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Abstract: Wine sensory experience includes flavor, aroma, color, and (for some) even acoustic traits,
which impact consumer acceptance. The quality of the wine can be negatively impacted by the
presence of off-flavors and aromas, or dubious colors, or sediments present in the bottle or glass, after
pouring (coloring matter that precipitates or calcium bitartrate crystals). Flavor profiles of wines are
the result of a vast number of variations in vineyard and winery production, including grape selection,
winemaker’s knowledge and technique, and tools used to produce wines with a specific flavor. Wine
color, besides being provided by the grape varieties, can also be manipulated during the winemaking.
One of the most important “tools” for modulating flavor and color in wines is the choice of the yeasts.
During alcoholic fermentation, the wine yeasts extract and metabolize compounds from the grape
must by modifying grape-derived molecules, producing flavor-active compounds, and promoting the
formation of stable pigments by the production and release of fermentative metabolites that affect the
formation of vitisin A and B type pyranoanthocyanins. This review covers the role of Saccharomyces
and non-Saccharomyces yeasts, as well as lactic acid bacteria, on the perceived flavor and color of
wines and the choice that winemakers can make by choosing to perform co-inoculation or sequential
inoculation, a choice that will help them to achieve the best performance in enhancing these wine
sensory qualities, avoiding spoilage and the production of defective flavor or color compounds.

Keywords: wine yeasts; lactic acid bacteria; co-inoculation; sequence inoculation; flavor compounds;
color pigments

1. Introduction

1.1. The Human Senses in Wine Evaluation

Five senses are involved in perceiving wine sensory quality: sight, taste, hearing, touch, and smell.
Color perception results from the stimulus of the retina by light (wavelengths 380 to 760 nm). In wine,
color and appearance are the first attributes by which quality is assessed. According to Spence [1],
color is the most important product-intrinsic indicator used by consumers when searching, purchasing,
and subsequently consuming food or a libation. Color, clarity, and hue affect the perception of other
attributes such as flavor due to the association with color. For example, a yellow/green beverage is
expected to have a lemon flavor and an acidic taste.

Taste is a chemical sense and happens when taste stimuli contact with the taste receptors located
on the tongue, called taste buds. Humans can distinguish six basic tastes: sweet, sour, salty, bitter,
umami, and fatty [2,3]. Between 20 and 30 levels of intensity can be distinguished for each taste, and
each taste quality represents different nutritional or physiological requirements, or a potential dietary
risk [4].
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Sound (waves which strike the eardrum, causing it to vibrate [5]) is also important when judging
a wine. For instances, when we hear a champagne cork popping, it is a sign that the wine has an
enjoyable gas.

Texture in wine can be defined as the total sum of kinesthetic sensations derived from oral
manipulation. It encompasses mouthfeel, masticatory properties, residual properties, and even visual
and auditory properties [6].

Aroma and flavor are chemical senses stimulated by the chemical properties of odor molecules
which must reach the olfactory bulb to interact with olfactory cells in the olfactory mucosa [7]; therefore,
to smell, molecules must be airborne (i.e., volatile). The sensory term which we call “flavor” is a
mingled experience based on human judgment, built on personal differences in perception thresholds.

In conclusion, and as reported by Swiegers et al. [8], all of the senses play a key role in wine/flavor
development—color, aroma, mouthfeel, sound, and, ultimately, taste. Altogether, these sensory
perceptions are very complex. Wine contains many flavor and aroma-active compounds. Terpenes,
methoxypyrazines, esters, ethanol and other alcohols and aldehydes impart distinct flavors and aromas
(floral, pepper, fruit, woody and vinylic flavors, among others) to wine [9-11]. The taste of wine can
be described as sweet, sour, salty, umami, bitter, and, to a lesser extent, fat [12]. These properties are
the result of the presence of sugars, polyols, salts, polyphenols, flavonoid compounds, amino acids,
and fatty acids. Compounds such as glycerol, polysaccharides, and mannoproteins contribute to the
viscosity and mouthfeel of wines [13]; grape anthocyanins contribute to the color [14], and ethanol, by
sheer mass, also carries other alcohols along, promoting a mouth-warming effect [15].

1.2. Main Wine Aroma and Flavor Compounds from the Fermentative Origin

Yeast and bacteria are vital to the development of wine flavor. Many biosynthetic pathways, in
wine yeast and malolactic bacteria, are responsible for the formation of wine aroma and flavor. However,
we cannot discard the other factors that can also influence the wine chemical composition, such as
viticultural practices, grape-must composition, pH, fermentation temperature, and technological
aspects associated with the vinification process [8]. So, depending on their origin, wine aroma and
flavor compounds can be named varietal aromas (originating from the grapes), fermentative aromas
(originating during alcoholic and malolactic fermentations), and aging aromas (developed during the
reductive or oxidative wine-aging that depends on storage conditions) [16].

