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The use of non-Saccharomyces yeasts in enology has increased since the beginning of the current
century because of the potential improvements they can produce in wine sensory quality. Several
review articles have described the potential of some non-Saccharomyces species [1-3] and the suitable
criteria to select them [4,5] according to the effects of the species on wine color, aroma, body or structure.
Most non-Saccharontyces species have low fermentative power, which makes it necessary to use them in
sequential fermentations with S. cerevisiae to completely deplete the sugars. Moreover, some of them
have slow fermentation kinetics, which is a drawback for a competitive implantation in must containing
S. cerevisiae indigenous populations. Emerging technologies to control wild indigenous yeasts can
facilitate the development, growth and fermentative activity of the inoculated non-Saccharomyces
yeasts and, therefore, the suitable expression of their metabolic properties [6]. This special issue is
focused on the description and review of several non-Saccharomyces species with great potential in wine
biotechnology, some of which are frequently used at the winery scale, but also produced industrially
as dried yeast or liquid inoculant [7].

Wine acidity, especially the pH, is a key parameter in wine that controls microbial development
and chemical stability. Traditional pH control is driven by acidification processes with tartaric acid
or modern ion exchanger techniques, which unfortunately affect sensory quality. The biological
modulation of wine acidity can be done efficiently by several non-Saccharomyces species, by the
production of lactic acid by Lachancea thermotolerans or succinic acid by Candida stellata, the demalication
by Schizosaccharomyces pombe or Pichia kudriavzevii, and the control of volatile acidity in sequential
fermentations with Torulaspora delbrueckii or Zygosaccharomyces florentinus highlight the possibilities of
non-Saccharomyces in the improvement of wine acidity [8].

Biological acidification by L. thermotolerans is a powerful tool to control pH in warm areas [9]. The
production of acidity is performed from sugars and the product lactic acid is a stable metabolite during
winemaking but also through stabilization and aging. The formation of several metabolites with sensory
repercussions has also been described in this species. Acidification by L. thermotolerans is a natural
biotechnology that helps to keep lower and more effective levels of molecular and free SO,. Currently, in
our laboratory we have selected strains of this species able to ferment at more than 12% potential alcohol,
which opens the door to single fermentations with single inoculums of L. thermotolerans.

Wine deacidification by metabolization of malic acid is an essential step in red winemaking.
This acid is unstable during stabilization and aging, and can produce microbial hazes if not eliminated
previously. Usually, malic acid is transformed into lactic acid by malolactic fermentation produced
by lactic acid bacteria, mainly Oenococcus oeni, due to the specific composition of wine. Alternatively,
S. pombe is able to metabolize malic acid by the maloalcoholic fermentation pathway. The advantages
are the fast and efficient degradation of malic acid and at the same time S. pombe can produce the
alcoholic fermentation. Moreover, its use reduces the formation of biogenic amines. Also, the peculiar
metabolism of S. pombe facilitates the formation of vitisin A pyranoanthocyanin pigments, with positive
effects on color stability [10].

Fermentation 2019, 5, 72; d0i:10.3390/fermentation5030072 1 www.mdpi.com/journal/fermentation
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Among the pioneer species used in enology is T. delbrueckii, with medium fermentative power,
some strains reach 9%-10% in alcohol with a high fermentation purity. The production of acetic
esters and other specific aromas makes this yeast a key option to improve wine aroma, but it also has
interesting effects on the body and structure [11]. Recently, it has been used in sparkling wines to make
more complex base wines, whilst also increasing the structure during bottle aging [12].

The production of acetic esters is an interesting strategy to improve a wine’s aromatic profile.
The use of Wickerhamomyces anomalus helps to increase the contents of several esters, specifically
2-phenyl-ethyl acetate, with positive floral profiles [13]. The main drawback of this species is
the high production of acetic acid, which can be partially controlled with suitable strain selection,
but also through its use in sequential fermentation with S. cerevisie. Apiculate species, such as
the Hanseniaspora/Kloeckera genera, are also described as strong producers of acetate esters, and
many species enhance the formation of 2-phenyl-ethyl acetate; some also produce benzenoids or
nor-isoprenoids. Moreover, they tend to have an interesting effect on structure by producing full
bodied wines [14]. Some of these species, as well as Metschnikowia pulcherrima and C. stellata, are able
to release extracellular hydrolytic enzymes, such as 3-glucosidases or c-lyases, that help improve the
varietal aroma by releasing free terpenes or thiols [15,16]. A wide pool of enzymatic activities can also
be found in saprophytic Aureobasidium pullulans, several of these enzymes can be purified with useful
applications in enology [17]. A. pullulans is a typical yeast-fungus that can be found in the indigenous
microbiota of the berry together with the apiculate genera Hanseniaspora/Kloeckera.

Spoilage yeasts such as Zygosaccharomyces rouxii, Saccharomycodes ludwigii or Brettanomyces
bruxellensis may be difficult to handle at specific winemaking stages. Usually, the main concern
of the enologist is their control and elimination from musts and wines, but also the analysis of their
populations and their main marker metabolites. However, these non-Saccharomyces species sometimes
have interesting applications in fermentative industries. Zygosaccharomyces rouxii is a frequent
osmophilic spoilage species that causes re-fermentations in sweet wines and other drinks, such as fruit
juices and soft beverages. Its control can be done using additives as DMDC, emerging antimicrobials
as LfcinB, or cold pasteurization processes as DBD, US, UHPH or PEFs [18]. Saccharomycodes ludwigii
is a strong fermenting yeast able to completely finish grape sugars; it also shows a strong resistance
to high SO, levels. Some interesting applications are now being described, such as the use of this
species in the reduction of the alcoholic degree of beers or in the production of ciders. In enology, the
production of off-flavors reduces a lot the potential use of S. ludwigii in wine fermentation. The control
measures used to reduce its prevalence in wines are the use of emerging physical technologies, chemical
additives such as DMDC, but also natural products such as chitosan or biological control with killer
yeasts [19]. The use of biological control with yeasts able to produce antimicrobial peptides is a novelty
in the elimination of Brettanomyces spp. [20]. This spoilage yeast degrades the sensory quality of the
wine as it develops during barrel aging, usually affecting more expensive wines by producing several
unpleasant molecules [21]. Conventional control is based on the use of SO, and hygiene measures,
however both parameters are difficult to control and maintain during long periods in difficult materials
such as barrel wood. The use of C. intermedia as a selective bio-controller is a natural way to reduce
the damages produced by Brettanomyces. Bio-protection and biological management of spoilage and
undesired yeast can be also done by using M. pulcherrima, the production of the pigment pulcherrimin
and their effect on iron chelation helps to eliminate competitive yeasts in grapes or at the beginning of
fermentation [15].

If the twentieth century saw the explosion of S. cerevisiae applications, non-Saccharomyces yeasts
open up a world of new biotechnologies in the twenty-first century, including improved fermentations,
with more complex and differentiated sensory profiles in wines, bioprotection applications, enzymatic
activities, acidity modulation, improvement of aging processes, reduction of toxic molecules and
additives, and many other possibilities to discover. Some of these potentials contribute to the adaptation
of wine to regions and terroirs, even to the ecological changes produced by global warming.
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Abstract: In recent years, in line with consumer preferences and due to the effects of global climate
change, new trends have emerged in wine fermentation and wine technology. Consumers are looking
for wines with less ethanol and fruitier aromas, but also with a good balance in terms of acidity and
mouthfeel. Nonconventional yeasts contain a wide range of different genera of non-Saccharomyces.
If in the past they were considered spoilage yeasts, now they are used to enhance the aroma profile of
wine or to modulate wine composition. Recent publications highlight the role of non-Saccharomyces
as selected strains for controlling fermentations mostly in cofermentation with Saccharomyces. In this
article, I have reviewed the ability of some bacteria and non-Saccharomyces strains to modulate
wine acidity.

Keywords: wine acidity; volatile acidity; malolactic bacteria; Lactobacillus plantarum; Lachancea
thermotolerans; Schizosaccharomyces pombe; Candida stellate; Torulaspora delbrueckii; Zygotorulaspora florentina;
Pichia kudriavzevii; Stermerella bacillaris

1. Acids Present in Grapes and Wines and Their Perceived Taste

Organic acids, next to sugars, are the most abundant solids present in grape juice. They are a
significant constituent of juice and wine. Responsible for the sour/acid taste, they also influence wine
stability, color, and pH. The quality and quantity of organic acids in conjunction with the sugars has a
significant effect on the mouthfeel quality of wines [1].

Acid composition and concentration within the grape-must or wine are influenced by many
factors, such as grape variety, soil composition, and climatic conditions. Accumulation of grape acids,
namely tartaric acid, usually occurs at the beginning of grape berry development and is, to a large
extent, completed at the beginning of ripening [2].

Amerine [3] reported that in berries, tartaric, malic, citric, ascorbic, phosphoric, and tannic acids
were present, and soon after, Stafford [4] confirmed the occurrence of all but ascorbic and tannic acids
in grapevine leaves, and included oxalic acid, in the form of idioblast crystals of calcium oxalate.
Kliewer [5] identified 23 acids in berries, although most of these were found only in trace amounts.
Nowadays we know that, by far, the predominant acids are tartaric and malic, which together may
account for over 90% of the total acidity in the berry, existing at crudely a 1:1 to 1:3 ratio of tartaric
to malic acid [6], both contributing to the pH of the juice, must, and wine during vinification and
subsequent aging (Figure 1) [7].

Tartaric and malic acids are diprotic, with two dissociable protons per molecule. It is the first
proton dissociation, with pKa values of around 2.98 (tartaric) and 3.46 (malic) that are meaningful
properties in a winemaking context. At a typical wine pH (3.4), tartaric acid will be three times as
acidic as malic acid [7].

Fermentation 2019, 5, 27; doi:10.3390/ fermentation5010027 4 www.mdpi.com/journal/fermentation
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Figure 1. Grape-berry flavor zones and distribution of tartaric and malic acids.

The bitartrate and bimalate monoanions have important sensory roles to play in wine taste. Malic
acid presents a harsh metallic taste (Table 1), sometimes correlated with the taste of green-apples,
while the taste attributed to tartaric acid is frequently referred to as being ‘mineral’ or citrus-like.
To compensate malic acid ‘lost’ in the late stages of berry ripening, the addition of tartaric acid at crush,
or thereafter, can be performed, providing, in this way, control of must/wine pH. However, tartaric
acid, unlike malic acid, is not a metabolic substrate for lactic acid bacteria or even yeasts.

Table 1. Organic acids present in grapes and wines and major acids’” sensory descriptors. Adapted
from Boulton et al. [8].

Fixed Acids Volatile Acids
Major Acids Minor Acids Major Acids Minor Acids
L-tartaric Amino-acids Acetic Formic
(citrus-like taste) (vinegar-like)
L-malic Pyruvic Propionic
(metallic, green-apples taste)
L-lactic a-Ketoglutaric 2-Methylpropionic
(sour and spicy)
Citric Isocitric Butyric

(fresh and citrus-like)

Succinic
(sour, salty, and bitter)

2-Oxoglutaric 2-Methylbutyric

Dimethyl glyceric 3-Methylbutyric
Citramalic Hexanoic
Gluconic acid @ Octanoic
Galacturonic Decanoic

Glucuronic, Mucic, Coumaric, and Ascorbic

() Present in wine made with grapes infected with Botrytis cinerea.

Citric acid, that presents a pleasant citrus-like taste (Table 1), has many uses in wine production.
Citric acid is a weak organic acid that presents antimicrobial activity against molds and bacteria. It can
create a relationship with antioxidants by chelating metal ions, thus helping in browning prevention.
Citric acid occurs in the metabolism of almost every organism because it is an important intermediate
in the tricarboxylic acid cycle (TCA cycle) [9], Figure 2.

During the winemaking process, it is advisable to monitor the concentration of organic acids in
order to ensure the quality of the wine, and a distinction is made between acids directly produced
in grapes (tartaric, malic, and citric) and those originating during the fermentation—alcoholic and
malolactic—succinic, lactic, and acetic acids, among others [11], Table 1.
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Figure 2. Schematic representation of the main steps, intermediated compounds, and enzymes of the
TCA cycle [10].

Acetic acid, in quantities higher than 0.8-0.90 gL.~! [11], is immediately recognizable due to the
vinegar smell an acrid taste, causing the wine to be considered spoiled. The maximum acceptable
limit for volatile acidity in most wines is 1.2 gL ™! of acetic acid [12]. Acetic acid can appear on the
grapes or the grape-must due to the presence of yeasts like Hansenula spp. and Brettanomyces spp.,
filamentous fungi (Aspergillus niger, Aspergillus tenuis, Cladosporium herbarum, Penicillium spp.,
and Rhizopus arrhizus), and bacteria (LAB-like indigenous Lactobacilli, and acetic acid bacteria). During
alcoholic fermentation, acetic acid usually is formed in small quantities (0.2-0.5 gL.~! acetic acid) as a
byproduct of S. cerevisine metabolism. If the amounts are higher, some contamination spoilage yeasts
and bacteria can be present: Candida krusei, Candida stellate, Hansaniaspora wvarum / Kloeckera apiculate,
Pichia anomala, Saccharomycodes ludwigii, Acetobacter pasteurianus, and Acetobacter liquefaciens; after
malolactic fermentation, heterofermentative species of Oenococcus and Lactobacillus also have the
potential to produce acetic acid through the metabolism of residual sugar [13].

Succinic acid, with a sour, salty, and bitter taste, is the major acid produced by yeast during
fermentation. This acid is resistant to microbial metabolism under fermentative conditions. During a
period from 1991 to 2003, Coulter and coworkers [14] studied 93 red and 45 white Australian wines
and found that the concentration of succinic acid in red wines reached from “none” (detection limit
of 0.1 gL_l) to 2.6 gL_l, with a mean value of 1.2 gL_l, while the concentration in white wines was
between 0.1 gL. 7! to 1.6 gL !, with a mean value of 0.6 gL ~!. Thus, succinic acid plays an important
role in wine acidity [14].

Lactic acid, that usually is perceived as sour and spicy, is mainly produced by lactic acid bacteria
during malolactic fermentation. However, small amounts can also be synthesized by yeast.

Today, the range of wines on the market is huge. On the other hand, wine companies tend to develop
a style. Last year’s tendency was to attribute “medals” to balanced flavor profile wines with bordering
notes of vegetal-green, chemical, earthy, or sulfur characters, aromas of fruit and oak, hot/full mouthfeel
(generally related to the alcohol content), low bitterness, and high sweetness [15]. Consumers and
winemakers, giving more importance to flavors and sweetness, tend to “despise” acidity, even if it
is one of the most important components of the wine. So, it is important for the wine industry to be
able to modulate wine acidity, having in mind the concept of “healthy” and “biological”, without the
addition of enological products.
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In this article, a review is made of some microorganisms, namely non-Saccharomyces yeasts, that,
due to their physiological and genetic traits, are able to modulate wine acidity, either by increasing the
wine’s acid content (biological acidification) or by decreasing it—biological deacidification.

2. Wine Biological Acidity Modulation by Bacteria via Malolactic Fermentation

Physicochemical deacidification of wines is time-consuming, requires labor, capital input, and may
reduce wine quality [16]. Biological deacidification of wine with malolactic bacteria (MLB), most often
strains of Oenococcus oeni, previously known as Leuconostoc oenos [17], is the traditional method used for
removing excess wine acidity. However, one important thing must be taken into account; of wine’s total
acidity, biological deacidification only affects the malic acid portion, it does not reduce tartaric acid.

While during alcoholic fermentation, wine yeast strains convert the grape sugars into ethanol
and other flavors/mouthfeel compounds, after sugar depletion and the decline of yeasts population,
LAB proliferates by utilizing the remaining sugars and thereafter performs malolactic fermentation
(MLEF). Despite its name “malolactic fermentation”, this biological process is not a fermentation, but an
enzymatic reaction in which malic acid (L (—) malic acid) is decarboxylated to lactic acid (L (+) lactic
acid) and CO,, Figure 3, [18,19]. This process also reduces the potential carbon source for spoilage
microorganisms and leads to wine microbial stabilization [20].

-] Malic acid

Figure 3. Schematic representation of malolactic enzyme action. Malolactic bacteria convert sharp
green-apple-like malic acid into softer, much less tart lactic acid, releasing CO, along the way.

During MLF, the metabolism of O. oeni can improve the wine’s sensory characteristics by
producing a myriad of secondary metabolites [21]. However, the success of MLF is influenced by
oenological parameters, such as temperature, pH, alcohol content, SO, concentration [22], and yeast
inhibitory metabolites, such as medium chain fatty acids [23] or peptic fractions [24].

Several working groups are focused on alternative LAB, such as Lactobacillus plantarum, to perform
MLF in wine [25,26]. Lactobacillus plantarum can survive under winemaking stress conditions,
and during the fermentation process they are also able to produce a huge number of secondary
metabolites important for the wine’s aroma and flavor, including B-glucosidases, esterases, phenolic
acid decarboxylases, and citrate lyases [27-29] once they contain genes encoding important enzymes
that are active under winemaking conditions [30,31]; and can even improve red wine’s color and solve
problems associated with wine filtration due to tannase activities [29].

More specific studies have found that depending on the stress conditions in the wine, the gene coding
for the malolactic enzyme works differently for O. oeni [32] and L. plantarum [33]. Miller et al. [33] found
that the expression of mle (malolactic enzyme) L. plantarum gene presented an increased expression
in the middle of MLF and was inducible by the presence of malic acid and low pH wine values,
decreasing, nevertheless, in the presence of ethanol. Later, Iorizzo and coworkers [34] reported that
some strains of L. plantarum were able to grow at pH values ranging from 3.2 to 3.5 and in the presence
of 13% (v/v) ethanol. Several strains of L. plantarum were also found to be able to tolerate the presence
of sulfite and in the concentrations used in winemaking [35].

Moreover, L. plantarum strains produce high concentrations of lactic acid, which may contribute
to “biological acidification” in low acidity wines, and thus improving wine mouthfeel [36].
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3. Wines Biological Acidity Modulation by Nonconventional Yeasts

The malolactic fermentation process is not free from collateral effects (production of off-flavors,
wine quality loss, and human health issues due to the production of biogenic amines). Benito et al. [37]
developed a new red winemaking methodology by combining the use of two non-Saccharonyces yeast
strains as an alternative to the traditional MLF. According to the authors, malic acid is consumed by
Schizosaccharomyces pombe, while Lachancea thermotolerans produces lactic acid in order to increase the
acidity of wines produced from low acidity musts. The main fermentative properties of interesting
non-Saccharomyces yeasts reported as advantageous for fermented beverages and that can modulate
wine acidity are described in Table 2.

Table 2. Percentage of ethanol formed during fermentation, sugars fermented, main volatile
compounds formed and effect on wine acidity of seven non-Saccharomyces yeasts.

. Ethanol Formation Sugars Volatile . N
Yeast Species b, vf0) Fermented Compounds Effect on Wine Acidity Ref.
Lachancea thermotolerans
& 09 RS ;;:uc?s? 2-phenylethyl Acidity enrichment
s N <9 Mot acetate (lactic acid) / Acidity [37-40]
Calactose Ethyl lactate reduction (acetic acid)
Glucose
Fructose Higher alcohols  Maloalcoholic
12-14 Sucrose Esters deacidification (37,411
Maltose
Glucose
~1
l[l)ie)rr:l-ii]ngcl;-culture Sucrose Esters Acidity enrichment [42]
8 }:h S isiac) Raffinose (slow  Acetoin (Succinic acid)
with S. cerevisiae fermentation)
.. Glucose
Torulaspora delbrueckii 11 (table wine) Galactosei(“) Long-chain
1314 0 (in co-culture Maltose (_‘_‘) alcohols, esters, Low production of [43-45]
with S. cerevisiac) Sucrose () aldehydes, acetic acid N
. a,a-Trehalose () and glycerol
Melibiose ()
Frutose (i)
Z. flqrentiu/Z. Florentina glllxcotse Low production of
>13 V) (in co-culture aactose higher alcohols  acetic acid.
. . Sucrose ) . [46-50]
with S. cerevisiae) Malt and esters Some species are able to
R:fﬁf\zesc consume acetic acid ()
Trehalose
Pichia Glucos
kudriavzevii/Issatchenkia i cose
. . >7 (Vi) Fructose
orientalis o e
i (in microvinifications Sucrose, Esters and . .
-./ 2 v :: with chemically Maltose, Higher alcohols Consume L-malic acid 151,52
_,5 Sz S N defined grape juice) Raffinose
b 2 Xylose (Vi)
Starmerella bacl.ll.arls/Candlda . Malic acid degradation;
zemplinina Higher level of . S
Glucose some terpenes, Reduction of acetic acid
11.7-12.1 (viid) Fructose (% lactones and ' insweet wines; [53-57]

Production of

thiols ™ P
pyruvic acid.

) The musts were obtained from botrytized Semillon grapes with initial sugar concentrations of 360 gL 1 [43].
(i) Varjable according to strain. (1) Some Zygosaccharomyces are fructophilic. Z. rouxii and Z. bailii possess genes
(FFZ) that encode specific fructose facilitators and proteins [49]. ) In white grape juice, not added with SO,,
with 231 gL' sugar content [48]. ¥) Z. bailii is known to consume acetic acid [50]. ) In microvinifications with
chemically defined grape juice with similar nitrogen and acidic fraction composition to Patagonian Pinot noir juice
(gL~ glucose 100 gL™?, fructose 100 gL', potassium tartrate 5 gL.~!, L-malic acid 3 gL~!, citric acid 0.2 gL~*,
easily assimilable nitrogen 0.208 gL ! and pH 3.5) [51]. i) Pichia kudriavzevii presents the ability to produce ethanol
from xylose. Xylose is a sugar found in wood, meaning this can used as an alternative for ethanol production, which
is particularly useful in the biofuel industry [52]. (Vi) A decrease up to 0.7% (v/v) of ethanol when S. cerevisiae was
inoculated with a delay of 48 h with respect to the inoculation of Starmerella bacillaris [53]. (%) S pacillaris show
fructophilic, cryotellerant, and osmophylic characters of interest for the winemakers [55]. ® Sauvignon blanc wines
fermented by mixed cultures (S. bacillaris and S. cerevisiae) contained significantly higher levels of thiols [57].
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Schizosaccharomyces pombe, Lachancea thermotolerans, and Torulaspora delbrueckii are presently
produced at the industrial level by biotechnological companies [38]. Torulaspora delbrueckii is
commercialized in the form of a pure culture, selected for its properties to increase aromatic complexity,
mouthfeel, low production of volatile acidity, and high resistance to initial osmotic shock and it is
highly recommended for the fermentation of late harvest wines in sequential culture with S. cerevisiae.

3.1. Lachancea thermotolerans: Wine Acidification/Deacetification

L. thermotolerans cells are rather similar in both shape and size to S. cerevisiae and impossible to
distinguish by optical microscopy. They also reproduce asexually by multipolar budding. In fermentation
conditions, an alcohol degree of 9% (v/v) is the limit of ethanol produced and tolerated [38].
L. thermotolerans can produce lactic acid during fermentation, up to 9.6 gL ! [58], and glycerol [59].

All these interesting features can be a way to address the problems of increased alcohol
content/reduction in the total acidity of wines associated with global climate changes [60]. Since
2013 [59], studies have been made in several wines and wine-regions that elucidate L. thermotolerans
wine-making features—Sangiovese and Cabernet-Sauvignon wines where a significant increase in the
spicy notes was found [59]; Airén wines, an increased lactic acid concentration up to 3.18 gL ™! and a
pH reduction of 0.22 were accomplished [61], Emir wines, where an increase in final total acidity of
5.40-6.28 gL*1 was achieved [60].

However, L. thermotolerans is also capable of another interesting wine-making feature. This yeast
can be used to develop a controlled biological deacetification process of wines with high volatile
acidity, with the process being oxygen-dependent, which means that its metabolism must shift more
towards respiration than fermentation [40,50].

To verify the potential application of L. thermotolerans wine deacetification, the strain was
inoculated in two wine-supplemented mineral media, (I) simulating the refermentation of a wine
with freshly crushed grapes (130 gL ™! of glucose and 4% ethanol (v/v)) and (II) simulating the
refermentation of a wine with the residual marc from a finished wine fermentation (33 gL’1 glucose and
10% ethanol (v/v)). The volatile acidity of both mixtures was 1.13 gL ~! of acetic acid. L. thermotolerans
was able to consume 94.6% of the initial acetic acid, in the high-glucose medium, under aerobic
conditions and the final “wine” was left with a volatile acidity of 0.06 gL~ [50].

3.2. Schizosaccharomyces pombe: Biological Acidity Modulation via Maloalcoholic Fermentation

Usually, wine is produced by using Saccharomyces yeast to transform sugars into alcohol,
followed by Oenococus bacteria to complete malolactic fermentation and thus rendering the wine
with its pleasantness and microbial stability. This methodology has some unsolved problems:
(i) the management of highly acidic musts; (ii) the production of potentially toxic products, including
biogenic amines and ethyl carbamate [62]. To overcome these issues, the use of non-Saccharomyces yeast
strains able to perform alcoholic fermentation and malic acid degradation are being studied. S. cerevisiae
has long been known as a poor metabolizer of extracellular malate, due to the lack of a mediated
transport system for the acid [63]. One example is the fission yeast from the genus Schizosaccharomyces.
These yeasts are able to consume malic acid by converting it to ethanol and CO, [64], Figure 4.

Schizosaccharomyces pombe is highly appreciated in colder regions due to its particular metabolism
of maloalcoholic fermentation [64], significantly reducing the levels of ethyl carbamate precursors and
biogenic amines without the need for any bacterial MLF [62]. Schizosaccharomyces is also able, during
fermentation, to increase the formation of vitisins and vinylphenolic pyranoanthocyanin [65]; these
pigments intensify the color of the finished wine [66].
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Figure 4. Schematic representation of the maloalcoholic pathway. Malic acid is transported into the
yeast cell by maelp carboxylic acid transporter. The malic enzyme (ME) converts malate into pyruvate,
supplying pyruvic acid to the mitochondria for biosynthesis.

3.3. Candida stellata: Biological Acidity Enrichment

Candida stellata is an imperfect yeast of the genus Candida, order Saccharomycetales, phylum
Ascomycota. C. stellata was originally isolated from an overripe grape must in Germany, but we can
find it widespread in natural and artificial habitats [67].

During the beginning of alcoholic fermentation, many species can grow simultaneously in the
grape must; C. stellata species have been described in this stage of fermentation [68]. C. stellata cells are
spherical /ovoid; usually found as single cells. This yeast ferments glucose, sucrose, and raffinose and
uses lysine as its sole N source. It is also able to grow at higher pH values and it is not sensitive to
ethanol [67]. These features make it a good candidate for co-inoculation with S. cerevisiae. This yeast is
also frequently associated with musts proceeding from botrytized grapes [69].

An interesting feature is the ability of C. stellata to form succinic acid. Maurizio and Ferraro [70]
found that C. stellata yeast strains produced more succinic acid than a Saccharomyces control strain in
synthetic grape juice. The higher production of the acid was also associated with higher glycerol levels.
The yeasts also presented high ethanol production and ethanol tolerance [42,71]. Succinic acid could
positively influence the sensory /mouthfeel profile of wines with insufficient acidity. Nevertheless,
due to its ‘salt-bitter-sour” taste, excessive levels would negatively influence wine quality.

Moreover, Magyar and Téth [72] found that C. stellata is similar to C. zemplinina in its strong
fructophilic character. However, C. stellata produces more glycerol and more ethanol, which is
comparable with that produced by S. uvarum. The latter species is known to produce low acetic
acid and low ethanol when compared with S. cerevisiae.

3.4. Torulaspora delbrueckii: Volatile Acidity Modulation in Very Sweet Musts

Torulaspora delbrueckii (formerly Saccharomyces rosei) is reported to have a positive effect on the
flavor of alcoholic beverages, and exhibits low production of acetic acid, acetaldehyde, ethyl acetate,
and acetoin [71].

T. delbrueckii was studied by Lafon-Lafourcade et al. [73] in order to evaluate the possibility of
using it to improve the quality of botrytized wine (wine made with Botrytis cinerea-infected grapes,
commonly known as “noble rot”). These wines are made with grapes with sugar concentrations up
to 350-450 gL ~! and present a challenge to S. cerevisiae in terms of acetic acid production. It is well
known that S. cerevisiae produces acetic acid as a stress response to the high-sugar grape must [13].
The volatile acidity of these wines may be over 1.8 gL ™! (acetic acid), a value above the human nose
detection threshold and over the EEC (European Economic Community) legal limit (1.5 gL ~!) [12].

Bely et al. [43] used mixed cultures of T. delbrueckii and S. cerevisiae in high-sugar fermentation
musts with a higher concentration of T. delbrueckii to promote its growth. This mixed inoculum
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produced lower levels of acetic acid and acetaldehyde, up to 55% and 68% less, respectively, when
compared with the pure cultures of S. cerevisine. An indication of the positive impact of T. delbrueckii
activity on wine quality was also demonstrated by Azzolini et al. [74] in Vino Santo, a sweet wine, due
to its low production of acetic acid.

Azzolini et al. [75] studied the impact of T. delbrueckii in the production of Amarone wine (officially
named, Amarone della Valpolicella), a high-alcohol dry red wine obtained from withered grapes. Winery
trials were inoculated by a selected strain of T. delbrueckii in co-inoculation and/or sequentially with an
S. cerevisiae strain. T. delbrueckii was able to promote the formation of alcohols, fermentative esters, fatty
acids, and lactones, which are important in the Amarone wine flavor. In terms of aromatic capacity,
in white table wines, T. delbrueckii was able to produce dried fruit/pastry aromas, pleasant to the
tasters [44,74].

3.5. Zygosaccharomyces Florentinus/Zygotorulaspora Florentina: Volatile Acidity Modulation

The genus Zygosaccharomyces is involved in food and beverage spoilage since it shows high
tolerance to osmotic stress, and consequently, the Zygosaccharomyces species can grow in severe
environments with high sugar concentration, pH values closer to 2 [76], low ‘water activity’ (aw),
and presence of organic acids and preservatives such as SO, and ethanol [77]. Zygosaccharomyces
spp. produces high ethanol and acetoin content in wines and may play an important role as
non-Saccharomyces yeasts in differentiated wine products [78]. The odors and flavors produced by
Zygosaccharomyces are generally described as being wine-like, so the main problem with this yeast in
wines, is the formation of a haze/deposit after bottling.

Kurtzman et al. [79] and Kurtzman & Robnett [80], reported that the genus Zygosaccharomyces
comprised 11 species, divided into two groups. After, by means of multigene sequence analysis,
Kurtzman [81] proposed a new division: the Zygosaccharomyces clade should be divided into four
phylogenetic groups: (1) Zygosaccharomyces, which included Z. bailii, Z. bisporus, Z. kombuchaensis,
Z. lentus, Z. mellis, and Z. rouxii; (2) Zygotorulaspora, comprising two species, Zygotorulaspora florentinus
(florentina) and Zt. mrakii; (3) Torulaspora, with Torulaspora microellipsoides and (4) the Lachancea clade,
in which Lachancea cidri and L. fermentati were included [82].

Zygosaccharomyces are well known for their ability to spoil food and beverages [83]. Nevertheless,
some strains are used in industrial production of balsamic vinegar, miso paste, and soy
sauce—Z. rouxii [84] and Z. kombuchaensis in the production of kombucha [79].

Domizio and co-workers in 2011 [48] used Zy42 Zygosaccharomyces florentinus strain to
perform grape juice fermentation in mixed cultures with a well-known commercial Saccharomyces
strain—EC1118 (Lalvin EC-1118 it was originally named “prise de mousse”). It was isolated in
Champagne and its use is validated by the Comité Interprofessionnel du Vin de Champagne (CIVC)).
The EC1118/Zy42 association increased the production of propanol, higher alcohols, and esters and
produced lower levels of acetic acid than the comparative trial with a pure culture of EC1118 (0.3 and
0.4 gL, respectively).

Later, Lencioni and coworkers in 2016 [46] evaluated the strain Zygotorulaspora florentina (formerly
Zygosaccharomyces florentinus) in mixed culture fermentations with S. cerevisiae, from the laboratory
scale to the winery scale. At the lab scale, the resulting mixed fermentations showed a reduction
of volatile acidity and an improvement of polysaccharides and 2-phenylethanol (rose-like aroma)
concentrations. At the winery scale, they used red grape-must from the Sangiovese grape variety.
The resulting wine presented a higher concentration of glycerol and esters; sensorially, the wine
astringency was lower and the aromatic character was defined by floral notes.

Recently, the same authors [47], studied the possibility to decrease wine volatile acidity in
mixed fermentations with Zygotorulaspora florentina and Starmerella bacillaris (syn., Candida zemplinina).
Independent of fermentation temperature, the mixed fermentations with Z. florentina performed best
to reduce volatile acidity, thus being a valuable tool for performing fermentation of high-sugar musts.
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3.6. Pichia kudriavzevii/lssatchenkia orientalis: Malic Acid Consumption

Since 1966 [85] that there have been several reports on yeast strains degrading extracellular
malic acid, including Schizosaccharomyces pombe [64,85]. Among the yeast strains degrading malic
acid, S. malidevorans and S. pombe are the strains studied most intensively as a means of reducing
wine acidity [64,85,86]. However, it has been reported that Schizosaccharomyces sp. may produce
off-flavors/aromas in the wines [87].

Degradation of malic acid by the strain Issatchenkia orientalis KMBL 5774, an acidophilic yeast
strain, isolated from Korean grape wine pomace, was investigated by Seo et al. [88]. In the mentioned
work, degradation of malic acid by I. orientalis KMBL 5774 was investigated in YNB-malic acid
liquid media under various culture conditions (malic acid concentration, pH, temperature, ... etc.).
The maximal growth was obtained when 3% malic acid was used and maximal malic acid degradation
ratio was obtained at 1-2% of the malic acid concentration (94.4 and 94.6%, respectively) [89].

A few years ago, in 2014, Modnaco and coworkers [51] studied fifty-seven Patagonian
non-Saccharomyces yeasts of oenological origin, and tested their ability to consume L-malic acid as a
carbon source. Only four isolates belonging to Pichia kudriavzevii (also known as Issatchenkia orientalis)
species showed this ability, and one was selected and studied further—P. kudriavzevii NNI15. This
isolate was able to degrade L-malic acid in microvinification assays (38% of L-malic acid reduction
when compared with S. cerevisiae (22%)), increasing the pH by 0.2-0.3 units. Furthermore, P. kudriavzevii
NNI15 produced low levels of ethanol and significant levels of glycerol (10.41 £ 0-48 gL*I). The final
wines presented fruity and cooked pears aromas, once Pichia kudriavzevii was unable to synthesize
ethyl acetate but it showed good production of ethyl esters from fatty acids when compared with the
Saccharomyces yeast [51].

However, under the names Pichia kudriavzevii, Issatchenkia orientalis, and Candida glycerinogenes,
the same yeast, including genetically modified strains, is used for industrial-scale production of
glycerol and succinate. In 2018, Douglass and coworkers [89] investigated the genomic diversity of a
yeast species that is both an opportunistic pathogen and an important industrial yeast. Under the name
Candida krusei, it is responsible for about 2% of yeast infections caused by Candida species in humans.
Bloodstream infections with C. krusei are problematic because most isolates are fluconazole-resistant.
In their work, Douglass et al. [89] sequenced the strains of C. krusei (CBS573T) and P. kudriavzevii
(CBS5147T), and the results showed, conclusively, that they are the same species, with collinear
genomes 99.6% identical in DNA sequence. Phylogenetic analysis of SNPs does not segregate clinical
and environmental isolates into separate clades, suggesting that C. krusei infections are frequently
acquired from the environment. More studies are needed to ensure public safety when using these
non-Saccharomyces strains in food /wine production.

