD" is also obtained which is essential for FA biosynthesis. It is
not usually to produced malic acid or citric acid, since their concentration is high in
grape must and they can be incorporated from it. So, it is common to have little loss of

those after AF.
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1.2.1.2. Fatty acids and ethyl esters

Biosynthesis of fatty acids (Figure 6) is a very important metabolism in yeast since
FA constitute the basic component of lipids. Depending on the double bound content
they are classified as (i) saturated (SFA), monounsaturated (MUFA) and
polyunsaturated (PUFA) (Waterhouse et al., 2016).

Fatty acids play an important role in cellular membrane and, thus, in the response
to environmental stresses (Hunter and Gaston, 1988; Nielsen, 2009). Also, they
participate in cell secretion and can be used as energy source through 8-oxidation

pathway (Jump, 2004; Van Meer et al., 2009; Trotter, 2001).

Fatty acids are synthesised in the cytosol from acetyl-CoA (Waterhouse et al., 2016).
Also, fatty acids can be synthesised in the mitochondria (Tehlivets et al., 2007). This
acetyl-CoA is formed in the cytosol, contrary to the one used in the TCA cycle. It is
formed from acetic acid coming from the oxidation of acetaldehyde. The reactions of
this pathway are catalysed by the multienzyme fatty acid synthase complex (FAS). The
pathway begins with the elongation of acetyl-CoA to malonyl-CoA to form a 4-carbon
(C4) intermediate. The, further elongation steps follow with the combination of more
molecules of malonyl-CoA to produce intermediates of C6, C8 and so on skeleton FA,
before eventual release of the saturated palmitate FA (C16:0). Branched-chain and
odd-numbered FA can be formed through the same pathway by substituting the
acetyl-CoA for another acyl-CoA (Martin and Vagelos, 1960). FA with an odd number
of carbons can be formed starting from propionyl-CoA (Luttik et al., 2000). Apart from
those long chain FA, less long chain FA are produced during the metabolism of yeast

in AF.

FAs are also classified regarding to their chain length as: short chain FA (SCFA),
C3-C5; medium chain FA (MCFA), C6-C12 and long chain FA (LCFA), >C12. LCFA
are responsible of the integrity of the cell membrane, but they do not participate in the
organoleptic properties of wine. However, less long chain FA, as they are more volatile,

they directly impact in the volatile composition of wines.

Acetic acid is formed as a metabolic intermediate in the synthesis of acetyl-CoA
from pyruvic acid. It is formed directly from acetaldehyde by aldehyde
dehydrogenases. MCFA accumulation result in the inhibition of the first stages of FA

42



1. Introduction

synthesis (Saerens et al., 2010) and they are released from the cell and, consequently,

accumulated in wine.

FA can eventually form ethyl esters in alcoholic media through esterification. This
reaction can occur via enzymatic catalysis or during ageing by non-enzymatic acid
chemical reaction. The reaction is in equilibrium between the free FA and its FA ethyl
ester (FAEE). Mainly, MCFA produce FAEE and have oenological interest (Francis
and Newton, 2005). In the enzymatic catalysis two acyl-CoA:ethanol O-acyltransferase
enzymes (EHTI1, EEBI) are involved (Saerens et al., 2006). Still, the production of
FAEE is very complicated and is highly dependent on oxygen availability (Mason and
Dufour, 2000). For the enzymatic esterification the FA is activated with CoA and the
resulting acyl-CoA is condensed with ethanol. Enzymatic catalysis has low
performance so the majority of the FAEE are going to be produced by chemical
condensation in wine matrix. Besides, the expected FA:FAEE molar ratio in wine

matrix is 6:1 (Waterhouse et al., 2016).

FAEE contribute to desirable aromas related with fruity sensations, candy and
perfume-like aromas which contribute to freshness character of wines (Pires et al.,
2014; Ribéreau-Gayon et al., 2006; Takahashi et al., 2014). That is why winemakers are
interested in increasing the concentration of MCFA to promote the chemical

formation of the FAEE.

1.2.1.3. Nitrogen metabolism, fusel alcohols, acetates and sulphur compounds

The uptake of amino acids and ammonium is highly regulated by the nitrogen
catabolic repression (NCR) of yeasts (Beltran et al., 2004; Lleixa et al., 2019; Roca-Mesa
et al., 2020) which controls the expression and degradation of amino acid permeases.
In the first AF stages when nitrogen is abundant, the NCR represses the uptake of non-
preferential nitrogen sources, different from ammonium, glutamine or asparagine.
Then, a de-repression of the NCR is performed to allow the entrance of other nitrogen

sources (Beltran et al., 2004).

So, the control and measurement of YAN prior to fermentation is crucial to prevent
fermentation problems and ensure a complex volatile composition of wine. With that

purpose diammonium phosphate has been used for supplementing nitrogen in musts.
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Currently it is usually substituted by diammonium sulphate (Ribéreau-Gayon et al.,
2006). Strong inhibition of AF is observed when YAN is below 140 mg N/L (Beltran et
al., 2004; Lleixa et al,, 2019) or ammonium concentration is less than 25 mg/L
(Ribéreau-Gayon et al., 2006). In those cases, the supplementation with an ammonium

salt is necessary.

In addition, amino acids play an important role in the production of fusel alcohols
as consequence of yeast metabolism. Some amino acids (branched-chain amino acids
-isoleucine, leucine and valine-, aromatic amino acids -phenylalanine, tyrosine and
tryptophan- and the sulfur-containing amino acid -methionine-) are catabolised by
the Ehrlich pathway and can produce fusel alcohols (specially 2-phenylethanol)
depending on the redox state of the cell (Mas et al., 2014). Besides, the regulation of
the Ehrlich pathway will depend on the yeast species and the carbon and nitrogen

compounds availably (Gonzalez et al., 2018b; Lacroux et al., 2008).

Also, fusel alcohols can be substrate for the formation of acetate esters by enzymatic
acetylation by acetyl-CoA. This reaction is catalysed by acetyltransferase enzymes
(ATF1, ATF2). This group of molecules are related with fruity and floral descriptor
which contribute to the freshness character of young wines. The percentage of the fusel
alcohols transformed to acetate ester is very low (Ugliano and Moio, 2005) and it is
controlled by the expression of the acetyltransferase enzymes not by the substrate

concentration.