Most of the wine aroma and flavor compounds are produced or released during wine fermentation
due to microbial activities of Saccharomyces and non-Saccharomyces yeast genera (Brettanomyces, Candida,
Debaryomyces, Hanseniaspora, Hansenula, Kloeckera, Kluyveromyces, Lachancea, Metschnikowia, Pichia,
Saccharomycodes, Schizosaccharomyces, Torulaspora, and Zygosaccharomyces). Both in spontaneous and
inoculated wine fermentations, non-Saccharomyces are important in early stages of the fermentation,
before Saccharomyces becomes dominant in the culture, and contribute meaningfully to the global
aroma profile of wines by producing flavor-active compounds [17,18].

A group of aroma compounds has been directly linked to specific varietal flavors and aromas
in wines [19,20]. Most of these compounds are present at low concentrations in both grapes and
fermented wine. These aroma compounds are found in grapes in the form of non-odorant precursors
that, due to the metabolic activity of Saccharomyces and non-Saccharomyces yeast during fermentation,
are transformed to aromas and flavor that are of great relevance in the sensory perception of wines [20]
(Table 1).
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Table 1. Main odorants contributing to varietal aromas of some monovarietal wines.

Compounds Main Cultivars Odour Descriptor Ref.

Geraniol Muscat, Gewurztraminer  Citrus, floral, geranium [21]

Linalool Muscat, Gewurztraminer Floral, lavender [21]

Nerol Muscat Floral [21]

Tetrahydro-.4-methyl-2-(2-.methyl-lTp ropenyl)- Gewurztraminer Geranium oil [22]

2,5-cis-2h-pyran (cis-rose oxide)
3,6-Dimethg l-3a,4fl,5,7a:r21"_ect)r ahydro-3h-1- Gewurztraminer Coconut, woody, sweet [23]
enzofuran ne

3-Isobutyl-2-Methoxypyrazines Sauvignon blanc Bell pepper [24,25]
4-Methyl-4-Mercaptopentan-2-One Sauvignon blanc Black currant [24,25]
3-Mercapto-1-Hexanol (R Isomer) Sauvignon blanc Grapefruit, citrus peel [24,25]

1,1,6-Trimethyl-1,2-Dihydronaphthalene Riesling Kerosene [26]

3-Mercapto-1-Hexanol (S Isomer) Semillon Passion fruit [27]

Rotundone Shiraz Black pepper [28]

During alcoholic fermentation, some yeast, mainly non-Saccharomyces yeasts, can release
B-glucosidases that hydrolyze the glycosidic bonds of the odorless non-volatile glycoside linked
forms of monoterpenes (geraniol, linalool, nerol, among others), releasing the odor compounds to the
wine [29]. Volatile thiols that give Sauvignon blanc wines their characteristic aroma (bell pepper, black
currant, grapefruit, and citrus peel) are not present in grape juice but occur in grape must as odorless,
non-volatile, cysteine-bound conjugates. During fermentation, the wine yeasts are responsible for the
cleaving of the thiol from the precursor [30].

However, the major groups of aromas and flavor compounds from the fermentative origin are
ethanol, higher alcohols or fusel alcohols, and esters. The biosynthetic pathways responsible for the
formation of higher alcohols, the Ehrlich pathway, or the enzymes responsible for the formation of
esters, have been studied in wine yeasts [31].

Higher alcohols are derived from amino acid catabolism via a pathway that was first described by
Ehrlich [32] and later revised by Neubauer and Fromherz in 1911 [33]. Amino acids that are assimilated by
the Ehrlich pathway (valine, leucine, isoleucine, methionine, and phenylalanine), present in grape must
are metabolized by yeasts, sequentially, throughout the fermentation. Figure 1 shows the metabolism of
phenylalanine with the production of 2-phenylethanol and, after oxidation of phenylacetaldehyde, the
formation of phenylacetate. Both compounds possess a pleasant rose-like aroma/flavor.
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Figure 1. Schematic representation of the Ehrlich pathway for the catabolism of the aromatic amino
acid, phenylalanine leading to the formation of 2-phenylethanol [34]. This biosynthetic pathway
consists of three steps (reactions 1, 2 and 3): first, amino acids are deaminated to the corresponding
a-ketoacids, in reactions catalyzed by transaminases. In a second step, x-ketoacids are decarboxylated
and converted to their corresponding aldehydes (five decarboxylases are involved in this process), in a
third step, alcohol dehydrogenases (Adhlp to Adh6p and Sfalp) catalyze the reduction of aldehydes to
their corresponding higher alcohols [35].
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Studies have shown that profiles and concentrations of higher alcohols produced vary by yeast
species, even when the fermentation conditions are similar, which indicates that the mechanisms that
regulate the Ehrlich pathway are diverse in non-Saccharomyces yeasts compared to Saccharomyces [16,36].
So, Ehrlich pathway mechanisms should be explored in detail in non-Saccharomyces yeasts as it
contributes to the formation of important and flavorful wine aromas [36].

The most important esters are synthetized by yeasts during alcoholic fermentation as a
detoxification mechanism since they are less toxic than their correspondent alcohol or acidic
precursors. Moreover, their synthesis serves as a mechanism for the regeneration of free CoA
from its conjugates [16,37].