3.7. Starmerella bacillaris/Candida zemplinina: Wine Biological Acidification and Deacidification

One approach to reducing the ethanol content of wines is by co-inoculation of Saccharomyces
and non-Saccharomyces yeast during must fermentation. The selection and use of non-Saccharomyces
wine yeasts can potentially lead to a reduction of the overall sugar-ethanol yield [53]. The yeast
Starmerella bacillaris (syn. Candida zemplinina) is often isolated from grape and winery environments
specifically associated with overripe and botrytized grapes [90]. Its enological use in mixed
fermentation with S. cerevisize has been investigated, and several interesting features, such as low
ethanol and high glycerol production, and a fructophilic aptitude, have been found [54]. This yeast
also presents acidogenic, psychrotolerant, and osmotolerant properties, and therefore seems to be well
adapted to sweet wine fermentations [55].

It was in 2002 that David Mills and coworkers [90] isolated the yeast Starmerella bacillaris for the
first time from sweet wines made with botrytized grapes in Napa Valley (California, USA), and due to
their enological features, it has been studied since then. Englezos and coworker in 2016 [53] investigated
the potential application of Starmerella bacillaris in combination with S. cerevisiae, in co-inoculated and
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sequential cultures to reduce the ethanol in wines. Lab scale fermentations showed a decrease of up to
0.7% (v/v) of ethanol and an increase of about 4.2 gL.~! of glycerol.

Continuing their work on Starmerella bacillaris and the application of this yeast to the wine industry
and winemaking, Englezos and coworker in 2017 [55] wrote an interesting review. In that report, they
concluded that among other Starmerella bacillaris enological features, this yeast species could contribute
to malic acid degradation due to its ability to produce a wide spectrum of extracellular hydrolytic
enzymes [91]. It is also capable of producing pyruvic acid, acting as a natural acidification agent by
reducing the wine’s pH [92], which may have an impact on wine color, due to the reaction of pyruvic
acid with anthocyanins producing stable colored pigments such as Vitisin A [93].

Moreover, in 2012, Rantsiou and coworkers [94] showed that the use of mixed fermentations with
Starmerella bacillaris and S. cerevisiae could be a biological method to reduce acetic acid in sweet wines.
According to the mentioned authors, the co-inoculation produced wines with a decrease of 0.3 gL*1 of
acetic acid; sequential inoculation produced wines with about half of the acetic acid content, compared
to wines produced with pure cultures of S. cerevisiae [94].

Additionally, sequential inoculations of Starmerella bacillaris and S. cerevisiae possess great potential
in affecting and modulating the chemical and aromatic profile of white wines, especially those
produced from Sauvignon blanc grapes [57]. The volatile profile of Chardonnay, Muscat, Riesling,
and Sauvignon blanc white wines, fermented with sequential inoculation of Starmerella bacillaris and
S. cerevisine, were studied by Englezos and coworker in 2018 [57]. Mixed fermentations with both these
strains affected the chemical composition of wines by modulating various metabolites of oenological
interest. For volatile compounds, mixed fermentations led to a reduction of ethyl acetate, which may
be a compound responsible for wine deterioration above certain limits. Interestingly, Sauvignon blanc
wines, fermented by mixed cultures, contained significantly higher levels of esters and thiols, both
considered positive aromatic attributes [57].

4. Final Remarks

In conclusion, many non-Saccharomyces yeasts present interesting oenological properties in terms
of fermentation purity and production of secondary metabolites or even ethanol. When used in
single or mixed cultures with S. cerevisiae, these yeasts strains can modulate wine acidity and increase
production of some interesting compounds, such as polysaccharides, glycerol, and volatile compounds,
such as 2-phenyl ethanol and 2-methyl 1-butanol.

Thus, this review confirms that some non-Saccharomyces yeasts that are most often considered as
spoilage yeasts are actually tools of great value for the winemaking industry.

A deeper study of the oenological traits of these yeasts will provide new data for consideration in
the control of fermentation, with special regard to warm-climate wine and botrytized sweet wines,
where they are commonly found in mixed populations.
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Abstract: Lachancea (kluyveromyces) thermotolerans is a ubiquitous yeast that can be naturally found in
grapes but also in other habitats as soil, insects and plants, extensively distributed around the world.
In a 3-day culture, it shows spherical to ellipsoidal morphology appearing in single, paired cells or
short clusters. It is a teleomorph yeast with 1-4 spherical ascospores and it is characterized by a low
production of volatile acidity that helps to control global acetic acid levels in mixed or sequential
inoculations with either S. cerevisiae or other non-Saccharomyces species. It has a medium fermentative
power, so it must be used in sequential or mixed inoculations with S. cerevisiae to get dry wines.
It shows a high production of lactic acid able to affect strongly wine pH, sometimes decreasing wine
pH by 0.5 units or more during fermentation. Most of the acidification is produced at the beginning
of fermentation facilitating the effect in sequential fermentations because it is more competitive at low
alcoholic degree. This application is especially useful in warm areas affected by climatic change. pH
reduction is produced in a natural way during fermentation and prevents the addition of tartaric acid,
that produces tartrate precipitations, or the use of cation exchangers resins highly efficient reducing
pH but with undesirable effects on wine quality. Production of lactic acid is done from sugars thus
reducing slightly the alcoholic degree, especially in strains with high production of lactic acid. Also,
an improvement in the production of 2-phenylethanol and glycerol has been described.

Keywords: Lachancea thermotolerans; Kluyveromyces thermotolerans; acidification; wines; sequential
fermentations; non-Saccharomyces

1. Introduction

Lachancea thermotolerans was formerly known as Kluyveromyces thermotolerans, but it was recently
reassigned in the genera Lachancea according to multigene sequence analysis [1]. L. thermotolerans (LT)
is a global yeast species that can be usually found in grapes but also in other habitats as soil, insects
and plants [2] and extensively distributed around the world [3]. It can be found in natural spontaneous
wine fermentations with a low prevalence on days 2—4 of fermentation [4]. Morphologically, it is
globous or ellipsoidal, undistinguishable from S. cerevisiae (Figure 1) and can be found as single cells
in liquid media or in small groups. It is a teleomorph yeast presenting sexual reproduction with the
formation of spherical ascospores (1-4). Asexual reproduction is produced with multilateral budding.
LT forms creamy colonies with butyrous texture in solid media.

LT is able to ferment glucose and sucrose [5] and weakly galactose. It shows variable capacity
to ferment maltose, trehalose and raffinose [6]. Nitrogen nutrition is similar to S. cerevisiae being
necessary a minimum of 200 mg/L of YAN (yeast assimilable nitrogen) to avoid sluggish or stuck
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fermentations [7]. Serine as N-source also has shown an improvement in the fermentation performance
of LT [8]. Strains of LT can express the following extracellular enzymatic activities with effect in wine
aroma or phenol extraction: Esterase, Esterase-Lipase, 8-glucosidase, Pectinase, Cellulase, Xylanase,
Glucanase [9].

Figure 1. Optical microscopy (A) Saccharomyces cerevisiae (B) Lachancea thermotolerans. Scale 10 pum.

LT has a moderate fermentative power, and an ethanol tolerance around 5-9% v/v has been
published [10-14]. Some effect can be observed in the reduction of the alcoholic degree of wines
(0.7% v/v; [15]). Concerning resistance in the time, it was observed that it is able to survive several
days in the presence of 9% v/v of ethanol [11,16], and it also has a good persistence even when the
fermentation is dominated by S. cerevisiae [17]. These metabolic properties make it appear during
the intermediate phase of the fermentative process before the full prevalence of high fermentative
S. cerevisiae strains. The use of LT in sequential or mixed fermentations has some tendency to
produce sluggish fermentations with more difficulties fermenting the fructose fraction of the grape
sugars [7]. Moreover, an oxygen availability requirement for LT persistence seems to be higher than
for S. cerevisiae [18]. The tolerance to temperature is similar to average strains of S. cerevisize showing a
good growth at 25-30 °C, but slower growth below 20 °C [5].

Comitini et al. [12] identified 5 isolates that are able to resist 10-20 mg/L of free SO,, but it is
possible to find strains resistant to more than 100 mg/L of total SO, [14]. The production of HyS
is variable from medium to high (25 isolates). Comitini et al. [12] also observed in 5 strains of LT a
production of SH; ranging from 3-5 in a 0-5 scale. Resistance to DMDC is low, from 25 to 100 mg/L
for populations ranging log2-log6 CFU/mL, while typical values for S. cerevisiae are 100-300 mg/L
with same population [19].

LT has been produced at the commercial level as dry yeasts since 2012 (CONCERTO™ and
MELODY™) and recommended to increase flavor complexity and intensity, to improve total acidity
and to reduce volatile acidity [20,21]. It is well established that LT is capable of producing wines with
higher ‘spicy” and acidic notes, thus improving the overall quality of wine [13,22]. It is also described as
producer of ethyl isobutyrate (strawberry nuances). Improvements in fruitiness, probably favored by
the increase in acidity, are typical sensory descriptors when LT is used to ferment neutral varieties [23].

Some LT strains have been used as fungal biocontrol agents in grapes and vines to inhibit the
growth of Aspergillus [24]. These strains do not affect the metabolic properties and performance of
S. cerevisiae during alcoholic fermentation [25].

2. Isolation and Selection

As most of other non-Saccharomyces yeasts, LT can be distinguished from S. cerevisiae using lysine
media (Figure 2; [26] and culturing temperatures in the range 25-28 °C. The use of chromogenic media
is quite useful (Figure 2) for the initial isolation of yeasts belonging to this species. In CHROMagar®

20



Fermentation 2018, 4, 53

they show a characteristic red-brown color that can be distinguished easily from the purple colonies of
Saccharomyces or the creamy colors of most of the other yeasts.

S. cerevisiae

S. ludwigii

T. delbrueckii

S. pombe

L. thermotolerans

M. pulcherrima

YPD L-lysine CHROMagar
agar Candida

Figure 2. Colony shape and color in YPD, L-lysine specific to isolate non-Saccharomyces and
Chromogenic media (Adapted from Loira et al. [26]).

The use of PCR-denaturing gradient gel electrophoresis (PCR-DGGE) has been proposed to
identify LT during the study of the ecology of wine grapes, but with a low sensibility, needing a
population of at least log2 CFU/mL [27]. Microsatellite markers and a multilocus SSR analysis have
been developed to assess the genetic diversity of LT isolates [28]. Identification of LT isolates can
be performed by sequencing of the D1/D2 region of the 265 rRNA gene and RAPD fingerprinting
what allows yeast identification at species level [29,30]. Moreover, restriction patterns of amplified
regions of 265 rDNA can be used as a routine methodology to identify non-Saccharomyces yeast species
during red wine fermentation [31] (Figure 3). Finally, specific PCR primer pairs for the intron 2 of
the mitochondrial COX1 gene, allow detect L. thermotolerans in wine at 10% cells/mL and with a
S. cerevisiae /L. termotholerans ratio of 1000/1 [32].

A

Primer ITS1 Primer ITS4
—> <«
185 ) 5.85 3 reg.I 26s D
—>
Primer NL-1 Prlmer NL-4

B

Saccharemyces cerevisiae
Lachancea thermotolerans

Saccharomyces cerevisiae
Lachancea thermotolerans

Saccharomyces cerevisiae
Lachancea thermotolerans

Internal Transcribed Spacer (ITS1)

AACARACACAAACAATTTTATTTATTCATTAAATTTTTGTCAAAAACAAGAAT'
TACARACACARACAACT- FTARACACTGICAAT

TAACTGGAAATTTTAAAATATTAARRACTTTCAACAACGGATCTCTTGGTTCTCGCATCGAT
TTT. TATTTAARACTTT! TCTCTTGGTTCTCGCATCGAT

c SGGCATGCCTGITTGAGCGTCATTT
SARATGCGATARGTATTGTGAATTGCAGATATTCGTGARTCAT ATT TGTTT TCATTT
Internal Transcribed Spacer (ITS2)

CCTTCTCAAACATTCTGTTT-GGTAGTGAGTGATACTCTTTGGAGT-TAACTTGAAATTGCTGGCCTTTTCATTGGATGTTTTTTTT CARAGAGAGGTTTCTCTGCGTGCTTGAGGTAT
CCTTCTCARACCET TTTGGTAGTGAGTGGTACTCTTTCTGGGTTAACTTGARARTGCTGGCCATCTGGCTETTGE TGACTGAGGTTTTAGTCCAGTCOGCTGATA

Figure 3. (A) Schematic diagram of the yeast rDNA gene cluster. The 18S, 5.8S and 25-285 rDNA
genes are separated by the internal transcribed spacers 1 (ITS1) and 2 (ITS2). Primers for routine
sequencing are shown; (B) Alignments of complete 5.85 rDNA sequence and partial sequences of
Internal Transcribed Spacer 1 and 2. The marked sequences are identical regions. GenBank accession
numbers: for S. cerevisine, KT958553.1 and for L. thermotolerans, CU928180.1.
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3. Biotechnological Application: Wine Acidification

Selected LT strains have been used for acidification of fermented beverages as wines [13,33,34]
and beers [35-37]. LT is a strong producer of lactic acid [33] with significant influence in wine pH,
also in other fermented beverages (Table 1). Lactic acid is stable after fermentation and ageing because
it is neither chemically degraded nor microbiologically metabolized under enological conditions.
Concentrations can range 1-16.8 g/L [28]. Most of the acidification is produced at the beginning of
fermentation (Figure 4A), which facilitates the acidification in sequential fermentations with S. cerevisiae
at low-medium ethanol levels (<6% v/v) when LT is competitive with S. cerevisiae. The acidification
strongly influences pH being possible to reduce more than 0.5 pH units from an initial pH of 3.8-4
(Figure 4B). This has interesting implications in wines of warm areas because at pH near 4 the wine
is unprotected and many spoilage microorganisms can grow even in absence of residual sugars and
high alcoholic degree. Molecular SO, levels at pH 4 are very low (<0.5 mg/L) even when free SO,
concentration can be higher than 50 mg/L. These values are unsuitable for conflictive spoilage yeasts
like Brettanomyces / Dekkera that needs 0.8 mg/L of molecular SO, to be controlled [38]. The use of LT
in mixed or sequential fermentations with S. cerevisine when pH is decreased to 3.5-3.7 promotes better
levels of molecular SO, with low contents of total sulfites, making the fermentations and especially the
ageing process safer.

Table 1. Acidification biotechnologies using Lachancea thermotolerans in wine fermentation suitable to
be used in high pH musts from warm regions.

Biotechnology LT Fermentation Time Initial pH Final pH Comments
Sequential fermentation 04 days . . Population inoculated of
LT — S. Cerevisiae Most of the acidification is 3.9-42 3'5_;;3 q;pelzgé‘ts;‘n‘[{cs:?ms LT must be >log6
LT — S. pombe performed in the 3 first days mp. lon success CFU/mL
Population inoculated of
Mixed fermentation LT must be >log6 CFU/mL.
. 3.5-3.7 depending on LT strains Ratio between LT + S.
LT + S. Cerevisiae 0-6 days 3.942 . 2 .
LT+ S. pombe and implantation success cerevisiae (or S. pombe)
: must be log6/log2
including wild Sacch.
Coinoculation LT + LAB 3.3-3.5 depending on LT strains, Strong pH reduction.
(O. oeni) and subsequent 0-6 days 3942 implantation success and lactic Light alcohol degree
inoculation of S. cerevisiae acid production by LAB reduction
A 70
6.0
=50
Y
340
; 3.0
820
1.0
0.0
2 4 6 8 10 12 14
Days
B 45
4.0
T
5
35
3.0
2 4 6 8 10 12 14

Days

Figure 4. Lactic acid production (A) and pH (B) evolution during the fermentation of a red grape
must with 240 g/L of sugar by Lachancea thermotolerans strain L3.1 (black line), L. thermotolerans and
sequentially S. cerevisiae (dashed line) and S. cerevisiae (grey line).
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LT is unable to entirely ferment a grape must as said, reaching maximum ethanol concentrations
around 9% v/v, even when especially selected yeasts are used. So, it is necessary to use sequential or
mixed fermentations with S. cerevisiae [7,12] or S. pombe [39,40] to get completely dry wines without
residual sugars. The use of an inoculation ratio log7:10g3 cfu/mL (LT/S. cerevisiae) is suitable to see
a significant effect in pH reduction [12]. Suitable implantation to reach an effective acidification has
also been tested according to inoculum size in mixed fermentations with S. cerevisiae [13]. However,
the best results were reached in sequential inoculation after 48 h, decreasing the pH values from 3.53 in
S. cerevisiae control fermentation to 3.33 [13]. When the inoculation is performed after 24 h, pH reduction
is lower than 0.1 units, statistically significant, but probably without enological repercussions.

The production of lactic acid during fermentations with variable glucose contents in model media
(8,12, 16% w/w) is stable and independent of sugar levels, ranging from 2.48 + 0.8-2.66 + 0.9 g/L for
LT strain L3.1 [41]. However, when the same sugar concentrations were tested in the presence of 2 g/L
of lactic acid, the production by LT was affected, ranging from 1.25 £ 0.7 g/L (in model media with 8%
w/w glucose) to 3.68 &= 0.3 g/L (with 16% w/w glucose). Nitrogen contents also affect the production of
lactic acid by LT, being reduced below 150 mg/L of yeast assimilable nitrogen (YAN), but also at high
concentration (>500 mg/L) (Figure 5). Highest lactic acid production is correlated with suitable YAN
levels for yeast nutrition (150-200 mg/L) and subsequently with higher yeast populations (Figure 5).

4 4

w

Lactic acid (g/L)
~
LT population (OD)

0 100 200 300 400 500
YAN (mg/L)

Figure 5. Lactic acid production during fermentation by L. thermotolerans strain L3.1 at variable yeast
assimilable nitrogen (YAN) concentrations (black line). LT population estimated by OD (dashed line).
Adapted from Hernandez [41].

The use of LT fermentations together with S. pombe has been described as an alternative
biotechnological tool to emulate malolactic fermentation (MLF) [42]. However, even when it can
be similar in terms of acidification, the sensory profile reached in a typical MLF is more complex [43].

Initial evidence suggests that the use of LT is compatible with MLF [44]. However, lactic acid at
high concentration (>4 g/L), as can be produced when LT is used during fermentation, can behave
as an inhibitor of lactic acid bacteria (LAB), thus hindering MLF. It is possible to use yeast-bacteria
co-inoculations to facilitate the MLF by promoting the simultaneous development of alcoholic and
malolactic fermentations. The use of LT-LAB co-inoculations with subsequent S. cerevisiae sequential
fermentation (LT-LAB-SC) is quite effective to degrade malic acid and at the same time reach lower pH
values. When this biotechnology has been used at industrial level in fermentations of 1 ton of crushed
grapes, the final pH reached 3.3 while the control only fermented by S. cerevisize remained at pH 4 that
was the initial grape value. In this case, some acidification is produced by LT and a complementary
amount of lactic acid is produced by fermentation of sugars by LAB. Both microorganisms work
promoting the formation of stable acidity in natural enological conditions. Achieving these pH values
is only possible by using ion exchange resins, but affecting strongly wine composition and quality.

Traditionally, MLF is a way to obtain microbiologically stable red wines with a better sensory
profile, but it can also affect the freshness in wines of warm areas. However, the use of LT with the
production of high contents of lactic acid (>4 g/L) because of its inhibitory effect on LAB, can be an
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approach to obtain fresh wines in warm regions protecting malic acidity but also increasing lactic
acidity and with a suitable stability.

4. Metabolic Profile and Influence on Wine Aroma and Flavor

The use of LT in wine has been described with a low production of volatile acidity
(0.3-0.5 g/L [12,16]). LT was reported as a useful biotechnological tool to decrease volatile acidity [45].
Acetaldehyde levels similarly can be diminished by using LT during fermentation [22,46]. LT has
been described as a moderated producer of higher alcohols [22]. The production of ethyl acetate is
quite moderate (40-60 mg/L, [13]). Sequential fermentations of LT with S. pombe produce similar
concentrations than with S. cerevisiae (40-50 mg/L, [40]). It is an interesting yeast to control volatile
acidity produced by S. pombe to make full fermentations in absence of S. cerevisiae [39]. The production
of ethyl lactate is moderate in sequential fermentations with S. cerevisiae (7-8 mg/L) and in mixed
fermentations with S. pombe (8-32 mg/L) [39,40].

LT have been described as producer of -D-glucosidase (3DG) [47] and carbon-sulfur lyase
(CSL) [48], enzymes involved in the release of aroma compounds from must varietal precursors
(Table 2). Usually non-Saccharomyces are more effective producing 3-mercaptohexan-1-ol (3MH)
than 4-mercapto-4-methylpentan-2-one (4MMP) [49]. However, when LT have been used in
must fermentation, significant amounts of 4MMP also moderate amounts of 3MH were released.
The production of significant concentrations of 4-methyl-4-sulfanylpentan-2-one (4MSP; box-tree
aroma) and 3-sulfanylhexan-1-ol (3SH; grapefruit and passion fruit hints) has also been described [48].

Table 2. Effect of Lachancea thermotolerans in wine fermentation.

Acidification pH or Lactic Fermentative Aroma, Flavor,
Acid (P L) Power (Ethanol Polysaccharides and Molecules Reference
& % /o) Color
3.5 — 3.2;5.1 g/L lactic acid 9 [16]
3.2 — 2.9 in coinoculation 4-8 L 12
! Acidity Lactic acid (121
3.53 — 3.33 sequential 48 h
0.1 units reduction 10.5 [13]
sequential 24 h
1-16.6 g/L [28]
12-2.6g/ 9.5-10.4 [14]
2-phenylethanol, phenethyl
propionate, ethyl salicylate,
Esters methyl salicylate, 150]
3-methylthio-1-propanol
Enhanced formation Nerol, terpinen-4-ol 4MSP [48]
of terpenes & Thiols & 3SH
Caﬁr_b[z;r%-l:jﬁilrdlaysaese Free terpenes and thiols [47,48]
7.7 ng;iz;iiiﬁ:/ N-acetyl hexosamines [51]
Polyalcohols Glycerol [12,16]
Polymeric pigments malvidin-3-glucoside-ethyl- [40]

catechin dimer

The use of LT in the fermentation of Syrah and Sauvignon blanc musts increased
the formation of 2-phenylethanol, phenethyl propionate, ethyl salicylate, methyl salicylate,
3-methylthio-1-propanol [50]. The contents of terpenes nerol and terpinen-4-ol were also positively
affected (Table 2). LT general effect in aroma profile is the production of several acetate esters and
certain terpenes [52].
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One of the most highlighted roles of L. thermotolerans is the production of glycerol during wine
fermentation. This increase in glycerol is observed during spontaneous fermentation [12,53,54],
and sequential inoculations between L. thermotolerans and S. cerevisiae [12,13,16]. However, in the case
of sequential inoculations the main advantage is that glycerol is generated with a decreased volatile
acidity and acetic acid concentration [12,55]. The production of glycerol is also highly related to the
fermentation temperature [13] and it increases with oxygenation [56]. Generally speaking, the extent
of influence that L. thermotolerans can exert on a given fermentation is relative to the amount of time it
spends alone in contact with the grape must [13,16]. Glycerol, the next major yeast metabolite after
ethanol, is associated with the smoothness (mouth-feel), sweetness and complexity in wines [57].
However, the sensory impact of glycerol is also intimately related to the grape variety and wine
style [58].

Other relevant application of LT is the sensory improvement of typical regional wines [59,60].
Recently, it has been observed the key contribution of microbioma influence in terroir finger print of
regional wines [61].

5. Effect on Wine Color

Yeasts can affect wine color by pH reduction [62], favoring the formation of stable pigments such
as pyranoanthocyanins [63-66] or polymeric pigments [40,67], reducing the adsorption of grape
anthocyanins in cell walls [66,68,69], or protecting the anthocyanins from oxidative damage by
releasing reductive compounds like glutathione during fermentation and ageing on lees [62].

As for acidification, some yeasts are able to reduce wine pH during fermentation through the
release or transformation of certain organic acids. Color intensity of anthocyanins is pH dependent.
The production of lactic acid by LT during fermentation can affect strongly the acidity with reductions
of 0.3-0.5 pH units in some cases, so it can affect wine color in a significant way. Moreover, as the
lactic acid is stable during ageing, this effect can be permanent in wine. Additionally, it should be
considered that acidity also helps to protect wine color by producing higher levels of molecular SO,.

The effect of the formation of pyranoanthocyanins like vitisins during fermentation is promoted by
the release of the precursors: Pyruvic acid for vitisin A and acetaldehyde for vitisin B. The correlation
between the excretion of these metabolites by S. cerevisiae strains and the subsequent condensation
with malvidin-3-O-glucoside has been previously reported [63]. Not significant effects on the
formation of vitisins have been observed when LT has been used in sequential fermentations
with S. cerevisiae [39,40]. Some improvements can be seen when LT is used sequentially with
S. pombe, but this is due to the contribution of this last yeast. The selection of appropriate strains
can increase the formation of vitisins during fermentation, but it does not seem that LT is a
good promoter for fermentative formation of vitisins. Similar results have been published for the
formation of vinylphenolic pyranoanthocyanins [39,40], so probably most of the LT strains do not
express hydroxycinnamate decarboxylase activity. Concerning the formation of polymeric pigments,
sequential fermentations of LT with S. cerevisine and especially with S. pombe favors the formation of
malvidin-3-glucoside-ethyl-catechin dimer [40] (Table 2).

The absorption of anthocyanins in yeast cell walls can be between 3 and 6% of total content in
wines [69]. Adsorption is strain dependent in S. cerevisiae [68] but also variable among non-Saccharomyces
species [62]. Compared with other species, LT has shown a medium-high adsorption capacity.

6. Special Wines

The use of LT could be also interesting in special sweet wines to better balance sweetness and
acidity. The fermentative production of lactic acid by LT can help to make the strongly sweet wines
like ice wines more pleasant, increasing the freshness when the grape acidity levels are unsuitable.
Using LT, it could be possible to ferment at around 8-10% v/v of ethanol, remaining natural residual
sugars together with a well-balanced acidity.
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The quality of natural sparkling wines with second fermentation in bottle is strongly dependent on
freshness, and therefore, in acidity. When the base wine is produced in warm areas frequently it lacks of
enough acidity what affects sensory quality in mouth, but also the stability during second fermentation
and ageing. The use of LT in the production of base wines is an interesting biotechnological tool to
provide them of enough stable acidity to make safer fermentations in bottle, but also reaching better
sensory profiles.

The complementary use of fructophilic non-Saccharomyces yeasts, such as Candida zemplinina [70],
helps to increase sugar consumption enhancing at the same time flavor, what can be useful in some
wine types. C. zemplinina also improve mouthfeel and roundness due to its high production of
glycerol [70].

7. Conclusions

LT is a really interesting non-Saccharomyces yeast species to improve the quality of wine
fermentation. The natural acidification by production of stable lactic acid facilitates safer wines, less
prone to spoilage, with a higher freshness and with lower levels of SO,. Also, it opens the possibility of
new biotechnologies as the simultaneous co-fermentation with lactic acid bacteria reaching even lower
pHs and also consuming sugars what can reduce slightly the alcohol content. It would be interesting
to go deeper into the selection of LT strains to get a stronger fermenter able to surpass 10% v/v in
ethanol content.
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Abstract: There are numerous yeast species related to wine making, particularly non-Saccharomyces,
that deserve special attention due to the great potential they have when it comes to making certain
changes in the composition of the wine. Among them, Schizosaccharomyces pombe stands out for its
particular metabolism that gives it certain abilities such as regulating the acidity of wine through
maloalcoholic fermentation. In addition, this species is characterized by favouring the formation
of stable pigments in wine and releasing large quantities of polysaccharides during ageing on lees.
Moreover, its urease activity and its competition for malic acid with lactic acid bacteria make it a
safety tool by limiting the formation of ethyl carbamate and biogenic amines in wine. However, it also
has certain disadvantages such as its low fermentation speed or the development of undesirable
flavours and aromas. In this chapter, the main oenological uses of Schizosaccharomyces pombe that
have been proposed in recent years will be reviewed and discussed.

Keywords: Schizosaccharomyces pombe; oenological uses; maloalcoholic fermentation; stable pigments;
wine safety

1. Origin and Features of Schizosaccharomyces pombe

Schizosaccharomyces pombe, also known as fission yeast, was discovered by Lindner in 1983 [1].
The cells of this species have a characteristic rod shape with sizes varying between 3-5 x 5-24 um
(Figure 1). However, immediately after cell division, new cells formed have a more rounded shape
due to the turgor pressure [2]. It has a peculiar mode of vegetative reproduction by fission (cross-wall
formation) instead of budding, which is more common among yeasts [3]. Cells are separated by
the formation of a transverse septum. The spores are formed as a result of sexual reproduction by
conjugation of the cells when adverse conditions occur, such as nutrient starvation, and, in the case of
S. pombe, between two and four (most often) haploid spores originate in the ascus [4].

Its growth rate is very slow, with a long lag phase and high vitamin requirement. However,
it has a low nitrogen requirement [5]. In normal minimal or complex media, the generation time is
between 2 and 4 h [6]. Usually, S. pombe does not develop properly in most culture media due to
its aforementioned low growing rate, thus making its isolation from the environment more difficult.
A selective-differential medium based on the resistance of S. pombe to actidione (antibiotic) and
to benzoic acid (inhibitory agent) has been recently proposed to isolate strains of this genus from
media with high sugar content [7]. S. pombe strains have been isolated from grape juice, molasses,
and kombucha tea [1,8]. In addition to glucose, S. pombe can also use glycerol, sucrose, raffinose,
and maltose as carbon sources [9].
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Figure 1. Optical microscope image of Schizosaccharomyces pombe (S. pombe). The transverse septum
formed during the asexual reproduction is indicated by an arrow.

Another peculiarity of S. pombe is that it can grow in environments with low water activity, that
is, it is an osmophilic yeast, and therefore can be found in media with high sugar content [1]. It can
also develop in very low pH environments and in a wide range of temperatures [10]. Moreover,
it is somewhat resistant to food preservatives, such as sulphur dioxide, actidione, benzoic acid,
and dimethyl dicarbonate [10,11].

Regarding its fermentative performance, it is able to ferment glucose to an alcoholic degree of
around 10-15% v/v ethanol, depending on the yeast strain and the aeration conditions [10]. As already
mentioned, the genus Schizosaccharomyces is known for its slow growth rate and excessive production
of hydrogen sulphide during fermentation [12]. These two features, together with high volatile acidity,
are the main limitations for its use in winemaking. The production of acetic acid is strain-dependent,
usually ranging between 0.8 and 1.4 g/L [13]. Nevertheless, through the selection of strains and their
use in combination with yeasts of the genus Saccharomyces, wines of quality can be obtained from
unbalanced musts with high total acidity.

Currently, thanks to recent research that presents new possibilities for their use, non-Saccharomyces
yeasts are shedding their bad reputation, and it is possible to find S. pombe yeasts encapsulated
in alginate beads being marketed as an alternative to malolactic fermentation or chemical
deacidification [14]. An advantage of using these encapsulated yeasts is that they can be removed
from the medium at a desired time and, in addition, the same capsules can be reused in several cycles
(up to 5 times), although with a slight loss of degrading activity [15,16]. Regarding sensory properties,
the wines obtained by sequential fermentation of S. pombe and S. cerevisiae were full-bodied, with better
structure, balance, and length than the controls made without using this deacidification technique [16].

2. Wine Acidity Modulation

Wine acidity is mainly responsible for freshness. After L-tartaric acid, L-malic acid is the second
organic acid in wine that contributes significantly to its total acidity. Its average content in wine highly
depends on the grape variety and the climate, varying widely between 1 and 10 g/L [17]. Reaching
an appropriate balance between the sugar content and the total acidity of the wine is fundamental to
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ensure its optimum quality. In addition, excessive amounts of malic acid may cause microbiological
instability in wine. These are the two main reasons to modulate wine pH.

The biological deacidification of wine through the use of Schizosaccharomyces pombe has been
studied thoroughly [18,19], since its ability to transform malic acid into ethanol and carbon dioxide
was discovered in the early 20th century [20]. Thanks to this ability of S. pombe to develop maloalcoholic
fermentation (MAF) (Figure 2), it is possible to modulate the pH of the wine by the consumption of
practically all the malic acid present in the must with the corresponding stoichiometric production
of ethanol. Unlike S. cerevisiae, in which the malic enzyme is located in the mitochondria (organelle
in low numbers and dysfunctional under winemaking conditions), S. pombe has an active transport
system for the uptake of extracellular malic acid in addition to a malic enzyme located in the cytosol
with a very high substrate affinity [21]. The degree of degradation of malic acid is strain-dependent,
normally varying between 75% and 100% [5,10]. Issatchenkia orientalis has been also proved to have this
strong malic acid degradative metabolism [22,23]. However, this yeast species is only present in small
quantities at the beginning of fermentation due to its sensitivity to ethanol [24,25]. Kim, Hong, & Park
(2008) [26] have also reported the effectiveness of using a mixed culture of Issatchenkia orientalis and
Saccharomyces cerevisiae to reduce the malic acid content during fermentation. When trying to improve
the quality of the wine through the combination in mixed or sequential fermentation of different
non-Saccharomyces and Saccharomyces yeast species, it is not only important to know the contribution of
each species or strain but also to select the adequate inoculum ratio [27]. Other yeast species, including
some Saccharomyces spp. (commercially available strains are generally unable to degrade L-malic acid
effectively during fermentation), are able to consume malic acid, but to a lesser extent (usually <25%).
Another possibility is to use genetic engineering to improve the ability of S. cerevisiae to degrade malic
acid, for example, through the incorporation of genes responsible for the transport of malic acid in
S. pombe or the malolactic enzyme from Oenococcus oeni [28].

L-malate

NADH NAD®

Pyruvate <¥— L-malate
._/ 3

Acetaldehyde

Ethanol

Figure 2. Schematic representation of malic acid degradation by Schizosaccharomyces pombe:
maloalcoholic fermentation (MAF) and alternative use of pyruvate in mitochondria for cellular
biosynthesis. The enzymes involved in the biochemical transformations of the MAF are the
following: 1: malate permease (active transport); 2: malic enzyme (malate decarboxylase); 3: pyruvate
decarboxylase; 4: alcohol dehydrogenase. The arrows indicate the direction of the metabolic pathway
involved in the transport and degradation of malic acid, identifying the main substrates, products
and intermediaries.

Although it has been mentioned on numerous occasions that the aroma produced by the
fermentative metabolism of S. pombe is not suitable for a quality wine, no particular off-flavour
has been described yet. In general, only atypical aroma [19] and a loss in fruity character [29] have
been identified by some authors. This could be directly related to the fact that it is a slow fermenting
yeast [12]. Sometimes, more than 30 days are necessary to finish the fermentation [29]. Moreover,
immobilization techniques have been developed (e.g., alginate beads) in order to avoid negative side
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effects such as high levels of acetic acid and other off-flavours [30]. Following this technique, once
the desired malic acid content is reached in the wine thanks to the demalication activity of S. pombe,
this yeast is removed, and the fermentation is finished by S. cerevisiae. Snow & Gallander (1979) [31]
suggested that one or two days of S. pombe fermentation is adequate to obtain a quality wine like that
obtained by S. cerevisiae in pure fermentation, avoiding at the same time an excessive deacidification.

In addition to biological deacidification, either by yeast (MAF) or lactic acid bacteria (MLF),
there are also other methods to regulate wine acidity such as blending, carbonic maceration, or chemical
deacidification using carbonate salts (usually calcium carbonate, CaCOj; potassium carbonate, K,COs;
and potassium bicarbonate, KHCOs) [17].

3. Influence on Wine Colour

The colour of the wine is one of the main sensory properties indicative of quality, especially in red
wines. It is highly dependent on winemaking technology, especially influenced by the maceration time
and the mechanical processes performed during the vinification process (e.g., punch downs, pump
overs, délestage...) [32], but the microorganisms used, both yeast and bacteria, also play an important
role in the development of the final colour of the wine and its stability.

First, fermentative yeast may influence the colour by modifying the pH. In this sense, oenological
yeasts usually produce wines with pH between 3.2 and 3.8, and under these conditions the
anthocyanins tend to have a deep red colour, while the higher the pH, the greater bathochromic shift
from red to purple and later to blue [33]. In the case of pure fermentations with S. pormbe, pH control
would be essential to avoid changes in colour to some extent, because this yeast, as mentioned above,
makes a high consumption of malic acid, and therefore the pH of the wine increases slightly.