Another product that can be formed as consequence of nitrogen metabolism is
hydrogen sulphide (H.S). H.S is a common metabolite of yeast metabolism (Kumar et
al., 2010). The S containing amino acids and nucleosides need SO.* usually taken from
the media (Waterhouse et al., 2016). In the biosynthesis S can be generated in more
concentration than needed for the pathway. If it is not incorporated to the amino acid
or nucleoside, it is released as H,S. So, the management of YAN in grape must is
important to avoid the need of using this biosynthetic pathway. In this sense, when
nitrogen precursors are depleted, higher concentrations of H.S is found in wine
(Jiranek et al., 1995). Also, sulphur compounds can be generated from the degradation

of sulfurated amino acids, cysteine and glutathione (Robinson et al., 2014).
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The production of H,S depends on the yeast strain and the composition of the
media in terms of nitrogen (Ugliano et al., 2011) and micronutrients (Kumar et al.,
2010) However, it is difficult to assess the relation with the produced H,S and the
concentration in wine, mainly due to the influence of other chemical compounds

found in wine (Bekker et al.,, 2016; Ugliano et al., 2011).

H.S is of particular interest because it is related to undesirable aroma descriptors.
H.S is an important contributor to the reductive off-flavour on wines often described

as rotten eggs or putrefaction.

1.2.2. Saccharomyces cerevisiae

S. cerevisiae is the most important wine yeast species involved in winemaking
process (Ribéreau-Gayon et al., 2006). It is the one that is desirable to carry out the AF
in the final stages because its high fermentative capacity. This yeast can consume
nearly all the sugar present in the fermenting must before it loses viability. This is a
particularly important capacity because other yeasts eventually start dying when
ethanol and SO, concentrations are high. Moreover, it is metabolically very active even
under physicochemical conditions present in wine fermentation condition like low pH
and nutrient and oxygen concentration. S. cerevisiae is capable of fermenting sugars
into ethanol in a very high yield which also contribute to control the autochthonous

microbiota since S. cerevisiae itself present high ethanol tolerance.

This is thanks to the Crabtree effect which allows this particular yeast to consume
sugars in high rate and produce ethanol when fermenting in high sugar concentrations
as it is found in winemaking, even in presence of oxygen (Barnett and Entian, 2005).
Crabtree effect involves a complex regulation at transcriptional level in terms of
repression of utilization of alternative carbon sources different from simple sugars,
respiration and Krebs cycle and gluconeogenesis while gens related with glycolic
enzymes and hexose transporters are induced. This regulation is the one behind the
fermentative capacity that presents S. cerevisiae and no the most of non-Saccharomyces

wine yeasts (Flores et al., 2000).
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1.2.2.1. Traditional inoculation with \S. cerevisiae as sole starter

A successful AF depends on the wine yeast ecosystem present in fermenting must
and it is highly related to the imposition of a specific S. cerevisiae strain (Albergaria
and Arneborg, 2016; Constanti et al., 1997). This is how we can ensure the completion
of the fermentation. Sometimes the imposition of a particular S. cerevisiae strain is not
reached due to problems in grape health status or when musts present high
concentration of toxic compounds for yeasts (Barata et al., 2012). In these cases, the
inoculation of an exogenous yeast is needed to complete the AF. And, since S.
cerevisiae is the one that naturally evolves into predominant, is the species traditionally

used for this purpose.

However, inoculation is a common practice in cellar because regardless the quality
of the microbiota, it ensures a predominant yeast which will drive the fermentation
since the very beginning (Ribéreau-Gayon et al., 2006). Moreover, to facilitate the
manipulation of yeasts in cellar, companies produce yeast biomass as active dry yeast
(ADY). ADY production consist on extreme dehydration of cells (below 8% of water)
which are maintained as a state of suspended metabolism (Dupont et al., 2014). After,
when ADY is inoculated in wine cells are hydrated and start fermenting. The use of
ADY is a common practice not only in winemaking but also in other food industries
because it simplifies the manipulation of the microorganisms. Besides, yeasts

preserved as ADY are genetically more stable allowing longer periods of storage.

Altogether, inoculation of S. cerevisiae is the usual trend to ensure the completion
of AF. This brings us to the concepts of spontaneous and inoculated fermentations.
Inoculated fermentations ensure wine production and provides a homogeneous
quality, whereas spontaneous fermentation is unpredictable (Beltran et al., 2002;
Ribéreau-Gayon et al., 2006). In spite of the unpredictable compound of the
spontaneous fermentation, the succession of the autochthonous yeasts growing
through the changing ecosystem allows more complex sensory attributes. This is
mainly because inoculating S. cerevisiae in the initial must in a massive population
rapidly displace the autochthonous non-Saccharomyces. Since non-Saccharomyces can
present different metabolic fingerprint than S. cerevisiae, that particular character of

the grape microbiota is lost (Medina et al., 2013; Padilla et al., 2016a).
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1.2.3. Non-.Saccharomyces as starter cultures

In the last decades science has started to pay attention to non-Saccharomyces yeasts.

Before, the usual trend was to inoculate S. cerevisiae as soon as possible to displace the

non-Saccharomyces growth. Nevertheless, during a spontaneous AF they reach high

populations that should significantly impact wine composition somehow apart from

S. cerevisiae fingerprint itself. At the beginning, this yeast group was related with

negative aspects because they were linked to stuck and sluggish fermentations.

Table 1. Positive oenological effects of the most relevant non-Saccharomyces genera. The effects are presented

with S. cerevisiae as reference yeast (adapted from Capozzi et al., 2015).