Esters (Figure 2) that contribute to wine aroma, derived from fermentation, belong to two
categories: the acetate esters of higher alcohols and the ethyl esters of medium-chain fatty acids
(MCFA). Acetate esters are formed inside the yeast cell, and in S. cerevisiae the reaction is metabolized
by two alcohol acetyltransferases, AATase I and AATase Il (encoded by genes ATF1 and ATF2 [35,38]).
Eatlp is responsible for the production of acetate and propanoate esters [39,40]. Most medium-chain
fatty acid ethyl ester biosynthesis during fermentation is catalyzed by two enzymes, Ehtlp and
Eeblp [38,41].
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Figure 2. Schematic representation of the most important wine esters: ethyl acetate (glue-like aroma),
isoamyl acetate (banana aroma), 2-phenylethyl acetate (roses and honey aromas), isobutyl acetate
(sweet-fruits aromas), and ethyl caproate and ethyl caprylate with a sour-apple aroma [38].

Volatile fatty acids also contribute to the flavor and aroma of the wine. During yeast fermentation,
long-chain fatty acids (LCFAs) are also formed via the fatty-acid synthesis pathway from acetyl-CoA
in concentrations varying from ng/L to g/L [42]. Medium-chain fatty acids (MCFAs (C¢ to Cy7)) are
produced primarily by yeasts as intermediates in the biosynthesis of LCFAs that are prematurely
released from the fatty acid synthase complex. These acids (Table 2) directly contribute to the flavor
of wine or serve as substrates that participate in the formation of ethyl acetates [43]. As most have
unpleasant aromas (see Table 2), their formation should be minimized.
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Table 2. Main medium-chain fatty acids (MCFAs (Cg to Cjp)), produced by yeasts during
alcoholic fermentation.

Fatty Acid Associated Aroma Odor Threshold (ug/L)!
Butanoic Acid Rancid butter or baby vomit aroma 173
Hexanoic Acid Sour, fatty, sweat, cheese 420
Octanoic Acid Fatty, waxy, rancid oily, vegetable, cheesy 500
Decanoic Acid Unpleasant rancid, sour, fatty, citrus 1000
2-Methylpropanoic Acid Acidic sour, cheese, dairy, buttery, rancid 2300
2- and 3-Methylbutyric Acid Sour, stinky feet, sweaty, cheese, tropical 33

1 Measured in model wine, water/ethanol (90 + 10, w/w) [44].

Sulfur-containing compounds can also be formed by yeasts during alcoholic fermentation. They are
usually perceived as off-flavors. The sulfur-containing compounds can be derived from the grape and
the metabolic activities of yeast and bacteria. They can also occur due to the chemical reactions during
the wine aging and storage and also due to environmental contamination [45]. They can be formed by
enzymatic mechanism as the products of metabolic and fermentative pathways whose substrates are
both amino acids and some sulfur-containing pesticides. When wine microorganisms metabolize these
thiols, the sulfur compounds formed are considered off-flavors [46] which convey negative notes such
as cabbage, garlic, onion, rotten eggs, rubber, and sulfur to wines [47]. However, there are some volatile
thiols that may confer enjoyable aromatic notes at trace levels, such as 4-mercapto-4-methylpentan-2-one
(4MMP), 3-mercaptohexan-1-ol (3MH), already mentioned in Table 1, and 3-mercaptohexyl acetate
(3MHA), important for the characterization of the typical Sauvignon Blanc wine aroma [24,25,48].

Finally, another important family of aromatic compounds present in wines are the carbonyl
compounds. In this group we may include acetaldehyde, acrolein, ethyl carbamate, formaldehyde, and
furfural [49]. Several factors may contribute to the presence of carbonyl compounds in wines, including
the fermentation of over-ripe grapes and increasing the maceration time, probably due to increased
concentration of the precursors like amino acids and glucose in the must [50]. Due to their carbonyl
group, carbonyl compounds present a high reactivity with the nucleophile’s cellular constituents [51]
and may cause cell damage. So, these compounds are toxic, and their formation should be avoided.

2. Yeast Modulation of Wine Aroma and Flavor Compounds

2.1. Non-Saccharomyces and Saccharomyces Co-inoculation vs. Sequential Inoculation

The wine industry attempts to diversify producing wines with distinctive characteristics and
creating high-quality new products. A true test for winemakers is to blend several grapes, grown
on different soil and climate conditions (terroir), with a developing science of yeast and bacterial
metabolism, to produce the most enjoyable wine [52]. Many winemakers today use commercial yeast
and bacteria starter cultures for alcoholic and malolactic fermentation, respectively. The selection of a
“fit-for-purpose” starter strain has a pivotal role in optimizing flavor and aroma.