Second, through the release of secondary metabolites of fermentation that can react with the grape
anthocyanins and thus create more stable forms of colour such as pyranoanthocyanins. The formation
of pyranoanthocyanins is of great interest to preserve intense colour in the wine during aging
processes, since these pigments that originated during fermentation are much more long-lasting
due to their greater stability against pH changes and discoloration by SO,. The strain effect is quite
significant when several S. cerevisiae are used, so yeast selection is a useful tool to obtain higher
amounts of pyranoanthocyanins during fermentation [34]. Certain strains of S. pombe can lead to
improvements in the colour stability of red wine thanks to its high formation of vitisin A and derivatives
thereof [35]. It is a direct consequence of its high production of pyruvic acid during fermentation
(ranging 150-350 mg/L). The higher values in S. pombe compared to S. cerevisiae (<100 mg/L; [35])
are probably due to the specific maloalcoholic fermentation pathway in which pyruvate is involved
as metabolic intermediate (Figure 2). The amount of pyruvate released by S. pombe can favour the
formation of 2-4-fold more vitisin A and acetyl vitisin A than S. cerevisiae during the fermentation of
red wines (Figure 3). Concerning the production of Vitisin B derivatives, a lower formation of vitisin B
is observed with respect to S. cerevisiae fermentations [35]. However, the synthesis of vitisin A is more
interesting in wines than vitisin B, because the latter is a red-brown pigment (495 nm compared with
515 nm vitisin A [34], and the hue is less suitable for wine-colour quality).

The enzymatic activity of the yeast is also fundamental, especially regarding the 3-glucosidase
and hydroxycinnamate decarboxylase activities. The first enzyme leads to a colour loss, because
it catalyses the breakage of the bond between the glucose and the anthocyanidin moieties, also
known as anthocyanase activity [36]. These same authors reported that no p-glucosidase activity
was detected for the four strains of S. pombe that were evaluated. Some strains of S. pombe have
also shown the ability to transform the hydroxycinnamic acids present in the must (e.g., p-coumaric,
caffeic and ferulic acids) into vinyl phenols that can condense with monomeric anthocyanins to
form vinylphenolic pyranoanthocyanins [37,38]. These pyranoanthocyanins display same enological
properties as vitisins concerning to their stability. Vinyl phenols are formed during fermentation by
yeasts with hydroxycinnamate decarboxylase activity (HCDA). It is possible to find this activity in
many non-Saccharomyces strains [39]. It has been observed that some strains of S. pombe exhibit
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a strong HCDA that can increase the formation of malvidin-3-O-glucoside-4-vinylphenol and
malvidin-3-O-(6'-p-coumaroylglucoside)-4-vinylphenol by 10-30% compared with S. cerevisiae strains
selected for their performance in this activity [35]. Therefore, the selection and use of S. pombe in
fermentation is a powerful tool for increasing the formation of stable pyranoanthocyanins, including
vitisin A derivatives and vinylphenolic pyranoanthocyanins.
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Figure 3. Formation of vitisin A and acetyl vitisin A during the fermentation with S. pombe (4 strains;
dark grey bars) and Saccharonyces cerevisiae (S. cerevisiae) (2 strains; light grey bars). Bars are average
concentrations, dots are single values for each strain (Adapted from [35]).

Polymeric pigments are formed by chemical condensation between grape anthocyanins and other
flavanols in a slow process during ageing that is affected by precursor contents, pH, and temperature
and oxygen levels. Some of these pigments have red-orange colour, but others can absorb at 540 nm
or higher wavelength showing red-bluish colours. It has been observed that some yeasts are able
to promote the formation of these pigments more quickly during fermentation [40,41]. S. pombe
has shown that high performance increases the formation of polymeric pigments derived from
malvidin-3-O-glucoside and catechin or procyanidin B2 [40]. On average, increments in the polymeric
pigments can vary widely between 35.9 and 88.0% with respect to their counterparts with S. cerevisiae,
depending on the par of yeast species used in the sequential fermentation [40]. Yeast influence can be
produced by the fermentative release of acetaldehyde, which can favour the formation of ethyl linked
dimers [42]. Furthermore, some synergic effects were seen when S. pombe was used in sequential
fermentations with Lachancea thermotolerans [40].

Finally, yeasts are able to trap significant amounts of pigments in their cell wall [43,44]. During
fermentation, yeast cell walls can reach a specific surface of 10 m?/L of must when population is
10%-10° CFU/mL [43], and cell wall adsorbed anthocyanins can represent 1.6-6% of wine content
reaching 28% for some derivatives in some yeast strains [44]. The number of anthocyanins adsorbed
into yeast cell walls can be evaluated using plating media dosed with grape anthocyanins [45].
Alternatively, and with higher precision, it is possible to recover adsorbed anthocyanins from yeast
cell walls and analyse the extracts by LC-DAD or LC-DAD-MS [43]. When adsorption of anthocyanins
was studied in non-Saccharomyces cell walls, a differential adsorption was observed according to yeast
species but also according to strain. In a comparative view of adsorption in the plating system with
anthocyanins added to the agar formulation, it is possible to see a medium adsorption capacity for
S. pombe (strain 938) compared with other species with high adsorption (L. thermotolerans, formerly
Kluyveromyces thermotolerans) or the low adsorption of Metschnikowia pulcherrima (Figure 4).
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S. ludwigii (979)
S. cerevisiae (TVA)

T. delbrueckii (291) S. pombe (938)

K. thermotolerans (KT) M. pulcherrima (MP)

Figure 4. Adsorption of grape anthocyanins in yeast cell walls (Saccharomyces and non-Saccharomyces)
during growth in a specific plating media containing pigments.

The protective effect of ageing on lees (AOL) on wine oxidation by the release of reductive
compounds from yeast structures such as glutathione can also produce some preservation on wine
anthocyanins. The high release of cell wall compounds from S. pombe during ageing on lees [46] can
favour and enhance this protective effect, thus better preserving wine colour.

4. Large Release of Polysaccharides during Ageing on Lees

As previously stated, Schizosaccharomyces yeast genus physiology and metabolism present some
peculiarities. S. pombe cell wall carbohydrate composition and distribution of polysaccharides and other
wall constituents is quite particular, which is something which should not be surprising bearing in
mind we are dealing with an osmophilic yeast that reproduces itself/asexually by binary fission
thanks to the formation of a wall, from centre to centre of the cell (Figure 1; [47,48]). Early in
the seventies, some authors studied the structure and composition of their cell walls [49]. Indeed,
the qualitative composition and formation of cell wall polysaccharides can vary greatly among yeasts,
and these differences are useful for taxonomic classification purposes [50,51]. Later electron microscopy
studies after enzyme treatments, aiming to deeply understand the molecular organization of S. pormbe
cell walls, highlighted the presence of galacto-mannoproteins in the outer layer of the cell wall
as its main qualitative discriminating feature [52]. A comparative illustration of the cell walls of
Schizosaccharonyces pombe and Saccharomyces cerevisiae based on these studies permits the observation
of these qualitative differences among these species [46]. Besides these special features of S. pombe,
a simple optical microscopy lets us appreciate its thickened cell walls. That significant thickness
(average: 10-200 nm [2,53]) and the previously mentioned particular molecular organization of
biopolymers in S. pombe cell walls give them structural strength enough to resist high osmotic pressures.

Ageing over lees has been traditionally used to produce white wines [54,55], but red wines
can undergo this process too, and its repercussion in the sensory profile of the wine is nowadays
better understood. The autolytic release of yeast cell wall polysaccharides in wine making
and their contribution to aspects such as mouthfeel and tactile properties, wine aroma, body,
and physicochemical stability has been widely studied, discussed, and demonstrated [56]. In particular,
mannoproteins act as colloidal stabilizers, having a positive effect on tartrate stability [57], decreasing
tannin aggregation and precipitation [58], and protecting wine form protein haze in white wines [59,60].
The production and release of these macromolecules depends on the yeast strain, and according to
Vidal et al. in 2003 [61], they can reach up to 35% of total polysaccharides in wine.

Ageing over lees of red wines has been usually described as a technique that helps to stabilize
colour and modulate astringency. Several interactions between yeast lees and phenols could take place
simultaneously, and factors such as yeast lees reactivity towards oxygen [62,63], the strain capacity to
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absorb anthocyanins [43,64,65], or the presence of 3-glucosidase activity explain why contradictory
results and hypotheses can be easily found in the literature.

The autolytic release of polysaccharides by Schizosaccharomyces pombe was studied for the first
time in synthetic media by Palomero et al., in 2009 [46]. From the first moment, results showed a high
quantity of cell wall polysaccharides. At 28 days, both osmophilic yeasts Schizosaccharomyces pombe
and Saccharomycodes ludwigii released cell-wall fragments in concentrations more than ten times
greater than those produced by the Saccharomyces and Pichia strains studied. Two months into the
over lees ageing process, the polysaccharide concentrations of the osmophilic yeast autolysates were
those that would be reached at six or seven months by Saccharomyces. This rapid release could
entail an important competitive advantage for wineries due to the reduction of ageing periods.
Besides this, an early elution peak was observed in the HPLC-RI chromatograms corresponding
to biopolymers of over 788 kDa. These fragments are therefore larger than most of those observed
from Saccharomyces and should be studied in order to understand its potential oenological interest
to modulate astringency, improve palatability, and preserve colour [46]. Domizio et al. in 2017 [66]
have recently found larger polysaccharide molecules in earlier peaks by HPLC-RI when studying
and characterizing S. pombe polysaccharides but were not detected in the chromatograms of the
corresponding S. japonicus. These authors obtained similar results when studying the release of
polysaccharides during alcoholic fermentation. They conclude that all the Schizosaccharomyces strains
studied released a quantity of polysaccharides approximately 3 to 7 times higher than that released by
a commercial Saccharomyces cerevisiae. Subsequent studies have obtained similar results, underlining
the polysaccharide overproduction of yeast belonging to the Schizosaccharomyces genus [67].

5. Bio-Tool for Ensuring Wine Safety

The metabolic characteristics of S. pombe make it the ideal bio-tool to reduce the content of
certain unwanted compounds in musts and wines, either because they are responsible for long-term
microbiological instability, because they adversely affect the sensory quality of the wine, or because
they can lead to toxic compounds [10]. Some examples of compounds that can be controlled by S. pombe
are malic acid, biogenic amines, gluconic acid, and ethyl carbamate.

The ability of S. pombe to metabolize malic acid was previously discussed (see section “Wine pH
modulation” above). This organic acid is not only a source of microbiological instability in the wine
but also contributes a hard and green acidity.

Biogenic amines may pose health problems. An advantage of using S. pombe instead of lactic acid
bacteria (LAB) for the elimination of malic acid is that this yeast does not promote the formation of
biogenic amines, a health issue associated with the traditional malolactic fermentation performed by
LAB [68,69]. It is worth mentioning that, unlike wild malolactic bacteria, the available commercial
LABs have been selected according to the criterion of low production of biogenic amines and ethyl
carbamate. The combination of Lachancea thermotolerans and S. pombe for the sequential fermentation of
a red must with high pH has been shown to be effective in the control of the biogenic amines formation,
with a reduction in the concentration of histamine of up to four times with respect to the same grape
must that underwent a malolactic fermentation [68]. In addition, the organoleptic quality of the wine
was not compromised by the employment of two non-Saccharomyces yeasts for the fermentation.

Gluconic acid decreases the microbiological stability of the wine, since LAB can metabolize it,
increasing the acetic acid levels and, therefore, damaging the quality of the wine [70]. High contents
of this acid are related to the development of the fungal disease called gray rot. It has been shown
that S. pombe can metabolize gluconic acid and in this way favour the biological aging of wines by
preventing the development of LAB [71].

Despite belonging to the ascomycetes group, S. pombe exhibits a strong urease activity [72].
Urease catalyses the hydrolysis of urea into ammonia and carbamate; the latter product
is spontaneously hydrolysed to carbonic acid and ammonia under oenological conditions.
Ethyl carbamate is a well-known carcinogen produced during fermentation and ageing, and urea is one
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of its precursors [73]. The safety limits established for ethyl carbamate in wines widely vary between
15 and 60 pg/L depending on the country and the type of wine, with dessert wines constituting the
upper limit. Therefore, fermenting with S. pombe may prevent ethyl carbamate production.

6. Sparkling Wines and Other Fermented Beverages (Ice Wines, Beers)

In the winemaking of sparkling wines, there is a second fermentation in bottle in which it is
necessary to use a yeast that can ferment in the presence of around 10% v/v ethanol (base wine).
In addition to complying with this requirement, S. pombe can be an interesting species for this process
due to its high release rate of polysaccharides during ageing on lees [74]. The higher the polysaccharide
content in the wine, the better the mouth-feel sensations (reducing astringency, enhancing sweetness
and roundness) and the aromatic persistence and quality [75]. It also has a protective effect on
wine colour.

Moreover, the employment of S. pombe for the second fermentation and ageing on lees of sparkling
wines production was suggested to obtain differentiation [76]. With the use of S. pombe, red sparkling
wines with higher pyranoanthocyanin concentrations and higher colour intensity were obtained [76].
Concerning the sensory evaluation, both white and red wines were rated as high-quality without
notable differences in relation to the control of S. cerevisiae in taste characters but with some differences
at the aromatic and visual level. S. pombe seems more suitable for winemaking in red than in white,
partially losing the fruity and floral character in the latter. The red sparkling wines made with S. pormbe
were the ones that obtained the highest score for the colour intensity and aromatic intensity. Although
the herbal, buttery, and yeasty notes stood out significantly, the wines had a good balance on the nose,
and no aromatic defects were perceived. However, these results come from a single strain of S. pombe
(selected for its good fermentative behaviour); it would certainly be interesting to try new strains.

S. pombe was also tested as yeast responsible for the bottle fermentation in brewing [13].
The amount of sugar metabolized in beer production is markedly lower than in wine and, therefore,
the amount of acetic acid synthesized by S. pombe should also be lower. S. pombe also has potential
application in the production of ice wines, especially when it comes to obtaining wines with a better
balance of acidity [77].

7. Conclusions

Schizosaccharomyces pombe is a useful tool for total or partial deacidification of grape musts and
achieves high quality in the final wine when immobilization techniques are used. This species has
shown promising results regarding the production of stable colour forms, thereby ensuring colour
preservation in aged wines. Its use in winemaking can also prevent potential health risks associated
with the metabolism of the lactic acid bacteria responsible for malolactic fermentation. As a general
conclusion, due to its great resistance to pH, temperature, and preservatives, and its ability to ferment
in media with high sugar content, S. pombe is a strain of great versatility with potential utility not only
in oenology but also in other sectors of the food industry.
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Abstract: Torulaspora delbrueckii is probably the non-Saccharomyces yeast that is currently most used
for winemaking. Multiple advantages have been claimed for it relative to conventional S. cerevisiae
strains. However, many of these claimed advantages are based on results in different research studies
that are contradictory or non-reproducible. The easiest way to explain these discrepancies is to
attribute them to the possible differences in the behaviour of the different strains of this yeast that
have been used in different investigations. There is much less knowledge of the physiology, genetics,
and biotechnological properties of this yeast than of the conventional yeast S. cerevisiae. Therefore,
it is possible that the different results that have been found in the literature are due to the variable
or unpredictable behaviour of T. delbrueckii, which may depend on the environmental conditions
during wine fermentation. The present review focusses on the analysis of this variable behaviour of
T. delbrueckii in the elaboration of different wine types, with special emphasis on the latest proposals
for industrial uses of this yeast.

Keywords: Torulaspora delbrueckii; winemaking; yeast inoculation; yeast dominance; wine quality;
genetic improvement

1. Introduction

Of the non-Saccharomyces yeasts, Torulaspora delbrueckii is probably the most suitable for use
in winemaking. This is because it has a good fermentation performance compared to other
non-Saccharomyces yeasts that might be considered for winemaking, such as Hanseniaspora uvarum,
H. vineae, Candida zemplinina, C. pulcherrima, C. stellata, Schizosaccharomyces pombe, Hansenula anomala,
Metschnikowia pulcherrima, Lachancea thermotolerans, Pichia fermentants, P. kluyveri, and Kazachstania
aerobia. Additionally, it has been claimed that T. delbrueckii can be used to optimise some wine
parameters with respect to usual S. cerevisize wines such as a low amount of acetic acid, lower ethanol
concentration, increased amount of glycerol, greater mannoprotein and polysaccharide release,
promoted malolactic fermentation, increased amounts of interesting aromatic compounds (fruity
esters, lactones, thiols, and terpenes), and decreased amounts of unwanted aromatic compounds
(such as higher alcohols); these may improve wine quality or complexity (reviewed by Benito in [1]).
These additional features constitute the main reason why modern cenologists are conducting trials
with this yeast, as well as with other non-Saccharomyces yeasts, for industrial winemaking. However,
this option entails additional complications and economic costs in controlling must fermentation with
respect to the use of conventional selected strains of S. cerevisiae, which is undoubtedly the most
reliable yeast species for this purpose. Some of the complications of using T. delbrueckii in commercial
wineries come from its physiological properties under the stressing conditions that are usual in the
winemaking process. In this work, we review these specific properties, with a focus on their relevance
for some applied aspects of winemaking.
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2. The Torulaspora Yeasts

Torulaspora are fermentative yeasts that can be found in wild and anthropic habitats, where they
may coincide with other fermentative yeasts such as Saccharomyces and Zygosaccharomyces. In the
past, there has been some misclassification of some species in these three genera, because they share
various morphological and physiological features. The genus Torulaspora includes at least six species:
T. delbrueckii (anamorph Candida colliculosa), T. franciscae, T. pretoriensis, T. microellipsoides, T. globosa,
and T. maleeae [2]. Other species have also been proposed for inclusion in this genus following their
characterisation by molecular tools used to discriminate new isolates, examples being T. indica [3]
and T. quercuum [4]. The taxonomy of Torulaspora is changing rapidly, and one can expect species
reassignments and new species in the near future. In this sense, based on the nucleotide sequence
of the internal transcribed spacer (ITS) region located between the 185 and 285 rRNA genes, it has
already been proposed that Zygosaccharomyces mrakii and Z. microellipsoides might be reclassified in the
genus Torulaspora [5]. Similarly, four strains presumed to be T. delbrueckii were found to be considerably
different from the type strain, and were reclassified into the genera Debaryomyces and Saccharomyces [6].
In particular, one must bear in mind that some error in the presumptive assignment of a new isolate to
Torulaspora may explain some of the controversial results found for the biotechnological properties that
have been recently claimed for these yeasts (see Section 5 below).

Torulaspora cells mostly have a spherical shape (forulu), although ovoid and ellipsoidal shapes are
also frequent. Its cellular size, 2-6 x 3-7 um, uses to be smaller than that of S. cerevisiae (Figure 1A E).
Torulaspora may rarely produce pseudohyphae, but never true hyphae. Its life cycle has yet to be
elucidated. In contrast with wild S. cerevisiae strains, which are diploids or polyploids during vegetative
propagation, T. delbrueckii was long believed to be a haploid yeast, mainly because of its small cell
size [7], and because tetrads are absent or rarely observed in sporulation media. However, it has
recently been suggested that T. delbrueckii may actually be mostly diploid and homothallic [8]. If this is
the case, the small cell size of Torulaspora may still be explained by its having only 16 chromosomes
in the diploid stage, instead of the 32 chromosomes that are present in S. cerevisiae diploid yeasts.
It is believed that T. delbrueckii diverged from the S. cerevisiae lineage before the latter underwent its
genome polyploidisation [9].

All species of Torulaspora reproduce asexually by multilateral budding (mitosis). Sexual reproduction
may occur in sporulation media through asci that contain one to four spherical ascospores (Figure 1B).
The ascus can be originated by the heterogamic conjugation between a cell and its bud, or between
two independent cells. Three types of conjugation have been proposed in the Torulaspora genus [10]:
(i) between mother and daughter cells (the daughter cell may be one small bud still attached to
the mother cell, but separated from it by a cross-wall); (ii) between two cells with their respective
conjugation tubes; and (iii) between a cell with conjugation tube and another cell without it.
The ascospores (one to four per ascus, frequently two, 2-4 um diameter) are spherical with a smooth
or warty cell wall. It should be noted that starvation is not required for T. delbrueckii to sporulate [8,11];
i.e., spores can be formed on rich media such as yeast extract peptone dextrose (YEPD) agar (Figure 1D),
as also may occur for some wine strains of S. cerevisiae.

Cells with conjugation tubes are frequent in T. delbrueckii, mainly in non-growing cells in a
stationary growth stage or in sporulation media (Figure 1B), but most of them seem uninvolved in the
yeast conjugation process [12]. Probably, most of the several buds that have been frequently observed
in single non-growing yeasts are actually incipient cell wall protuberances destined to potentially
become a conjugation tube for yeast mating.

Given this lack of precise knowledge about the life cycle of Torulaspora, it is complicated to design
strategies for the biotechnological improvement of T. delbrueckii by using classical genetic techniques
such as those proposed for S. cerevisiae wine yeasts [13-16].
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Figure 1. Vegetative cells (A,C,E) and spores (B,D,F) of T. delbrueckii and S. cerevisiae for comparison.
Photomicrographs were taken using Nomarski (vegetative cells) or bright-field illumination (spores)
with a Nikon Eclipse 600 microscope equipped with a 60x objective. (B,F) Spores from Minimal
Sporulation Medium. (D) Spores from YEPD agar stained with malachite green.

3. Growth and Fermentation Capability

With respect to the features required to perform industrial alcoholic fermentation, of the
non-Saccharonyces yeasts, T. delbrueckii is the most similar to the referent, best-considered, S. cerevisiae.
This is the main reason why T. delbrueckii was the first non-Saccharomyces yeast proposed for
industrial use in wine fermentation [17]. However, slight but relevant differences in the physiological
characteristics of the two yeasts affect their choice as options for different industrial applications.
In particular, the specific rates of CO, production and O, consumption are higher in T. delbrueckii than
in S. cerevisiae, which results in lower biomass yields from batch cultures, and may represent a handicap
for the large-scale production of T. delbrueckii with respect to S. cerevisiae [18]. The two yeasts’ sugar
utilisation and regulation patterns are very similar, with similar biomass yields in glucose-limited
oxygen-sufficient chemostat cultures, as is consistent with fully respiratory growth. Interestingly,
S. cerevisiae is the first to switch to a respirofermentative metabolism as the oxygen feed rate decreases,
showing a lower biomass yield at low oxygen tensions with respect to T. delbrueckii, which is still able
to sustain full respiration under these conditions [19]. Unfortunately, however, T. delbrueckii shows less
growth than S. cerevisiae under strict anaerobic conditions [20,21], and has less fermentation vigour
and slower growth rate than S. cerevisiae under usual wine fermentation conditions, being quickly
overcome by wild or inoculated S. cerevisiae strains [18,22]. Obviously, this is an important issue for
winemaking, which is usually done under strict anaerobic conditions for white and sparkling wines,
or in the presence of very low amounts of oxygen for red wines, where the cap of grape skins is
punched down into the must several times a day. A poorer performance of T. delbrueckii with respect
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to S. cerevisiae should always be expected under these working conditions, especially for white and
sparkling wines.

When inoculated in fresh grape must, the dominance ratio of T. delbrueckii depends on many
factors: the size of the inoculum, amount and types of viable wild microbes initially present in the
must, fermentation stage, sugar and ethanol concentrations, killer phenotype and killer sensitivity of
the inoculated yeast and the wild yeasts, SO, (sulfur dioxide) concentration, Cu (copper) concentration,
pesticides coming in with the grapes, etc. Some of these have been analysed in several related
works. The T. delbrueckii dominance ratio during the must fermentation reported in the literature of
specialised research works ranges from 0 to 100%, being in most cases around 50% in tumultuous
fermentation [22-27]. This dominance ratio can be expected to be lower in commercial wineries,
where the working conditions are not as controlled as in research laboratories or experimental
wineries. This ratio is much lower than that which is expected for the reference yeast S. cerevisiae,
which is assumed to be close to 100%, even considering that this yeast is usually inoculated at a lower
concentration (around 10° CFU/mL) than T. delbrueckii (around 107 CFU/mL).

A strong dominance of T. delbrueckii is usually achieved by using sterile or much clarified must,
and a killer strain for inoculation. In this way, the relative initial growth of the T. delbrueckii population
is high, and favours its becoming the clear protagonist during fermentation. Nonetheless, since this
yeast is less resistant than S. cerevisiae to high ethanol concentrations (Figure 2), the fermentation
rate slows down, and cell death increases after the tumultuous fermentation of sugar-rich musts
(Figure 4). As a consequence, fermentation may stop, slow down and become sluggish, or continue
mainly because of the presence of some contaminating wild Saccharonyces yeasts, which may continue
must fermentation if the required nutrients are still available. Obviously, any such sequence of
events will reduce the domination ratio of T. delbrueckii by the end of fermentation, even down to its
disappearance [22,24]. This situation is more evident and occurs more rapidly when mixed-inoculating
with the two yeasts (co-inoculation or sequential inoculation) in grape must be supplemented with
yeast nutrients. In this case, the dominance of T. delbrueckii, if it occurs at all, is usually ephemeral,
lasting no more than two days [18,22,24].

YEPD + 5% ethanol YEPD + 10% ethanol
: =" ~

Figure 2. Resistance of T. delbrueckii (Td) and S. cerevisiae (Sc) to ethanol, SO;, and Cu. Two strains
of each yeast species are shown (Td-1 and Td-2, and Sc-1 and Sc-2, respectively). YEPD: rich YEPD
medium. SD: minimal SD medium.
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This situation makes it difficult to reliably assign a specific feature to T. delbrueckii, and may
explain why some disagreement is found in the literature about the effect of this yeast on winemaking
and wine quality. For example, the effects related to the production of some aroma compounds remain
confusing. Mixed T. delbrueckii/S. cerevisiae inoculation has been described as increasing the total ester
concentration (mainly isoamyl acetate and ethyl hexanoate, octanoate, and 3-hydroxybutanoate)
relative to inoculation with S. cerevisine [28], while the contrary has also been reported [29,30].
Such contradictory results may occur just because the production and degradation of these compounds
depend on the proportion of each species of yeast during must fermentation. Likewise, even when a
putative technological improvement of T. delbrueckii affecting the quality of wine has been accepted,
it is still very complicated to achieve the desired result in commercial wineries if the dominance of
this yeast cannot be ensured, and this may dissuade cenologists from spending money purchasing
new non-Saccharomyces yeasts for must inoculation. Consequently, it is necessary to thoroughly control
the level of dominance of T. delbrueckii throughout the wine fermentation process, analysing adequate
numbers of samples and colonies of viable microorganisms sampled at different times during that
process. Frequently, one finds in the literature that few samples and yeast colonies were analysed
(10 colonies, only twice per fermentation [31]), or simply that the inoculated T. delbrueckii strain was
not monitored, but was simply assumed to dominate the wine fermentation [32]. Moreover, in some
cases, the authors themselves recognise the presence of contaminating yeasts in the pasteurised must;
these are yeasts that, in parallel experiments in which there was no dominance of the inoculated yeast,
were able to complete the fermentation. Even more so, in some cases, the fermentations were carried
out by continuous mixing of the inoculated must in an orbital shaker to increase the oxygen supply [31],
contrary to what is usually done in commercial cellars where the must is not continuously agitated.
Therefore, in sum, the different environmental conditions used in the experimental fermentations
of T. delbrueckii, and the uncertainty about the desired dominance of this yeast during fermentation,
suggest that the observed effect of a given strain on the quality of wine may be different, or even
contradictory, depending on the working conditions. Consequently, it would be necessary to establish
criteria that are more precise regarding the experimental conditions and the minimum level of
dominance of T. delbrueckii in order to obtain more homogeneous and reliable conclusions about
any of the advantages of this yeast in winemaking.

In the absence of general agreement on these criteria, one possibility that might explain some of
the conflicting results found is that different T. delbrueckii strains might have different fermentation
capabilities. This would not be too surprising, given the possible lack of a reliable and definitive
taxonomic classification. However, to confirm this argument, it would be necessary to test in parallel
the different yeast strains under identical experimental conditions, and achieve a clear dominance
of each strain tested. Moreover, in addition to the idea that the production of esters by T. delbrueckii
might be strain-dependent, it has been proposed that this production may even vary when this yeast
is associated with S. cerevisiae in mixed cultures [25,33,34]. This situation may become even more
complicated, although clearly very interesting, when considering the use of T. delbrueckii for red
winemaking, since this differs from white winemaking in certain aspects that affect this yeast’s growth
during must fermentation, and hence its effect on wine quality. Namely, oxygen availability, alcohol
content, the amount of initial wild microorganisms, and nutrient availability are usually greater in
red than in white wine fermentation. Given these differences, and since fermentations dominated by
T. delbrueckii are slower than those dominated by S. cerevisiae, the eventual development of lactic acid
bacteria may promote malolactic fermentation occurring simultaneously with alcoholic fermentation.
This promotion is enhanced in situations where these bacteria may be more frequent, as when using
poorly clarified musts or crushed grapes as starting material for winemaking. Indeed, we found that in
such situations all of the T. delbrueckii wines, but none of the S. cerevisiae wines, underwent malolactic
fermentation, and putative lactic acid bacteria were always found in the T. delbrueckii wines, but none
or very few were found in the S. cerevisize wines. The highest malic acid degradation was found in
those wines where T. delbrueckii reached the greatest dominance ratios, and at the same time, had the
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slowest fermentation kinetics [23,24]. Likewise, some companies, such as Chr. Hansen (Hoersholm,
Denmark), recommend inoculation with T. delbrueckii to promote malolactic fermentation, although in
this case, the effect is claimed to be due to a decreased production of toxic medium-chain fatty acids
that favour the growth of lactic acid bacteria.

LE., the confluence of so many environmental factors in winemaking that may change the
behaviour of T. delbrueckii with respect to the production of aroma compounds makes it difficult to
design a reliable strategy for wine quality improvement in commercial wineries. In any case, until the
handicap of low dominance of T. delbrueckii is resolved, one cannot determine with precision the real
usefulness of these yeasts in the cellar. To address this problem, further knowledge is required of how
T. delbrueckii interacts with other wine microorganisms during wine fermentation so as to be able to
ensure the dominance of this yeast species.

4. Interaction with Other Fermentative Yeasts and Ability to Dominate Must Fermentation

As noted above, the ability of S. cerevisine to overcome other non-Saccharomyces yeasts and
dominate wine fermentation can be explained mainly by its excellent biological fitness and its tolerance
to the stress factors that converge in this process. This circumstance makes it possible that an
almost undetectable contamination of S. cerevisiae in a must that has been previously inoculated
with T. delbrueckii can be responsible for carrying out most of the fermentation process. This may occur
because T. delbrueckii dies prematurely, or because its metabolic activity declines markedly as a result
of the environmental stress. However, the opposite case is clearly unlikely, so that non-Saccharomyces
yeasts usually play an irrelevant part in the fermentations of musts inoculated with S. cerevisiae.
Biotechnologically, this situation will not change until T. delbrueckii strains whose biological efficacy is
similar to that of S. cerevisine are available, which is an aspect that we shall return to later in this review.
Apart from this, other types of direct interactions between the two yeast species have been described
that can influence, or even determine, the preponderance of one yeast over the other.

The yeast interactions in pure and mixed fermentations have been the subject of a thorough
review [35] which clearly stated that the competitiveness of any given strain can be influenced
by many factors, which are both abiotic (pH, temperature, ethanol, osmotic pressure, nitrogen
availability, molecular sulfur dioxide concentration, etc.) and biotic (type of microorganisms, presence
of antimicrobial molecules, cell-to-cell contact, grape variety, etc.). This competitiveness will change
depending on the specific environmental conditions of a given food fermentation, which will in turn
influence the ability of a given strain to out-compete other yeasts. Moreover, in mixed fermentation,
the choice of the specific strains of T. delbrueckii and S. cerevisiae can be another biotic factor to consider
as an origin of variability in the competitiveness of each yeast strain. However, the use of a fixed couple
of yeast strains could produce predictable results related to the dynamic of each yeast population and,
thereby to the wine quality.

With respect to the biotic factors, a new wine T. delbrueckii killer strain has recently been
characterised. It secretes a killer toxin (Kbarr-1) that is encoded in a double-stranded RNA virus
(ScV-Mbarr-1) with broad antifungal activity against S. cerevisiae (killer and non-killer strains) and
other non-Saccharomyces yeasts [36,37]. This negative interaction has already been applied to promote
the dominance of T. delbrueckii in white [24] and red [23] table wines. This killer strain had the
advantage of dominating must fermentation in the presence of S. cerevisiae relative to the non-killer
isogenic strains. However, full dominance is not ensured if a fairly large population of S. cerevisiae
yeasts (about 10® CFU/mL) is co-inoculated or was already present as wild yeasts in the grape must.
Therefore, a large inoculum (about 107 CFU/mL) of T. delbrueckii should be considered to achieve
satisfactory dominance in these situations.

Apart from this, yeast growth inhibition by cell-to-cell contact is another biotic factor that may
influence the competitiveness of each strain in multi-starter fermentations. Physical contact between
S. cerevisine and T. delbrueckii seems to induce the rapid death of the latter yeast. However, when
the two yeasts were separated from each other in a double-compartment fermenter, T. delbrueckii
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maintained its viability and metabolic activity [38]. The details of this mechanism of cell-to-cell
contact inhibition are still unknown. It has recently been proposed that in the case of the early death of
L. thermotolerans during anaerobic fermentation mixed-inoculated with S. cerevisiae, this phenomenon is
caused by a combined effect of cell-to-cell contact plus antimicrobial peptides [39]. Similarly, it has been
found that cell-free S. cerevisiae supernatants induce fast culturability loss in other non-Saccharomyces
yeasts, meaning that this inhibitory effect is mainly caused by some metabolites secreted by S. cerevisiae.
To further complicate the issue, the culturability loss of non-Saccharomyces yeasts induced by S. cerevisiae
is species-dependent and strain-dependent [40]. The effect of these biotic factors on the competitiveness
of each strain can be influenced by an abiotic factor, an example being the addition of assimilable
nitrogen, which was found to partially mitigate the inhibitory interaction between different yeasts [41].

Given this situation in which many different factors may influence a given yeast’s competitiveness
with respect to others, and the lack of precise knowledge about the mechanisms of this influence,
the degree of compatibility of co-inoculated strains of T. delbrueckii and S. cerevisiae must be known
with precision in order to program and control the industrial use of that combination. This is especially
important if a specific proportion of the fermentation must be performed by T. delbrueckii in order to
obtain a determined effect on the final wine’s organoleptic quality. Mixed inoculation results may
not be fully satisfactory if the production of aromas by T. delbrueckii varies when it is associated in
a variable and difficult-to-control proportion with S. cerevisiae, or when the type and amount of the
aromas produced in mixed cultures depend on a synergistic interaction between these two yeasts [33].
If this is the case, the use of T. delbrueckii in mixed-inoculated fermentation could be a situation
that is far too complicated to control satisfactorily at an industrial level. However, if total or major
dominance of T. delbrueckii is desired, this can be achieved using killer strains, a large yeast inoculum
(approximately 107 CFU/mL), and grape must containing only a discrete amount of wild Saccharomyces
yeasts (less than 10° CFU/mL) [23,24,42]. In this situation, if the effect of T. delbrueckii on the quality of
the wine is more intense than desired, this could be resolved by mixing with conventional S. cerevisiae
wine to obtain the required wine quality.

5. Influence on the Chemical Composition and Aroma of Table Wine

As mentioned in the Introduction section, several wine parameters can be improved by inoculating
the must with T. delbrueckii. However, some of these claimed improvements can be achieved
only in certain specific circumstances. For example, the production of reduced amounts of acetic
acid is usually found only in high-sugar fermentations, which are conditions where S. cerevisiae
produces high amounts of this compound [43]. It is possible that no such effect will be achieved
with usual sugar concentrations, because T. delbrueckii-dominated fermentation takes a long time to
complete, and this may lead to the additional oxidation of the wine [23,24]. Sometimes, the claimed
improvement may not be very relevant; an example is the reduction in ethanol concentration, which is
usually low under anaerobic conditions, and correlates with increased acetic acid and residual sugar
contents [44,45], both of which may be undesirable. Moreover, the supposed improvement may not be
generally reproducible at commercial wineries, given that contradictory results have been described
in experimental vinifications, as is the case for the claimed increased amount of important aromatic
compounds: fruity esters, lactones, thiols, and terpenes [23-26,28-30,33,34,46,47].