Yeast genera Oenological features References
Candida/ Starmerella Reduction of ethanol concentration Englezos et al.
Low volatile acidity (2015, 2016b,
High production of glycerol, esters, aldehydes, 2016a), Lemos
ketones, terpenes and C13-norisoprenoids Junior et al. (2016),
Decreases ethyl acetate, volatile FAs and malic acid Nisiotou et al. (2018)
compounds
Decreased concentrations of aldehydes and acetate
esters
Production of volatile compounds with antifungal
activity against B. cinerea
Hanseniaspora Increased levels of acetate esters, ethyl esters, MCFA ~ Hu etal. (2018a,
ethyl esters, terpenes, and FA 2018b), Lombardi et
High production of 2-phenylethyl acetate, glycerol, al. (2018), Martin et
acetaldehyde and vitisin B al. (2016b, 2016a),
Low volatile acidity Medina et al. (2013,
Synthesis of benzoid compounds 2016), Tristezza et
Reduced levels of ochratoxin A al. (2016)
Issatchekia Reduction of malic acid and acetaldehyde Gonzalez-Pombo et
Higher production of phenols, monoterpenes and al. (2011), Kim et al.
norisoprenoids (2008), de Ovalle et
al. (2018)
Kluyveromyces/ Reduction of the pH and acetaldehyde and fusel Balikci et al. (2016),
Lachancea alcohols content Benito et al. (2015),
Increased lactic acid, glycerol and 2-phenylethanol Comitini et al. (2004),
concentration Comitini and Ciani
Low volatile acidity (2011), Gobbi et al.
Release of Kwkt killer toxins against Brettanomyces/ (2013), Kapsopoulou
Dekkera et al. (2005, 2007)
Metschnikowia Reduction of ethanol and acetaldehyde concentration Contreras et al.

High production of esters and glycerol

Increased levels of 4-methyl-4-sulfanylpentan-2-one,
2-phenylethyl alcohol and 2-phenyl acetate

Low volatile acidity

Antimicrobial activity
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Pichia e Increase of the thiol 3-mercaptohexyl acetate and Anfang et al. (2009)
acetaldehyde Benito et al. (2011)
Enhancement of vinylphenolic pyranoanthocianins Blaszczyk et al.
Release of killer toxins with antifugal activity (2015), Comitini et al.
High content of polysaccharides (2011), Domizio et al.
(2011)
Schizosaccharomyces e  Consumption of malic acid Loira et al. (2018),
e  Decrease of the urea content Morata et al. (2012),
e High production of polysaccharides Mylona et al. (2016),
e Increase pyruvic acid and vinylphenolic Romani et al. (2018)

pyranoanthocyanin content

Torulaspora e Reduction of ethanol concentration Azzolini et al. (2012,
o Low volatile acidity and acetaldehyde 2015), Belda et al.
e Increased production of 2-phenylethanol, lactonesand ~ (2015), Garcia et al.

g|ycer0| (201 7), Gonzélez-

o Decreased FA and ethyl ester concentration Royo et al. (2015),
e Consumption of L-malic acid Villalba et al. (2016)
e  Low production of fusel alcohols
e High mannoprotein production
o  Release of TdKT killer toxins against spoilage yeast

Zygosaccharomyces e Low production of acetic acid, H2S and SOz Domizio et al. (2011),
e Degradation of malic acid Jolly et al. (2014)

High production of polysaccharides

New knowledge about non-Saccharomyces identification and typification
techniques, allowed to start studying their real impact on wine quality (Petruzzi et al.,
2017). In last few years studies about their particular enzymatic activities have been
carried out (Belda et al., 2017b). Considering S. cerevisiae as model wine yeast, non-
Saccharomyces present different metabolic pathways and metabolic behaviours in
wine. For instance, they have much higher expression of {3-glucosidases which releases
odorant compounds from those aroma precursors coming from the grape skins. Also,
they are characterized by higher expression of proteolytic and pectolytic enzymes
which help colloidal stability and polyphenolic extraction respectively. Moreover, they
are generally Crabtree negative which result in lower ethanol yields in comparison with
S. cerevisiae. Altogether, non-Saccharomyces present abilities to modulate wine
composition which allow the winemaker to produce a distinguished product (Capozzi
et al.,, 2015). This is of particular interest since inoculation trend with S. cerevisiae
worldwide has homogenization of product which currently demand differentiated
products. Some of the most relevant and best characterised effects of these yeasts in

wine are summarized in Table 1.

48



1. Introduction

However, the preparation of this group of yeasts to winemaking was, and still is,
difficult for many species. Their low tolerance to ethanol and, especially SO,, make
them difficult to work with under cellar conditions. Also, their application as starter
cultures is more recent due to many inconveniences in their production as ADY than

S. cerevisiae which delayed their commercial availability.

To date, strains of Torulaspora delbrueckii, Metschnikowia pulcherrima, Lachancea
thermotolerance, Pichia kluyveri and Saccharomyces pombe are commercially available
as ADY (Jolly et al., 2006; Petruzzi et al., 2017; Roudil et al., 2020). Besides, some starter

cultures consist of a mix of two yeast species (Roudil et al., 2020).

The use of non-Saccharomyces as starter cultures is proposed in combination with
S. cerevisiae. The reason is because non-Saccharomyces have less tolerance to ethanol
and SO, which finally compromises the completion of the AF. Two inoculation

strategies are proposed: sequential inoculation and coinoculation.

In sequential inoculation the selected non-Saccharomyces strains is inoculated in
the initial must. After certain time the selected S. cerevisiae strain is then inoculated.
Usually, S. cerevisiae is inoculated 48 hours after the AF is started by the non-
Saccharomyces. Other time of regimes are also used, as 24h or 72h. Once S. cerevisiae
is inoculated and reaches populations of 10° CFU/mL, the non-Saccharomyces
population (inoculated and autochthonous) start losing their viability. The coexistence
of the two yeast groups will depend in their particular strain’s specific interactions. In
the majority of the cases, no viable non-Saccharomyces will be detected at the final AF

stage as it occurs when just S. cerevisiae is inoculated.

The other strategy for the use of non-Saccharomyces as starter culture is the
coinoculation with S. cerevisiae. In this regime of inoculation both strains are
inoculated at the same time in the initial must. Usually, the modulation due to the
presence of non-Saccharomyces is less noticeable because S. cerevisiae overcomes
rapidly the growth. Consequently, the time that the non-Saccharomyces is

metabolically active is usually less than in sequential inoculation.

In both cases, mixed fermentation with non-Saccharomyces and S. cerevisiae

produces longer AF.
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1.2.3.1. 7orulaspora delbrueckii

T. delbrueckii is one of the first non-Saccharomyces available as ADY and is one of

the most commercially available yeast species (Table 2). It is a yeast that can be found

in late stages of AF due to its high resistance to ethanol and SO.. It also presents a high

metabolic activity under winemaking conditions as S. cerevisiae. Indeed, T. delbrueckii

and S. cerevisiae are genetically close (Masneuf-Pomarede et al., 2016).

Table 2. Commercially available strains from T. delbrueckii and M. pulcherrima (adapted from Roudil et al., 2020).