There is no consensus on the impact of indigenous yeasts on wine sensory properties; while some
researchers show a positive effect, others show negative effects on the wine chemical composition and
sensory properties [53,54]. For example, Varela et al. [55] showed an increase in the concentration
of some higher alcohols and esters in wines produced with autochthonous yeasts compared to the
wines produced with commercial yeasts. Moreover, some non-Saccharomyces yeast may increase the
concentration of biogenic amines in wines [56].

In red winemaking, significant increases in the concentrations of desirable compounds such
as ethyl lactate (sweet, fruity, acidic, ethereal with a brown nuance aroma), 2,3-butanediol (buttery
aroma), 2-phenylethanol, and 2-phenylethyl acetate (both with a rose-like scent) can be obtained when
non-Saccharomyces yeasts are introduced into the fermentation process [57,58].
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Another selection criterion for non-Saccharomyces yeasts, when aiming to improve the wine
aroma, is the presence of 3-glucosidase activity that favors the hydrolysis of the non-volatile aromatic
precursors from the grape [59,60]. Non-Saccharomyces species display superior (3-glucosidase activity
to that of Saccharomyces species, which has been defined as intracellular and strain-dependent [23].

Budic-Leto et al. [61] found that Prosek, a traditional Croatian dessert wine, produced with native
and inoculated yeasts differed in its volatile compounds. Using descriptive sensory analysis, it was
shown that the sensory properties of the wines were significantly different depending on the type of
fermentation, namely determined for the attributes strawberry jam aroma, and fullness. So, recently,
non-Saccharomyces yeast species have been suggested for winemaking as they could contribute to the
improvement of wine quality mostly in terms of aromatic characteristics [62,63]. Thus, starter cultures
composed of non-Saccharomyces yeasts together with S. cerevisiae have been used for co-, or sequential
wine fermentations [64].

Co-inoculation involving S. cerevisine and non-Saccharomyces yeasts species typically results in the
disappearance (or the presence in relative low amounts) and loss of viability of non-Saccharomyces [65,66].
Though S. cerevisiae dominance can be explained by the depletion of sugar and nutrients from the
grape must followed by ethanol production and lack of oxygen, some direct mechanisms for yeast
species antagonism have also been described: (i) killer factors (so-called killer toxins or killer
proteins), which are secreted peptides, encoded by extrachromosomal elements of S. cerevisiae that
affect other yeast species [67]; (ii) similar compounds have also been described for Torulaspora
delbrueckii species [68] and for the genera Pichia, Kluyveromyces, Lachancea, Candida, Cryptococcus,
Debaryomyces, Hanseniaspora, Hansenula, Kluyveromyces, Metschnikowia, Torulopsis, Ustilago, Williopsis,
and Zygosaccharomyces, indicating that the killer phenomenon is indeed widespread among yeasts. [69];
(iii) S. cerevisiae are also able to secret antimicrobial peptides (AMPs) during alcoholic fermentation
that are active against wine-related yeasts (e.g., Dekkera bruxellensis) and bacteria (e.g., Oenococcus oeni).
These AMPs correspond to fragments of the S. cerevisine glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) protein [70].

Several authors agree that the sequential culture is better than the mixed culture, especially because
it allows for a greater expression of the metabolism of non-Saccharomyces yeasts at the beginning of
fermentation [71,72]. However, as recently reported by Loira et al. [73], the winemaker selection criteria
for performing co-inoculation or sequential inoculation with the appropriate non-Saccharomyces is
dependent on the characteristics of the wine to be produced, including the desired sensory properties.
The ratio of inoculation (non-Saccharomyces vs. Saccharomyces) is also a subject that must be considered.
Moreover, the contribution of the inoculation of non-Saccharomyces strains to wine fermentation can
be direct or indirect, through biological interactions with S. cerevisiae. Recently, Renault et al. [74,75]
described a synergic interaction between S. cerevisiae and T. delbrueckii resulting in increased levels
of 3-sulfanylhexan-1-ol a compound that presents a sulphurous aroma and an initially fruity flavor.
However, with over-aging, the aroma/flavor evolves to savory and chicken meaty with roasted coffee
shades and a hint of fruitiness [76].

Not long ago, Garcia et al. [63] performed small-scale fermentations where they studied the
oenological characterization of five non-Saccharomyces native yeast species under several co-culture
conditions in combination with a selected strain of S. cerevisize, aiming to improve the sensory
characteristics of the Malvar wines. Sequential inoculations were elaborated with S. cerevisine CLI 889
in combination with several non-Saccharomyces: (i) T. delbrueckii CLI 918, which produced wines with a
lower ethanol content and higher fruity and floral aroma; (ii) C. stellata CLI 920, which augmented
the aroma complexity and glycerol content; (iii) L. thermotolerans 9-6C, which produced an increase
in acidity and floral and ripe-fruit aroma and a lower volatile acidity; (iv) Schizosaccharomyces pombe,
which produced wines with fruity aromas; and (v) M. pulcherrima, which produced wines with lower
volatile acidity and an increase of glycerol and ripe-fruit aroma.