These circumstances may result in eventual disappointment for cenologists attempting to improve
some wine types, such as young white or rosé wines, by using T. delbrueckii. The T. delbrueckii wines may
contain slightly greater amounts of volatile acidity and residual sugars, have roughly the same amount
of ethanol, have decreased fresh fruity aromas, or be slightly oxidised with respect to S. cerevisiae
wines. Considering that using T. delbrueckii for winemaking is more expensive and time consuming
that using conventional S. cerevisiae yeasts, and that most of the commercially available wine strains of
the latter yeast are of proven virtuosity for winemaking, most cenologists may refuse to further try
T. delbrueckii to improve wine quality. Therefore, wine yeast researchers and producer firms should be
very careful in advising very precisely those winemaking conditions that may really be appropriate
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for wine quality improvement by using T. delbrueckii, perhaps even more careful than when the
original recommendations were given for inoculating with S. cerevisiae yeasts (about one century
ago) to improve winemaking with respect to traditional spontaneous must fermentation. Otherwise,
the use of T. delbrueckii for commercial winemaking may become just anecdotal and circumscribed to
experimental research, as will probably end up being the case for many other non-conventional wine
yeast species.

Given that these important prior considerations must be kept in mind, we shall now look at
some specific approaches using T. delbrueckii in terms of its most common effects on wine quality and
aroma composition, and which have so far been described as being independent of the winemaking
conditions. These are decreased acetic acid production in grape must with a high sugar concentration,
decreased concentrations of the main esters, and increased concentrations of lactones and some minor
ethyl esters, which are all relative to S. cerevisiae-fermented wines. Overall, these effects have led
to decreased fresh-fruit aroma intensity, but increased aroma complexity with a dried-fruit/pastry
flavour, which is achieved mainly when the T. delbrueckii strains reached a high dominance ratio (above
70% of viable cells) at the tumultuous fermentation stage [23,24,26,29,30]. It should be noted that part
of this effect on the aroma complexity of wine may be due to the growth of lactic acid bacteria [23].
According to these common effects, the use of T. delbrueckii for young (white or rosé) table wines
should not be recommended mostly because of the loss of fresh-fruit aromas, which are usually wanted
in these types of wine. However, an exception should be considered for those specific situations
in which a low dominance ratio of T. delbrueckii does not reduce the fresh-fruit aroma intensity of
the wine, or it interacts with S. cerevisiae to increase the amounts of specific aromas such as volatile
thiols (3-sulfanylhexan-1-ol and 3-sulfanylhexyl acetate) that clearly improve the quality of certain
wines, with Sauvignon Blanc being an example [33,48]. Besides this, we think that inoculation with
T. delbrueckii can mostly be recommended for full-bodied red wines made from grapes with undesirably
high malic acid content, natural sweet wines made from grapes with high sugar content, or any aged
wine in which the dried-fruit aromas and oxidised character that are usually produced by this yeast
may be greatly appreciated by the consumers.

6. Traditional Sparkling Wine Making

There have also recently been trials of the use of T. delbrueckii for sparkling wine making.
The sequential inoculation of this yeast with S. cerevisize has been shown to be an interesting tool with
which to obtain base wines (first fermentation of the grape must) with different characteristics [22].
However, those authors did not analyse the usefulness of T. delbrueckii to finally complete the
production of sparkling wine (second fermentation of the base wine), probably because they suspected
that this yeast could not complete this task. We confirmed these results in a recent work, finding that
T. delbrueckii could indeed be used to improve base wine quality, but was unable to complete second
fermentation, because it cannot survive above 3.5 atm of CO, pressure [49]. However, we should
point out that base wine that was single-inoculated with T. delbrueckii was able to complete second
fermentation when there was a very small contamination (4.3 x 10-5 CFU/ mL) of Saccharomyces yeasts,
which became dominant by the time CO, pressure increased above 3 atm, and T. delbrueckii quickly
became inviable (Figure 3). This clearly indicates that CO, pressure is another abiotic factor that may
decrease the competitiveness of T. delbrueckii relative to other potential competitor microorganisms
such as S. cerevisiae, and that its resistance to high pressure should be genetically improved to get a
dominance of this yeast during the second fermentation of sparkling wine.

It should also be mentioned that two T. delbrueckii strains (DiSVA 130 and DiSVA 313)
single-inoculated in a base wine with high ethanol concentration (11.65% vol) were able to complete the
secondary fermentation of sparkling wine even more efficiently than single-inoculated S. cerevisiae [32].
This was an unexpected result, mainly because there had been no previous data reported related to the
resistance of these DiSVA strains at high ethanol concentrations. Whichever the case, these authors
unfortunately did not confirm the dominance of the inoculated strains during second fermentation.
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Therefore, some contamination with S. cerevisiae yeasts may have occurred, with these being the yeast
that was actually responsible for second fermentation completion, as was the case mentioned above
(Figure 3).
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Figure 3. (Top) Evolution of CO, pressure during the second fermentation of cava wine inoculated
with S. cerevisiae (Sc) sensitive to cycloheximide (cyh) and T. delbrueckii (Td) resistant to cyh. (Bottom)
Methylene blue stain to show cell death, and cyh-resistance of viable cells (YEPD+cyh) to monitor
the inoculated yeast, for the T. delbrueckii inoculated fermentation (7 days, 30 days, and 60 days of
fermentation).

7. Proposals for Genetic Improvement of T. delbrueckii

The main disadvantages of T. delbrueckii that hinder it from becoming as good as S. cerevisiae for
industrial use are probably its small cell size [50], slow growth rate, and low fermentation vigour
under the usual alcoholic fermentation conditions [18,22,24]. These peculiarities result in small
harvest quantities in industrial biomass production, and extra difficulties in recovering, washing, and
dehydrating the yeast biomass using conventional microfiltration, which may take a long time because
the filters become clogged by the small yeast cells, and have to be replaced frequently.

The small cell size of T. delbrueckii cells seems to be because it propagates vegetatively as a haploid
yeast [7], while the industrial strains of S. cerevisiae propagate as diploid or polyploid yeasts. This cell
size can be enlarged by increasing the number of chromosomes (ploidy) inducing diploids through
perturbed protoplast regeneration or the UV irradiation of intact cells [51-53]. Stable diploid strains
have already been constructed from baker’s haploid T. delbrueckii strains. These diploid strains were
about three times larger than the original parental haploid, while both types had similar biomass yield,
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stress resistance, gassing power, and sweet dough-leavening ability. The propagation and manipulation
of this artificially constructed diploid seemed to be enhanced under industrial conditions, and its stress
tolerance and CO; production after direct freezing make it possible to reduce the yeast dose in the
formulation of frozen sweet bakery products [51,53]. These interesting results for baker’s T. delbrueckii
strains should serve to encourage attempts to perform similar genetic improvements with wine strains,
which is a task that remains to be completed.

With regard to the properties that are desired of yeasts for them to perform industrial alcoholic
fermentations efficaciously, the tolerance to high glucose concentrations (up to 700 g/L) of S. cerevisiae
(a poor osmotolerant) was increased by fusing it with the heat-treated protoplasts of an osmotolerant
T. delbrueckii strain. The interspecific hybrids were able to grow in high glucose concentration media,
producing enhanced amounts of ethanol. Further investigation of the practical application of these
hybrids is pending [54]. Other than this one-off achievement, there has been little published research
related to this issue. In particular, there remains the problem of improving T. delbrueckii with respect to
the properties of S. cerevisiae that make this latter yeast the best choice for most industrial alcoholic
fermentations. It is accepted that T. delbrueckii may be more resistant than S. cerevisiae to various
stressors such as freeze-thaw or growth in high osmolality media, which can be very important
properties for a baker’s yeast used in frozen and frozen sweet dough technology [52,53]. While these
properties may be interesting for certain specific wine fermentations, there are other stress resistance
properties that are generally considered to be of major importance in winemaking technology, such as
the resistance to ethanol, SO,, or Cu, each of which affects the grape must fermentation vigour of
T. delbrueckii.

Based on our experience, some strains of T. delbrueckii can fully dominate and complete crushed
grape fermentation to reach above 14° GL, which is a very high alcohol content for non-Saccharomyces
yeast fermentation (Figure 4). However, this achievement occurs only rarely, under certain favourable
environmental conditions: the presence of only very low amounts of competitor Saccharomyces yeasts;
a very large inoculum of healthy T. delbrueckii cells to start must fermentation quickly and overcome
the growth of any other yeasts; frequent agitation to provide extra oxygen; the addition of some
extra amounts of nutrients that are usually contained in crushed grapes but which may be scarce in
clarified grape must; low amounts of toxic compounds such as SO,, Cu, pesticides, etc. Even under
these favourable conditions, T. delbrueckii-dominated fermentation took much longer to complete
than S. cerevisine-dominated fermentation, because fermentation vigour and cell viability declined
more quickly in T. delbrueckii than in S. cerevisiae after the wine reached about 5% alcohol (Figure 4B).
The differences in ethanol resistance between the two yeast species can be seen on YEPD agar plates
supplemented with different ethanol concentration (Figure 2). Similarly, while T. delbrueckii is able to
complete fermentation in the presence of 50 mg/L SO, (Figure 5), although a partial lethal effect cannot
be ruled out, it is clearly less resistant to this compound than S. cerevisiae. A concentration of 125 mg/L
SO,, which is frequently used in winemaking;, is clearly lethal for T. delbrueckii (Figure 2). Moreover,
there may be an undesirable amount of Cu in grape juice, because Cu compounds are frequently
used as fungicides in the vineyard. Again, S. cerevisiae is more resistant to Cu than T. delbrueckii
(Figure 2), meaning that the possible presence of high concentrations (20-30 mg/L) of Cu would
reduce fermentation vigour more drastically in the latter yeast than in the former. Experiments to
obtain new T. delbrueckii strains resistant to ethanol, SO,, and Cu (as well as to high CO, pressures) are
currently underway to improve the overall fermentation performance of this species of yeast to bring
it as close as possible to that usually shown by selected S. cerevisiae wine yeasts. A priori, new strains
with improved fermentation capacities could be isolated and selected, since there could be intraspecific
variations in T. delbrueckii as they exist in other yeast species such as S. cerevisiae.
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Figure 4. Must fermentation kinetics (A) and proportion of dead cells (B) of Garnacha grape
fermentation inoculated with S. cerevisiae (Sc) and T. delbrueckii (Td). The concentrations of ethanol and
residual sugars in the wines are given.
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Figure 5. Must fermentation kinetics (A) and yeast population dynamics (B) of Pinot Noir grape
fermentation inoculated with S. cerevisiae (Sc) and T. delbrueckii (Td) in the absence and presence of
50 mg/L SO,.

8. Concluding Remarks

Given that T. delbrueckii is not as good a grape must fermenter as the selected S. cerevisiae wine
yeasts that are currently available in the market at reasonable prices, further research effort will be
required to select new T. delbrueckii strains or genetically improve the strains that have already been
described before this yeast can become generally useful for commercial winemaking. The currently
available strains of this yeast present certain handicaps that both limit their performance as good wine
fermenters and increase their production costs (and hence their market selling price).
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Perhaps most of the considerations that we have made here regarding the possible erroneous
assignment of interesting properties to non-Saccharomyces yeasts such as T. delbrueckii should also
have been made for strains of S. cerevisize when they were originally selected for winemaking.
However, in this latter case, any possible misassignment would not have been so critical as to
dissuade the cenologist from using the selected yeast industrially, because the fermentation vigour
of most S. cerevisiae strains is fairly good, and one could have expected certain success with the
inoculation of these yeasts in the winery compared with the traditional spontaneous fermentation.
In particular, it would be rare for any relevant growth of a contaminating non-Saccharomyces yeast in
must fermentations inoculated with S. cerevisiae to occur, and such contaminations should not have
any negative impact on wine quality. However, on the contrary, one may expect the massive growth of
Saccharomyces yeasts in fermentations inoculated with non-Saccharomyces such as T. delbrueckii to occur
frequently, with the consequence of failing to obtain the desired effect on wine quality. Given this
current situation, in order to obtain the required improvement of wine quality, we would propose for
the time being to use single inoculation with T. delbrueckii under appropriate conditions to achieve its
full dominance, and then to mix the resulting wines with other S. cerevisiae wines.
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Abstract: The interest in non-Saccharomyces yeast for use in sparkling wine production has increased
in recent years. Studies have reported differences in amino acids and ammonia, volatile aroma
compounds (VOCs), glycerol, organic acids, proteins and polysaccharides. The aim of this review
is to report on our current knowledge concerning the influence of non-Saccharomyces yeast on
sparkling wine chemical composition and sensory profiles. Further information regarding the
nutritional requirements of each of these yeasts and nutrient supplementation products specifically
for non-Saccharomyces yeasts are likely to be produced in the future. Further studies that focus
on the long-term aging ability of sparkling wines made from non-Saccharomyces yeast and mixed
inoculations including their foam ability and persistence, organic acid levels and mouthfeel properties
are recommended as future research topics.

Keywords: non-Saccharomyces; yeast; sparkling wine; nitrogen; aroma

1. Introduction

One of the main ways to make sparkling wine is the traditional method, also known as
Methodé champenoise in Champagne [1,2], and other parts of the world as the classic method,
Methode traditionale or bottle-fermented [3]. The traditional method of sparkling wine production
differs from other winemaking processes in so much as the second alcoholic fermentation and the aging
on yeast lees, both take place in sealed bottles (Figure 1). These are the same bottles that customers
purchase from shops and restaurants [4-7]. Sparkling wines produced by the traditional method
include Champagne wines in France, Cava in Spain, Brazil, Italy, USA, Australia, New Zealand,
England, South Africa and Canada [3,4,6-10].

The first alcoholic fermentation to produce base wine is typically started by yeast inoculation.
It occurs at controlled temperatures usually below 20 °C [1,11]. The malolactic fermentation (MLF) of
the base wine is optional, depends on the decision of the producer, the malic acid level, intended wine
style and the desired flavor profile [1,3]. Each producer aims to bring together the characteristics of
different grape varieties, different base wines and different years by blending base wines [12]. At this
stage, the wine becomes a “cuvée,” which refers to blended base wines, which go on to be fermented in
bottles [1]. Wines also undergo tartaric stabilization and filtration to remove prior to bottling [8,11].
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Figure 1. Traditional method sparkling wine flowchart that depicts the steps of production, which
described in Section 1 of this review.

Liqueur de tirage is a concentrated sucrose solution that may contain necessary yeast nutrients or
adjuvants. The composition of the ligueur de tirage may vary depending on the producer [3]. Generally,
24 g/L of sucrose is added to each bottle [1], since 4-4.30 g of sugar results in one atmosphere
(atm) of carbon dioxide (CO,). The aim is to reach between 5-6 atm of CO, by the end of the bottle
fermentation [7]. Each bottle is inoculated with an initial yeast population of 1.5 x 10° cells/mL [13].
The second fermentation in the bottle, also referred to as “prise de mousse,” is followed by aging in
contact with the yeast lees at low temperatures, approximately 12-16 °C [5]. Once the wines are
deemed ready, the bottles are riddled to move the yeast cells to the neck of the bottles. The next stage
is disgorging, which involves freezing the neck of the bottle in a brine at —25 °C. The frozen yeast
deposit is then eliminated under pressure when the bottle is opened and the dosage, is immediately
added then the bottle is the closed with a cork/closure and labelled [14].

1.1. Non-Saccharomyces Yeasts

Alcoholic fermentation for winemaking is usually carried out by inoculating the juice
Saccharomyces cerevisiae yeast, the most widely used yeast, often referred to as “conventional” wine
yeast. Throughout the past decade, “non-conventional” yeasts have become popular [15] and the
effects of non-Saccharomyces yeasts on wine quality has been extensively studied [16]. Traditionally,
only negative impacts of non-Saccharonyces were investigated, since they were believed to be reason for
the microbial-related problems during winemaking. These included a high production of undesirable
compounds i.e., acetic acid, ethyl acetate and acetaldehyde [17-19]. It has been suggested that
widespread use of commercialized S. cerevisiae strains in winemaking creates uniformity in wines [2].
However, the exclusion of non-Saccharomyces yeasts from the fermentation process may result in
a loss of complexity and result in wines lacking distinctive character [20,21]. Non-Saccharomyces
yeasts, which are naturally found on grapes may positively affect wine quality [22]. Spontaneous
wine fermentations initially start with indigenous yeasts, the native microbiota of the grape juice but
Saccharomyces cerevisige will, in most cases, take over and complete the fermentation [23]. Researchers
have highlighted the positive role of non-Saccharomyces yeast, as well as their negative role on the
chemical composition and sensory profile of resultant wines [19,24,25]. The increased knowledge
of yeast biochemistry and physiology has made the selection of yeast strains with specific traits
possible [21]. The potential benefits for using non-Saccharomyces yeast in winemaking has been
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well documented for still wines but far less so for sparkling wines [18]. The current demand
for innovative wines in the competitive international market creates new opportunities to make
wines with unique characteristics [26,27]. This increased knowledge combined with the interest
from the wine market has produced commercially available non-Saccharomyces yeasts in the form
of both dry active and frozen yeasts, i.e., Torulaspora delbrueckii, Metschnikowia pulcherrima and
Pichia kluyveri [18,22]. The main oenological properties of non-Saccharomyces yeasts have been
reviewed [28], as well as the technological and safety issues that these yeasts can solve, such as volatile
acidity, alcohol reduction, high glycerol content, enhanced varietal aromas and the reduction of
contaminants [28]. The current purpose of using non-Saccharomyces yeasts in winemaking varies.
It is possible to use non-Saccharomyces as a sole yeast, although most studies demonstrate that
sequential inoculation, or co-inoculation with mixed starter cultures of a non-Saccharomyces with
a S. cerevisiae are preferred [29]. Recently, Comitini et al. [27] reviewed the specific purposes and
benefits of non-Saccharomyces species in winemaking, which included the improvement of the
complexity of the aromatic profile of wines, control of undesirable microflora, alcohol reduction and
low sulfur dioxide (SO,), hydrogen sulfide (H;,S) and acetaldehyde concentrations, along with the
reduction in copper. The main non-Saccharomyces species found in vineyards and wineries include
Aureobasidium, Brettanomyces, Debaryomyces, Hanseniaspora, Metschnikowia, Lachancea, Torulaspora,
Pichia, Rhodotorula, Starmerella and Zygosaccharomyces, which were recently reviewed by Varela and
Borneman [30]. Further studies have investigated specific effects of non-Saccharomyces yeast on wine
quality. The yeasts that were studied include Hanseniaspora uvarum [31,32], Hanseniaspora vineae [26,33],
Torulaspora  delbrueckii  [34-38], M. pulcherrima [29,39-41], Starmerella bacillaris [22,42],
Schizosaccharomyces pombe [43,44], Schizosaccharomyces japonicus [16], Lachancea thermotolerans [29,40,45],
Zygotorulaspora florentina [46], P. kluvyeri [22,47], and Zygosaccharomyces bailii [48,49].

T. delbrueckii, was one of the first commercial non-Saccharomyces yeast on the market [18].
T. delbrueckii produces low concentrations of glycerol, acetaldehyde, acetic acid and ethyl acetate.
In the mixed or sequential fermentation with S. cerevisiae, it has improved faults particularly volatile
acidity [50]. Studies that used it for first fermentations found that it increased glycerol concentration
compared to other yeasts in the trial, decreased volatile acidity and had positive effects on foaming
properties [35]. It has also been utilized for second fermentation in bottle both in solitary and mixed
fermentation, and found suitable for sparkling wines. However, the wines produced had a different
aroma composition and sensory profile compared to those of the S. cerevisiae strains [51].

M. pulcherrima is a high producer of p-glucosidase and its presence in mixed cultures can
decrease volatile acidity, yet increase the production of medium-chain fatty acids (MCFA), alcohol,
esters, terpenols and glycerol. Its contribution to base wine aroma profiles and improved foaming
characteristics has been established [35].

Schizosaccharomyces pombe species is extremely useful in cold viticultural regions due its ability
to transform malic acid into ethanol [50]. This ability makes it possible to significantly reduce of the
levels of biogenic amines and ethyl carbamate precursors without the need for any MLF [44]. It is able
to ferment sparkling base wine to dryness without producing any aromatic defects [52].

L. thermotolerans enhances wine acidity and increases the overall perceived wine quality [53].
Its” ability to produce L-lactic acid from glucose and fructose could be used to increase acidity in
sparkling wines produced in warm viticultural regions [54].

As the characteristics of yeast species differ, the importance of strain/isolate differences must be
considered. The effect of yeast strain differences on the chemical composition of sparkling wines, as
well as on still wines, has been studied. Martinez-Rodriguez et al. [55] showed the different influence
of five yeast strains of the species S. cerevisine and S. bayanus on the content of free amino acids
and peptides during ageing in contact with yeast lees, for traditional method sparkling wines [55].
Perpetuini et al. [56] studied 28 strains of S. cerevisiae that had different flocculation abilities. These
authors showed that using new starting strains to improve sparkling wine was possible. Another
study investigated six strains of S. cerevisine and reported phenotypic differences in the concentration
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of aroma compounds of the finished sparkling wines [57]. These studies illustrate the importance of
yeast species and strain selection, on the final attributes of sparkling wines.

1.2. Non-Saccharomyces Yeasts and Sparkling Wine

The fermentation media for the second fermentation for traditional method wines creates a hostile
and unfavorable environment for yeast [57,58]. These conditions include high ethanol content (10-12%
v/v), low pH (2.9-3.2), low temperatures (10-15 °C), SO, concentrations (50-80 mg/L) high total
acidity (5-7 g/L HySOy), nitrogen starvation and CO, pressure [58,59]. Their ability to re-ferment base
wines to produce sparkling wines is crucial but also critical for post fermentation, since the second
alcoholic fermentation is followed by a period of aging on yeast lees [2,60]. Several characteristics
are taken into account when choosing yeast for the second fermentation, amongst them are their
resistance to high pressure (5-6 atmosphere), resistance to ethanol and the ability to ferment at low
temperatures [11]. It can also increase the quality of the product due to its autolytic ability, good
flocculation ability (to facilitate lees movement during riddling) and organoleptic properties [61].

The interest in non-Saccharomyces yeast for use in sparkling wine production has increased in
recent years, and hence generated a new research area for wine scientists (Table 1). To the best of our
knowledge, the focus of the studies on non-Saccharomyces yeasts, for traditional method sparkling
wine, include: T. delbrueckii, M. pulcherrima, S. pombe and Saccharomycodes ludwigii. Differences in amino
acids, ammonia, volatile aroma compounds (VOCs), glycerol and proteins, which impact sparkling
wine flavor and foaming ability, have been reported (Table 1). Due to a lack of research specific
to sparkling wines, studies concerning the influence of non-Saccharomyces yeast on still wines have
been used in the following section to predict the possible effects on sparkling wines. Nitrogenous
compounds with a focus on amino acids, ammonia, biogenic amines and VOCs, proteins, organic acids
and sensory qualities have been considered. Despite the substantial potential of non-Saccharonyces
for sparkling wine production, further investigation is required to understand the possible effects
of non-Saccharomyces for second fermentation and aging [60]. Therefore, the following section of
this review discusses our current knowledge concerning the impact of non-Saccharomyces yeasts on
traditional method sparkling wine.
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2. Nitrogenous Compounds and Non-Saccharomyces Yeast

Grapes and wine contain many nitrogenous compounds in both inorganic forms (ammonia
and nitrate) and organic forms (amines, amides, amino acids, pyrazines, nitrogen bases, pyrimidins,
proteins and nucleic acids) [62]. For sparkling wines, the nitrogen fraction consists mostly of peptides,
free amino acids and proteins. Different aspects of sparkling wines are influenced by juice and base
wine nitrogen composition including foam quality, aroma profile and organoleptic characteristics [6,63].
Nitrogen compounds, mainly peptides and amino acids are considered the major compounds that are
released into wine during yeast autolysis [55,64,65].

The interactions between base wine, temperature and yeast strain have the strongest effect on
fermentation kinetics [66,67]. During second fermentation in bottle, the wines are kept at a relatively
stable temperature, preferably between 10 °C and 15 °C [1]. The beginning of yeast autolysis may
differ by up to several months depending on the storage conditions. Although there is no agreement
about the time needed for yeast autolysis [68], it has been reported that it commences after 2-4 months
after the second fermentation finishes [5,64,69].

2.1. Yeast Acclimation and Nitrogen Requirements

The stressful environment for yeast growth the acclimatization of yeast to the base wine is crucial.
For this reason, yeasts are cultured in media that contains increasing ethanol concentrations [66,70].
Total assimilable nitrogen (YAN mg N /L) includes all nitrogen sources (amino acids, ammonia and
peptides up to five amino acids in length) that can be assimilated and metabolized by yeasts [62]. The
YAN content of grape must and its’ usage by yeast during the first fermentation will affect the YAN
concentration of the base wine. The nitrogen content of the base wines is highly variable (17-75 mg/L).
Nevertheless, nitrogen requirements for the second fermentation are very low [66]. During the second
fermentation in bottle, the YAN content decreases halfway through due to the yeast consumption in
the early stages of the fermentation but increases at the end of the fermentation. This is due to the
physiological responses of the yeast to the lack of nutrition, which they restore by means of passive
release of nitrogen compounds [64,71].

Liqueur de Tirage ingredients vary depending on the producer and there are different adjuvants
listed in literature. Thiamine and nitrogen, usually diammonium phosphate (DAP), at rates of
0.5-100 mg/L respectively were to base wine. Marti-Raga et al. [66] reported that the addition
of nitrogen before fermentation effects fermentation kinetics. However, this is only when the levels
of nitrogen are below 30 mg N/L. Nitrogen addition in the yeast acclimation media had a strong
impact on yeast growth and significantly affected second fermentation kinetics [72]. The effects of
non-Saccharomyces yeasts on amino acids and ammonia, biogenic amines and VOCs in sparkling wines
are discussed in the following sections.

2.2. Amino Acids and Ammonia

Amino acids improve the aroma potential of sparkling wines since they are the precursors of
several aroma compounds produced from deamination or decarboxylation reactions [73]. Ammonia is
the nitrogen form most directly assimilable by yeasts [74] and NH;* ammonium cation is the form
most directly assimilable by yeasts. Amino acids such as x-alanine, serine, arginine, proline, glutamic
acid and its amide form, glutamine, known to be an ammonia transporter are some of the amino
acids that are predominant in must. Concentration of arginine and proline depends on the grape
variety, although during fermentation most S. cerevisiae yeasts and lactic bacteria use arginine [74].
Moreno-Arribas et al. [68] studied the amino acid composition of peptides present in sparkling wines.
They reported that threonine and serine are a major presence but these were not found in the base
wines. Glutamic acid, glutamine and arginine are among the assimilable nitrogen that are the specific
nutrients for alcoholic fermentation and microbial metabolism. Amino acids such as leucine, isoleucine,

63



Fermentation 2018, 4,73

threonine, valine and phenylalanine are directly involved in the production of higher alcohols, which
have an effect on organoleptic properties [75].

The yeast species and strain influences the content of free amino acids and peptides during ageing
in contact with lees [55,71,76,77]. When yeasts perform the second fermentation, amino acids and
proteins decrease while the peptides are liberated. Next, while nitrogen compounds are used as
nutrients for viable cells, proteins are degraded to peptides and converted to amino acids. Finally,
when there are no viable cells left, the release of proteins and peptides prevail. After 270 days of
aging with yeast lees, the amino acid content of some wines decreases [55]. The changes observed in
the amino acid content of wines may be the result of the assimilation and excretion process by yeast
during fermentation [78], as well as the adsorption of amino acids by bentonite (if used as an adjuvant).
Although, Martinez-Rodriguez and Polo [63] reported that the use of bentonite as a co-adjuvant in the
concentrations used (3 g/hL) did not affect the amino acid concentration in the sparkling wines.

Gobert et al. [67] investigated the ability of non-Saccharomyces yeasts to consume nitrogen.
Sequential fermentation using non-Saccharomyces yeasts (Starmerella bacillaris, M. pulcherrima and
Pichia membranifaciens) in grape juice was undertaken and specific amino-acid consumption profiles of
non-Saccharomyces yeasts were revealed. Cysteine was found to be the preferred nitrogen source for
all non-Saccharomyces yeasts. Histidine, methionine, threonine and tyrosine were not consumed by
S. bacillaris, aspartic acid was consumed very slowly by M. pulcherrima and glutamine was not utilized
by P. membranifaciens.

These results suggest that a specific addition of amino acids in must should be considered for
non-Saccharomyces yeast. Hence specific nitrogen products for non-Saccharomyces fermentations is likely
in the future. In the context of indigenous fermentations, the study indicated that non-Saccharomyces
yeasts compete with Saccharomyces for nitrogen sources. In contrast, Llexia et al. [79] found that nitrogen
limitation increased the time of the fermentation as well as the proportion of non-Saccharomyces yeast at
the mid and final stages of fermentation. The authors suggested that under conditions where nitrogen
limitation occurs, S. cerevisiae should be co-inoculated to ensure nitrogen availability for this yeast.

Ivit et al. [52] used S. ludwigii (979) and S. pombe (938) for second fermentation of sparkling
wines and compared them to S. cerevisine (7VA) fermentations. Both base wines were produced from
Vitis vinifera cv. Airen and V. vinifera cv. Tempranillo grapes, fermented in bottle and aged on lees for
four months. The amino acid content of the base wines changed during the second fermentation and
some amino acids decreased and others increased. Although no significant change was seen between
the base wines and sparkling wines produced with S. cerevisiae, the total amino acids increased for the
sparkling wines produced by non-Saccharomyces yeast. This difference in amino acid content between
the yeasts could be due to their different release mechanisms, their different amino acid consumption
during fermentation and/or the structural composition of the yeasts [67,80].

2.3. Biogenic Amines

Biogenic amines (BAs) are a class of nitrogenous compounds in wine that have oenological
importance due to their adverse effect on human health and negative impact on wine quality [81-85].
Raw material and fermentation processes are the two sources of BAs in wine [86]. The main BAs
found in wine are histamine, tyramine and cadaverine and those reported in grape must include
putrescine, ethylamine, 2-phenylethylamine, spermine and spermidine [87]. The three main BAs
associated with MLF are histamine, tyramine and putrescine, which are formed mainly by lactic acid
bacteria by the decarboxylation of free amino acids [88]. Some authors suggest that certain yeast
strains (S. cerevisiae, Brettanomyces bruxellens, Kloeckera apiculata, Candida stellate and M. pulcherrima)
can produce BAs in wine [89,90]. BAs are also important in wine from an economical point of view,
since they may cause problems for import and export processes due to official legal limits in some
countries [81]. In many countries, no official maximum limits exist for histamine content in wines,
though many wine importers require wines to be analyzed for histamine levels. The current limits
are 2 mg/L in Germany, 4 mg/L in Holland, 6 mg/L in Belgium, 8 mg/L in France and 10 mg/L in
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Switzerland [91,92]. In sparkling wines, histamine levels of twenty-six Austrian wines were found
to be in the range of 0.001-1.9 mg/L (mean 0.30 + 0.55, median 0.02) without significant differences
between grape varieties [93]. Konakovsky et al. [94] reported the same range when twenty-nine
German, Spanish and Italian sparkling wines were analyzed. Additionally, Caruso et al. [90] studied
the effect of non-Saccharomyces yeasts on BAs and their precursors. These authors compared the
formation of BAs from different yeast species and strains. B. bruxellensis formed the highest amount
of total BAs (average of 15 mg/L), followed by S. cerevisiae (average of 12.1 mg/L). The other yeast
species included K. apiculata and M. pulcherrima formed less than 10 mg/L of BAs. S. pombe is of
particular interest as it reduced the risk of BA formation. Malic acid consumption by S. pombe yeast
enables a non-bacterial biological de-acidification, which reduces the possibility of lactic acid bacteria
growing; thereby reducing the risk of biogenic amine formation [44]. Wines made from Chardonnay
grapes, produced with H. vineae and S. cerevisiae have both shown reduced BA content [33].

While some of the processes during traditional method sparkling wine production can increase the
BA content, others can decrease it. The base wines that are subjected to MLF have more risk of high BA
content, since BA concentration increases due to lactic acid bacteria [95]. The amount of BAs increases
during contact with yeast lees [81]. The addition of clarification substances and oenological adjuvants
such as bentonite or polyvinylpolypirrolidone (PVPP), have been found to reduce BA content, due
to their ability to absorb them [96]. Ivit et al. [52] compared two non-Saccharomyces yeasts to one
another. In white sparkling wines, total BA concentrations were significantly lower in comparison
to the base wine. However, the red sparkling wines produced from S. pombe showed significantly
lower total BAs in comparison to wines fermented with S. cerevisiae. This was likely due to different
adsorption characteristics from different type of yeast lees during the aging process, or during the
fermentation [89].

2.4. Volatile Aroma Compounds

Volatile aroma compounds (VOCs) produced by non-Saccharomyces yeasts can be grouped into
higher alcohols, esters, aldehydes, volatile fatty acids, volatile phenols and sulfur compounds [24].
Higher alcohols, mainly 3-methyl butanol, 2-methyl propanol and 1-propanol among many others,
can contribute aromatic complexity to wine at concentrations below 300 mg/L. However, it can cause
a negative effect when the concentration is higher than 400 mg/L [97]. 2-phenylethyl alcohol has
been attributed to floral and rose aromas and isoamyl alcohol with marzipan aromas [75]. Esters are
produced by yeasts during fermentation and contribute positively to wine aroma by bestowing fruit
characteristics to wine. The main ester in wine, ethyl acetate, causes spoilage at levels of 150-200 mg/L.
There are esters that produce pleasant aromas including isoamyl acetate with banana and pear odors,
2-phenethyl acetate with rose, honey, fruity and flowery odors, ethyl hexanoate with apple and violet,
and ethyl octanoate with pineapple and pear [75]. Aldehydes, mainly acetaldehyde contributes
apple-like odors to wine, and at high levels can also cause spoilage. With regards to carbonyl
compounds, diacetyl, is produced by yeast metabolism and the resultant buttery aromas are perceptible
at concentrations between at 1-4 mg/L [75].

Non-Saccharomyces yeasts can influence the primary and the secondary aromas by the production
of enzymes and metabolites, respectively. They have been described in literature as producers of
enzymes involved in the release of primary aroma compounds from grape precursors [24]. Secondary
aromas formed during fermentation by non-Saccharomyces yeasts include higher alcohols, esters,
aldehydes (acetaldehyde), volatile phenols and sulfur compounds [24]. However, non-Saccharomyces
yeasts also effect VOCs during aging in contact with yeast lees since yeast autolysis leads to significant
changes in wine aroma composition [64]. During their autolysis, yeasts lead to the formation, or
degradation of VOCs, which modifies the aroma profile of sparkling wines.

The possibility of modifying wine sensory profile by using combinations of non-Saccharomyces
yeasts with Saccharomyces yeast strains has been studied extensively [37,98,99]. Englezos et al. [42]
studied the effect of mixed fermentations of Starmerella bacillaris (synonym Candida zemplinina)
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with S. cerevisiae on the aroma profile and composition of Barbera wines. The wines produced
from mixed cultures contained higher amounts of pleasant esters compared to the wine fermented
with S. cerevisine alone. Lencioni et al. [46] compared mixed fermentation of Z. florentina with
S. cerevisige to a fermentation with only S. cerevisine and showed that the mixed fermentation
produced a higher concentration of 2-phenylethanol. Furthermore, Belda et al. [37] reported that
T. delbrueckii, used for white wine fermentation, increased the concentration of volatile thiols, with
4-methyl-4-sulfanylpentan-2-one (4-MSP) found over its sensory threshold level. Reduced alcohol
wines fermented with M. pulcherrima and S. uvarum were described as having red fruit and berry
aromas [39]. M. pulcherrima wines had higher concentrations of ethyl acetate, total esters and total
higher alcohols [39]. The effect of H. uvarum in mixed fermentations with S. cerevisiae found that
simultaneous fermentations and extracellular extract of H. uvarum, improved the overall quality of
wine aromas, by increasing fruity and floral traits and enhancing terpenes, C13-norisoprenoids, acetate
esters, ethyl esters and fatty acids [32]. Romani et al. [16] studied the effect of S. japonicus and found
that the sequential fermentation with S. cerevisize enhanced wine complexity and aroma by increasing
higher alcohols (isobutanol, amylic and isoamylic alcohols), acetate esters (isoamyl acetate, phenyl
ethyl acetate) and alcohols (3-phenyl ethanol) above their threshold levels. The effect of co-inoculation
of T. delbrueckii and S. cerevisine on Moscato Branco sparkling wines found that wines produced from
co-fermentation had higher concentrations of 2-phenyl ethanol, acetate and ethyl esters with fruity
and flowery descriptors while a decrease in concentration of undesirable compounds such as volatile
fatty acids occurred [38].