Product

Providing
company

Advantages

References

T. delbrueckii

Biodiva

Oenoferm® wild & pure

Oenovin Torulaspora Bio

PRELUDE™

PRIMAFLORA®

QTau

Viniferm NSTD

ZYMAFLORE® Alpha

Lallemand

Erbsloh

Oeno

Christian
Hansen

AEB

GROUP

Enartis

Agrovin

Laffort

Increases perception of some esters
without masking the typicity.
Low volatile acidity

It brings a creamy texture with a pleasant
lasting mouthfeel.

Itincreases the olfactory notes of red fruit
and it improves the softness and
roundness of wines.

It guarantees flavour complexity by
producing medium chain (stable) fatty
acid esters and by promoting MLF.
Production of high concentration of
mannoproteins that give a fuller and
smoother mouth feel.

Protection of the must from spoilage
microorganisms by competitive selection.
It brings some aromatic complexity, and it
improves mouthfeeling.

Production of high amounts of esters and
terpenoids that create fresh, red fruits
aromas. Production of low volatile acidity.
It increases smoothness.

Intensification of the perception of floral
aromas by producing B-phenyl ethanol.
Production of high amounts of
mannoproteins.

Production of varietal thiols. Low
production of volatile acidity.

Bagheri et al. (2017),
Gonzalez-Royo et al. (2015),
Gonzélez et al, (2018a),
Medina-Trujillo et al. (2017),
Wang et al. (2016), Whitener
etal. (2015, 2016, 2017)

Konig and Claus (2017)

Benito (2018b, 2018a) Kdnig
and Claus (2017), Vong and
Liu (2017)

Loira et al. (2014), Simonin et
al. (2018)

Belda et al. (2016, 2017a),
Tronchoni et al. (2018)

Chasseriaud et al. (2018),
Loira et al. (2014), du Plessis
et al. (2017), Renault et al.
(2015, 2016), Sun et al. (2014)

50



1. Introduction

M. pulcherrima

Excellence® Lamothe- e Production and control of the indigenous

BIO-NATURE Abiet microbiota.

Flavia Lallemand e Releases of thiols and terpenic  Benito (2018b), Benito et al.
compounds during AF, favorising the  (2015), Chasseriaud et al.
expression of red and white wines. (2018), Gonzalez-Royo et al.

(2015), Gonzélez et al.
(2018a), Whitener et al. (2015,
2016)

As specific wine modulation examples, T. delbrueckii can reduce ethanol content,
reduce the volatile acidity, decrease fatty acid concentration, increase mannoprotein
concentration, increase glycerol concentration and increase the production of fusel
alcohols in mixed fermentations together with S. cerevisiae. Particularly regarding to
wine aroma compounds, T. delbrueckii metabolic activity helps to release terpene
aromas such as a-terpineol and linalool (Cus and Jenko, 2013). Besides, the use of T.
delbrueckii is related to an enhancement in the fruity character of wines (Morata et al.,

2020).

It can also be interesting in the production of sparkling wines because it increases

foamability and foam persistence (Gonzalez-Royo et al., 2015).

1.2.3.2. Metschnikowia pulcherrima

M, pulcherrima is a common wine yeast worldwide found in the first stages of wine
AF. This yeast species exhibits high antimicrobial activity, specially consequence of
pulcherrimic acid, the pigment which turns into red its colony when growing on plate
(Oro et al., 2014). That is why apart from its use as starter culture in winemaking it is
proposed as promising control agent against pathogenic fungi as Botrytis or other wine
spoilage yeast as Brettanomyces (Freimoser et al., 2019; Oro et al., 2014). Nevertheless,
this specific character is not observed under winemaking conditions since it rapidly
loses viability in favour to other non-Saccharomyces and S. cerevisiae. Still, some

commercial strains are currently available (Table 2).

The main oenological potential of this yeast is the capacity of lowering the ethanol
content of wines. It has low ethanol yield since it is Crabtree negative and present a

highly active glyceropyruvic pathway (Contreras et al., 2014). Also, M. pulcherrima can
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increase mannoprotein concentration in wine and foam persistence (Gonzalez-Royo

et al,, 2015).

According to wine aroma, it can notably increase aroma compounds due to its §3-
glucosidase and f{3-xylosidase activities (Fleet, 2003; Hernandez-Orte et al., 2008;
Padilla et al., 2016b) which particularly increase the concentration of monoterpenols

and finally, contribute to enhance the fleshness of wine (Morata et al., 2020).

1.3. Malolactic fermentation and Oenococcus oeni

MLF is a biotransformation driven out by LAB in alcoholic fermented products like
wine and cider (Lorentzen and Lucas, 2019). This fermentation usually takes place
after the AF but can occur also during it. It consists on the decarboxylation of L-malic
acid into L-lactic acid (Kunkee, 1991; Lerm et al., 2010; Pilone and Kunkee, 1970). The
biotransformation results in the conversion of a dicarboxylic acid into a
monocarboxylic acid which results in a reduction of acidity, thus, in an increase in the

pH (Liu, 2002; Lonvaud-Funel, 1999; Wibowo et al., 1985).

Even though this process is known as MLF, it is not a fermentation but an enzymatic
decarboxylation without other intermediary molecules. LAB conduct this enzymatic
decarboxylation through the malolactic enzyme (MleA). For the reaction, MleA
requires of two cofactors: (i) Mn*" cation and (ii) NAD*. ME is formed by two protein
subunits of 60 kDa (Ansanay et al., 1993). The substrate for this biocatalysis is L-malic
acid. However, other structurally analogous organic acid present in wine (succinic
acid, citric acid or tartaric acid) can act as competitive inhibitors for the active site of

MleA (Ribéreau-Gayon et al., 2006).

As MLF reduces acidity, it is highly recommended in red winemaking and also in
high acidity white wines. Still, MLF is not desirable in low acidic white wines or
sparkling wines where the acidity plays a principal role in these wines. Besides, LAB
consume other nutrients during MLF impoverishing wine and, therefore increasing
microbial stability (Liu, 2002). Nevertheless, as result of their metabolism, LAB can
synthesis undesirable compounds that can compromise the organoleptic profile of

wine, so MLF has to be a controlled process (Waterhouse et al., 2016). Besides, a
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controlled MLF process can also lead to the production of some positive aromas in

wine (Bartowsky and Henschke, 2004; Maturano and Saguir, 2017).