Continuing their work on Malvar wines, Garcia et al. [77] performed fermentations at the pilot scale,
using sequential-inoculation strategies which resulted in wines that tasters were able to distinguish
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from the controls. Moreover, the wines were most appreciated, namely, those produced in sequential
cultures with T. delbrueckii CLI 918/S. cerevisiae CLI 889 and C. stellata CLI 920/S. cerevisiae CLI 889
and, also, with mixed and sequential cultures of L. thermotolerans 9-6C/S. cerevisine CLI 889 strains.
Studies have shown that sequential cultures can produce more different wines, when compared
with the controls, providing sensory properties associated with the non-Saccharomyces strains. Some
strains of T. delbrueckii in sequential fermentation with S. cerevisiae can produce significant amounts of
3-ethoxy-1-propanol [78], with a fruity-like aroma with a low perception threshold, 0.1 mg/L [79].

However, sequential inoculation is not only favorable for positive aromas sequential. It is a
fermentation technique that can be used to prevent or diminish the production of some undesirable
compounds, augmenting the production of others. Viana et al. [80] reported a decrease in the higher
alcohol’s concentration (considered as possessing a fuel-like aroma) from 452.5 mg/L (control) to
306.2 mg/L when carrying out mixed fermentations with H. osmophila and S. cerevisiae. Moreover,
higher concentrations of 2-phenylethyl acetate (rose-like aroma) were obtained. A higher intensity of
fruitiness was also detected in these wines when compared to the control wine, obtained throughout
the fermentation of a pure S. cerevisiae culture.

2.2. Saccharomyces and Lactic Acid Bacteria co inoculation vs. Sequential Inoculation

The vinification involves different microbiological processes, mainly alcoholic fermentation (AF)
conducted by Saccharomyces cerevisiaze and malolactic fermentation (MLF) conducted by lactic acid
bacteria (Oenococcus oeni). These two distinctive fermentation processes represent an essential step in
the improvement of the quality of red wines [81].

MLF naturally occurs after AF, however, the timing of the start of MLF depends on several
parameters like temperature, pH, alcoholic degree and the concentration of sulfur dioxide (SO;),
as well as on certain yeast metabolites available, such as medium-chain fatty acids and peptidic
fractions [82,83]. The success of spontaneous MLF is not always guaranteed, and the addition of starter
culture can improve its viability. To overcome this issue, the winemakers may carry out traditional
LAB inoculation after alcoholic fermentation (sequential inoculation), or simultaneous inoculation in
the must with yeast (co-inoculation). The co-inoculation has, in the last several years, been adopted by
some winemakers, particularly in warm climates with higher temperatures, where high concentrations
of ethanol can inhibit LAB growth [84].

There are not many studies focusing on the impact of the co-inoculation technique on the aromatic
and biochemical profile of wines. Abrahamse and Bartowsky [85] and Knoll et al. [86] have shown that
the timing of inoculation with LAB in both white and red wines could influence the profile of aromatic
yeast-derived compounds such as higher alcohols, terpene, esters, and fatty acids. However, these
works were performed at the lab scale, and no sensory evaluation was performed on the wines.

Antalick and collaborators [87] demonstrated the impact of the timing of inoculation with LAB
on the metabolic profile of wines manufactured at production scale. They have clearly shown
that this technique has an impact on the aromatic profile of the wines, mainly in the presence of
lactic and fruity notes. Co-inoculation can modulate the intensity of these descriptors, due to the
production/degradation of metabolites or by the development of an aromatic mask over the short
and long term. Moreover, they discuss that the metabolic and aromatic changes that occur with
co-inoculation depend strongly on the yeast and LAB strains, as well as on the composition of the must.
Co-inoculation of musts at the beginning of vinification can also lead to a faster vinification process
without an excessive increase in volatile acidity [88].

Due to the importance of the interaction between yeasts (Saccharomyces and non-Saccharomyces)
and bacteria during wine processing, Berbegal et al. [89] applied a next-generation sequencing
(NGS) analysis to several fermentation modalities: uninoculated must, pied-de-cuve, S. cerevisiae,
S. cerevisiae, and Torulaspora delbrueckii co-inoculated and sequentially inoculated, along with S.
cerevisine and Metschnikowia pulcherrima co-inoculated and sequentially inoculated, continued by
spontaneous malolactic consortium to perform MLFE. Each experimental trial led to the different
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taxonomic composition of the bacterial communities of the malolactic consortia, in terms of prokaryotic
phyla and genera. Among other interesting findings, they found that MLF was delayed when
M. pulcherrima was inoculated and was even inhibited when the inoculated yeast strain was T.
delbrueckii [89]. Thus, an antagonistic effect of M. pulcherrima and especially T. delbrueckii on lactic
bacteria population has been proven, which may be due to the ability of T. delbrueckii to produce
“toxins” or killer factors that prevent bacteria growth [68] and to the ability of M. pulcherrima to produce
high amounts of pulcherrimin (an iron chelator) that inhibits the growth of bacteria [90].