Escribano et al. [49] determined the fermentation behavior and aroma formation from several
non-Saccharomyces yeasts. Twenty-five yeasts from nine species were studied (Candida zeylanoides,
Cryptococcus uzbekistanensis, Debaryomyces hansenii, L. thermotolerans, M. pulcherrima, T. delbrueckii,
Williopsis pratensis, Zygosaccharomyces bailii and S. cerevisiae) in pasteurized grape juice. These authors
suggested that M. pulcherrima was a good candidate for wine fermentation due to the formation
of high concentrations of 2-phenyl ethyl alcohol and 2-phenyl acetate in the resultant wine. They
further demonstrated the possibility of using M. pulcherrima and L. thermotolerans as an inoculum. First
and second fermentations significantly alter the volatile composition of sparkling wines and aroma
profile [5,6,100]. Some VOCs (i.e., esters, aldehydes and terpenes) can be adsorbed onto yeast lees,
reducing their concentration in aged sparkling wines, although this depends on the structure of the
yeast cell walls [101].

Yeast undergo important changes during second fermentation in sealed bottles under CO,
pressure, before aging with yeast lees [5]. Different native yeast strains have been used for in-bottle
fermentation to overcome uniformity in sparkling wine [2]. The study stated that an increase
in the choice of available yeast strains for second fermentation in bottle would be useful for the
differentiation of sparkling wines. Even so, few studies exist on the effect of non-Saccharomyces yeasts
on VOCs in base wines and sparkling wines. Chardonnay and Pinot noir musts were fermented
with Pichia membranaefaciens, Kloeckera apiculata, Candida valida and S. cerevisiae [102]. This study
demonstrated the differences in the production of VOCs including ethyl acetate, isoamyl acetate,
acetaldehyde, 2-methyl propanol and 3-methyl butanol. P. membranaefaciens was deemed to be the
most suitable yeast to produce sparkling wines due to the sensory panels’ preference, in comparison
to S. cerevisine wines. Gonzélez-Royo et al. [35] studied sequential fermentations of T. delbrueckii and
M. pulcherrima with S. cerevisiae to determine their effect on the chemical composition on base wine of
V. vinifera cv. Macabeo grapes. Some significant differences were observed in comparison to solitary
fermentations with S. cerevisiae: higher alcohols (3-methyl-1-butanol), acetaldehyde and major esters,
minor esters (butyl acetate) and lactones (g-decalactone). Nevertheless, no major differences were
reported in the aromatic profile of the wines. Canonico et al. [51] studied the effect of T. delbrueckii
in second fermentation of Verdicchio base wine. Two T. delbrueckii strains and a strain of S. cerevisiae
were used in both pure and mixed cultures. Significant differences were detected in hexanol, ethyl
hexanoate, isoamyl acetate, ethyl octanoate and ethyl butyrate production. VOCs of white and red
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sparkling wines produced with S. pombe and S. ludwigii were compared to S. cerevisiae [52] and no
significant differences were reported in the total concentration of VOCs, although specific VOC families
(esters, acetoin metabolites and higher alcohols) were found to be significantly different (Table 2).
Differences in VOCs reported in studies could be a result of the nitrogen preferences of the yeasts due
to their specific amino acid consumption profiles [67].

Table 2. Volatile aroma compounds (VOCs) studied in base wines and sparkling wines produced with

non-Saccharomyces yeasts.

Higher Production in

Lower Production in

Yeast Production Stage Comparison to S. cerevisine  Comparison to S. cerevisiae Reference
Total higher alcohols B-phenylethanol
Total lactones I-hexanol
T. delbrueckii + 3-methyl-1-butanol
.. Ethyl lactate
S. cerevisiae 2-methylpropanol
Ethyl decanoate
I-butanol Ethyl octanoate
2-phenyl ethyl acetate Y
First ferrnent‘atlon Total higher alcohols
for base wine . . [35]
ducti Total major esters Methionol
production Total minor esters Acetaldehyde
Total lactones Ethyl lactate
M. pulcherrima + 3-methyl-1-butanol Ethyl decanoate
S. cerevisiae 2-methylpropanol Ethyl acetate
Diethyl succinate 2-phenyl Ethyl octanoate
ethyl acetate Butyl acetate
Ethyl isovalerate Linalool acetate
Methyl vanillate
DlacetAyl Acetaldehyde
L Acetoin .
S. ludwigii 979 Second 2.3-butan-ediol
P P 2-methyl-1-butanol
ermentation in hol Isoamyl acetate 50
bottle + 4 months Ethyl acetate [52]
of aging on lees . Isoamyl acetate
S. pombe 938 Acetoin 2 3-butan-ediol
Ethyl hexanoate Acetaldehyde
T delbrueckii 130 Ethyl octanoate n-propanol
Isoamyl acetate Isobutanol
Hexanol Isoamyl alcohol
Ethyl hexanoate Acetaldehyde
Ethyl butyrate
.. Ethyl octanoate
T. delbrueckii 313 n-propanol
Isoamy]l acetate
Hoxanol Isobutanol
Second Isoamyl alcohol
fermentation in
Acetaldehyde [51]
botftle + 12 mcl)nths Ethyl butyrate
S. cerevisiae + ot aging on lees Ethyl hexanoate Ethyl acetate
T. delbrueckii 130 Ethyl octanoate n-propanol
Isobutanol
Isoamyl alcohol
Acetaldehyde
Ethyl hexanoate Ethyl butyrate
S. cerevisiae + Ethyl octanoate Ethyl acetate
T. delbrueckii 313 Isoamyl acetate n-propanol
Hexanol Isobutanol

Isoamyl alcohol

3. Yeast-Derived Proteins

It is important to note that the definition of yeast mannoproteins is contentious in literature
because they are referred to as both mannoproteins and polysaccharides [103]. Yeast mannoproteins
are glycoproteins, which belong to the proteoglycan family and contain 10% protein and 90%
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mannose [104,105]. Proteins are important compounds in foaming ability and foaming stability
even though they are present at low concentrations in sparkling wines (4-16 mg/L) [103].

The yeast mannoproteins/polysaccharides are located in the outermost layer of the yeast cell
wall linked by 3-1,3 glycan chains to the innermost fibrous layer and formed from (3-1,3 glycan and
chitin [106-108]. They are released from the yeast cell wall during alcoholic fermentation and aging in
contact with yeast lees. They represent one of the major polysaccharides found in wine [109]. S. pombe
has only been considered for use in sparkling wine production as a base wine deacidification tool.
However, its” ability to reduce lees aging has already been demonstrated in red wines through the
rapid release of its” cell wall mannoproteins, due to its fast autolytic activity [110].

The unique mannoprotein profiles of non-Saccharomyces yeast (Hansensiaspora osmophila,
L. thermotolerans, M. pulcherrima, Pichia fermentans, S. ludwigii, Starmerella bacillaris, T. delbrueckii and
Zygosaccharomyces florentinus) have been isolated and characterized by Domizio et al. [109]. A synthetic,
polysaccharide-free grape juice was used to characterize their release during alcoholic fermentation of
still table wines. All strains showed a different intensity for each glycan and a core of N-glycans with a
mass ranging in size from 8-15 mannoses was determined. We know that mannoproteins increase the
mouthfeel properties of wine [111] and proteins contribute to sweet and bitter tastes as well as playing
an important role in foam stability [112]. However, it appears vague from current literature, which
non-Saccharomyces yeast, species, proteins and/or strains, contribute to the sweet, and/or bitter tastes.
It is also unclear how their unique protein profiles contribute to sparkling wine composition during
aging, particularly with relation to haze-related proteins.

T. delbrueckii had a positive effect on the foaming properties of cava wines, when used for the first
fermentation, while M. pulcherrima increased foam stability [35]. Sequential inoculation (T. delbrueckii
and S. cerevisiae) produced base wines with higher foaming potential than S. cerevisiae alone [36]. This
was undoubtedly due to the greater release of proteins from T. delbrueckii cells compared to S. cerevisiae,
particularly the low molecular weight (LMW) fraction.

Further consideration for future sparkling wine studies could be the enzyme production by
non-Saccharomyces yeasts and their effect on sparkling wine, although it is difficult to distinguish
between compounds synthesized from enzyme activity, and the compounds released from cells through
yeast autolysis. Most noticeably missing from our current knowledge is the effect of non-Saccharomyces
yeast on the protein evolution and foam qualities of sparkling wines following a long period of
cellar aging when wines are in contact with yeast lees. Current studies have only reported on
results of non-Saccharonyces influence on wine after short aging periods but many traditional method
sparkling wines can spend long periods of time in the cellar (i.e., 2-10 years). Importantly, the
practical implications during wine production, of high protein concentrations in bottles concerning
haze formation, riddling, disgorging and gushing have so far, not been investigated.

4. Organic Acids

Some non-Saccharomyces yeasts have the ability to reduce alcohol [113], tolerate low temperature
fermentations [114], influence aroma compounds and the wines’ sensory profile, increase glycerol yield
and specific strains can be used to target particular organic acids [115,116]. MLF can be carried out in
sparkling base wines to alter the organic acid ratio by converting malic acid to lactic acid. Because
of its malic dehydrogenase activity, the non-Saccharomyces yeast most exploited for this is S. pombe.
Additionally, S. pombe produces less urea and more pyruvic acid than Saccharomyces species. Three
of four Schizosaccharomyces strains completed the breakdown of malic acid by day four of a red wine
fermentation [110]. The main negative effect of S. pombe is strong acetic acid production, which is
most likely the reason for its lack of use in second fermentation. Nevertheless, a recent study by
Ivit et al. [52] reported that 78% of malic acid was metabolized by S. pombe during the fermentation
in bottle. In contrast to S. pombe, L. thermotolerans is a low producer of acetic acid though the level of
production tends to be strain dependent and it does not always complete sugar consumption, which
could be problematic for in-bottle fermentation [19,117]. Mixed-fermentations of non-Saccharomyces
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yeast produce less MCFA, known inhibitors of MLF [118]. T. delbrueckii has also been found to
slightly reduce malic acid levels in wine by approximately 20% [119] and 25% [40] but Loira et al. [34]
reported no effect, demonstrating the influence of yeast strain on malic acid consumption. T. delbrueckii
increased succinic acid in sequential inoculations but this acid contributes to undesirable bitter/salty
flavors to wine [120,121]. On the other hand, pyruvic acid is produced at high concentrations by
T. delbrueckii [119] and this acid can improve MLF performance by Oenococcus oeni by acting as an
external electron acceptor facilitating the production of NAD+ [118,122]. Benito et al. [123] and
Ivit et al. [52] both reported differences in pyruvic acid production amongst non-Saccharonyces yeast.
Pyruvic acid is involved in the formation of stable pigments i.e., pyranoanthocyanins [124], which
could have implications for the color stability of rosé sparkling wines. Significant differences in total
acidity were found (reported as tartaric acid) between yeasts in the study by Ivit et al. [52], due to
malic acid changes during fermentation.

5. Effect of Non-Saccharomyces Yeasts on Sparkling Wine Sensory Profiles

Sensory analysis continues to be an efficient tool for assessing the sensory properties of sparkling
wines [125]. However, there is lack of an internationally accepted or recognized sensory analysis
method specifically for sparkling wines, as well as published criteria to evaluate effervescence and
foam properties of sparkling wines [126]. Sensory evaluation of sparkling wines has been carried
out using tasting cards, proposed by the OIV (Office International de la Vigne et du Vin, 1994) for
international wine competitions, then partially modified by the Instituto Nacional de Denominaciones
de Calidad of the Spanish Ministry of Agriculture, Fisheries and Food [63,127,128]. The method
evaluates attributes by scoring them according to the following method: visual aspects carried a
weight of 1, intensity and quality of aroma and intensity of taste 2 and finally quality of taste and
harmony carried a weight of 3. Visual aspect of the wines, along with the color and foam characteristics
were also evaluated [127].

McMahon et al. [129] evaluated sparkling wines, which were sweetened to different sugar
levels, using a trained panel and consumer panel. Aroma attributes (nasal pungency, fruity, floral,
green, yeasty and toasted); flavor attributes (fruity, floral, green, yeasty and toasted); taste attributes
(sweet, sour and bitter); and mouthfeel attributes (bubble pain, foamy and creamy) were used.
Loépez de Lerma et al. [130] used descriptive analysis to evaluate color, odor and taste descriptors
of sparkling wines that were produced with different yeast strains. The sensory attributes used in
their study included: color quality, aroma quality, aroma intensity, fruity, yeasty and mold aroma and
in terms of the taste, intensity and quality, acidity, body and bitterness. The authors classified into
nine aroma groups; chemistry, fruity, toasty, green fruit, citrus, floral, fatty, creamy, herbaceous [130].
Few studies take into consideration how the CO, in sparkling wine may affect odor detection when
compared to the same VOC in an aqueous, still wine or ethanolic solution [3]. The concentration of
dissolved CO; effects the sensory properties including the frequency of bubble formation in the glass,
the growth rate of rising bubbles, mouthfeel and the aromatic perception [131]. The attributes used for
describing foam quality and effervescence include; the initial quantity of foam formed upon pouring,
the appearance of the foam across the surface of the wine, the presence of foam collar, bubble size and
duration of the bubble formation and foam stability [132,133].

5.1. Sensory Effects of Non-Saccharomyces Yeasts on Sparkling Wines

The influence of non-Saccharomyces yeasts on the sensory profile of wines is of great interest in
current research [99]. Non-Saccharomyces yeasts possess special metabolic characteristics that affect
the organoleptic profile of wines [24]. The sensory effects of non-Saccharomyces yeasts on base wines,
second fermentation and aging on lees have been investigated [35,36,51,52].

Gonzalez-Royo et al. [35] conducted two triangle tests and a preference test to evaluate the effect
of sequential inoculations with T. delbrueckii or M. pulcherrima and S. cerevisiae versus S. cerevisiae
fermentation only. A group of nine people from the Rovira i Virgili University conducted the sensory
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tests. Six out of nine tasters were able to distinguish between the base wines produced with sequential
inoculation by T. delbrueckii and the S. cerevisiae wines. Five of the six tasters successfully differentiated
the wines and preferred wines produced from the sequential inoculation of T. delbrueckii. In the case of
M. pulcherrima, eight out of nine tasters were able to distinguish between the wines, the preference was
equal; four preferred the S. cerevisine wines, while the other four preferred the wine fermented using a
sequential inoculation. Five of the eight tasters who successfully differentiated the wines, associated
smoky and flowery aromas with the wine fermented by sequential inoculation with M. pulcherrima. The
smoky perception was associated with the higher production of 2,6-dimethoxyphenol, flowery notes
could not be associated with any of the measured VOCs [35].

The base wines produced in the study by Gonzalez-Royo et al. [35] and were used to produce
sparkling wines by Medina-Trujillo et al. [36]. A triangle test and a preference test with a group of
twelve oenologists from the Rovira i Virgili University were conducted, to compare sparkling wines
produced from the base wine of the sequential fermentation of T. delbrueckii and S. cerevisiae with those
fermented only with S. cerevisiae. Nine out of twelve tasters were able to identify the wines produced
by sequential inoculation with T. delbrueckii. Additionally, six of the nine tasters who successfully
identified the wines, preferred the sparkling wine made from the sequential inoculation. This was
because they found that the effervescence was more integrated and the wines had a less aggressive
mouthfeel. The results concerning effervescence was related to improved foam properties specifically
higher maximum foam height and higher amounts of proteins, especially LMW fraction [36].

The two studies of Gonzélez-Royo et al. [35] and Medina-Trujillo et al. [36] confirmed that the
base wine characteristics carry through to the finished sparkling wines. Unfortunately, though,
Medina-Trujillo et al. [36] did not include base wines produced by a sequential inoculation of
M. pulcherrima in the study from Gonzalez-Royo et al. [35]. Similar to Gonzalez-Royo et al. [35],
the triangle test followed a preference test in the study of Medina-Trujillo et al. [36]. However, there
was a higher number of panelists in one [36] than in the other [35]. In both studies of the base and
finished sparkling wines, the majority of the panelists were able to distinguish wine produced from
the sequential inoculation by T. delbrueckii. Sensory evaluation of white sparkling wines made from
V. vinifera cv. Airén grapes, as well as red sparkling wines of V. vinifera cv. Tempranillo grapes, both
made with either non-Saccharomyces yeasts or S. cerevisiae for the second fermentation [52]. To assess
the final wines a descriptive sensory analysis was conducted using pre-determined scorecards. The
scorecards consisted of fifteen attributes, including visual, olfactory and mouthfeel attributes as well as
the overall perceived quality. The panel consisted of 11 experienced people from Polytechnic University
of Madrid (age range from 27 to 57 years, four women and seven men). In both white and red wines,
those produced from non-Saccharomyces yeasts showed significantly more limpidity compared to those
produced from S. cerevisiae. In the red wines, highest effervescence was found in the sparkling wines
produced with S. ludwigii, while the highest color intensity was reported for those produced with
S. pombe. The white sparkling wines produced using S. cerevisiae were perceived as having significantly
higher aroma quality compared to those produced from non-Saccharomyces yeasts. Higher aroma
intensity scores were also reported for white sparkling wines produced from S. ludwigii, while in red
samples those with S. pombe. White sparkling wines produced with S. pombe had higher scores for
buttery and yeasty aromas and lower scores for flowery and fruity aromas. The red wines made from
S. pombe had the highest scores for herbal, buttery, yeasty, acetic acid and oxidation aromas. Higher
scores for buttery aromas were related to higher diacetyl production (characterized by buttery aromas
with a threshold value of 0.1-5 mg/L) [75]. Wines made from non-Saccharomyces yeasts scored lower
for fruity aromas in white sparkling wines, purportedly due to lower ester production by the yeasts.
Crucially, the length of time aging on lees was only 4 months, while traditional method sparkling
wines are subjected to longer aging periods. Further studies over longer periods are necessary to be
able to evaluate the effect of non-Saccharomyces yeasts on the organoleptic characteristics of the wines.

Verdicchio base wine fermented in bottle with fermentations of two different T. delbrueckii strains,
a mixed fermentation of T. delbrueckii strains with S. cerevisine versus wines fermented only with
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S. cerevisiae was carried out. The sensory analysis was carried out using a pre-determined list of
descriptors and a scale of 1 to 10. The aromatic attributes (e.g., floral, fruity, toasty) and the main
structural features (e.g., sweet, acidity, flavor, astringency, bitterness, olfactory persistence) were
evaluated. The panel consisted of 10-trained tasters. For the main sensorial descriptors, significant
differences were reported for mixed fermentations and pure fermentation of T. delbrueckii strains in
comparison to S. cerevisine wines. The sparkling wines produced with pure fermentation of T. delbrueckii
130 strain was characterized by the sensorial attributes of white flowers, bread crust, sapidity and
acidity and were significantly different from the other wines, except for the attribute “sapidity”
(the savory flavor associated with wine). Sparkling wines produced with both T. delbrueckii strains in
pure and mixed fermentations obtained higher scores for the aromatic descriptors of white flowers,
citrus, honey, odor intensity and softness in comparison with the control sparkling wines. These results
were in agreement with the respective volatile compounds measured, since samples showed higher
amounts of ethyl butyrate, ethyl hexanoate, ethyl octanoate and isoamy] acetate. Wines produced from
the pure fermentation of S. cerevisiae obtained significantly higher scores for astringency [51]. However,
components that contribute to astringency in wine such as phenolic compounds were not measured so
it is unclear which compounds were responsible for these results.

The following paragraph discusses the sensory effects of non-Saccharomyces yeasts on both base
wines and sparkling wines beginning with sequential fermentation (Table 3). Gonzalez-Royo et al. [35]
showed the effect of sequential fermentations of T. delbrueckii and M. pulcherrima on base wines. The
majority of the panelists preferred base wines produced from sequential fermentations of T. delbrueckii
over the wines made only with S. cerevisiae. The effect of sequential fermentations using T. delbrueckii
for first fermentation on the corresponding traditional method sparkling wine was investigated by
Medina-Trujillo et al. [36]. In this case, the majority of panelists preferred sparkling wines produced
from sequential fermentations of T. delbrueckii.

Table 3. Summary of the impact of non-Saccharomyces yeasts on sensory profiles of base wines and
sparkling wines.

Sensory

Yeast Production Stage . Effect on the Sensory Profile Reference
Evaluation
T. delbrueckii + It was distinguishable by 6 of the 9 tasters and 5 of them
S. cerevisiae First fermentation Sensory triangle preferred them over control wine.
M. pulcherrima + for bgse ;vme test, panel with It was distinguishable by 8 of the 9 tasters and 4 of them 135
P .. production 9 tasters preferred them over control wine. Smoky and
S. cerevisiae
flowery aromas.
T delbrue.cku First fermentation Sensory triangle It was distinguishable by 9 of the 12 tasters and 8 of
(sequential followed by a : . .
. . . test, panel with them preferred them over control wine. Better integrated [36]
inoculation with second . .
. B 12 tasters effervescence and less aggressiveness in the mouth.
S. cerevisiae) fermentation
In the red sparkling wines, higher limpidity and
. effervescence, in white sparkling wines higher limpidity
ut lower aroma intensity and quality in comparison
S. ludwigii 979 but1 . ity and quality i pari
Second Prepared to control.
bfetrtrlnefiatlon E evaluation ‘sheet, In red sparkling wines, higher aroma intensity and [52]
Of e moln ‘S panel with higher scores for herbal, buttery, yeasty, acetic acid and
s be 7VA ot aging on lees 11 tasters oxidation aromas, in white sparkling wines higher
- pombe limpidity; lower aroma quality, higher buttery, yeasty
and reduction; lower flowery and fruity aromas in
comparison to control.
It was characterized for the sensorial attributes of white
T. delbrueckii 130 flowers, bread crust, sapidity and acidity, with
: significant differences from other sparkling wines,
Second Prepared except the attribute of sapidity.
T. delbrueckii 313 b ferlmenlt;tlon u;l evaluation §heet/ Significant differences were detected in the main sensory [51]
S . ottle + months panel with attributes in comparison to control wine. Higher scores
T d cl;revtslztlllelg 0 of aging on lees 11 tasters for the aromatic descriptors (white flowers, citrus, honey,
_ - delruecin 1O odor intensity, softness). Control wine showed
S. cerevisiae + significantly higher astringency in comparison to all
T. delbrueckii 313 other studied fermentations.
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5.2. Sensorial Influence from Lees Aging

During aging on lees, the organoleptic properties of sparkling wines evolve due to yeast autolysis,
wine chemical composition, enzyme activity and the subsequent range of compounds that are released
during storage [64]. Vannier et al. [125] and Torrens et al. [134] both evaluated the olfactory descriptors
of panelists, who evaluated champagne and cava wines respectively. Champagne and cava sparkling
wines both age on yeast lees but for different lengths of time, depending on their styles. The grape
varieties in the two differ because, champagne wines are mainly made from Chardonnay, Pinot noir
and Pinot meunier [135], while Macabeu, Xarel-lo and Parellada are the main varieties used in cava
production [8]. According to Vannier et al. [125], the herbaceous and exotic fruit aromas decreased in
champagne wines, while chemical, yeasty, butter and toasty notes increased during aging. Descriptors
of base wine versus finished cava wines found that the profile of the wines were more complex than
that of the base wine [134]. Many studies have been conducted to show the effect of non-Saccharomyces
yeast on still wines and their effects on the wines’ sensorial properties. Results of these studies can be
transferred to traditional method sparkling wines.

T. delbrueckii is one of the most widely studied non-Saccharomyces yeasts. It is used already on an
industrial scale in wine production [51]. Tempranillo wines made from sequential fermentations of
T. delbrueckii and S. cerevisine were evaluated by descriptive sensory analysis [34]. The six panelists used
a scale from 0 to 10 to rate the overall perception and aromatic quality of the wines. T. delbrueckii strains
in sequential fermentations, performed better than S. cerevisiae alone. Significant differences in aromatic
quality from sensory evaluation of several fermentations with T. delbrueckii were correlated with
tgreater production of several VOCs measured including esters, diacetyl and 3-ethoxy propanol [34].
More recently, Belda et al. [37] compared Verdejo wines fermented by co-inoculation of T. delbrueckii
with S. cerevisiae to wines made using only S. cerevisiae. A panel of ten experienced wine tasters
(members of the staff of the Food Technology Department of the Polytechnic University of Madrid and
Microbiology Department of the Complutense University of Madrid) assessed the wines. Following
the generation of attributes, twelve were chosen to describe the wines using a 10 cm unstructured
scale. The authors reported that wines produced using T. delbrueckii, had a higher aroma quality,
intensity and fruity character than the other wines. This result was accredited to a significant increase
in varietal thiols, especially 4-MSP and in 2-phenylethyl, along with the lower values of higher alcohols.
Marcon et al. [38] also reported a positive effect on Moscato Branco wines fermented by co-inoculation
of T. delbrueckii with S. cerevisiae. The descriptive sensory attributes included visual and olfactory
terms (aroma intensity and gustatory), were scored with an intensity scale (0-5), while the general
sensory quality was scored from 0 to 100. The positive contribution of co-inoculation of T. delbrueckii
with S. cerevisine was again related to the increase in ester concentrations, and the reduction in higher
alcohols and volatile fatty acids [38]. These studies show the positive effects of T. delbrueckii on sensory
properties of still wines, which could be of interest for sparkling wines, although their concentrations
during aging and interaction with autolytic flavor compounds need to be monitored.

In the study of Benito et al. [29] the sequential fermentation using S. cerevisize and three
non-Saccharomyces yeasts (P. kluyveri, L. thermotolerans, or M. pulcherrima) was carried out using
Riesling grapes. A sensory evaluation by a panel of thirteen participants (staff of the Department of
Microbiology and Biochemistry of the Hochschule Geisenheim University, Germany) used 17 attributes
and a ten-point scale. These wines produced from non-Saccharomyces yeast had higher scores for overall
impression and fruitiness, while those with S. cerevisiae had the lowest score for aroma quality but
highest scores for ethyl acetate, acetaldehyde and oxidation. The high scores for acetaldehyde in
sensory evaluation were corroborated chemical data that confirmed high values of acetaldehyde in
the wines.

5.3. Glycerol

As a by-product of fermentation, glycerol is one of the compounds, after water and ethanol, that
is found at the highest concentrations in wine (5-20 g/L). The concentration of glycerol in wine may
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change depending on the vinification conditions such as temperature, aeration, sulphite level and
yeast strains [58]. In still table wines, glycerol content has been found to contribute positively to
mouthfeel and Jolly et al. [136] states that some non-Saccharomyces strains positively influence wine
quality. In the case of sparkling wine, glycerol content affects viscosity, foaming and VOCs [3] with
a high concentration of glycerol in base wines having a negative synergistic effect with ethanol that
could retard completion of the second alcoholic fermentation [58].

Increases in glycerol concentrations were one of the first recognized effects of non-Saccharomyces
yeast species in fermentation winemaking [18]. Borrull et al. [58] determined the effect of glycerol
levels on the growth of yeast strains in the presence of ethanol. The effect of 0, 5 and 10 g/L of glycerol
was studied in the basal growth medium with 0%, 10% and 15% (v/v) of ethanol. The results showed
that the glycerol concentration of 5 g/L did not modify the behavior of yeast strains in the absence
or presence of ethanol. However, 10 g/L of glycerol concentration significantly affected it, regardless
of the ethanol concentration. This caused a lower maximum growth rate and the initiation of the
growth stage was longer than usual. The study concluded that a high glycerol level in the base wine
could impact the second alcoholic fermentation and may even cause stuck fermentations [58]. The
yeasts that produce a high amount of glycerol during fermentation, such as S. kudriavzevii [137], would
probably prevent a successful second fermentation [58]. Non-Saccharomyces yeast species that have
been described as high glycerol producers include T. delbruckii, Candida zeylanoides, Candida stellata,
Starmerella bacillaris (synonym Candida zemplinina) and L. thermotolerans [19,35-37,42,45,49,120,138].

Glycerol concentrations reported in wines produced from S. cerevisiae have been in the range of
4.5-9.9 g/L [57,139], while non-Saccharomyces yeast have been found to produce concentrations of
8.3-10.5 g/L for wines (S. japonicas) and 9-11.4 g/L for S. pombe strains [139].

Benito et al. [44] found similar results from different S. pombe strains. Although two of the
strains showed the highest values of glycerol, the other strains produced similar results to S. cerevisiae
(8.02-8.91 g/L). Additionally, M. pulcherrima, increased glycerol concentrations, without increasing
volatile acidity and acetaldehyde in the final wine [49].

Sequential fermentations with non-Saccharomyces yeasts, including Kluyveromyces thermotolerans,
P. kluyveri and M. pulcherrima, produced higher amount of glycerol in comparison to S. cerevisiae [29].
The levels of glycerol varied from 5.8 to 6.3 g/L [29]. T. delbrueckii is a yeast that produces lower levels
of glycerol than other non-Saccharomyces yeasts [140,141]. Mixed fermentations with non-Saccharomyces
yeasts, including T. delbrueckii, was studied by Comitini et al. [19]. The mixed fermentations with
non-Saccharomyces yeasts produced high amounts of glycerol were reported. However, similar amounts
of glycerol were produced from the mixed fermentation of T. delbrueckii (5.88 g/L to 6.29 g/L and the
sole fermentation of S. cerevisiae (6.23 g/L to 6.65 g/L). Glycerol content of sparkling wines produced
with T. delbrueckii showed significantly higher glycerol values in comparison to sparkling wines
produced with S. cerevisiae in a study by Gonzalez-Royo et al. [35]. White sparkling wines produced
with S. ludwigii have been found to have significantly higher concentrations of glycerol (4.95 g/L) in
comparison to those produced with S. cerevisiae and S. pombe (4.57 g/L and 4.67 g/L respectively).
Interestingly, the glycerol content of red sparkling wines ranged between 4.89 g/L to 5.12 g/L without
any significant differences [52]. It is apparent from these results that glycerol concentrations in
sparkling wines made from non-Saccharomyces yeast differ depending on yeast species and strain, and
whether the yeast is used alone, or in combination with another yeast species. Importantly, uncertainty
surrounding the long-term effect on sparkling wine foam and mouthfeel remains due to negative
perceptions associated with increased mouthfeel in high quality sparkling wines.

6. Conclusions and Further Research

The nutrient requirement differences of non-Saccharomyces yeasts from their preference for
either ammonium and/or amino acids suggests an area for further research in combination with
the nitrogen requirements of a co-inoculation fermentation for first and/or second fermentation.
Some non-Saccharomyces yeasts have been used to decrease the biogenic amount of sparkling wines
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although, further studies are needed to study their effect on biogenic amine concentrations after several
years of lees aging. Non-Saccharomyces yeasts can influence the aromas of sparkling wines through
production of enzymes and metabolites during aging in contact with yeast lees. Non-Saccharomyces
yeasts have shown significant differences in numerous VOCs between species and strains. The studies
on sensory effects of non-Saccharomyces yeasts on sparkling wines have found that the use of yeasts
as sole inoculations, or in mixed fermentations to obtain specific sensory attributes and distinctive
characters is possible. However, the studies so far, conducted have used relatively short lees aging
times (4, 6 and 12 months). The ability to reduce alcohol levels by some yeasts could be beneficial to
warm climate sparkling wine producers. However, our knowledge of their effect on sparkling wine
practical production stages (i.e., riddling, disgorging), foam stability, flavor and aroma in wines that
have been aged for long periods of cellar aging is limited. A major challenge to overcome is their
acceptance by sparkling winemakers and established brands. With further research these yeasts when
combined, provide a point of difference for small sparkling wine producers. The related topic of
interspecific hybridization, and encapsulation of non-Saccharomyces yeast have not been considered in
our review but are both areas that necessitate consideration in sparkling wine research.
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Abstract: Nowadays it is widely accepted that non-Saccharomyces yeasts, which prevail during the early
stages of alcoholic fermentation, contribute significantly to the character and quality of the final
wine. Among these yeasts, Wickerhamomyces anomalus (formerly Pichia anomala, Hansenula anomala,
Candida pelliculosa) has gained considerable importance for the wine industry since it exhibits interesting
and potentially exploitable physiological and metabolic characteristics, although its growth along
fermentation can still be seen as an uncontrollable risk. This species is widespread in nature and has been
isolated from different environments including grapes and wines. Its use together with Saccharomyces
cerevisige in mixed culture fermentations has been proposed to increase wine particular characteristics.
Here, we review the ability of W. anomalus to produce enzymes and metabolites of oenological relevance
and we discuss its potential as a biocontrol agent in winemaking. Finally, biotechnological applications
of W. anomalus beyond wine fermentation are briefly described.

Keywords: non-Saccharomyces yeasts; Wickerhamomyces anomalus; Pichia anomala; enzymes; glycosidases;
acetate esters; biocontrol; mixed starters; wine

1. Introduction

Saccharomyces cerevisiae is the main microorganism involved in the alcoholic fermentation of grape
must. Moreover, the use of selected S. cerevisiae strains has provided an improvement in the control
and homogeneity of fermentations. However, winemaking is a non-sterile process, and many other
species of yeasts belonging to various non-Saccharomyces genera prevail during the early stages of
alcoholic fermentation and contribute significantly to the character and quality of the final wine [1].

In the past, non-Saccharontyces yeasts were considered of secondary significance or as undesirable
spoilage yeasts. Nowadays, the role of non-Saccharomyces has been re-evaluated, and it is widely accepted
that selected strains can positively influence the winemaking process [2]. Beyond the contribution of
non-Saccharomyces yeasts to wine aroma complexity [3], these yeasts can help address some of the
modern challenges in winemaking, including the reduction of the ethanol content of wine [4-7] or the
control of wine spoilage [8,9].

Ecological studies have shown that species of mainly Hanseniaspora (Kloeckera), Candida,
and Metschnikowia initiate the fermentation together with species of Pichia, Issatchenkia, and
Kluyveromyces. Occasionally, representatives of Brettanomyces, Schizosaccharonyces, Torulaspora, Rhodotorula,
Zygosaccharomyces, and Cryptococcus genera are also present. These yeasts decline by mid-fermentation,
and then, S. cerevisine becomes predominant and continues the fermentation [10]. Based on the capability of
some of these non-Saccharomyces yeasts to produce flavor-enhancing enzymes or to modify the concentration
of secondary metabolites, different mixed starters have been designed and proposed as a tool to enhance
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wine quality [3,11]. Moreover, several species including Lachancea thermotolerans, Metschnikowia pulcherrima,
Torulaspora delbrueckii, Pichia kluyvery, and Schizosaccharoniyces pombe are already commercially available.

Wickerhamomyces anomalus, formerly known as Pichia anomala, Hansenula anomala, Candida pelliculosa
was recently assigned to the genus Wickerhamomyces based on phylogenetic analysis of gene sequences,
which has caused major changes in the classification of yeasts. [12]. This species has been frequently
isolated from grapes and wines. Although traditionally W. anomalus is associated with excessive
production of ethyl acetate, which represents a serious handicap for their use in winemaking, this species
has gained considerable importance for the wine industry since it exhibits interesting and potentially
exploitable physiological and metabolic characteristics as summarized in Figure 1. Here, we revisit
the contribution of W. anomalus in wine production. First, we review the ecology and prevalence of this
yeast in winemaking, and we discuss its ability to produce enzymes, killer toxins, and metabolites of
enological relevance. Second, we review the design of mixed starters of W. anomalus with S. cerevisiae to
improve wine aroma complexity. Finally, we discuss biotechnological applications of W. anomalus beyond
wine fermentation. When citing older literature, the original yeast species name will be kept.