Ecological dynamics of LAB have been thoroughly studied for years. Generally, low
population LAB density is detected in early stages of AF, coming from grape skins
(Ribéreau-Gayon et al., 2006). Bacterial communities (LAB and other environmental
bacteria) found in grapes is not randomly distributed, it is dependent on grape varietal,
geographical situation and orientation (Portillo et al., 2016). The LAB diversity is
maintained until the alcoholic content is not very high. When the ethanol
concentration starts to increase, the bacterial population begin to decrease. At that
point, contrary to the behaviour of other LAB species, O. oeni commence to grow
actively (Lonvaud-Funel, 1999). Basically, O. oeni becomes dominant because of its
high tolerance to ethanol, SO, low pH, and other stressful conditions (Wibowo et al.,
1985). This dominant bacterium can be found in low proportion in grape bacterial
community and also be part of the resident microbiota of the cellar (Franqués et al.,

2017; Gonzalez-Arenzana et al., 2012b).

Moreover, it has been reported that a minimum population of 10° cells/mL is
needed to start the consumption of L-malic acid (Lonvaud-Funel, 1999). Under the
stressful environmental conditions (Fleet et al., 1984) that present wine, the failure of
MLF is usual. Trying to solve this problem, similarly to what happens in the AF, the
starter culture technology was developed with LAB (Antalick et al., 2013; Henick-Kling
and Park, 1994; Jussier et al., 2006). For this purpose, O. oeni was selected as candidate
due to its high adaptation to wine conditions. In addition to the selection of tolerant
wine strains, there is an increasing consciousness of the potentially effects of the
interaction between yeast strains used to perform AF and the ability of the LAB
bacteria to carry out the MLF. That is why the yeast- O. oeni strain compatibility begin

to be considered as another criteria for wine strain selection.

1.3.1. Wine lactic acid bacteria

Lactic acid bacteria (LAB) are gram positive with low G+C content, id est, from the
phylum Firmicutes (Figure 7). Particularly, LAB are nonsporing, catalase negative,

aerotolerant, acid tolerant and strictly fermentative rod or coccus which produce lactic

53



1. Introduction

acid as major end product (Ribéreau-Gayon et al., 2006). Besides, they present high
nutritional requirements (Terrade and Mira de Ordufia, 2009) which limit their

ecosystem to rich media such us vegetables or dairy products.

Their principal metabolism is the fermentation of sugars. In basis of this
fermentation, they are divided into homofermentative and heterofermentative.
Homofermentative species produce lactic acid as sole end product whereas
heterofermentative species produce a mixture of lactic acid, ethanol, acetate and CO,

(Ribéreau-Gayon et al., 2006).

Enterococcus faecalis
[Lactococcus lactis subsp. lactis
Lactococcus lactis subsp. cremoris

Streptococcus mutans

Streptococcus pneumoniae
Streptococcus agalactiae
Streptococcus pyogenes
Streptococcus thermophilus

[Lactobacillus gasseri

Lactobacillus johnsonii
|—7 Lactobacillus delbrueckii
Lactobacillus acidophilus
Lactobacillus casei
Lactobacillus sakei

Lactobacillus brevis

Pediococcus pentosaceus
Lactobacillus plantarum

Leuconostoc mesenteroides
Oenococcus oeni
Lactobacillus salivarius

Listeria monocytogenes

Bacillus subtilis

10

Figure 7. A phylogenetic tree of some LAB constructed on the basis of concatenated alignments of four subunits
(a, B, B and d) of the DNA-dependent RNA polymerase. The maximum-likelihood un- rooted tree was built using
the MOLPHY program (1). All branches are supported with >75% bootstrap values. The species are coloured
according to Makarova et al. (2007) differentiation in Lactobacillaceae, blue; Leuconostocaceae, purple;

Streptococcaceae, red (From Makarova et al., 2007).

Phylogenetically, and according the database of NCBI (National Center for
Biotechnology Information; http://www.ncbi.nlm.nih.gov/), LAB involves around 500
species of the order Lactobacillales, belonging to five families: Aerococcaceae,
Carnobacteriaceae, Enterococcaceae, Lactobacillaceae and Streptococcaceae (Makarova

and Koonin, 2007; Zhang et al., 2011).

The main genera of LAB found in winemaking are Lactobacillaceae of genera

Lactobacillus, Pediococcus, Leuconostoc and Oenococcus (Ribéreau-Gayon et al., 2006).
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From these genera, the main oenological interest species are La. plantarum and O.

oeni.

The population of LAB found in fresh grape must is very low around 10*-10°
CFU/mL (Costello et al.,, 1983; Fleet et al.,, 1984), mainly Lactiplantibacillus and
Oenococcus (Franques et al., 2017). This population is usually inhibited during the AF
because the high concentration of ethanol and SO, related with the high metabolic
activity of wine yeasts. After AF, when the yeasts start to die and also autolysate, LAB
begin to grow (Ribéreau-Gayon et al., 2006). The biodiversity of the initial must is
reduced during AF ethanol increases. As result of this increasing selective pressure, the

best wine LAB adapted species: O. oeni is found as predominant.

Contrary to the AF, MLF may require long time to be performed. It can last months
until the LAB population reaches the threshold of 10° CFU/mL to start L-malic acid
consumption (Lonvaud-Funel, 1999). Still, populations of more than 10°-10” CFU/mL

are needed to undergo MLF in harsh conditions (Lorentzen and Lucas, 2019).

1.3.1.1. O. oeni, the main species in malolactic fermentation

O. oeni, formerly called Leuconostoc oenos (Dicks et al, 1995) is an
heterofermentative wine LAB. It is one of the four species of the genus Oenococcus
together with O. kitahareae, isolated from shochu residues (Endo and Okada, 2006),
O. alcoholitolerans (Badotti et al., 2014) isolated from cachaga fermentation and
bioethanol plants and the recently described O. sicerae (Cousin et al., 2019) isolated

from cider.

O. oeni presents a little genome (1.9 Mb) in comparison to other wine LAB as L.
plantarum (3.3 Mb) or even the model LAB, B. subtilis (4.1 Mb). This little genome
allows to this particular bacterium to mutate and generate high diversity of strains. Up
to date, May 2021, there are 244 different genomes of O. oeni available in the database
of  NCBI (National Center for Biotechnology Information;
http://www.ncbinlm.nih.gov/). PSU-1 (ATCC BAA-331) strain was the first
sequenced genome from this species (Neeley et al., 2005) and currently is used as

model strains. Currently, there are also 4 other strains (UBOCC-A-315001, UBOCC-
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A-315001, CRBO_1381 and 19) completely sequenced in 2018 and 2019 (Breniaux et
al., 2018).