3. Yeast Modulation of Wine Color and Pigment Formation

Anthocyanins and their derivatives, originating in the grapes, are the main pigments responsible
for the red wine color, and their structural modifications result in a characteristic variation of color in
red wines, from pale ruby (young red wine) to deep purple-red color (aged red wine) [91,92]. Such
variations can also result in changes in wine mouthfeel and flavor.

Saccharomyces yeasts can directly or indirectly contribute to wine color, altering color parameters
such as intensity and tonality by: (i) increasing the formation of stable pigment precursors (vinyl
phenols, acetaldehyde, and pyruvic acid); and (ii) modifying the pH due to organic acid metabolism
(production or consumption) [73].

Pyruvic acid and acetaldehyde promote the formation of vitisins of types A and B, respectively [93,
94], during must fermentation, (Figure 3A). Vitisins contribute more to wine color parameters than
unmodified anthocyanins and exhibit a hypsochromic shift, i.e., a change of spectral band position (in
the absorption, reflectance, transmittance, or emission spectrum) to a shorter wavelength corresponding
to a higher frequency. Vitisins can change towards an orange-red hue due to the long conjugation
afforded by pyran ring [95]. Moreover, their color expression remains stable against discoloration due
to the presence of sulfur dioxide (bleaching capacity) or changes in pH [95] (Figure 4).
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Figure 3. (A) Structures of vitisin A and vitisin B generated from malvidin-3-O-glucoside. (B) The
formation mechanism of vitisin A produced by condensation of an anthocyanin (malvidin-3-O-glucoside)
with pyruvic acid [92,96,97].



Fermentation 2020, 6, 22 9 of 19

Red-brown pigments Red-bluish pigments

UA

300 400 500 600 A (nm)

Figure 4. UV-visible spectra of malvidin-3-O-glucoside and vitisins A and B. Adapted from [98].

During the fermentation process, practices like pellicular maceration that increase the extraction
of anthocyanins from the skins of grape berries will promote the formation of vitisins [14]; also,
acetaldehyde and pyruvic acid, as mentioned before, are important intermediate compounds in yeast
metabolism and influence wine vitisin content [93,99,100].

During sugars’ fermentation by yeasts, pyruvate is metabolized into acetaldehyde, with the
latter being the terminal electron acceptor in the formation of ethanol. Acetaldehyde and pyruvate,
formed in yeast cytoplasm, are rapidly metabolized (the first is reduced to ethanol, and the second is
either decarboxylated to acetaldehyde or used in the formation of acetyl-CoA). However, some of the
acetaldehyde and pyruvate molecules, through cell lysis, pass to the wine medium and are sufficiently
reactive to attack other molecules, enabling the transformation of anthocyanins into compounds such as
pyranoanthocyanins and their secondary generated pigments (anthocyanin oligomers and polymeric
anthocyanin) [92,97]. Pyroanthocyanins are the most important group of anthocyanin derivatives
present in fermented beverages, including wine, and the A-type vitisins or carboxy-pyroanthocyanins
are produced, as mentioned before, by condensation of anthocyanin with pyruvic acid [97] (Figure 3B).

In terms of vitisin kinetic formation, during S. cerevisiae fermentation, type-A vitisins are produced
in the first six days of fermentation (when pyruvic acid is available). At the end of fermentation, when
nutrients are limited, the amount of acetaldehyde is high enough to lead to the formation of type-B
vitisins [93,99]. So, to generate a more pleasant red wine color, before fermentation the winemaker
must select the wine yeast strains that will be able to increase anthocyanin extraction and/or can
produce more pyruvic acid and acetaldehyde. Postponing or starting MLF early can prevent the
consumption of pyruvic acid and acetaldehyde by lactic acid bacteria [101], increasing the possibility
for vitisin synthesis.

Oxidative fermentation (fermentation in barrels or with micro-oxygenation) and wine aging in
wood give rise to pyruvic acid and acetaldehyde, increasing the vitisin levels and, consequently, color
intensity and stability [97]. Yellowish x-pyranone-anthocyanins called oxovitisins were also described
by He et al. [102] in aged red wines derived from the direct oxidation of A-type vitisins. Moreover,
A-type vitisins are the pyranoanthocyanins detected in higher concentrations in port wines. Port wine
is made by stopping the fermentation process with the addition of wine spirit “aguardente”, leaving
the wine with a high concentration of sugars. So, when fermentation is stopped, the pyruvic acid
concentration is relatively high and increases after wine fortification [97].

Vinylphenolic pyroanthocyanin adducts result from the condensation between vinyl phenols
and anthocyanins. These color compounds also show high color stability [94]. Yeast strains are also
able to affect the concentration and the composition of wine tannins as well as the degree of tannin
polymerization [103], thus, indirectly throughout yeast actions affecting stabilization of anthocyanins,
and consequently, stabilization of color can occur due to reaction between anthocyanins and tannins
forming pigmented tannins and through copigmentation of anthocyanins [104].