Floral and
fruity notes

Acetate
esters

Glycosidases External addition
or mixed starter

Primary
aroma Proteases
Haze
prevention

Figure 1. Benefits of Wickerhamomyces anomalus in winemaking.

Control of
wine spoilage

2. W. anomalus Is a Ubiquitous Yeast Generally Associated with Winemaking

W. anomalus is a heterothallic, ascomycetous yeast, forming one to four hat-shaped ascospores [13,
14]. The placement of P. anomala in the genus Wickerhamontyces was due to multigene phylogenetic
analysis [11]. W. anomalus is a widely used name and a proposal to conserve the species name anomala
(-us). W. anomalus is a biotechnologically relevant yeast species with food, environmental, industrial,
and medical applications. Natural habitats of W. anomalus are very diverse and include tree exudates,
plants and fruit skins, insects, human tissues, and faeces, and also wastewaters and marine environments.
The versatility of this species is encouraged by its ability to tolerate extreme environmental conditions
like oxidative, salt, and osmotic stress, as well as pH and temperature shocks [15]. Due to these
characteristics, this yeast can be a spoilage organism, for instance, in high-sugar food products [16,17] or
silage [18]. Its genome sequence is already available, providing the basis to analyse metabolic capabilities,
phylogenetic relationships, and biotechnologically important features [19,20]. The main physiological
and genetics features of W. anomalus are reviewed in Reference [14].

In winemaking, W. anomalus is a ubiquitous yeast which has been previously associated with grape,
must, wine, and winery facilities. It was shown that H. anomala is present during the early stages of red
wine fermentation even when the must is inoculated with 10° to 107 cells of S. cerevisiae per mL, thus,
making a significant contribution to fermentation [21]. Different studies described that W. anomalus
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isolated from grape must was able to persist until the end of fermentation [22,23]. Some strains of
W. anomalus can tolerate up to 12.5% (v/v) ethanol and are known to produce killer toxins [15,24],
allowing this species to compete against other yeasts in the same environment. W. anomalus is able to
grow abundantly in wine due to its fully aerobic or weakly fermentative metabolism, and it is known
for film formation on the surface of bulk wines in unfilled containers and with insufficient sulphite
levels to prevent their growth [25].

Grapes are a primary source of non-Saccharomyces yeasts including several Pichia species [26].
P. anomala was found throughout different vineyards over a period of three years in conventional and
organic vineyards, representing approximately 20% and 25% of yeast species isolated from musts obtained
from Grenache and Shiraz varieties [27]. In a similar study, W. anomalus was the second dominant yeast
after Hanseniaspora uvarum in Cabernet Sauvignon grape must derived from integrated vineyards [28].
However, it was observed that the cell concentration of W. anomalus only increased marginally throughout
fermentation, suggesting that its growth is severely hampered by the lack of oxygen [28]. This yeast
generally shows low growth rates and biomass yields under anaerobic conditions [15]. Yeast isolations
from Malvar grape musts pointed out W. anomalus as one of the most frequent non-Saccharontyces species,
and in addition, the yeast was a good producer of extracellular enzymes which may be beneficial
in winemaking [29]. Recently, the dynamics of several non-Saccharomyces species were evaluated in
synthetic must in the presence or absence of S. cerevisiae [30]. The study showed that the behaviour of
the non-Saccharomyces species was differentially influenced by the presence of S. cerevisiae. Interestingly,
in the absence of S. cerevisiae, W. anomalus suppressed the rest of non-Saccharomyces species suggesting
that the yeast can survive in the early stages of the fermentation better than the other yeast species and
may utilize the nitrogen released by dead cells. However, in the presence of S. cerevisiae, W. anomalus
specifically declined early in fermentation, suggesting an antagonistic interaction between both yeasts [30].
This interaction has also been proposed in apple cider fermentations [31].

The prevalence of P. anomala in cellar equipment has been described in several Spanish wineries,
and it was the only species among all detected that it was present in all four wineries evaluated [32].
Previously, it was found that besides S. cerevisiae, the most commonly detected species were P. anomala,
Pichia membranifaciens, Candida spp. and Cryptococcus spp. [33]. Finally, Pichia spp. accounted for
83% of non-Saccharomyces yeasts present in winery surfaces, such as floor, pumps, and empty tanks,
whereas Hanseniaspora spp. accounted for the remaining 17% [34].

Ecological studies in different wine regions of the world have also identified other Pichia species.
Although at lower levels, several species such as Pichia terricola, Pichia kudriavzevii, and P. kluyvery were
present in freshly extracted grape musts from Bordeaux region, although they rapidly disappeared
from fermenting musts [35]. However, P. membranifaciens and Pichia fermentans appeared after the
starting of the malolactic fermentation, and the former was present in samples of red and white
Bordeaux wines examined at 1- and 2-month intervals after fermentation [35]. P. membranifaciens
was also identified in spontaneous fermentations of musts from La Mancha, Spain [36] and in grape
varieties used in India for winemaking [37]. As a minor species, P. membranifaciens was described as part
of the indigenous population during spontaneous fermentations of wines in Mendoza, Argentina [38].
Yeast diversity studies of grape varieties from vine-growing regions of China identified P. fermentans
and Pichia guilliermondii [39], and the former was also isolated from a Southern Italian autochthonous
grape cultivar [40]. P. kluyveri and Pichia farinosa were found in vineyards and grape musts from
four production regions of South Africa, although they were not the predominant species [41]. By
contrast, significant amounts of P. kluyveri and P. kudriavzevii were isolated from grapes varieties of
the Strekov winegrowing region in Slovakia, and they were more associated with damaged than
with intact berries [42]. Both species are considered as indicators of mould-damaged grapes [26,43].
Recently the species Pichia galeiformis was identified for the first time on grape berries by FT-IR
spectroscopy [44].
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3. W. anomalus Is a Good Producer of Relevant Enzymes for Winemaking

W. anomalus strains isolated from enological ecosystems have been reported as an interesting
source of different enzymes which could be used in the winemaking industry [45]. Aroma is one of
the most appreciable characteristics influencing the overall quality of wine. Non-Saccharomyces yeasts
may have an impact on both the primary and secondary aroma through the production of enzymes
and metabolites, respectively. Strains identified as W. anomalus or its former names have been reported
to produce glycosidases such as 3-D-glucosidase, x-L-arabinofuranosidase, x-L-rhamnosidase, and
{-D-xylosidase, which are involved in the release of aroma compounds from grape precursors [3].

Several authors have explored the enzymatic potential of non-Saccharomyces isolates with the aim
of identifying good producer strains. A study conducted on 20 different yeast species showed that
all tested strains of H. anomala presented 3-glucosidase activity [46]. Results from other screenings
concluded that P. anomala strains exhibited higher 3-glucosidase activity when compared with yeast
species belonging to other genera such as Candida, Dekkera or Torulaspora [47 48].

Besides showing p-D-glucosidase activity, other P. anomala/W. anomalus strains exhibited
a-L-arabinofuranosidase or 3-D-xylosidase activity in screenings as well, including more than 300 and
100 wine yeast isolates, respectively [49,50]. Similarly, P. anomala produced (3-D-xylosidase with activity at
pH, temperature, and concentrations of glucose and ethanol usually found during wine fermentation [51].
Interestingly, selected P. anomala strains are able to produce several glycosidase activities, for instance one
P. anomala strain was described as producer of the four glycosidase activities [52], and a W. anomalus strain
producing 3-D-glucosidase, also showed o-L-arabinofuranosidase and (3-D-xylosidase activities [24].

Despite the potential of W. anomalus to produce glycosidases, the effect of purified W. anomalus
enzymes on the releasing of wine volatile compounds has been scarcely explored. Terpene production
was observed in Muscat-type grape juice and wine treated with 3-D-glucosidase from P. anomala
MDD24 [53,54]. This glucosidase was efficient in releasing desirable aromas particularly during
the final stage of alcoholic fermentation due to its tolerance to high concentrations of ethanol.
Furthermore, isolates of W. anomalus showing 3-D-glucosidase activity provoked a moderated overall
terpene increase when inoculated to final wines [49]. However, the effectiveness of W. anomalus
a-L-arabinofuranosidase, a-L-thamnosidase or (3-D-xylosidase for aromatic compounds releasing
during winemaking has not been explored yet.

The strain W. anomalus AS1 was selected by the capability of its cells to hydrolyze different synthetic
and natural glycosides under wine related conditions [24]. Afterwards, the enzyme was purified from
the culture supernatant of AS1 and characterized as a multifunctional exo-3-1,3-glucanase active under
typical oenological conditions [55]. Thus, the enzyme might have multiple applications in winemaking
such as increasing concentrations of sensory and bioactive compounds by splitting glycosylated
precursors or to reduce viscosity by hydrolysis of glycan slimes. The role of exo-f-1,3-glucanases
in increasing wine aroma through the release of glycosidic precursors has been previously discussed [56].

Besides the contribution to the aromatic profile of wines, other relevant enzymes for winemaking
are also produced by W. anomalus strains. Degradation of haze forming-proteins by enzymes is
an attractive alternative to bentonite fining because it would minimize losses of wine volume and
aroma [57]. In fact, wine yeasts secreting proteolytic enzymes are of high biotechnological interest for
protein haze prevention because they could be directly added as starter cultures to the grape must.
This is the case of W. anomalus 227 which secretes the aspartic protease WaAPR1 in white grape juice,
suggesting its suitability for reducing grape must protein content [58].

4. W. anomalus Is a Good Producer of Acetate Esters

Non-Saccharomyces yeast, were traditionally considered as spoilage wine microorganisms due to
high ethyl acetate production. In particular, . anomala is a major ethyl acetate producer, and some strains
show levels of ethyl acetate higher than 150 mg/L [59], close to the concentration at which this acetate
ester can impart spoilage character to wine (150-200 mg/L) [60]. However, P. anomala is also a good
producer of fruity acetate esters and other volatiles with a positive impact on wine aroma. The ability
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of 37 strains of non-Saccharomyces yeasts, including seven P. anomala strains, to produce the main wine
acetate esters; ethyl acetate, isoamyl acetate, and 2-phenylethyl acetate was examined in Reference [59]
(Figure 2). Among the genera evaluated, Pichia and Hanseniaspora stood out as the best producers of
acetate esters, although significant differences among strains were found in the production of the three
esters, highlighting the convenience of carrying out adequate screenings for selection of the appropriate
strains. All the seven P. anomala strains included in the study were good isoamyl acetate producers, and
interestingly, five of them produced a level of ethyl acetate lower than 200 mg/L. None of them was able
to produce 2-phenylethyl acetate [59]. A similar screening studied the main oenological characteristics
of 55 non-Saccharomyces yeast strains, 14 of them belonging to the Pichia genus. Levels of ethyl acetate
production of these Pichia species ranged between 0.35 and 272 mg/L, whereas the only strain of P. anomala
evaluated produced around 100 mg/L. This P. anomala strain was selected to be included in a mixed
starter due to its fermentative characteristics and its ethanol and polysaccharides production [61].
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Figure 2. Production of acetate esters by non-Saccharomyces yeast strains. (A) 2-Phenylethyl acetate
(symbols; right axis). (B) Isoamyl acetate (symbols; right axis). Ethyl acetate is represented in both
panels as an area plot (left axis). Strains: ®Pichia anomala (seven different strains), B P. membranifaciens
(seven different strains), A P. fermentans (one strain), & Candida spp., A Hanseniaspora spp., O Torulaspora
spp., 0 Zygosaccharomyces spp. Adapted from Reference [59].

5. W. anomalus Produces Killer Toxins of Broad Spectrum

After its initial discovery in S. cerevisiae, the killer phenotype was described in non-Saccharomyces
yeasts [62]. Killer toxins represent a biocontrol strategy alternative to the use of chemical preservatives
or physical methodologies during the winemaking process [63]. In this context, W. anomalus killer
proteins have been reported as antimicrobial agents against undesired microorganisms present in
different food and beverages [14,64].

In the oenological environment, W. anomalus killer toxins are mainly tested against the prevailing
wine spoilage microorganism Dekkera /Brettanomyces [8,65]. Nevertheless, the antimicrobial activity of
W. anomalus towards other minor yeast species present during the early stages of grape fermentation
such as P. guilliermondii or P. membranifaciens has also been reported [66,67]. Moreover, killer cultures
belonging to P. anomala showed a broad killer spectrum against regionally relevant spoilage yeast and
Dekkera bruxellensis collection strains [68]. The killer toxin Pikt produced by the P. anomala DBVPG
3003 strain was active on 15 isolates belonging to the genus Dekkera/ Brettanomyces, and its fungicidal
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effect in wine was maintained during at least 10 days [69]. Further research revealed that this toxin
presented a ubiquitin-like peptide structure with a molecular mass of approximately 8 kDa, and that it
selectively interacts with 3-1,6 glucans, which are the putative binding sites for Pikt on the cell wall of
the sensitive targets [70]. Recently, the killer toxin KTCf20 secreted by the strain W. anomalus Cf20 was
also suggested to bind to 3-1,3 and (3-1,6 glucans of the cell wall of sensitive strains. Moreover, the toxin
was produced and showed to be stable and highly active at physicochemical conditions suitable for
the winemaking process [66]. Finally, the potential use of Pikt from W. anomalus D2 as an alternative to
sulphur dioxide (SO;) has been proposed, since differently to SO,, Pikt produced irreversible damage
on sensitive yeasts, ensuring the complete control of spoilage Brettanomyces yeasts [71].

Beside the biocontrol effect of W. anomalus on non-Saccharomyces spoilage yeasts, it has also been
reported that some isolates showed killer activity against S. cerevisiae strains [66,72]. Thus, the compatibility
of selected killer W. anomalus strains with the main microbial agents involved in wine production needs to
be tested during the selection procedure to avoid technological problems due to sluggish or incomplete
alcoholic fermentations.

6. W. anomalus in Mixed Starters with S. cerevisiae

In recent years, the possibility to improve the fermentation process and the aromatic complexity of
wine using selected non-Saccharomyces strains in mixed starters with S. cerevisiae has been investigated
by many authors. This practice is proposed as a way to avoid stuck fermentations, control the ecological
balance, achieve unique and distinctive aromatic characteristics, and control some specific oenological
aspects, such as acidity, ethanol, or glycerol content [3,61,73-79]. Screening studies are useful to
select appropriate non-Saccharomyces strains that, based on their quality profiles, could be good
candidates to be part of a mixed starter. However, the behaviour of the selected strains could be
modified by the presence of S. cerevisize in the mixed starter [61,80]. Moreover, the appropriate
modality (sequential or simultaneous) and inoculation time, the proportion of yeasts in the culture,
and the potential microorganism interactions should be taken into account [61,81,82].

Different mixed starters containing P. anomala and other species of the Pichia genus have been
proposed to improve wine quality (Table 1). Wines obtained with mixed cultures P. anomala/S. cerevisiae
are characterized by higher concentrations of acetate esters, particularly ethyl acetate and isoamyl
acetate [61,79,83-85]. Some of these wines showed levels of ethyl acetate higher than 150 mg/L [61,79],
close to the concentration at which this acetate ester can impart spoilage character to wine
(150-200 mg/L) [60]. However, wines with the highest concentrations of ethyl acetate were fermented
in small volumes (less than 140 mL) where excessive aeration could promote the production of ethyl
acetate. In contrast, experimental wines produced in 100 L tanks showed ethyl acetate levels less than
45 mg/L [83,84].

With the aim of reducing the production of ethyl acetate due to P. anomala in mixed cultures,
the efficacy of a petite P. anomala mutant with low respiratory activity was investigated. In mixed
cultures with S. cerevisiae, the P. anomala mutant died quicker and produced lower amounts of ethyl
acetate than the wild type. Moreover, wines fermented by mixed cultures with the petite mutant strain
of P. anomala and S. cerevisiae presented 100 mg/L of ethyl acetate, half the amount detected using
the P. anomala wild-type strain, and had a better flavour profile [85]. Increases in acetate esters in wines
fermented with P. anomala mixed cultures have been correlated with high scores in sensory preference
tests, mainly in terms of floral and fruity notes [83,84]. In addition, herbaceous notes were related to
higher levels of lineal alcohols in wines fermented with mixed cultures [83].
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Table 1. Mixed starters of Pichia species and their main impact on wine quality.

Mixed Starter Impact on Wine Inoculation Must Ref.
P. anomala/S. cerevisiae Isoamyl acetate increase Co-inoculation Bobal [79]
Isoamy] acetate increase Co-inoculation Commercial [61]
Acetate ester increase Co-inoculation Synthetic [85]
Acetate ester dmcrease and alcohol Sequential Airén [84]
ecrease
Acetate and ethyl ester increase Sequential Mazuela [83]
) .. . . Cabernet
P. kudriavzevii/S. cerevisiae Isoamyl acetate increase Co-inoculation S aberne [86]
auvignon
P. membranifaciens/S. cerevisiae Isoamyl and 2-phenetyl acetate Sequential Muscat [87]
P. burtonii/S. cerevisiae Ethyl ester increase Sequential Synthetic [88]
P. kluyveri/S. cerevisiae 3-Mercaptohexyl acetate increase Co-inoculation Sauvignon Blanc  [81]
3-Sulfanylhexan-1-ol increase Co-inoculation Sauvignon Blanc  [89]
Off-flavor formation Sequential Sauvignon Blanc [90]
P. fermentans/S. cerevisiae Polysaccharide increase Co-inoculation Commercial [91]

Other species of the Pichia genus have been included in mixed starter cultures together with
S. cerevisine. Some examples are summarized in Table 1. Wines produced with mixed cultures of
P. kudriavzevii [86] and P. membranifaciens [87] presented increases in acetate esters as described for
P. anomala strains. Wine fermented with a mixed starter of Pichia burtonii/S. cerevisiage contained
higher amounts of ethyl esters [88], whilst co-inoculation of P. kluyveri and S. cerevisiae increased
varietal aromas, mainly 3-mercaptohexyl acetate (3MHA) and 3-sulfanylhexan-1-ol in Sauvignon Blanc
wines [81,89]. By contrast, a different P. kluyvery isolate did not show a sensorial significant increase
in the tropical fruity aromas characterized by 3MHA, and the production of 3-methyl-butanoic acid
was associated with an off-putting sour, sweaty, and cheesy aroma that is considered a wine fault [90].
Interestingly, the association of P. fermentans with S. cerevisiae in mixed cultures produced significant
increases in the production of polysaccharides, which improve wine taste and body and exert positive
effects on aroma persistence and protein and tartrate stability [91].

7. Applications of W. anomalus beyond Wine Fermentation

Different biotechnological applications of W. anomalus beyond winemaking are summarized in
Table 2. Similar to wine fermentations, the application of non-Saccharomyces yeasts in the production
of other alcoholic beverages and in bread fermentation is being explored. Besides the use of
Dekkera / Brettanomyces for the production of sour beers, W. anomalus stands out as a promising yeast in
brewing fermentations mainly due to its diversified enzymatic activities and bioconversion abilities [92].
The fermentation of cider by sequentially mixed cultures of W. anomalus and S. cerevisiae improved
the final quality of cider as a result of a greater variety and amount of esters, higher alcohols, aldehydes,
and ketones [31]. P. anomala mixed starters have also been proposed to improve the sensorial quality
of the sugar cane spirit cachaga since co-inoculation with S. cerevisiae led to increases in acetate esters
and other volatile compounds associated to good sensory descriptors [93]. Recently a mixed culture of
W. anomalus with S. cerevisiae has been proposed for Chinese Baijiu making due to its positive effects on
the end flavor of the beverage [94]. In addition, co-cultures of S. cerevisiae, T. delbrueckii and P. anomala as
leavening agents for bread resulted in a higher abundance of volatile organic compounds and in higher
sensorial ratings [95]. Finally, the dietary inclusion of W. anomalus as single cell protein in aquaculture
showed positive effects on rainbow trout gut microbiota abundance and composition [96].
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Table 2. Biotechnological applications of W. anomalus beyond wine fermentation.

Application Yeast Strain Reference
Food and beverage production
beer W. anomalus ! [92]
cider W. anomalus YN6 [31]
cachaga P. anomala UFLA CAF70 and CAF119 [93]
Chinese Baijiu W. anomalus GZ3 [94]
bread P. anomala JK04 [95]
Aquaculture W. anomalus ! [96]
Biocontrol
cereal grain preservation P. anomala J121 [97,98]
antimycotic agent P. anomala C33, C85, Di8, Di28, DBVPG3649 [99]
P. anomala CMGB88 [72]
Production of fuels and chemicals
bioethanol P. anomala CBS132101 [100]
W. anomalus ! [101]
ethyl acetate W. anomalus NCYC16 [102]
W. anomalus DSM 6766 [103]

! Strain not specified.

Regarding biocontrol capacity, the positive role of P. anomala in grain biopreservation is well
established [97]. The yeast improved feed hygiene during storage of moist crimped barley grain by
reduction of moulds and Enterobacteriaceae. Moreover, P. anomala enhanced the nutritional quality of
the feed by increasing protein content and reducing the concentration of the antinutritional compound
phytate [98]. The killer activity of P. anomala is also of interest in biomedical applications due to its activity
against potential pathogenic yeast species, which may lead to the development of new antimycotic
agents [72,99].

Production of fuels and chemicals is another area of potential application of W. anomalus.
Bioethanol production exposes yeasts to complex fermentation medium with specific inhibitors and sugar
mixtures. W. anomalus is able to produce ethanol in multiple biomass hydrolysates with different toxicity
levels, is capable of utilizing xylose for growth when supplied with air, and can use nitrate as nitrogen
source, making this species a potential ethanol producer using lignocellulosic biomass as a feedstock [100].
Moreover, other studies have identified W. anomalus strains that have a comparable ethanol yield to
S. cerevisiae, although longer fermentation time was needed [101]. In addition to ethanol, W. anomalus has
the potential to produce the industrially-relevant chemical ethyl acetate from numerous different carbon
sources [102]. Ethyl acetate can be used as a microbiologically degradable and environmentally friendly
solvent in the manufacture of food, glues, inks, and perfumes, and W. anomalus can be an alternative to
the chemical processes. Recently, the identification of a novel enzyme Eatl from W. anomalus resulted in
high ethyl acetate production when expressed in S. cerevisiae and Escherichia coli, opening new possibilities
for the production of biobased ethyl acetate [103].

8. Final Considerations

Based on the studies reviewed here, the potential positive influence of W. anomalous in winemaking
seems clear. Indeed, mixed starters with selected W. anomalus strains and S. cerevisiae can enhance
wine aroma, but also control spoilage wine microorganisms. Moreover, W. anomalus can exert positive
effects in other fermentation processes.

Considering that W. anomalus is still seen as a spoilage yeast by winemakers, the commercial
application of this yeast seems distant. Since W. anomalous is a ubiquitous yeast in the winemaking
environment, smart strain screenings will provide appropriate candidates to be included as part of
commercial mixed starters. These new strains will allow to exploit positive features of W. anomalus
while minimizing negative aspects. Undoubtedly, further studies must test the feasibility of W. anomalus
in different grape musts at industrial or semi-industrial scales, considering the impact of common
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oenological practices on the dynamics of this yeast. Finally, interactions among wine yeasts should
be considered, taking into account that these interactions seem to be strain-dependent for both
non-Saccharomyces and S. cerevisiae strains.
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Abstract: Apiculate yeasts of the genus Hanseniaspora/Kloeckera are the main species present on
mature grapes and play a significant role at the beginning of fermentation, producing enzymes and
aroma compounds that expand the diversity of wine color and flavor. Ten species of the genus
Hanseniaspora have been recovered from grapes and are associated in two groups: H. valbyensis,
H. guilliermondii, H. uvarum, H. opuntiae, H. thailandica, H. meyeri, and H. clermontiae; and H. vineae,
H. osmophila, and H. occidentalis. This review focuses on the application of some strains belonging
to this genus in co-fermentation with Saccharomyces cerevisiae that demonstrates their positive
contribution to winemaking. Some consistent results have shown more intense flavors and complex,
full-bodied wines, compared with wines produced by the use of S. cerevisiae alone. Recent genetic and
physiologic studies have improved the knowledge of the Hanseniaspora/Kloeckera species. Significant
increases in acetyl esters, benzenoids, and sesquiterpene flavor compounds, and relative decreases
in alcohols and acids have been reported, due to different fermentation pathways compared to
conventional wine yeasts.

Keywords: non-Saccharomyces; genome; aroma compounds; anthocyanin; mixed cultures fermentation;
flavor complexity

1. Introduction

Non-Saccharomyces (NS) yeasts were considered unattractive in traditional winemaking,
and sulphites addition was the way to prevent the risk of their growth at the beginning of the
vinification process. However, today’s increased knowledge about yeast diversity has demonstrated
that there are many NS yeasts with beneficial properties that contribute to increasing the sensory
complexity of wines [1-3]. The main NS yeasts associated with grapes are the apiculate group with
bipolar budding, more precisely, the genus Hanseniaspora and its asexual anamorph Kloeckera [4,5].
In Figure 1, the plating and microscopy characteristics of two species of the genus are shown.

The Hanseniaspora/Kloeckera (H/K) group is currently composed of 10 recognized species
associated with grapes [6-8]. One of the main characteristics of these species is the weak fermentation
capacity compared to Saccharomyces cerevisine (SC). However, some species, such as “vineae”,
might reach about 10% of the alcohol by volume of fermentative capacity under winemaking conditions.
Furthermore, these species are important in the production of an increased diversity of volatile
compounds in wine, and it was demonstrated the chemical composition of wines made with H/K in
combination with SC differ from reference wines [9-12]. During these early studies about apiculate
yeasts, some authors [13-15] showed that not all H/K strains formed high levels of volatile acidity
and many of them produced similar levels to SC in this regard. These results indicate that although
some strains of H/K can provide higher levels of ethanol than other strains, the main characteristic of
many of these known strains is the increased formation of some acetate esters. The production of other
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secondary metabolites—i.e., glycerol, acetaldehyde, and hydrogen sulphide—also differed between
strains [16]. Thus, differences in chemical analyses of the wines were noted.

Figure 1. On the left-hand side are the typical colony color and morphology for Hanseniaspora/Kloeckera
strains that are readily differentiated from other yeast genera in WL nutrient agar medium.
However, is more difficult to distinguish between species, although some slight differences between
H. uvarum (upper) colonies and H. vineae (lower) colonies can be appreciated in these photos. On the
right-hand side, H. uvarum is visualized by electron microscopy and H. vineae is visualized with blue
methylene stain.

The initial growth of H/K had a retarding effect on the subsequent growth of SC, as also shown
for other NS species in mixed cultures [17]. Therefore, when considering the use of H/K strains at
winemaking, grape must nutrient composition and competition for assimilable nitrogen by mixed
cultures should be understood to prevent sluggish fermentations [18]. Some other cell interactions
between H/K strains and SC that inhibit their growth were reported [19], however, H/K strains are
intense removers of some vitamins, such as thiamine [20] or calcium pantothenate [21]. Medina et
al. [17] found these two vitamins, in combination with ammonium salts, improved the development
of SC strains to complete fermentation. Addition of yeast extract at 2 g/L was demonstrated to be
more effective for H. vineae utilisation than ammonium salts in agave juice for tequila [22]. In white
wine production, a K. apiculata isolate was used with SC at laboratory scale [23]. Inoculation of SC
occurred 1 h after K. apiculata, and a dry wine of 13% by volume of ethanol was produced. A positive
sensory evaluation of the Sauvignon blanc wines was obtained at 5 and 18 months after production.
The production of 3-phenylethyl acetate and ethyl acetate by the apiculate yeast H. guilliermondii has
been investigated in laboratory fermentations [24]. The B-phenylethyl acetate ester contributes to
‘rose’, ‘honey’, ‘fruity’, and ‘flowery” aroma nuances, and is formed to a greater or lesser extent by
yeasts. As part of the ‘fermentation bouquet’, it can contribute to the overall flavor of a young wine.

The positive oenological characteristics that this H/K confers to wine have been broadly
reported [18,25,26]. In addition, some studies have shown that several H/K strains have potential as
biocontrol agents against fungi, such as Botrytis. The competition for nutrients is the action mechanism
of protection used by H. uvarum against fungi in grapes and apples [27,28].
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2. Genetics Context of Hanseniaspora Species

2.1. Application of Molecular Techniques for Taxonomy and Whole Genome Analysis

Classical microbiology techniques have been extensively used in oenology to select and inoculate
the best yeast strains for obtaining enhanced positive characteristics in final wines. During the last
decades, the use of molecular techniques for the identification and selection of specific strains has proven
invaluable for the winemaking industry. Polymerase chain reaction-based methods allow the identification
of distinct species and, also, strain genotyping, resulting in a more accurate strain selection [29,30].
Based on this knowledge, culture-independent techniques have been developed to detect microorganisms
present during fermentation that are not cultivable by conventional methods [31-33]. Among these
culture-independent techniques, the development of next-generation sequencing permitted the description
of the whole microbiota present in a specific environment, even in complex communities, such as those
found throughout the wine fermentation process [34,35].

Hanseniaspora species have been widely detected in various wine-related environments, especially
from soil and grapes to the early stages of vinification [36,37]. This genus is part of the apiculate
group of yeast formed by Hanseniaspora, Saccharomycodes, and Nadsonia. The genus Hanseniaspora
presents heterogeneous morphological, serological, and chemotaxonomic features [38]. Ten species
of Hanseniaspora have been recovered from grapes or wines, which are taxonomically associated in
two groups (Figure 2): H. valbyensis, H. guilliermondii, H. uvarum, H. opuntiae, H. thailandica, H. meyeri,
and H. clermontige in one cluster; and H. vineae, H. osmophila and H. occidentalis in the other, as revealed
by partial sequence alignment of the 26S rRNA gene. The favorable oenological characteristics that
this genus confers to wine have been broadly reported [18,25,39]. However, the biotechnological
potential of these species is still under evaluation at the industrial level, as compared to the traditional
SC conventional strains. In this context, the development of molecular techniques and the recent
identification of the whole genome sequences from Hanseniaspora species related to wine have created
the possibility to understand and applied them from a novel, precise oenological perspective.

Hanseniaspora meyeri CBS 87347 (AJ512454)

Hanseniaspora clermontiae CBS 88217 (AJ51245)
82 Hanseniaspora uvarum CBS 314" (AF257273)

Hanseniaspora guilliermondii CBS 3147 (U84230)

89

Hanseniaspora opuntiae CBS 87337 (AJ512453)
100 )

H ;pora thailandica CBS 108417 (DQ404527)
86 Hanseniaspora valbyensis CBS 4797 (U73596)

He i a occidentalis CBS 25697 (AJ973100)
87 99 [ Hanseniaspora vineae CBS 21717 (U84224)
100 Hanseniaspora osmophila CBS 3137 (U84228)

Saccharomycodes ludwigii CBS 8217 (U73601)
Vadsonia fulvescens var.clongata CBS 25947 (K'Y 108597)

hiz charomyces pombe CBS 356" (EU011663)

S —
0.05

Figure 2. Phylogenetic relationships between type strains of Hanseniaspora species and other grape or
wine-related apiculate yeasts. The dendrogram was constructed using partial 26S rRNA gene sequences
by the neighbor-joining method. The robustness of the branching is indicated by bootstrap values (%)
calculated for 1000 subsets. The entries of the different genotypes include the accession numbers of the
GenBank database sequences. Schizosaccharomyces pombe type strain was used as an outgroup.

2.2. Comparative Analysis of Hanseniaspora Genomes

Today, 10 strains belonging to six different Hanseniaspora species have been completely
sequenced [40-43]. The data collected from these sequences (Table 1) evidence the close relation
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between H. vineae and H. osmophila that present a similar genome size and G + C percentage compared
with the others. Moreover, the protein count is quite similar throughout the species from the genus,
but the number of contigs and scaffolds reported vary widely among different species. As informed by
karyotyping approaches, H/K species could present between seven and nine chromosomes [29,30].
In a recent study based on field inversion gel electrophoresis and the whole genome sequencing of type
strain H. uvarum DSM2768, seven chromosomes were detected [44]. Notwithstanding, there are wide
differences in genome size and chromosome number in karyotyping results from natural grape samples.
Besides, Hanseniaspora genus belongs to the group of yeast that does not undergo whole-genome
duplication, contrary to Saccharomyces [44]. These discrepancies were previously detected in the
mitochondrial DNA of H. uvarum. It presented a reduced size compared with those from other yeasts
and also a different organization of genes [45].

Table 1. Hanseniaspora genome assembly statistics.

Species Name

Protein Number Scaffold Assembl;
(Numlf:er of Count  of Contigs G+C Number (Mb) Y Reference
Strains)

H. guillermondii (1) 4070 250 31% 208 9.04 Seixas et al., 2017 [39]
H. opuntiae (1) 4167 67 35% 18 8.53 Sternes et al., 2016 [38]
H. uvarum (4) 3552 44 32% 18 8.81 Sternes et al., 2016 [38]

H. valbyensis (1) 4772 1345 23% 647 11.46 Riley et al., 2016 [37]
H. vineae (2) 4733 277 37% 124 11.40 Giorello et al., 2014 [36]
H. osmophila (1) 4657 899 37% 17 11.37 Sternes et al., 2016 [38]

There are also some differences in the information about genes linked to interesting oenological
traits. The highest number of alcohol dehydrogenases, like ADH1, ADH2, ADH3, ADH4, ADH®,
and ADH7, from SC is found in the H. vinese genome. It presents eight genes for alcohol
dehydrogenases, followed by H. osmophila with six. H. uvarum, H. guilliermondii, and H. opuntiae present
just four. The highest number of copies could be related to the fermentation capacity, given the alcohol
dehydrogenase activity is involved in the last step of the glycolytic pathway [46]. The fermentation
ability is considered a hurdle in NS yeast relative to Saccharomyces strains, and thereby an improvement
in fermentation performance is necessary to select a strain for wine inoculation. Limited information
is available about the functional analysis of protein activities from Hanseniaspora. A key enzyme
associated with the glycolytic pathway is pyruvate kinase. Langenberg et al. [44] recently demonstrated
the correlation between pyruvate kinase activity and the enhanced fermentative ability of SC compared
with H. uvarum. The authors explained this difference was due to a lowered specific activity rather than
the structure of this enzyme. H. vineae and H. osmophila present higher sequence homology (Figure 3)
in the predicted protein corresponding to the CDC19 gene from SC than H. uvarum and other H/K
species. Further biochemical studies will clarify the potential pyruvate kinase activity in H/K species
compared to H. uvarum and SC.
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H.valbyensis
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Figure 3. Relative homology of predicted protein sequences from the CDC19 gene for pyruvate kinase
activity in genome-sequenced Hanseniaspora strains (H. vineae T02/19AF; H. osmophila AWRI3579;
H. guilliermondii UTAD222; H. opuntine AWRI3578; H. valbyensis NRRL Y-1626; H. uvarum AWRI3580;
Saccharomyces cerevisine S288c). Data sequences have been collected from the NCBI protein database.
Unrooted trees have been constructed using neighbor-joining analysis to calculate the percentage
divergence. The percentage of identity with SC is expressed in brackets and calculated as the number
of identical amino acids based on the total length.

The lack of nutrients, especially nitrogen, is a leading concern in wine fermentation that can cause
stuck or sluggish fermentations [47,48]. Some genes linked to the regulation of nitrogen consumption
have been identified in SC [49]. The general amino acid permease activity is attributed to GAPI in SC,
and homologous sequences are present in a high copy number. For instance, 12 GAP1 homologues
were detected in the H. guilliermondii UTAD222 genome. Ammonium permeases are also involved in
the regulation of nitrogen metabolism; MEP2 homologues were found in all H/K species sequenced,
and MEP3 similar sequences were found just in H. uvarum and H. osmophila. The absence of MEP3 in
H. vineae might explain the inability of this species to use ammonium salts, as reported for agave juice
fermentations [22].