Wine is the most common ecology niche of O. oeni (Lorentzen and Lucas, 2019).
Considering the physicochemical conditions present in wine, O. oeni is highly adapted
to acidic and ethanol stresses (Margalef-Catala et al., 2016a). Moreover, wine is a
limited nutrient source to grow in. After AF, there is barely nothing but L-malic acid

that this LAB can use as energy source.

As the most adapted LAB in wine, O. oeni is usually used as starter culture to
undergo the MLF. Nevertheless, the inoculation of O. oeni is not always enough to

complete MLF in wines exhibiting harsh conditions.

1.3.1.1.1. O. oeni diversity

O. oeni is considered as a fast-evolving bacteria species (Yang and Woese, 1989). Its
genome does not code for mutS and mutL genes which are involved in DNA mismatch
repair system (Mills et al., 2005). As result of this, high diversity of O. oeni strains has
been reported due to possible spontaneous mutations. These can be the reason to its

high adaptability to certain niches.

Traditionally, O. oeni biodiversity was assessed based on pulsed-field gel
electrophoresis of large DNA fragments produced by restriction enzyme digestion of
the bacterial chromosome (REA-PFGE) or Rapid Amplification of Polymorphic DNA
(RAPD) (Lorentzen et al., 2019). Currently the preferred technique is Multiple Loci
VNTR Analysis (MLVA); amplification and length analyses of variable number of
tandem repeats (VNTR) of polymorphic genomic regions (Claisse and Lonvaud-
Funel, 2012, 2014). All these techniques allowed to unreveal the high diversity present
in this species. Of course, all of them are limited to distinguish strains among a group
but not to classify or compare with other groups. This problem has been solved with
the use of genome sequencing. Since 2005, when the first genome of O. oeni was
released, more than 200 hundred genomes are available. Besides, recently O. oeni
strains have been classified in bases on Multi Locus Sequence Typing considering the
sequences of constitutive genes to assess diversity. This technique clustered strains in

4 (A-D) genetic lineages (Lorentzen et al., 2019) where two of them (A and B) are the
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main ones. Group A involves wine strains, groups B and C cider and wine strains and,

tinally group D kombucha strains.

During the winemaking process the biodiversity of O. oeni is highly modified.
Larger number of strains are detected in initial must than in the final wine after MLF.
Still, the ecosystem passes through a complex evolution where strains successively
appear and disappear. Moreover, not always there is a single predominant strain
detected but a sort of 4-6 strains which appears as main strains (Reguant et al., 2005a).
As consequence, it is difficult to determine the origin of a particular strain during the
whole winemaking process (Gonzélez-Arenzana et al., 2012b). Studies in this field
demonstrated that some strains of the grape must come from grapes and other can
have their origin in cellar. Even if O. oeni has complex nutrient requirements, it can
survive by producing exopolysaccharides and biofilms in cellar surfaces (Bastard et al.,
2016; Dimopoulou et al., 2014). These is particularly interesting because some
commercial strains, which are selected because of their well-adapted phenotype, can

survive from vintage to vintage in the cellar and colonize musts the following years.

1.3.2. Malolactic fermentation by O. oeni

As previously presented, LAB population need to reach at least a population of 10°
CFU/mL to start L-malic acid consumption. In most cases, the LAB identity will be

completely O. oeni as only fermenting species.

In O. oeni malic acid is decarboxylated in the cytosol (Ribéreau-Gayon et al., 2006).
The substrate enters the cell through a permease (MleP) as monoanionic malate
(HMal’) versus a carrier-independent efflux of lactic acid (HLac) (Figure 8). Once the
malate in the cytosol (HMal), it is decarboxylated where a proton (H*) is consumed in
the catalysis and HLac is produced and released. As consequence, the intracellular pH
increases and also an electrochemical gradient (Ay) is generated due to the

accumulation of HMal'.

The produced Ay together with the ApH result in the creation of a proton motive
force (PMF) which enables the entrance of H* through ATPase for the synthesis of
ATP. The entrance of 3 H* generates sufficient energy to produce from ADP and

inorganic phosphate a molecule of ATP.

57



1. Introduction

This metabolism is organized in an operon where the gen of the malolactic enzyme
(mleA) and the malate permease (mleP) are found (Figure 8). These genes are preceded

by mleR which encodes for a transcriptional regulatory protein of the operon.

mleR mleA mleP
—

Regulatory protein

HMal-

HLac

Figure 8. Graphical representation of the malolactic fermentation process undergone by an O. oeni cell. Inside the

box is represented the operon in which all proteins involved in the process are codified.

Under these extreme conditions where MLF takes place the failure of MLF is usual.
The metabolism O. oeni exhibits and its stress response are not always sufficient. That
is why inoculation is a possible solution to ensure MLF performance. Inoculated
strains are selected in terms of highly developed stress responses, quick MLF and
positive metabolism attributes to enhance organoleptic profile (Antalick et al., 2013).
Since not all wines are equal, there exists the need to select a particular O. oeni strain

for each wine.

1.3.3. Survival of O. oeni in wine

Wine is a highly stressful medium to propagate. Low pH, ethanol and limit nutrient
availability are the common denominator of the oenological media. Besides, other
compounds intrinsically related with wine; polyphenols, can contribute to difficult O.
oeni growth and metabolism in red winemaking. This heterogenic group are generally

related with difficult MLFs (Reguant et al., 2000) and they are recently described as
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stress compounds (Bech-Terkilsen et al., 2020). Their effect depends on their structure
(Devi and Anu-Appaiah, 2018; Garcia-Ruiz et al., 2011) and the particular sensibility
of the O. oeni strain (Zimdars et al., 2021)

Under these harsh environment, O. oeni has adopted it as main ecological niche. It
has developed adaptation mechanisms to resist the harsh conditions of wine. The most
evident mechanism is MLF but there are others which are related to the metabolism
adaptation, to produce energy, and stress responses to overcome the difficulties to

grow in wine.