Additionally, what about non-Saccharomyces wine yeasts? Well, we have already mentioned that
an improvement in fermentation quality, efficiency, and wine pleasantness is obtained when sequential
or co-inoculation of non-Saccharomyces and Saccharomyces yeast is performed.
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Torulaspora delbrueckii is one non-Saccharomyces species available commercially (Viniflora®
Harmony.nsac and Viniflora® Melody.nsac, Zymaflore® Alpha, BIODIVA®, and Viniferm NS-TD® are
some commercial examples), therefore, this yeast could be a good candidate for wine color improvement
as it is reported to have a positive influence on the taste and aroma of wines. For instance, Pinotage
grape must inoculate with T. delbrueckii originated red wines improved in color intensity (anthocyanins)
and mouthfeel (flavanols) when compared to the control (musts inoculated with S. cerevisiae) [105].
However, T. delbrueckii has poor production of acetaldehyde [106], thus being a poor candidate for
wine color improvement in the context of B-type vitisins.

Other non-Saccharomyces yeasts, not yet available as commercial products, but studied in the
academic community, could be good candidates for wine color improvement. Medina et al. [107]
reported that in the case of co-fermentation of Metschnikowia and Hanseniaspora with S. cerevisiae, only an
increase in the content of B-type vitisins occurred, probably due to the enhanced acetaldehyde formation.

Further experiments performed by sequential inoculation of Schizosaccharomyces pombe and
Lachancea thermotolerans exposed an increase of type-A vitisins when compared with the control S.
cerevisiae [108]. Also, several authors detected interesting features in non-Saccharomyces yeasts. P.
guilliermondii strains presenting a high hydroxycinnamate decarboxylase activity may improve the
formation of vinylphenolic pyranoanthocyanins; non-Saccharomyces yeasts, such as Candida valida,
Metschnikowia pulcherrima, Kloeckera apiculata and Starmerella bombicola, which synthesize and release
pectolytic enzymes, can improve wine color due to the extraction of a greater amount of polyphenolic
compounds during fermentation and by facilitating clarification and filtration processes [73,98,109,110].

4. The Role of Saccharomyces and non-Saccharomyces Mannoproteins in Aroma and Color of
Wines

Mannoproteins are highly glycosylated glycoproteins located on the external layer of the yeast
cell wall, representing 35% to 40% of the S. cerevisiae cell wall (Figure 5) [111]. Mannoproteins are
composed of 10% to 20% protein and 80% to 90% p-mannose associated with residues of p-glucose and
N-acetylglucosamine [112].

Mannoproteins
(mannan-oligosaccharide )

- B-(1,3)/(1,6) glucan
(| r 1 u * !—

Chitin
Periplasmic space

MO

Figure 5. Schematic representation of the yeast cell wall. The yeast cell wall is composed of

mannan-oligosaccharide (mannoproteins), complex polymers of 3-(1,3)/(1,6) glucan, and chitin. As
shown in Figure 5, mannoproteins are located on the surface of the cell wall.

In wine, we can find two groups of mannoproteins: one made up of those secreted into wine by
yeast during alcoholic fermentation (100-150 mg/L) with molecular weights from 5000 to more than
800,000 Da [113], the other one composed by those that are released into the wine due to the autolysis
of yeasts during aging on lees, probably through the cleavage of linkages between mannoproteins,
glucans, and chitin [113,114].

The presence of these mannoproteins in wines has many positive consequences, from the reduction
of the protein haze in white wines [115] to decreasing astringency of red wines, by increased inhibition
of tannin aggregation [116,117]. Among other positive factors, mannoproteins also interact with wine
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volatile compounds [118]. So, these yeast-derived glycoprotein complexes can have positive effects on
the technological and sensorial properties of wines [119].

In terms of improving wine palatability and mouth feel, yeast mannoproteins promote the increase
of wine sweetness [120] and improve the aroma persistence and complexity [114,121]. However,
the number of mannoproteins released by yeast into wine can vary concerning the strain and the
chemical-physical and compositional conditions of the wine system [121,122].

Their presence can also affect the release of volatile compounds, affecting the final perception of the
wine [121]. The physicochemical interactions between aroma compounds and mannoproteins depends
on the nature of the volatile, since a greater degree of interaction is often observed with hydrophobic
compounds [123], as well as the conformational structure of the mannoproteins [114]; moreover, Chalier
et al. [114] demonstrated that both the glycosidic and peptidic parts of the mannoproteins may interact
well with the aroma compounds.

It has been shown that the use of mannoproteins (in low amounts) or the contact of the wine
with fine lees increases the levels of esters (ethyl hexanoate, methyl, and ethyl hexadecanoate, which
present fruity aromas), due to the esterification of fatty acids released during yeast fermentation or
yeast autolysis [121,124], while higher amounts increase, in excess, fatty acid content, producing yeasty,
herbaceous, and cheese-like smells [125]. However, it has been suggested that mannoproteins can be
used to remove or reduce the incidence of wine off-flavors—4-ethylguaiacol and 4-ethylphenol. The
sorption of these compounds to the yeast walls could be due to their interactions with the functional
groups of the mannoproteins and the free amino acids on the surface of the cell walls [126].