Several enzymes that contribute to wine aroma have been extensively described in SC. One of
them, IAH1, codifies for isoamyl acetate hydrolysing esterase, which adds to the production of desired
volatile esters. The genomes of H. osmophila, H. opuntiae, H. uvarum, and H. guilliermondii present
sequences that codify for a predicted protein highly similar to IAH1. Instead, ATF2 and EHT1 are both
alcohol acetyltransferases. The activity of ATF?2 is affiliated with the formation of volatile esters during
SC fermentation, and EHT1 is linked to short-chain esterase activity [46]. Putative homologous alcohol
acetyltransferases were predicted from DNA sequences only present in the genomes of H. osmophila
and H. vineae [40].

The increase in sequences from whole genomes of Hanseniaspora strains available in databases
is a good starting point to apply the biotechnological potential that these yeasts represent for
oenology. Indeed, promising results were obtained in an attempt to genetically modify H. guilliermondii
strains [50].

3. HanseniasporalKloeckera Strains and Flavor Compounds

H/K yeasts may affect the wine fermentation directly, by producing flavors, and indirectly,
by modulating the growth and metabolism of SC.

More recently, NS wine yeasts have received special attention by winemakers due to the search
of different and desired oenological characteristics, compared to SC commercial strains. Diverse
secondary metabolic pathways and higher enzymatic activities (esterases, 3-glycosidases, lipases,
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and proteases), result in sensory complexity [1,51,52] that might contribute to an increased diversity of
‘flavor phenotypes’. The ‘flavor phenotype’ is an interesting concept for yeast selection, considering
that now more than 1300 volatile compounds can be determined in wine [2,53].

In recent years, the genus H/K has been the subject of considerable study and publications, due to
its positive contribution to the sensory characteristics of wines. Specifically, the yeast H. vineae of this
genus has been of great interest because it produces several key aromatic compounds and has a good
fermentation capacity. A strain of H. vineae isolated from Uruguayan vineyards was selected because
of its positive effect on wine fermentation and contribution to the aroma profile of the final wine [18].
H. vineae has been demonstrated to increase fruity aromas and produce a high amount of acetate esters,
such as 2-phenylethyl acetate and ethyl acetate (Figure 4), both in laboratory assays and in wines
elaborated by sequential fermentation with SC [18,54].

AMINO ACIDS

BENZENOIDS H - l
POOL

Acetyl CoA POOL
KETO ACIDS
Fatty acid-CoA

ISOPRENOIDS

Figure 4. Fermentation flavor compounds produced by Hanseniaspora/Kloeckera yeasts during wine
production (red and green boxes). Specific metabolic pathways that are highlighted in some species of
this genus are shown in green (arrows and boxes). Pink boxes are the medium nutrients and doted
arrows showed the main glycolysis pathway of primary fermentation.

Various groups of volatile compounds are produced during fermentation with H/K genus.
For example, the use of a selected H. uvarum strain in mixed fermentation with commercial SC F5
increased the medium-chain fatty acid ethyl ester content in both synthetic media and grape must of
Cabernet Gernischt grapes [55]. However, Medina et al. [18] did not find a significant increase in ethyl
ester, using co-fermentation with H. vineae in Chardonnay grape must. In this work, decreases in the
higher alcohols content—including 1,3-propanediol, 3-methyl 1-propanol, and tyrosol—were detected.
Similar results were revealed in treatments with H. uvarum, finding a lower concentration of higher
alcohols than the treatments inoculated with the SC isolates [56]. On the contrary, co-fermentation
with H. opuntiae increased the amount of higher alcohols (phenylethanol and 3-methyl-butanol) and
phenylacetaldehyde, in Cabernet Sauvignon grape must, intensifying the floral and sweet attributes of
wine [57].

All H/K species increase the concentration of almost all the acetate esters. For example, all the
acetate esters determined, except isoamyl acetate, were significantly affected by the inclusion of
H. osmophila in a starter [58]. In this case, ethyl acetate and B-phenylethyl acetate concentrations in
wine were increased when the proportion of H. osmophila in the culture increased. In wines fermented
with the H/K:SC culture ratio of 90:10, the concentration of 3-phenylethyl acetate was approximately
9-fold greater than that produced by SC pure culture [58]. In cold pre-maceration of Pinot noir grapes,
inoculation with H. uvarum had the highest ethyl acetate level among the treatments evaluated, as well
as high concentrations of the aforementioned branch-chained esters and, also, isoamyl acetate and
isobutyl acetate [56]. In another report, the increased acetate ester levels were increased when H. uvarum
was inoculated 48 h before SC, in different wine varieties, demonstrating that their enhancement could
be induced by high population proportions of H. uvarum to SC. However, excessive H. uvarum yeasts in
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the inoculation slowed down the fermentation rate and produced a nail polish-like odour in Cabernet
Sauvignon wines, by increasing the contents of acetate esters and volatile phenols [59]. Conversely,
the wines produced from Negroamaro grapes by co-fermentation with H. uvarum showed an increment
of acetate esters (ethyl acetate, isoamyl acetate and -phenylethyl acetate) and fatty acids esters (ethyl
hexanoate, ethyl octanoate and ethyl decanoate). In particular, an increase of isoamyl alcohol and
-phenyl alcohol was shown when compared to the wines produced by the SC starter [60].

Volatile compounds produced during fermentation of Macabeo grapes inoculated with H. vineae
and separately with SC demonstrated significant differences in the acetates and higher alcohols.
The H. vineae vinification produced low levels of higher alcohols and 5-fold greater concentration of
the acetates [26]. Interesting, in this work, three compounds, 4-ethyl guaiacol, N-acetyltyramine and
1H-indole-3-ethanol acetate ester, were identified in wines with H. vineae but not in the wine fermented
with SC [26].

3.1. De Novo Synthesis of Benzenoids and Isoprenoids

Benzyl alcohol, benzaldehyde, p-hydroxybenzaldehyde and p-hydroxybenzyl alcohol, compounds
typically synthesised by plants, are synthesised de novo in the absence of grape-derived precursors by
H. vineae. Levels of benzyl alcohol produced by 11 different H. vineae strains were 20—200 times higher
than those measured in fermentations with SC strains. The absence of PAL in H. vineae suggests that
benzenoids are necessarily dependent on de novo synthesis from chorismate [61,62]. It is worth noting
that the increased use of diammonium phosphate, mainly applied in winemaking for increasing ester
production or avoiding hydrogen sulphide formation, will decrease the production of phenylpropanoid
compounds (Figure 5), compromising the final flavor complexity of the wine [61,62].

BAL pg/L p- HBAL pg/L

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

m250 75 m50 250 W75 W50

BD ug/L p- HBD pg/L

0 o u250 75 ‘lO(lU =0 0 0 W250 W75 1IU%O
Figure 5. Formation of benzyl alcohol (BAL), benzaldehyde (BD), p-hydroxybenzyl alcohol (p-HBAL),
and p-hydroxybenzaldehyde (p-HBD) by Hanseniaspora vineae 12/196 in the chemically-defined grape
medium with three yeast assimilable nitrogen levels, where nitrogen levels of 75 and 250 mg/L were
reached via the addition of diammonium phosphate. Fermentations were conducted at 20 °C; data are
expressed in micrograms per liter.

Contrariwise, H. vineae produces high concentrations of the benzenoid and phenylpropanoid
acetates. In the vinification of Macabeo grape must with H. vineae, 50 times more 2-phenylethyl
acetate was generated than in vinifications with SC [26]. A similar trend was seen during de novo
synthesis of monoterpenes by H. uvarunt, where significant levels of citronellol were detected compared
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to SC strains. More recently, studies have shown the formation of terpenes and sesquiterpenes in
vinifications with different H. vineae strains (Figure 6) exceeded the threshold values and reached
higher concentrations than sole fermentation by SC [63].
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Figure 6. Production of isoprenoids (monoterpenes and sesquiterpenes) by various strains of
Hanseniaspora vineae and the reference Saccharomyces cerevisine CM522.

3.2. B-Glucosidase

Recently, Hu et al. [59] reported that 3-glucosidase activity of H. uvarum yeast was 6.6-fold higher
than that of the few naturally found SC strains. This characteristic explained why the participation
of H. uvarum yeasts contributed to the increase of free terpene and C13-norisoprenoid contents with
sensory impact [59]. However, high levels of 3-glucosidase activity also increased the volatile phenol
content, which might impart spicy odor traits to wines.

In a previous work, Mendes Ferreira et al. [64] studied the p-glucosidase activity using the
p-nitrophenyl-3-D-glycoside (pNPG) as substrate in H. uvarum (formerly K. apiculata), Pichia anomala,
and Metschnikowia pulcherrima, detecting the highest activity in H. uvarum. Furthermore, these authors
demonstrated that H. uvarum was able to release some monoterpenols from an extract of Muscat
grape juice, such as linalool, geraniol and in less quantity 3,7-dimethyl-1,7-octadien-3,6-diol and
3,7-dimethyl-1,5-octadien-3,7-diol, nerol, trans o-cimenol, x-terpineol, and citronellol [64].

The investigation of 31 H/K strains, including H. guilliermondii, H. osmophila, H. uvarum,
and H. vineae, showed p-glucosidase and 3-xylosidase activities (remarkable in one H. uvarum strain
and two H. vineae strains) [65]. However, in this work, Muscat wine (13% v/, initial alcohol) had only
a moderate overall increase in terpene (1.1- to 1.3-fold) when treated with these strains. Specifically,
these strains increase the levels of ho-trienol, 3-phenylethanol, and 2,6-dimethyl-3,7-octadien-2,6-diol
in the wine [65].

3.3. Effect of Hanseniaspora on the Volatile Compounds Produced during Tannat Red Grape Vinification

The vinification of Tannat grapes was conducted at three production scales: semi-pilot (20 kg),
pilot (500 kg) and industrial (5000 kg) [66]. Figure 7 depicts the main flavor compound groups
produced. The highest formation of acetates was detected in the vinifications with H. vineae, whereas,
the maximum ethyl acetate concentration occurred in the vinification with H. clermontiae. Interestingly,
the greatest concentration of norisoprenoid compounds was achieved by H. vineae vinification at
industrial-scale compared to micro-fermentations.
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Figure 7. Concentration of principal groups of volatile compounds in vinifications at semi-pilot
(M), pilot (C) and industrial (B) scale. Vinifications were inoculated with Hanseniaspora vineae (Hv),
Hanseniaspora clermontiae (Hc) and Saccharomyces cerevisiae (Sc).

4. HanseniasporalKloeckera Strains and Red Wine Color

The yeasts and grape maceration technology utilised during the vinification process affects
pigment contents and the final red wine color [67-69]. Interactions between yeasts and anthocyanins
during fermentation involve a range of mechanisms that might decrease or increase color. Yeast cell
wall anthocyanin adsorption [70-72] and (3-glucosidase activity, which releases the corresponding
glycosylated anthocyanidin, exposing it to ready oxidation or conversion to colorless compounds [73],
are well-known phenomena. Further research in the last decade has proved that some key compounds
released during fermentation, such as pyruvic acid and acetaldehyde, are reactive precursors in the
formation of new stable pigments. Vitisin A, vitisin B and ethyl-linked anthocyanin-flavanol pigments
are examples of anthocyanin-derived compounds produced by SC strains [72,74-80]. Yeast strain
selection strongly affects color intensity (CI) and the final concentrations of the anthocyanins [81,82]
and other phenolic compounds [82].

Recently, studies have proven that some NS species might also be involved in wine color
stabilisation [83,84]. As it was expected, some of these reactions could be attributed to the variable levels
of acetaldehyde or pyruvate synthesis by different yeast species. For example, Pichia species generated
significantly higher levels of acetaldehyde compared with Saccharomyces [85], and acetaldehyde
increased linearly with increasing cell biomass concentration [86]. Except for a few reports on Pichia,
Schizosaccharomyces and, more recently, some species of Hanseniaspora [83,87,88], limited information
has been presented about the effect of NC strains on wine color composition. For the selection of new
yeasts for the application with Vitis vinifera L. cv Tannat, a widely grown cultivar in Uruguay and one
of the richest varieties in polyphenolic compounds [89,90], a program to select native NS yeasts and
thereby increase the yeast diversity for fermentation without affecting wine color, was developed [91].
The Tannat grape juice model medium utilised allowed to screen the strains’ capacity to synthesise
anthocyanin-derived compounds while avoiding the interference of grape solids, such as the skin and
seeds, was demonstrated previously for SC strains [72].

According to Medina [66], who evaluated 22 native H/K species for their effect on total
anthocyanins (TA), CI, hue and total polyphenol index (TPI), the TPI values did not differ significantly
between strains. The parameters with the greatest variation were CI with 32% (Figure 8), followed by
TA with 30%, and then hue with 24%.
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Figure 8. Mean normalised value and standard deviation of color intensity (sum of absorbance at
420, 520 and 620 nm), for 22 strains of five different Hanseniaspora species. The blue line indicates the
average of the four lowest values obtained.

In the same study [26], consideration of the impact of CI and TA as the main color parameters
in wines, the following strains were selected: H. guilliermondii (T06/09G), H. opuntiae (T06/01G),
H. vineae (T02/5F) and H. clermontiae (A10/82F and C10/54F). Anthocyanin content and CI were
evaluated against the best SC (882), previously selected for red grape fermentations [72]. All the
previous selected H/K strains formed vitisin B, vitisin A, malvidin-3-O-glucoside-4-vinylphenol,
malvidin-3-O-glucoside-4-vinylguaiacol (Figure 9, shows with letters A, B, C and D respectively).
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Figure 9. Identification of anthocyanin-derived pigments of Tannat grapes during fermentation by
Hanseniaspora/Kloeckera yeasts that contribute to enhanced color stability.

Vitisin B formation has been reported previously only for SC yeasts [77,78,81,92]. Results of
the anthocyanin-derived compounds formed during fermentation in the mentioned model grape
medium indicated vitisin B could be linked to the increased acetaldehyde levels produced by SC when
compared with NS yeasts [93]. All the NS strains selected showed vitisin B formation, despite some
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relatively low concentrations recorded relative to that formed by Saccharomyces yeast. For vitisin A,
in contrast, there was a greater formation with NS strains than SC, possibly linked to the presence
of pyruvic acid in the medium [78]. In corroboration with these findings, Morata et al. [83] noticed
that in comparison to SC, Schizosaccharomyces pombe produced more pyruvic acid. Differences in the
levels of pyruvic acid production might be explained by the particular “Crabtree effect” of each yeast
species [94], which is defined as a system where respiration is repressed under high concentration
of sugars. SC strains display a positive Crabtree effect and, consequently, this species presents a
greater ethanol fermentation efficacy than many negative-Crabtree effect NS strains [94]. According
to the literature, the production of vitisin A has been reported for SC [71,77,78], Schizosaccharomyces
pombe [83,88] and, more recently, for some species of the H/K genus (H. guilliermondii, H. opuntiae,
H. vineae, and H. clermontiae) [91,93].

Conversely, another anthocyanin-derived compound (malvidin-3-O-glucoside-4-vinylguaiacol)
was detected during alcoholic fermentation with SC 882 [72], other SC strains [79-81,95] and
Pichia guilliermondii [87]. The first report on the formation of this derived compound for the yeast genera
Hanseniaspora and Metschnikowia was relatively more recent [91]. In that work, the authors argued that
the high concentration of malvidin-3-glucoside-4-vinylguaicol found for all yeast treatments might
also be a consequence of the differences in the grape variety and the concentrations of the respective
hydroxycinnamic acids [96,97].

Formation of pigments derived from vinylphenol and vinylguaiacol could be explained
by the hydroxycinnamate decarboxylase (HCDC) activity. The HCDC activity, specifically for
supplying coumaric acid, has been mentioned for strains of the genera Pichia, Torulaspora,
and Zygosaccharomyces [98,99]. A high HCDC activity of 90% for P. guilliermondii was recently noticed,
which significantly influenced the formation of vinyl phenolic pyranoanthocyanins [87]. The work
confirmed that during mixed or sequential fermentations carried out with NS or highly fermentative
SC strains, with high HCDC activity, the content of stable pigments could be increased [87].

5. Applications of Hanseniasporal/Kloeckera Strains in Winemaking

Mixed-culture fermentation with Saccharomyces wine yeast is a controlled manner to apply
NS strains, where the positive effects of NS yeasts and a complete dry fermentation is obtained.
Even though SC produces most of the ethanol in wine, the NS yeasts present in the grape must, play a
significant role in producing aroma compounds [16,100], contributing to diverse ‘flavor phenotypes’.

As mentioned above, it is currently widely accepted that the secondary metabolites formed
by properly selected NS yeasts, some of them already commercially available, during alcoholic
fermentation positively affect the quality of wines [1,3,100-103]. The great variety of such yeasts
allows designing different selected starter cultures (in conjunction with SC). Enhanced varietal and
fermentative aromas, glycerol production, or specific enzymatic activities might be obtained, based on
the ability of these yeasts to ferment different wine varieties [3]. As a result, winemakers can adapt
wines to consumers searching for flavor diversity [37].

Yeasts of the genus H/K are frequently isolated during the first stages of the fermentation and are
also found on the surface of the grapes, as well as in the soil, cellar, harvesting machinery, and during
the processing of these fruit [104,105]. Based on current knowledge, H/K is one of the NS yeast genera
with a major contribution to the sensory quality of wines. The H/K tend to be the dominant yeasts in
the early stages of fermentation [26,37,106-108], perhaps attributed to their high population found in
grapes or high tolerance to osmotic pressure (>200 g/L).

As the fermentation process progresses, the presence of H/K decreases, as a result of their low
capacity to adapt to increasing levels of ethanol [109,110], although H. uvarum could be found until the
end of fermentation, in some situations [55]. With the aid of culture-independent molecular techniques,
it was possible to verify that some H. vineae strains are maintained until the end of fermentation,
but their proportion decreases compared to SC [26]. This behavior can be seen in Figure 10, where the
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presence of H. vineae and other Hanseniaspora yeast is observed until the end of fermentation, at the
semi-industrial scale of Merlot and Macabeo grapes [26].
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Figure 10. Monitoring of the yeast population by quantitative polymerase chain reaction, with general
primers for yeasts (punctate), specific for Hanseniaspora spp. (grey) and specific for Saccharomyces
(black), in Macabeo (A,B) and Merlot fermentations (C,D), in tanks inoculated with H. vineae (A,C) and
tanks inoculated with S. cerevisiae (B,D).

In general, H/K shows a medium /low fermentative capacity (reaching up to 9% ethanol in some
cases) [107]. Although the behavior of Hanseniaspora yeasts stands out from other NS yeasts [91,93]
and, under certain conditions, give a better or no differences in performance against a Saccharomyces
control [59,63], this is not a genus-dependent behavior but rather a strain-dependent characteristic.
However, as seen in Figure 11, H. vineae is one of the main H/K fermenters, a character that corroborates
the already-mentioned high homology of the pyruvate kinase gene with SC compared to the other
H/K species (Figure 2). This result also justifies why is so difficult to isolate “vineae” species from
grapes, yet readily detect them after two days of fermentation [63]. Likewise, the fermentation
efficacy can be influenced by the inoculation procedures for mixed cultures. If the inoculation occurs
sequentially, then the fermentation will be slowed down compared to simultaneous inoculations, due to
cell retention of nutrients, and an additional nutrient addition will be necessary when the second
inoculation is done [17]. Although SC has a higher capacity for fermentation than H/K strains, the lack
of nutrients after 48 h will cause a sluggish fermentation process [8,59,93,111]. This tendency was also
shown with different H. clermontiae strains [91,93]. The fermentative capacity and cell survival under
mixed fermentation conditions can also be affected by the size of the inoculum. Good performances
were obtained when H. uvarum was inoculated simultaneously and at twice the proportion of SC [60].
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Figure 11. Fermentation kinetics of 11 strains of Hanseniaspora vineae at 20 °C, with a daily agitation.
The yeast M522 (Saccharomyces cerevisiae) was used as a control (red). Data for CO, were obtained with
cotton plug flask fermenters that include an average loss of 3 g of water vapor for every treatment.

H/K strains are considered important during vinification since they produce aromatic compounds of
interest and modify the chemical composition of wines [9-11,18,112]. Two species stand out for producing
high amounts of B-phenylethyl acetate, H. guilliermondii [113], and H. vineae [18,26,54,58,61,62,114]. However,
this compound is not found at such high levels in the other species, as discussed above. This ester is
associated with fruity, floral (rose) and honey sensory notes [100,115-117]. H. uvarum and H. guilliermondii
have been reported as producing high levels of sulphur-containing aromatics [112]. At the same time,
co-fermented wines with H/K strains presented more body and greater aromatic complexity in the mouth
compared to SC solo fermentations [26], positively contributing to the final wine (Figure 12). Wines obtained
at the semi-industrial scale from inoculums with H. vineae and then finished spontaneously with SC were
preferred by a sensory panel than wines inoculated with a commercial SC, as a result of a higher floral
descriptor, increased volume, increased structure and, ultimately, a better overall concept of the wine
obtained. For body and mouth volume, no significant increase of glycerol or polysaccharides were recorded
for H. vineae strains [63]. However, increased cell lysis was evident compared to SC commercial strains.
Furthermore, the increase presence of C1y compounds found in wines fermented with H. vineae, suggest
the existence of a faster autolysis rate compared to SC, as this flavor parameter was related to cell lysis by
some authors for other yeast species [118,119]. The cell walls of H. valbyensis strains are reportedly about
five times more sensitive to hydrolysis than those of SC, which is why they were used for a yeast glucan
enzymatic tests [120]. Interestingly, Chardonnay barrel-fermented wines with mixed cultures of H. vineae/SC
had significantly decreased biogenic amines and volatile acidity and increased glycerol and dry weight
levels compared to pure SC fermentations [18]. The dry weight increase might also be associated with an
increased cell lysis behavior of H. vineae. The authors of that study also showed cooperation between mixed
cultures of H. vineae/SC with malolactic bacteria fermentation, by a significant stimulation compared to SC
pure fermentation, finishing the process earlier by 45 days. More recently, these data were confirmed in red
wine fermentations, also at an industrial scale [63], but further studies are needed to understand how the
lactic bacteria were stimulated by this yeast.
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Figure 12. Results of the triangle (table) and descriptive (graphic) test of Macabeo wine fermented with
Hanseniaspora vineae and Saccharomyces cerevisiae. Significant value * is indicated for flowery.

Most of these positive contributions by H/K yeasts can be explained by the presence of increased
enzymatic activity compared to SC. The presence of active enzymes depends, in part, on the carbon and
nitrogen sources present in the grape must. Small changes in the concentration of these nutrients can
affect the nature, quantity, and diversity of the secreted enzymes [121]. The enzymes most commonly
studied for their role during vinification are proteases, 3-glucosidases, and pectinases since they
intervene in sensory attributes, such as the color, aromas, and stability of wines [122]. Most NS yeasts
have some enzymatic activity [123]. Hanseniaspora spp. are considered to be one of the primary
producers of glycolytic and protease activities [63,105,124]. It was recently reported that within the
NS yeast that contribute to the organoleptic quality of wines, H. uvarum had the highest enzymatic
activity [1,3].

6. Conclusions

An insight into apiculate yeast biology showed that H/K is the principal genus found in mature
grapes and these yeasts have interesting potential applications for wine fermentation. It is evident
that selected strains of H/K yeasts might beneficially enhance the aroma and flavor attributes of
wines and, more recently, this was proved for some H/K species. At the real winemaking scale,
mixed cultures of H. guilliermondii/SC, H. uvarum/SC, and H. vineae/SC increase flavor diversity and
thereby complexity. White and red grape varieties—such as Bobal, Macabeo, Chardonnay, Pinot Noir,
Negroamaro, Tempranillo, Cabernet Sauvignon, Merlot, and Tannat—resulted in wines with improved
sensorial profile.

Concurrently, it was confirmed that various Hanseniaspora species (H. clermontiae, H. opuntiae,
H. guilliermondii, and H. vineae) contribute to the polyphenolic composition and color of the red
wines. Thus, it was possible to demonstrate for the first time that the increased anthocyanin derived
compounds generated from the mixed culture fermentation of these yeasts, enhanced the red wine
color perception.

This set of mentioned characteristics (fermentative capacity, enzymatic activity, production of
aromatic compounds, and ability to enhance the color of wines) makes the genus H/K a suitable stock
for the selection of unconventional yeasts in commercial winemaking. Although H/K strains are still
not easily available for their application, winemakers will have the opportunity to differentiate and
increase regional characteristics to highlight their wines in a hugely competitive market.
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Abstract: Metschnikowia pulcherrima (Mp) is a ubiquitous yeast that frequently appears in spontaneous
fermentations. The current interest in Mp is supported by the expression of many extracellular
activities, some of which enhance the release of varietal aromatic compounds. The low fermentative
power of Mp makes necessary the sequential or mixed use with Saccharomyces cerevisiae (Sc) to
completely ferment grape musts. Mp has a respiratory metabolism that can help to lower ethanol
content when used under aerobic conditions. Also, Mp shows good compatibility with Sc in
producing a low-to-moderate global volatile acidity and, with suitable strains, a reduced level of H;S.
The excretion of pulcherrimin gives Mp some competitive advantages over other non-Saccharomyces
yeasts as well as providing some antifungal properties.

Keywords: Metschnikowia pulcherrima; oenological uses; enzymes; stable pigments; pulcherrimin

1. Ecology and Physiology

Metschnikowia pulcherrima (Mp) is a globous/elliptical yeast that cannot be distinguished from
Saccharomyces cerevisiae (Sc) by microscopy (Figure 1). Sometimes, it can be observed a single large,
highly refractive oil droplet inside the cell. Mp is a teleomorph yeast belonging to an ascomycetous
genus [1]. Its anamorph form is called Candida pulcherrima. Mp is a ubiquitous yeast that has been
found in grapes, fruits (fresh and spoiled), flowers, nectars and tree sap fluxes. Several insects can
work as vectors for this yeast. Mp strains can be identified through the use of selective and differential
substrates; Mp strains showed both positive 3-glucosidase enzyme activity and proteolytic activity [2].
Mp grows properly in either YPD or L-lysine media, and it can also can use arbutin as a carbon source
in agar plates, indicating the expression of 3-glucosidase activity (Figure 2) [3]. Recently, its nitrogen
requirement was evaluated and slower consumption rates of ammonium were observed in Mp in
comparison to other yeast genera [4]. This slow nitrogen uptake is indicative of its low fermentative
ability [5].
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Figure 1. Cell morphology and shape of Metschnikowia pulcherrima. Graphical scale 10 um.

The B-glucosidase activity related to Mp has been associated with different intracellular
B-glucosidases, with the identification of three different bands observed when using fluorogenic
substrates via an electrophoretic technique [6]. Of these three bands, the major band has similar
physicochemical properties to those found in other studied yeasts, with high activity in ethanol and
glucose concentrations often found in wines but low stability below pH 4. Mp is unable to develop
in YPD at 37 °C and shows very weak or no growth in nitrate agar (Figure 2). It is able to use
glucose, sucrose, fructose, galactose and maltose as carbon sources but shows weak or inexistent
development in lactose [7]. It can grow properly under low temperature (15-20 °C) and pH conditions
(3-6) [8]. Under environmental stress conditions such as a shortage of nitrogen, its recognition in optical
microscopy is easy thanks to the appearance of a fat globule inside the cell at the beginning of the
sporulation process [8]. In its sporulated form, the asci of Metschnikowia are long and clavate, containing
one to two acicular to filiform spores [1].

YPD L-lysi Nitrat Arbuti
A YPD s ysine 1rate CHROMagar routin
37°C agar agar Can

Figure 2. (A) Development and colony appearance in several growth media and different culture
conditions (temperature). (B) Metschnikowia pulcherrima (Mp) orange colonies, some of them surrounded
with white halos and Saccharomyces cerevisiae (Sc) white/creamy colonies in YPD media. (C) Mp and Sc
in CHROMagar® media. Sc: bigger colonies with light pink color, Mp: smaller orange colonies, some
of them with white halos.
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The fermentative power of Mp is low, with many strains easily reaching 4% v/v in ethanol [3],
although previous studies have observed the production of ethanol up to 6-7% v/v [9]. This feature,
together with the fact that the presence of Mp in freshly pressed must is about 19-39% of the yeast
ecology [9], makes it necessary to use Mp together with other yeast with a high fermentative power
such as Sc or Schizosaccharomyces pombe to fully ferment grape sugars [10]. Its volatile acidity is also
quite moderate, ranging from 0.3 to 0.4 g/L expressed as acetic acid [3]. Moreover, some strains are
able to decrease the formation of H,S during fermentation [11].

The fermentative performance of Mp is lower than that observed for other non-Saccharomyces
species. The CO, production during fermentation yielded lower amounts for Mp than for Sc with 4.5 g
per 100 mL vs. 12.9 g per 100 mL, respectively [12]. Mp has an intermediate acetoin production during
alcoholic fermentation with respect to other species, such as S. cerevisiae and B. bruxellensis with low
acetoin production and C. stellata and K. apiculata with the highest production of acetoin. The metabolic
pathway for the production of this secondary metabolite from fermentation is shown in Figure 3.
In addition, the amount of 2,3-butanediol produced by Mp is usually lower than that produced by Sc.
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Figure 3. Metabolic route for the biosynthesis of acetoin by yeasts (adapted from Romano and
Suzzi, [13]).
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In mixed cultures with S. cerevisiae, viability was found to decrease rapidly after a few days of
fermentation because of the low resistance to the ethanol produced by S. cerevisiae [14,15]. The use of
emerging physical technologies that are able to strongly reduce the wild yeast content in grapes [16]
can facilitate the prevalence of Mp during a longer period until the sequential inoculation of Sc, thus
also increasing its effect on the sensory profile of the wines.

The sensibility of Mp to SO, is lower than that observed in Sc, Saccharomycodes ludwigii or S. pombe,
but Mp shows a medium resistance compared with other non-Saccharomyces species [7]. A certain
sensibility to some antimicrobials such as carvacrol and thymol has also been observed [17]. Regarding
the use of dimethyl dicarbonate (DMDC), the growth of Mp strains during the fermentation of grape
must is delayed, but not inhibited, after the addition of 400 mg/L DMDC [18]. The total inhibition
of the microbial population can be achieved with 500 mg/L of DMDC. Sc can survive the addition of
200 mg/L DMDC, whereas the growth of other species of the genus Saccharomyces is inhibited with
150 mg/L DMDC.

2. Antimicrobial Bio-Tool

Mp can be used as a biological control agent thanks to its ability to produce natural antimicrobial
compounds, namely pulcherrimin, an insoluble red pigment with antifungal activity. This peculiar
antimicrobial activity is produced by the depletion of iron in the medium through the precipitation of
iron(IIl) ions caused by the interaction with pulcherriminic acid, a precursor of pulcherrimin secreted
by Mp. In this way, the environment becomes inhospitable to other microorganisms that require
iron for their development. Pulcherrimin has shown effective inhibitory activity against several
yeasts: Candida tropicalis and Candida albicans, as well as the Brettanomyces/Dekkera, Hanseniaspora and
Pichia genera; and fungi: Botrytis cinerea, as well as Penicillium, Alternaria and Monilia spp. [19-24].
However, S. cerevisine seems not to be affected by this antimicrobial activity [21,22]. Therefore, the use
of Mp as a selected starter in sequential or mixed biotechnologies with Sc could be of great interest in
modern enology.

Mp, as well as other yeast species such as Wickerhamomyces anomala (formerly Pichia anomala) and
Torulaspora delbrueckii (Td), has a broad killer spectrum against some spoilage yeasts [25,26], of which
C. glabrata had the highest sensitivity against the toxins from this species [27]. Mp has also been
described as biofungicide capable of effectively reducing the incidence of Botrytis development in
postharvest fruits [28]. Its antagonistic mechanism is mainly based on its competition for nutrients [29].

3. Aroma Compounds

The single use of Mp has led to excessive production of ethyl acetate with negative sensory
repercussions [30]. However, the mixed use of Mp with Saccharomyces uvarum reduces the production of
ethyl acetate, simultaneously favoring the formation of 2-phenyl ethanol and 2-phenylethyl acetate [30].
The use of co-inoculations of this type (mixed fermentations with Mp/Sc) has produced high contents
of acetate esters and (3-damascenone with lower levels of Cg alcohols in ice wines made from the Vidal
blanc grape variety [31]. An improvement in the aromatic complexity of the wines can be obtained
by the use of Mp as a co-starter with Sc [3,32], mainly due to its high production of esters derived
from its intense extracellular enzymatic activity [10,33]. Similarly, sequential fermentations with Mp
showed a higher production of higher alcohols, with particularly high concentrations of isobutanol
and phenylethanol [4].

4. Enzymatic Activities

Activities of the following enzymes have been described in Mp: pectinase, protease, glucanase,
lichenase, 3-glucosidase, cellulase, xylanase, amylase, sulphite reductase, lipase and (3-lyase [11,33-35].
This is because Mp one of the non-Saccharomyces yeast species able to express more extracellular
hydrolytic enzymes. Its high proteolytic activity makes it a very interesting fermentation partner for
Sc, since the amino acids released (including those from autolysis) can serve as a source of nutrients for
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Sc [36]. In addition, its intense glucosidase activity [2], higher under aerobic conditions [37], promotes
the release of varietal aromas from the grape by hydrolyzing bound monoterpenes. However, it is
important to always remember that the intensity of the enzymatic activity depends not only on the
species, but also on the strain [32].

Concerning aroma enhancement, the expression of 3-D-glucosidase favors the release of free terpenes
and this activity has been evaluated using the substrates 4-methylumbelliferyl-B-D-glucoside (MUG) and
p-nitrophenyl-f-D-glucoside (PNPG), showing a good intensity with medium-to-low degradation of color
by the effect on anthocyanin glucosides [38]. The commercial Mp L1781 (Flavia™ MP346, Lallemand)
expresses a-arabinofuranosidase; this activity helps to release precursors of volatile terpenes [39,40]
(Figure 4) and thiols [32,41], which help to enhance fruity smells in some varieties. This strain has shown
an enzymatic specific activity of 0.22 U/mg when used as a dry yeast or fresh culture [41]. This has
been measured by the hydrolysis of 11 umol de p-nitrophenyl-a-L-arabinofuranosidase (tINPA) per
minute [42].

CH,OH
o 0—Terpene 0 0—Terpene
Eron] o-L- arab|n05|dase OH B-D-glucosidase

_— HO—Terpene
OH

Figure 4. Effect of sequential «-arabinofuranosidase and [(-D-glucosidase activities on the
transformation of bonded terpenes into free forms, enhancing the aromatic profile.

Intracellular 3-glucosidase of Mp has been purified by ion-exchange chromatography on amino
agarose gel [6] and subsequently characterized. The optimum catalytic activity was observed at
50 °C and pH 4.5. The enzyme shows hydrolytic activity on 3-(1—4) and 3-(1—2) glycosidic bonds.
The stability in alcoholic media (12% v/v) is good but it is affected by low pH.

5. Aerobic Metabolism/Alcohol Degree Reduction

The sequential use of Mp and Sc has proved to be somewhat effective in lowering the ethanol
content of wine [11,43—46]. This is connected with the aerobic respiratory metabolisms of Mp that,
in suitable aeration conditions, can aerobically metabolize more than 40% of sugars, thus significantly
reducing the ethanol yield. An example of this application can be seen in the study developed by
Contreras et al. (2014), where an average reduction in the alcoholic strength of 1.6% v/v was achieved
when Mp was used in sequential fermentation with Sc (inoculated on the fourth day) in the production
of red wine of the Syrah variety from a must with 240 g/L of sugars (potential alcoholic strength of
14% v/v). Therefore, the use of certain non-Saccharomyces yeast species, such as Mp, has been suggested
as a biotechnological strategy aimed at producing wines with lower levels of ethanol [47]. In this last
study, a kind of “collaboration” was seen between populations of Mp and S. uvarum, thatis, a synergistic
effect, achieving a lower ethanol production than in pure fermentations with each yeast. Recently,
Mestre Furlani et al. (2017) evaluated the metabolic behavior of different non-Saccharomyces native
yeasts to reduce the ethanol content during winemaking. They report that two out of the three strains
of Mp isolated from grapes have a sugar to ethanol conversion ratio greater than >19 g/L/% v/v [48].
This confirms the usefulness of Mp to obtain wines with lower ethanol content.