1.3.3.1. Metabolism

Wine has very limited energy sources. Still, O. oeni and other LAB are capable of
growing in the absence of sugars even if they present a much more profitable
fermentation behaviour in other media (Ribéreau-Gayon et al., 2006). One of the most
abundant energy sources is ethanol which can be oxidized by acetic acid bacteria but
not by LAB. L-tartaric acid is the next most abundant constituent of wine which other
LAB but O. oeni can use. Then, it comes to L-malic acid which is the preferred energy

source for O. oeni, the substrate of MLF.

Citric acid apart from been considered as a competitor for the active site of MleA,
it can also be catabolized by O. oeni and other LAB (Bartowsky and Henschke, 2004).
This metabolism is only observed as response to acidity or ethanol stress (Olguin et al.,
2009). CitP and MaeP antiporters exchange dianionic citrate (HCit*) from the
extracellular with monoanionic lactate (Lac’). The Ay generated is added to the one
obtained with MleP and contributes to produce PMF. Once in the cytosol citrate is
divided into oxaloacetate (and acetyl-CoA), decarboxylated to pyruvate, transformed
to a-acetolactate and fermented to acetoin and 2,3-butanediol as end products. This
end products can directly impact in wine organoleptic profile by enhancing the butter
aromas. However, high concentration of them are reported as undesirable (Bartowsky
and Henschke, 2004; Davis et al., 1985). In this way, under semi-aerobic conditions a-
acetolactate be chemically oxidized to diacetyl with has a lower aroma threshold. Still,
under anaerobic conditions, typical state of wine fermentation, a-acetolactate is

transformed to acetoin and then reduced to 2,3-butanediol (Waterhouse et al., 2016).
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Traces of sugars found in wine after AF can also be metabolized by O.oeni. These
monosaccharides as glucose or fructose, which can represent less than 2 g/L together,
can be uptake by the bacterium and be active substrates for the phosphotransferase
system (PTS) (Jamal et al., 2013). Even if low sugar concentration is available in wine,
O. oeni possess mannosidase enzymatic activity that allow mannose release from
mannoproteins (Jamal et al., 2013). Mannoproteins are the main polysaccharide from
the yeast cell wall released to wine during AF (Vejarano, 2020), and especially during
ageing (Belda et al., 2016). Studies in yeast derived compounds have demonstrated a
stimulatory effect on O. oeni growth in presence of these macromolecules (Diez et al.,
2010; Guilloux-Benatier et al., 1995; Liu et al., 2017b). Nowadays, we can relate this
positive effect due to an uptake of mannose hydrolysed from mannoproteins, which
can be substrate of the PTS system (Cibrario et al., 2016; Jamal et al., 2013). The main
function of PTS is to translocate sugars or sugar alcohols across a membrane with
simultaneous phosphorylation but without the implication of concentration gradient

(Jamal et al., 2013).

Apart from carbon, nitrogen sources are also necessary for the bacterium
biosynthetic pathways to develop. Nitrogen composition in wine includes proteins,
peptides, and free amino acids. Protein concentration is low and usually remains
without modifications because they are not hydrolyzed by wine microorganisms. After
AF, the concentration of free amino acids, as it occurs with simple carbon sources is
very low. It can represent less than 20 mg/L of nitrogen (Gobert et al., 2017; Roca-Mesa
etal., 2020). The largest source of nitrogen in wine are peptides. Peptides can represent
up to 100 mg N/L in finished wine and they are going to be the preferent nitrogen
source for O. oeni in wine. The bacterium is able to break down those peptides and
release free amino acids into the wine (Remize et al., 2006). Indeed, it can grow with
peptides as sole nitrogen source. Due to this particularity, wines after MLF can present
higher amino acid concentration than quantified after AF (Alcaide-Hidalgo et al,,

2008).

In addition, O. oeni is able to metabolise amino acids. For instance, it can catabolise
arginine through arginine deiminase (ADI) pathway (Liu et al, 1995). The
metabolization of arginine can lead to the eventual production of precursor

compounds of ethyl carbamate and putrescine (Araque et al., 2011). Ethyl carbamate
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is a carcinogenic compound related with amino acid metabolism of yeasts and LAB in

fermented beverages (Ubeda et al., 2020).

After MLF, the concentration of esters usually increases. This is due to the esterase
activity that O. oeni and other LAB possess (Cappello et al., 2017) and greatly depend
on the media (Fia et al., 2018). This esterase activity is more active in producing short-
chained esters (C2-C8) related to SCFA, MCFA, fusel alcohols and organic acids
(Cappello et al., 2017; Davis et al., 1988). Besides, ethyl acetate, isoamyl acetate, and
ethyl lactate are the most produced esters during MLF (Antalick et al., 2012; Costello
et al., 2013; Maturano and Saguir, 2017; Ugliano and Moio, 2005).

1.3.3.2. Stress responses

The survival and successful adaptations are linked to some modifications that the
cell has to commit. These changes are the result of a genetic regulation to that
particular environment which appear suddenly in the medium. Generally, are the
response to toxic compounds or lack of nutrients from growth in optimal conditions.
Consequently, the stress respond will fit to the particular stress it has to be faced. The
molecular mechanisms of stress response have been studied by means of
transcriptional studies or using omic approaches that revealed genes up or down
regulated or proteins, which are more or less abundant (Margalef-Catala et al., 2016a;
Olguin et al., 2015). Besides, as one of the most important cell structures to preserve
the integrity of the bacterium in wine like conditions is cell membrane, studies focused
in membrane anisotropy are also common (Maitre et al., 2014; Margalef-Catala et al.,
2016b). There are also other promising studies using antisense RNA technology
(Darsonval et al., 2015).

The particular response of O. oeni in wine is mainly related with acidic and ethanol

response to guarantee the integrity of the cell under winemaking conditions.

1.3.3.2.1. Cell membrane and wall

Ethanol interacts with the lipids present in the cell membrane affecting its fluidity
and processes. The main functional categories affecting are metabolite transport and
cell wall and membrane biosynthesis (Margalef-Catala et al., 2016a; Olguin et al.,

2010). Due to the presence of high concentrations of ethanol in wine, the membrane
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of O. oeni tends to be more fluid and, consequently affecting some processes. The
perturbed membrane has less control of its functions and leads to a leakage of
intracellular components, as cofactors and ions and also affects the formed

electrochemical gradient. So, O. oeni has to rigid the membrane.