The release of mannoproteins into the wine is not a physiological characteristic of just S. cerevisiae
yeast strains. In 2014, Domizio and collaborators [127], studied eight non-Saccharomyces wine strains
(H. osmophila, L. thermotolerans, M. pulcherrima, P. fermentans, S. ludwigii, S. bacillaris, T. delbrueckii, and Z.
florentinus) in mixed inocula fermentations of a synthetic polysaccharide-free grape juice for their ability
to release mannoproteins. The eight non-Saccharomyces yeasts confirmed a higher capacity to release
polysaccharides when compared to S. cerevisine. Moreover, Pérez-Través et al. [128] also studied the
ability of natural hybrids of S. cerevisiae X S. krudriavzevii to release mannoproteins. Interestingly, they
found that this strain, in the fermentation conditions studied, was able to produce a higher quantity of
mannoproteins when compared with the sample in which only S. cerevisize was used. Furthermore, the
authors also found that the genome interaction in hybrids creates a biological ecosystem that boosts
the release of mannoproteins.

As mentioned before, the presence of mannoproteins in wines, namely red wines, promotes
tannin stability and reduction of astringency [116,117]. The interaction between mannoproteins and
wine phenolic compounds is a matter of interest, as studies show that they may have an impact on
color stability [129,130]. However, results are contradictory, as some authors state that there was no
positive interaction between mannoproteins and color compounds and that the interaction between
mannoproteins and tannins results in a decrease of wine tannin content due to the precipitation
of tannin and mannoprotein [112,120,131,132], thus being responsible for a decrease in wine color
intensity or lower filterability [133], whereas, others state that mannoproteins appear to stabilize
anthocyanin-derived pigments, from a colloidal point of view, avoiding their aggregation and further
precipitation [134]. The study of the exhaustive pigment composition of wines has shown that the
addition of mannoproteins can stabilize type-A vitisins and other derivative pigments [134].

5. Final Remarks

Wines are complex and evolve physiochemically and sensorially through time. Most of the wine
aroma and flavor compounds are produced or released during wine fermentation due to microbial
activity of Saccharomyces, non-Saccharomyces yeast genera, and lactic acid bacteria. A true challenge for
winemakers is the selection of a “fit-for-purpose” microbial starter culture or culture strains that can
have a crucial role in optimizing flavor, aroma, and color of wines, among other sensory properties.
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Co-inoculation involving S. cerevisine and non-Saccharomyces yeasts species may result in the
death or loss of variability of non-Saccharomyces, once S. cerevisine dominates the fermentation and
is stress-resistant to the inhibitory ethanol effect. So, several authors suggest that the sequential
inoculation (non-Saccharomyces followed by S. cerevisiae) is a better technique than the mixed culture,
allowing a higher expression of the metabolism of non-Saccharomyces. Nevertheless, the ratio of
inoculation (non-Saccharomyces vs. Saccharomyces) must be taken into account, especially if the wine
should present a special and desirable characteristic such as the expression of a peculiar aroma-flavor, or
even the inhibition of the production of a specific family of compounds like, for instance, higher alcohols.

Concerning the MLF, the co-inoculation process has been adopted by some winemakers, in
warm climates, where high concentrations of ethanol can inhibit lactic acid bacteria (LAB) growth.
Co-inoculation of musts at the beginning of vinification can also accelerate the process without an
excessive increase in volatile acidity. However, winemakers must be aware of the possible interactions
between yeasts (Saccharomyces and non-Saccharomyces) and LAB during wine processing. LAB feed
on dead and lysed yeast cells but some non-Saccharomyces may delay (M. pulcherrima) or inhibit (T.
delbrueckii) bacterial growth, thus inhibiting the occurrence of MLF.

Regarding wine color characteristics, especially red wine, Saccharomyces and non-Saccharomyces
yeasts can directly or indirectly contribute to wine intensity and tonality, by increasing the formation
of stable pigment precursors (vinyl phenols, acetaldehyde, and pyruvic acid) and by modifying the
pH due to organic acid metabolism. Pyruvic acid is necessary for vitisin synthesis; these important
pigments contribute more to wine color parameters than unmodified anthocyanins. Concerning
acetaldehyde, this compound has several negative impacts (one on health, the other as a potent binder
of 50O3), so its formation, although beneficial to wine color, should be avoided. Also, it is important to
choose the right time for promoting MLF, either spontaneously or by inoculation of a commercial LAB
strain, to prevent consumption of pyruvic acid by lactic acid bacteria and to promote vitisin synthesis.

Finally, mannoproteins may have a positive effect on sensory perception of red wine, reducing
astringency and bitterness and encouraging aroma revelation and odor complexity, but further
studies are necessary in order to unravel the possible stabilization mechanism and the relationship
between Saccharomyces and non-Saccharomyces mannoprotein characteristics and their ability to stabilize
wine color.

So, in conclusion, knowledge and control of yeast and bacteria can help winemakers enhance the
sensory quality of their wines for flavor and color.
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