Cell membrane, which is mainly a bilayer of phospholipids, has also a vast number
of different fatty acids (FA). The FA concentration and type: saturated (SFA),
unsaturated (UFA) and cyclopropane fatty acids (CFA); regulates the fluidity of the
membrane. In presence of 10% of ethanol, O. oeni reduces the UFA/SFA and increases
the protein/lipid ratios (Garbay et al., 1995; Garbay and Lonvaud-Funel, 1996),
resulting in the formation of a more rigid membrane. Besides, the biosynthesis of CFA
is promoted, specifically lactobacilli acid by activating the gene cfa which transforms

UFA in CFA (Grandvalet et al., 2008; Teixeira et al., 2002).

Some small heat shock protein (sHsp) appear to be essential to the maintenance of
cell membrane fluidity. Particularly, Lo18 in ethanol and heat stress has been shown

to interact with cell membrane and liposome fluidity (Guzzo et al., 1997).

Cell membrane is surrounded by the cell wall which helps to maintain cell integrity
and form. The activation of some enzymes linked to the biosynthesis of some
constituent of the wall (N-acetylmuramoyl-L-alanine amidase, ADP glucose 6-
deshydrogénase) (Ribéreau-Gayon et al., 2006) under ethanol stress revealed the role

of the wall in ethanol stress response (Margalef-Catala et al., 2016a).

1.3.3.2.2 ATPase system

Bacteria cells depends on the ATP synthase or ATPase for producing energy. This
complex is a membrane-bound enzymatically active protein complex which allows ion
transport. The transport of protons through the channel can be in favour to the
gradient with production of energy (ATP) or contrary to the gradient with

consumption of energy (Lerm et al., 2010)

The ATPase activity as way of producing energy has been introduced before as the
consequence of the PMF derived from the MLF metabolism. Besides, ATPase is in
charge of maintaining the intracellular pH around 6. It is the main mechanism on the

acid tolerance of the bacteria. When growing in acid media, where in wine it is a pH
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lower than 4, it is crucial to extrude protons out of the cell to keep the cytosolic
processes at pH 6. In the opposite way of producing ATP, the hydrolysis of an ATP
allows 3 protons to exit the cell through the ATPase (Ribéreau-Gayon et al., 2006).

For this purpose, O. oeni has a membrane type (FoF,) H*-ATPase: a F, cytoplasmic
complex (subunits a, 3, §, € and y) which contains the catalytic site for ATP hydrolysis
and a F, integral membrane complex (subunits A, B and C) which forms a proton
channel. This activity is highly affected by the active mechanism of SO, used in

winemaking and produced during AF by yeasts (Carreté et al., 2002).

1.3.3.2.3. Redox systems

O. oeni an anaerobic aerotolerant LAB. Even if it does not use oxygen in its
metabolism, it is exposed to little concentrations of oxygen during winemaking. Still,
the oxygen concentration is low considering the fermentative capacity of yeasts which
produce high amounts of CO, that displace the dissolved oxygen. is not highly exposed

to oxygen during winemaking.

Oxygen is a highly reactive molecule which can be partially reduced to reactive
species of oxygen (ROS): superoxide anions (O;), singlet oxygen ('O.), hydroxyl
radicals (OH") or hydrogen peroxide (H,O,). Cumulative ROS is known as oxidative
stress and can cause high damage in the cell. These ROS can attack proteins, lipids and

nucleic acid causing cell ageing or, eventually cell dead (Su et al., 2015).

Mechanisms that detoxify ROS are oxidoreduction systems (or redox). LAB
inactivate ROS through enzymatic activities: NADH oxidase/peroxidase system,
superoxide dismutase and catalase (Bruno-Barcena et al., 2004; Kullisaar et al., 2010;
Su et al,, 2015). Besides, thioredoxins (Trx) or low molecular-weight thiols including
glutathione (GSH), can participate in these redox systems. To date, the redox systems
mainly studied in O. oeni are Trx and GSH systems (Holmgren, 1985; Margalef-Catala
et al., 2016b, 2017b; Su et al., 2015).

1.3.3.2.4. Stress proteins

The biological response of cells involves a complex regulation of gene expression.

In this sense the production of small proteins is a quick response under the pressure
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of some stress while larger proteins are in synthesis. These group of proteins are named
heat shock proteins (HSP) because they limit the denaturalization and aggregation of
intracellular proteins in difficult environmental conditions. Also, their nomenclature
includes a number which represents its weight in KDa. They are classified in 3 families
of HSP: (i) proteins with chaperon activity, (ii) Clp proteins or caseinolytic proteins
and (iii) small HSP which form oligomers with chaperone activity that prevents

polypeptides from aggregation (Carreté et al., 2005).

These stress proteins are located in specific genomic regions, which are regulated
by the master regulator CstR (Grandvalet et al., 2005). This master regulator responds
to wine like conditions and is responsible of the expression of groESL and dnaK
operons, clpP, clpC, clpL2, clpX and hsp18 genes (codifying for Lo18 protein). These
genes present different activation patterns. In this sense, clpX is preferentially
expressed at the beginning of the exponential phase (Jobin et al., 1999), whereas hsp18
at the end of the same phase (Grandvalet et al., 2005). Indeed, the most known sHSP
in O. oeni is Lo18 protein, which is activated after heat (42 °C), acidic (pH 3) and
ethanol (12% vol/vol) shocks (Guzzo et al., 1997; Jobin et al., 1997).

Moreover, Clp proteins, which are ATPase dependent proteases, are involved in O.
oeni survival at high temperatures. They are divided in two groups: (i) those with two
ATP nucleotide-binding-domains (NBD), as ClpA, ClpB, ClpC, ClpD, ClpE, and
ClpL, and (ii) those with just one NBD, like ClpX (Schirmer et al., 1996).

There are also groESL and DnaK operons that have been related with the production
of stress proteins, encoded in O. oeni, found in PSU-1 strain (Mills et al., 2005).
Increased transcriptional levels were observed for groES and grpE under heat (42°C)
and ethanol shock (11% v/v) also under acidic shock (pH 3.6) for grpE (Desroche et
al., 2005; Grandvalet et al.,, 2005). Besides, similar to what happens with Lol8
(Weidmann et al., 2010), DnaK seems to be recluit in the membrane as result of

ethanol shock since its cytosolic concentration decreases (Olguin et al., 2015).
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