6. Improvement of Wine Color Stability

Some non-Saccharomyces adsorb lower contents of anthocyanins during fermentation than Sc [49].
In Sc, the adsorption can range between 1 and 6% in total content of anthocyanins [50], but can reach up
to 30% for some specific anthocyanins [51]. Adsorption is influenced by the composition and structure
of the yeast cell wall. Mp shows a low adsorption of anthocyanins in cell walls when compared with
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other yeasts such as Sc, Td or Lachancea thermotolerans (Lt) in grape skin agar (Figure 5), according to
the methodology described by Caridi et al. [52].

Figure 5. Adsorption of grape anthocyanins in yeast cell walls (Saccharomyces and non-Saccharomyces)
during growth in a specific plating medium containing pigments. Metschnikowia pulcherrima (Mp),
Saccharomyces cerevisiae (Sc), Saccharomycodes ludwigii (SI), Torulaspora delbrueckii (Td), Lachancea
thermotolerans (Lt), Schizosaccharomyces pombe (Sp).

The effect of Mp in the formation of stable pigments (pyranoanthocyanins and polymers) during
fermentation has been studied in sequential fermentations with Sc and S. pombe [10].

7. Conclusions

The versatility of Metschnikowia pulcherrima lies in its ability to ferment in combination with other
yeast species as well as modulate the synthesis of secondary metabolites of fermentation to improve
the sensory profile of the wine. It is characterized by a medium fermentation power and a high
enzymatic capacity to release aromatic precursors from the grape. In addition, this yeast has potential
as a biocontrol agent in order to limit competition with other yeasts in the fermentation medium.

The abovementioned applications and features of Metschnikowia pulcherrima may be of great
interest in order to address one of the major concerns in today’s winemaking industry, such as excessive
alcoholic strengths and the increasing prevalence in the market of flat wines from a sensory point of
view. Mp could help solve these issues. The only important thing is to select the proper combination,
as well as the right time and ratio of inoculation, between Mp and another yeast species capable of
completing the alcoholic fermentation.
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Abstract: Candida stellata is an imperfect yeast of the genus Candida that belongs to the order
Saccharomycetales, while phylum Ascomycota. C. stellata was isolated originally from a must overripe
in Germany but is widespread in natural and artificial habitats. C. stellata is a yeast with a taxonomic
history characterized by numerous changes; it is either a heterogeneous species or easily confused
with other yeast species that colonize the same substrates. The strain DBVPG 3827, frequently used
to investigate the oenological properties of C. stellata, was recently renamed as Starmerella bombicola,
which can be easily confused with C. zemplinina or related species like C. lactis-condensi. Strains of
C. stellata have been used in the processing of foods and feeds for thousands of years. This species,
which is commonly isolated from grape must, has been found to be competitive and persistent
in fermentation in both white and red wine in various wine regions of the world and tolerates a
concentration of at least 9% (v/v) ethanol. Although these yeasts can produce spoilage, several studies
have been conducted to characterize C. stellata for their ability to produce desirable metabolites for
wine flavor, such as acetate esters, or for the presence of enzymatic activities that enhance wine
aroma, such as (3-glucosidase. This microorganism could also possess many interesting technological
properties that could be applied in food processing. Exo and endoglucosidases and polygalactosidase
of C. stellata are important in the degradation of 3-glucans produced by Botrytis cinerea. In traditional
balsamic vinegar production, C. stellata shapes the aromatic profile of traditional vinegar, producing
ethanol from fructose and high concentrations of glycerol, succinic acid, ethyl acetate, and acetoin.
Chemical characterization of exocellular polysaccharides produced by non-Saccharomyces yeasts
revealed them to essentially be mannoproteins with high mannose contents, ranging from 73-74%
for Starmerella bombicola. Numerous studies have clearly proven that these macromolecules make
multiple positive contributions to wine quality. Recent studies on C. stellata strains in wines made by
co-fermentation with Saccharomyces cerevisine have found that the aroma attributes of the individual
strains were apparent when the inoculation protocol permitted the growth and activity of both yeasts.
The exploitation of the diversity of biochemical and sensory properties of non-Saccharomyces yeast
could be of interest for obtaining new products.

Keywords: Candida stellata; ecology; taxonomy; metabolism; processing foods; co-fermentation

1. Characteristics of the Genus Candida

The genus Candida belongs to the order Saccharomycetales of the phylum Ascomycota and is defined
as incerta sedis (of uncertain placement). Candida is phylogenetically heterogeneous and included
314 species and the type species C. vulgaris (syn. C. tropicalis) [1].

Candida are widespread distributed in natural and artificial habitats, being damp and wet with a
high content of organic material, including organic acids and ethanol, a broad range of temperatures,
and high salt and sugar osmolarity. Some species have been implicated in the conversion of foods and
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feeds for thousands of years. Their high biochemical potency makes Candida useful for commercial
and biotechnological processes.

The diversity of the genus is reflected by an amplitude of unique species with respect to colony
texture, microscopic morphology, and fermentation and assimilation profiles. The members of this
genus may ferment a lot of sugars, assimilate the nitrate, and form pellicles and films on the surface
of liquid media. Extracellular starch-like compounds are not produced. Some species assimilate the
inositol and normally the urease is not produced, and gelatin may be liquefied. The reaction with
blue of diazonium blue B is negative. The sugars (xylose, rhamnose, and fucose) are not found in
cell hydrolysates. The dominant ubiquinones are Q9, Q7, Q8, and Q6. Additionally, the inositol
assimilation might be positive or negative; in the case of the inositol-positive response, most strains
develop pseudomycelia [2].

2. Ecological and Physiological Properties of Genus Candida

Candida covers numerous habitats that determine a wide range of physiological properties. Most of
Candida is mesophilic, growing well at temperatures of 25-30 °C, with extremes of below 0 °C and up
to 50 °C. The genus Candida does not have photosynthetic capacity or fix nitrogen and normally cannot
grow anaerobically. Candida yeasts are employed to obtain a wide variety of biotechnologically
interesting compounds like higher alcohols, organic acids, esters, diacetyl, aldehydes, ketones,
acids, long chain dicarboxylic acids, xylitol, and glycerol. Other products are nicotinic acid, biotin,
and D-p-hydroxyisobutyric acid. Another property exhibited by some strains of Candida is the ability
to synthesize sophorosides [3] when they are growing on substrates like n-alkanes, alkenes, fatty acids,
esters, or triglycerides. Also, the genus Candida is able to liberate extracellular enzymes, such as
pectinases, 3-glucosidases, proteases, invertases, amylases, and lipases, that are of high commercial
interest [4]. Candida dominates in a vast variety of nutrient-rich habitats. These habitats are associated
with plants, rotting vegetation, and insects that feed on plants. Insects (Drosophila, bees and bumblebees,
etc.) act as vectors, and yeasts are an important food source for both the larval and adult stages
of numerous insects [5]. Some species of Candida such as C. famata, C. guilliermondii, C. tropicalis,
C. parapsilosis, and others may be isolated from natural and polluted water or sediments. Other species
like C. glabrata and C. parapsilosis are often isolated from seafood; Candida inconspicua and C. parapsilosis
from fish; and C. stellata, C. sake, and C. parapsilosis from oysters. C. krusei and C. valida grow better
on polluted sediments. The presence of the C. krusei complex may be an index of sewage pollution.
C. boidinii is associated with tanning solutions containing sugars, nitrogenous compounds, and mineral
salts (pH 4.0-5.9) [2].

The presence of non-Saccharomyces yeasts in wine fermentation process has been widely
documented [6,7]. During the early stages of fermentation, a lot of species can grow simultaneously in
the grape must; the species C. stellata has been described in this stage and can survive even with a high
level of ethanol in the medium [8,9], and it is supposed to play an important role in the contribution of
aroma properties of certain wines [10]. In recent years, recent taxonomic studies revealed that C. stellata
can be mistaken for the closely related species C. zemplinina [11,12]. This confusion around the
taxonomic position of the strains may explain some of the controversial descriptions of the oenological
properties of C. stellata [13].

3. Methods of Isolation and Identification of Genus Candida

In general, the identification and enumeration of microorganisms present in wine involve
enrichment techniques [14,15]. These methods are considered indirect, because they do not reflect the
number of original cells in the sample, but they are also considered to be progeny, because they are
enriched in a selective growth media for cultivating yeast and bacteria from wine. The characterization
of Candida at the species level is laborious, since they are widely disseminated, highly variable,
change their physiology with varying conditions, and normally are associated with other yeasts,
bacteria, and molds. Nonselective media most commonly used for yeast separation, cultivation, and
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enumeration are composed of glucose such as carbon source, and these media may be employed
at the beginning. Examples include dextrose agar (pH 6.9), dextrose broth (pH 7.2), Sabouraud
medium, dextrose tryptone agar, rice agar, malt extract medium, or plate count agar. The use
of lactic, tartaric, or citric acid (10%, final pH 3.5) for acidification of the media, as well as the
incorporation of antibiotics (up to 100 mg/L), such as cycloheximide, streptomycin, chloramphenicol,
and gentamyecin, enhances their selectivity in order to inhibit the development of acid lactic bacteria
and other yeasts. Biphenyl, propionic acid, and dichloran control overgrowth of filamentous fungi.
The culture temperatures are also an important factor; those between 25 °C and 30-32 °C should be
chosen. Incubation times are fixed in the range of 3-5 days and must be increased for osmotolerant
and osmophilic yeasts to 5-10 days and 14-28 days, respectively. Many specific commercial media are
available for isolating and enumerating the genus Candida in different food products, including the
brewing industry and wine industry [12].

Although selecting wine yeast strains have been addressed for decades, the unequivocal
characterization has been possible with the knowledge of molecular techniques. Pramateftaki et al. [16]
applied the PCR amplification and restriction pattern analysis of the ITS1-5.85-ITS2 regions of the
nuclear ribosomal gene complex for species characterization of isolated yeasts based in the techniques
developed by different authors [17-19].

Most PCR-DGGE studies have been employed to discriminate both yeasts and bacteria in wine.
Cocolin et al. [20] were the first to apply PCR-DGGE method in wine fermentation, developing primers
for the D1/D2 domain of the large-subunit rTDNA amplification of the yeast species. That work
demonstrated that the population shifts of different wine-related yeasts could be easily followed
using PCR-DGGE [21]. This study also confirmed the persistence of Candida sp. throughout wine
fermentation, detecting populations until 104 days later. Supplementary studies on commercial
sweet wine fermentation showed that non-Saccharomyces yeasts could be found in late stages of the
fermentation process by PCR-DGGE and even a long time after could be cultured on specific media [7].
This fact was particularly evident for the Candida sp. population, C. zemplinina [11]. DGGE signatures
from both RNA and DNA templates directly extracted from wine revealed C. zemplinina signatures
remained throughout the fermentation, even when direct plating manifested clearly a relative low
number of cells. Applying RNA dot blot analysis with C. zemplinina-specific probes shows that the
size of that population could be relatively high (>10° cells per mL) at the end of the fermentation,
while only 100-1000 CFU per mL could be detected by plating. These results provided some of the
first evidence of the presence of metabolically active but nonculturable yeasts in wine fermentation.

Endpoint PCR assays have been developed and applied for several wine yeast and bacteria.
Lopez et al. [22] used a multiplex PCR approach amplifying different segments of the yeast S. cerevisiae
COX1 gene to enumerate different starter strains. Cocolin et al. [23] also developed 26S rRNA gene
PCR primers for specific amplification of Hanseniaspora uvarum and C. zemplinina. In that experiment,
the authors founded a persistence of both RNA and DNA signatures for H. uvarum and C. zemplinina in
sulfited wine, even though no growth of either strain was witnessed on plating media. After 20 days of
SO, addition and without grow on plates, the detection of H. uvarum and C. zemplinina RNA signatures
in wine provides a useful example of how PCR results must be considered with caution, since both
live and dead cells may be detected.

The more recent QPCR system is being widely applied in wine fermentation. This technique is
used to the exponential amplification of target DNA sequences together with a fluorescent molecule
(SYBR Green dye is commonly used by wine-related species) [24]. The application of QPCR to specific
bacteria or non-Saccharomyces yeasts in wine fermentation allows for their enumeration in combination
with high populations of Saccharomyces. Organisms such as Candida sp. can be detected and quantified
in as little as one to two hours, which is a considerable improvement on the five to 10 days necessary
to develop the conventional analysis by plates [25,26].
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4. Characteristics of Candida stellata

The non-Saccharomyces C. stellata is an Ascomycete, anamorph yeast belonging to the genus Candida,
with a taxonomic history subject to numerous changes; it is either a heterogeneous species or is easily
confused with other yeast species present in the same substrates.

C. stellata, a habitual member of the early yeast strains in both white and red wines in certain wine
regions of the world [7,9,27-38], is able to remain active throughout most of the alcoholic fermentation
and much longer than most other non-Saccharomyces yeasts [29,32,35,39—-41]. The habitual presence of
C. stellata in the samples confirmed that this yeast is frequently associated with overripe and botrytized
grape berries and musts proceeding from botrytized grapes [42].

Among the genus/species linked to Candida stellata, the most notable are Saccharomyces stellatus,
Torulopsis stellata, Cryptococcus stellatus, Cryptococcus bacillaris, Saccharomyces bacillaris, Torulopsis
bacillaris, and Brettanomyces italicus. The cells are spherical to ovoid; they are usually found as single
cells but may be arranged in a star-like configuration of cells; no hyphae or pseudohyphae are
formed. Growing in YPD, colonies are grayish-white to brownish, glossy soft, and smooth. In malt
agar, there are large, round cream, or white colonies. C. stellata does not form spores. A whitish
cheese-like film can appear in liquid medium. This non-Saccharomyces yeast ferments glucose, sucrose,
and raffinose (sometimes it does this slowly). On the other hand, it can assimilate sucrose and raffinose
but not nitrate. C. stellata uses lysine as sole N source. Its growth requires vitamins such as biotin,
pantothenate, inositol, and thiamin. With regard to medium conditions, its growth is variable at 37 °C
but is sensitive to heat, while it is able to grow at lower temperatures and higher pH values. Moreover,
it is not sensitive to ethanol and under aerobic conditions; by contrast, it is sensitive to cycloheximide,
sorbate, DMDC, low pH, and acids.

5. Taxonomic Reclassification of Candida stellata

Initially, two types of Candida were isolated from a must elaborated in Germany from overripe
grape berries and raisins with a high sugar concentration (ca. 60%). One type had elongated cells
and was denominated Saccharomyces bacillaris. The other type was nominated Saccharomyces stellatus,
because in liquid media the star-like chains presented cells with spherical shape. Both species were
later included in genus Torulopsis due to the lack of spores’ generation. In another study on taxonomic
research carried out in Italy, a third type of species was isolated from grapes and named as Brettanomyces
italicus. Lastly, these taxa were unified in a single species named C. stellata, and the strain originally
described as S. stellatus was considered as type strain (CBS 157) (Figure 1).

Saccharomyces bacillaris Saccharomyces stellatus
(elongated cells) (spherical cells)

~ _—
Torulopsis genus
(non-spore formation)
L /
-
-
-

Candida stellata (CBS 1577) Candida stellata DBVPG 3827 (CBS 843)
(contradictory features in levels of (frequently used to investigate the
a )

etic acid, glycerol and succinic acid) oenological properties of C. stellata)

Reclassification of Candida stellata Sipiczki etal. [46]
strains by Csoma and Sipiczki [13]
N f N

Candida stellata ||  Candida zemplinina | | Starmerella bombicola |

Figure 1. Taxonomic reclassification of Candida stellata [13,43,44].
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Traditionally, C. stellata is associated with overripe and botrytized grape berries [27,29,34,38]. Candida
is present almost until the final stages of the alcoholic fermentation [29,32,39,41], suggesting that C. stellata
might significantly take part in the ecology of fermentation and the wine quality. Nevertheless, the role
of C. stellata in wine attributes seems to be controversial owing to the contradictory enological features
attributed to this yeast by several research groups. Some authors report on the high production of acetic
acid [45], glycerol [10,46], and succinic acid [47]; conversely, other works found low acetic acid levels
and low glycerol production [35]. These controversial results of Candida show that C. stellata is either
a heterogeneous species or is easily confused with other yeast species of Candida, which are present
in the same substrates. Sipiczki [11] found a new osmotolerant and psychrotolerant species studying
four yeast strains isolated from fermenting botrytized grape musts in the Tokaj wine region of Hungary,
corresponding to C. zemplinina. Traditional taxonomic test shows small differences between these isolates
and C. stellata strains CBS 1577 and DBVPG 3827 (Dipartimento di Biologia Vegetale, Perugia, Italia)
(CBS 843).

The species C. zemplinina was discovered among wine yeasts that showed a taxonomic profile
characteristic of C. stellata [11]. Both species grow in similar environments (must with high sugar
concentration) but may form mixed populations in the colonized substrates. Lastly, the strain DBVPG
3827, frequently used to investigate the oenological properties of C. stellata, has been reclassified
as Starmerella bombicola [43] (Figure 1). Considering the recent identification of these new species
C. zemplinina and S. bombicola, they may be confused with C. stellata when conventional taxonomic
tests and routine PCR-restriction fragment length polymorphism (RFLP) analysis are used for
identification [11,43]. In view of these results, Csoma and Sipiczki [13] report that the name of
the species C. stellata has been used for group yeasts not conspecific with the type of strain of C. stellata.
Most strains originally identified as C. stellata and examined by the authors turned out to belong to
species that were not known yet at the time of their isolation, such as C. zemplinina, C. lactis-condensi,
C. davenportii, or S. bombicola. Csoma and Spiczki [13] studied 41 strains deposited in six culture
collections originally identified as C. stellata (Figure 1). The ITS1-5.8S rRNA-ITS2 sequence region was
studied in all strains by PCR-RFLP. The enzymes MBol, Dral, and Haelll were used separately during
the digestion of amplified fragments. Digestion with Mbol is known to generate specific patterns for
each of C. stellata, C. zemplinina, and S. bombicola [12]. As result of the digestion of the fragments of
amplification, all strains gave three or four patterns. Thirty-nine out of the 41 strains examined showed
combinations of patterns different from those of the type strain of C. stellata; this result highlights the
fact that only two of investigated strains might belong to C. stellata. The digestion of the amplified
region with Mbol and Dral distinguished C. stellata from C. zemplinina and the Cfol, Haelll, and HinfI
restriction patterns separated C. stellata from S. bombicola [43]. Later, the D1/D2 domains of the LSU
rRNA gene of all strains studied were amplified and sequenced. The Blast search with the sequences
identified high degrees of similarity (98-100%) with the sequences of the type strains of 11 species.
Based on these sequences, most strains originally isolated from grapes or wine fermentation belonged
to C. zemplinina or S. bombicola (DBVPG strains). At the same time, the results of the taxonomic
physiological test were contrasted with the molecular results and all C. zemplinina strains growing in
the presence of 1% acetic acid, which inhibited the growth of C. stellata. The wine yeasts deposited in
DBVPG as C. stellata strains turned out to be strains of S. bombicola, which were identified species [48],
unknown at the time of their deposition.

As a result, it can be concluded that most wine strains preserved in CBS or described in recent
publications as C. stellata proved to belong to C. zemplinina [13]. C. stellata was not found among yeasts
newly isolated from noble rotted grapes and botrytized wines either, although overripe grapes and
fermenting grape musts with high sugar concentrations are environmental conditions in which strains
identified as C. stellata were frequently detected [27,28,37,38]. C. stellata is far less present in grapes and
natural wine fermentation than hitherto thought. Regarding botrytized wines, the higher appearance
of C. zemplinina is ligated to the capacity to resist higher acetic acid concentrations. It is known that
C. zemplinina can grow in presence of 1% of acetic acid, which is inhibitory to C. stellata. The grapes
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infected by Botrytis cinerea present a high number of acetic acid bacteria, with can grow in grape must
with production of gluconic and acetic acids [49].

To probe the hypothesis about the broad presence of C. zemplinina, the C. stellata LSU rRNA gene
sequences published by others authors were reviewed [13]. The results showed that D1/D2 domain
sequences of the C. stellata strains isolated from French cider by Coton et al. [50] and from Spanish
wine by Hierro et al. [38] and the corresponding sequence of Candida sp. isolated from Californian
sweet botrytized wine by Mills et al. [7] are coincident with those of the type strain of C. zemplinina.
Moreover, C. zemplinina, but not C. stellata, was found in fermented red wine from Portugal grape
variety Castelao. Besides, C. zemplinina was also identified in other Portuguese wine (accession number
AY394855) and in Greek botrytized wines (accession number DQ872872).

The results obtained from electrophoretic karyotypes suppose another means for the differentiation
of these species. Although both species had three chromosomes and showed length polymorphism,
their chromosomes differed in size. C. stellata had a somewhat larger genome, and each chromosome
differed in size from the comparative used strains, CBS 1577 and CBS 843. C. stellata appears to be prone to
undergo chromosomal rearrangements. In contrast, the C. zemplinina strains did not show chromosomal
polymorphism [13].

C. zemplinina also proved to be much more acidogenic; this aspect may significantly affect the
quality of the wine. C. stellata grew much more slowly at all conditions tested. This observation is in
accordance with earlier reports that described C. stellata as a slow-growing yeast [29].

On the other hand, different studies about the original type Saccharomyces bacillaris described
together with Saccharomyces stellata from overripe grapes and concentrated musts concluded that this
species is not synonymous with C. stellata. Different profiles were observed for the type strain of
C. stellata (CBS 157) for both the isoenzyme and rDNA restriction analysis, and only 91% similarity was
found between the D1/D2 sequence of this strain and S. bacillaris. In view of the results, S. bacillaris
has been recently reinstated as Starmerella bacillaris comb. nov., with C. zemplinina as an obligate
synonym [44] (Figure 1). This reorganization is in line with the latest edition of the “International
Code of Nomenclature for Algae, Fungi and Plants” [51], which eliminated the rule that was in force
for a long time that anamorphic yeasts with ascomycetous affiliation had to be classified to Candida;
this species was recently moved to the genus Starmerella, leaving the name C. zemplinina as obligate
synonym [52]. Following this reclassification of most of the yeasts, S. bacillaris, previously identified as
C. stellata, became Starmerella bacillaris [44].

6. Characteristics of Candida zemplinina sp. nov. Sipiczki

C. zemplinina was discovered studying wine yeasts with a taxonomic profile characteristic of
C. stellata [11]. Both species grown in similar environments (overripe grapes and grape must with high
sugar concentration) presumably may form mixed populations in the colonized substrates [13].

C. zemplinina owes its name to the Zemplin mountain range, whose south and south-east facing
slopes form the Tokaj wine region. The type strain is 10-3727 (=CBS 94947 = NCAIM Y0166677),
which was isolated from white wine in Zemplin, Hungary [11]. Growing on morphologic agar,
the cells are ellipsoid to elongated (2.2-3.0 x 3.0-5.2 pm) alone and in pairs after 3 days incubation
at 25 °C. Their budding is multilateral. In contrast, after 7 days incubation at 25 °C on the same
culture media, colonies are low convex with smooth to finely lobed margins, and their texture is
butyrose. Neither hyphae nor pseudohyphae are generated. Ascospores formation is not seen after
25 days incubation at 25 °C on the agar culture media for corn-meal, potato dextrose, or Gorodkowa.
C. zemplinina ferments sugars, glucose, sucrose, and raffinose but does not ferment galactose, maltose,
and lactose. On the other hand, it can assimilate glucose, sucrose, L-sorbose (slowly), raffinose,
and lysine but does not assimilate the following compounds: galactose, D-glucosamine, D-ribose,
D-xylose, L-arabinose, D-arabinose, L-rhamnose, maltose, trehalose, methyl x-D-glucoside, cellobiose,
salicin, melibiose, lactose, melezitose, inulin, starch, glycerol, erythritol, ribitol, D-glucitol, D-manitol,
galactitol, inositol, D-glucono-1,5-lactone, succinate, citrate, methanol, ethanol, potassium nitrate,
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cadaverine, N-acetyl-D-glucosamine, and lysine. Vitamins are essential to its growth. Finally, this yeast
species is able to grow in the presence of 60% (w/v) glucose. Additionally, no growth is observed in
the presence of 10 pug/mL cycloheximide or at 37 °C.

C. zemplinina cannot be considered a wine-specific yeast. C. zemplinina has been detected in
yeast populations associated with Ghanaian cocoa fermentation and two CBS strains identified as
C. zemplinina originate from soil (CBS 2799) and Drosophila sp. (CBS 4729) [53,54]. The association of
C. zemplinina with Drosophila confirms that fruit flies can be important vectors of yeasts from winery to
ripening grapes in the vineyard. The related species as C. bombi, C. lactis-condensis, and S. bombicola are
also associated with insects [55,56].

The genome of C. zemplinina is similar in size to the genome of C. stellata and the genomes of
the other related species, C. bombi, C. lactis-condensi, and Starmerella bombicola, but appears to differ
from it in stability. The C. zemplinina chromosomes show less variability than those of C. stellata.
This stability indicates that chromosome rearrangements may not be as important in this species as in
S. cerevisiae [57] for adaptation conditions during wine fermentation.

Kurtzman and Robnett [58] observed that strains showing greater than 1% difference in the
D1/D2 domain of the 265 rRNA are usually different species. The D1/D2 domains of the 265 rDNA of
four isolates of C. zemplinina and the control strain C. stellata CBS 1577 were amplified and sequenced
to confirm the taxonomic separation of C. zemplinina from C. stellata. The amplified fragments of the
C. zemplinina strains had identical nucleotide sequences, which differed from the homologous sequence
of C. stellata 157" at 39 positions (8.1% sequence difference).

C. zemplinina stand out against C. stellata for being osmotolerant and psychrotolerant and
thus could be better adapted to grow under high sugar concentrations and at low temperatures.
These physiological attributes can be especially favorable for propagating botrytized grape musts,
which normally contain high sugar content and are fermented at low temperatures, as in the case of
Tokaj wines generally below 15 °C.

7. Characteristics of Starmerella bombicola

Starmerella bombicola is the type species of genus Starmerella (Rosa and Lachance, 1998) [48].
The strain studied, CBS 6009 (type strain), was isolated from honey of bumble bee (Bombus sp.).

S. bombicola is the anamorph of C. bombicola and the synonym of Torulaspora bombicola and
C. bombicola [59]. On YM agar after 3 days at 25 °C, the cells are ovoidal to elongated, 1-2 x 2—4 um,
and occur singly and in pairs. The colonies are small, convex, and white and have an entire margin.
In glucose-yeast extract broth, a ring forms after 1 month. In Dalmau plate culture on corn meal
agar, pseudohyphae and true hyphae are not formed. Positive formation of ascospores after 1 day on
YCBAS (yeast carbon base, Difco, with. 0.01 % ammonium sulphate) agar mixed compatible mating
types fuse in pairs. After 3 days, the conjugated asci contained a single spherical ascospore with a
convoluted wall and a membranous basal ledge. The ascospores are released terminally and tend
to agglutinate. This species presents positive fermentation of glucose and sucrose, and variable to
raffinose. The fermentation of galactose, maltose, lactose, and trehalose is negative. It can grow on agar
media of glucose, ethanol, glycerol, and mannitol, and provides a positive answer to the additional
growth test of glucono-5-lactone, cadaverine, 50% glucose, amino acid-free, and 30 °C CoQ 9.

This yeast had been previously assigned to other species now known to be members of
the Starmerella clade. This species shows the ability to excrete extracellular hydroxyl fatty acid
sophorosides. S. bombicola is associated with bees and flowers, with the bees as the principal
vector. Sophorolipid biosynthesis by S. bombicola may be industrially useful for the production
of biodegradation detergents [60].

To confirm the taxonomic affiliation of species of Candida deposited in DBVPG, their growth under
various conditions was studied. C. zemplinina and C. stellata differed from Candida strains deposited in
DBVPG with regard to temperature profile, osmotolerance, and greater sensitivity to ethanol compared
with these two Candida species. Comparing its electrophoretic karyotype, Candida-type strain differed
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in the banding pattern; although both had three chromosomal bands, their chromosomes differed in
size, and the genome of C. zemplinina was smaller than the genome of C. stellata. The karyotype of
DBVPG 3827 was indistinguishable from that the karyotype of S. bombicola CBS 6009, which only had
two bands, one of which corresponded in size to one of the Candida chromosomal bands.

Table 1 shows the principal aspects that can help to distinguish between Candida stellata,
Candida zemplinina, and Starmerella bombicola to achieve a correct identification of these species.

Table 1. Main differential characteristics of species Candida stellata (CBS 157), Candida zemplinina,
and Starmerella bombicola.

C. stellata (CBS 157)  C. zemplinina S. bombicola

Growth in high sugar concentration + + +
Growth in botrytized grape berries — ++ +
Growth in presence of 1% of acetic acid - + vl
Formation of ascospores — — +
Banding pattern (electrophoretic karyotype) 3 3 2
Chromosomal polymorphism yes no no
% D1/D2 sequence in difference with C. stellata 81 nd?
(CBS 157) '
Mbol and Dral digestion distingue between
the species yes yes
Cfol, Haelll, and HinfI digestion distingue
yes yes

between the species

1y, variable; 2 nd, not determined.

8. Characteristics of Starmerella bacillaris (synonym C. zemplinina)

Starmerella bacillaris (synonym Candida zemplinina) [52] is a non-Saccharomyces yeast, isolated for the
first time in Napa Valley (Napa, CA, USA) in 2002, under the name EJ1 [7]. This yeast is characterized
by ellipsoid to elongate cells upon growth in yeast malt agar. It ferments glucose, sucrose, and raffinose,
but not galactose, maltose, or lactose. It assimilates very few carbon and nitrogen sources, namely,
glucose and L-lysine, and it experiences no growth in the presence of high glucose concentration.
Additionally, it presents high fructophily, average volatile acidity and alcoholic degree production,
and high glycerol production [52].

Starm. bacillaris can be distinguished from the closely related species C. stellata by EST, G6PD,
ACP, LDH, and ADH isoenzymes profiles; restriction profiles of a region of 26S rDNA digested with
endonucleases Hinfl, Msel, Cfol, and Haelll clearly distinguish both species. The nucleotides sequence
of D1/D2 region of 265 rDNA of Starm. bacillaris shows an 8% difference at 39 positions [52] thereby
justifying the separation of the two species.

From the point of view of its enological application, this strain was able to ferment exclusively
the fructose from Chardonnay must without affecting the concentration of glucose. Starm. bacillaris
has since been reported to have a potentially important role in the winemaking industry, due to its
extremely fructophilic character and the poor ethanol yield from sugar consumed [61,62].

Starm. bacillaris presents other interesting characteristics, such as growth at high concentrations of
sugars and low temperatures [11,63] and production of low levels of acetic acid and acetaldehyde and
significant amounts of glycerol from consumed sugars [64].

9. Metabolic Features and By-Products from Candida stellata Activity

Candida spp. are found as food-associated and beverage-associated yeasts. In particular,
C. stellata has been typically isolated during must fermentation process in different wine regions
worldwide, where this yeast species is normally associated with the fermentation of botrytized
wines and other wines produced from overripe grapes in cooked musts and in traditional balsamic
vinegars [2,3,28,38,65]. Thus, there are several studies that allow one to better understand the metabolic
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characteristics of Candida spp. with interesting applications in food and fermented beverages industries,
with special focus on wine elaboration.

9.1. Fructophilic Character

The strong fructophilic character of Candida is one of distinctive features of this yeast
genera. Several studies have described sugar depletion (glucose and fructose) during grape juice
fermentation [10,64,66—68]. All C. stellata strains studied in these works showed a significant lower
fermentation rate for glucose than the rate measured for the fructose. In the work with C. stellata CBS
2649 strain [10], the extreme fructophilic nature of this strain has been reported, since glucose was not
consumed until the fructose was completely depleted. Similar behavior was observed by Mills et al. [7]
when studying a Candida sp. isolate (EJ1) in Chardonnay wine elaboration. However, it is still unknown
how preferential consumption of fructose can be beneficial, since vigorous growth on glucose has been
observed when this sugar is the only energy and carbon source available in fructophilic yeasts [63,69].
As previously observed in Zygosaccharomyces bailii [70] and Z. rouxii [71], Gongalves et al. [72] have
noted the presence of the transporter Ffz1 as a prerequisite for fructophily in S. bombicola. This Ffz1
is a specific fructose transporter codified by FFZ1 gene [73]. The reason for the preferential use of
fructose by C. stellata may be result of a wider remodeling of central carbon metabolism, together with
an adaptation to high-sugar environment [72,74].

9.2. Alternative Carbon Metabolism: Glycerol Production

Glycerol can be used as food additive produced from fats and oils, from chemical synthesis, or by
microbial fermentation [75]. Glycerol biosynthesis is an important side-reaction of glycolysis pathway
produced by reduction of dihydroxyacetone phosphate (DHAP) to glycerol-3-phosphate (G3P) and by
dephosphorylation of G3P to glycerol (Figure 2). The first step of this conversion is catalyzed by the
enzyme NAD-dependent glycerol-3-phosphate dehydrogenase (Gpd) and, subsequently, the glycerol
is formed by glycerol-3-phosphatase (Gpp). The enzyme Gpd is encoded as two isoforms by the GPD1
and GPD2 genes [76]. Yeast growth under hyperosmotic stress situation leads to the expression of
GPD1 through the so-called HOG (High Osmolarity Glycerol) signaling pathway [77-79]. On the other
hand, GPD2 is believed to help maintain the cell’s intracellular redox balance.

As mentioned previously, C. stellata species exhibits unusual metabolism of sugar; it is usually
considered a facultatively fermentative yeast characterized by a very low fermentation rate and high
production of secondary metabolites as glycerol, acetaldehyde, acetoin, and succinic acid [67,80].
In regard to glycerol formation, this behavior of C. stellata is probably owing to low alcohol
dehydrogenase activity (4-fold lesser than S. cerevisiae) and high glycerol-3-phosphate dehydrogenase
activity (40-fold higher than S. cerevisiae); thus, this higher Gpd activity causes a strong deviation
towards glycerol production [67] (Figure 2, in red).
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Figure 2. Glycerol biosynthesis in yeasts. Glycolysis and the reduction of intermediate DHAP to G3P,
followed by oxidation of NADH to NAD" leads to glycerol formation (adapted from Scanes et al. [81]).

In oenology, the glycerol content is appreciated, because it imparts some sensory attributes to
the wine. It is an important alcohol with a slightly sweet taste and viscous nature that contributes
to the smoothness, consistency, and overall body in wine [82,83]. Typically, glycerol concentration is
higher in red than in white wines ranging from 1 to 15 g/L. The threshold taste level of glycerol
is observed to 5.2 g/L in wine, whereas a change of viscosity is only perceived at 25 g/L of
glycerol [84]. Also, it is known that its production is raised by the presence of sulfur dioxide,
higher incubation temperature, and high-sugar concentration, but it is significantly influenced
by yeast strain and species [85]. In particular, C. stellata has typically been described as glycerol
producer in wine elaboration [46,68,86,87]. Glycerol concentrations between 9 and 14 g/L have been
reported in wines elaborated with C. stellata, in contrast with lower amounts produced by S. cerevisiae
monoculture [46,64,87]. However, glycerol and ethanol content are inversely related; as consequence,
the tendency of C. stellata to form glycerol seems to be the reason for its low growth and fermentation
rate [67,81]. Other authors found an ethanol yield produced by C. stellata comparable with that of
S. uvarum/bayanus strains, although both produced significantly lower ethanol than S. cerevisiae [64].
By contrast, Gobbi et al. [88] reported one C. stellata strain with an ethanol yield (9.09 g/100 mL) and
fermentative power (19 g CO, evolved) without significant differences from S. cerevisiae (9.05 g/100 mL
and 19.2 g CO, evolved, respectively).

9.3. Biotechnological Application of Extracellular Enzymes Secreted by Candida stellata

Enzymes are the bio-catalysts that play an important role in metabolism and biochemical
reactions [89]. Microorganisms are the primary source of enzymes that have a more active and
stable nature than those of plants and animals [90]. Specifically, yeast strains with enzymatic activity
could be a potential source of commercial enzymes and an important factor with which to improve
the food and beverages processing. The Saccharomyces genus is not considered as a good producer
of exogenous enzymes. Instead, several non-Saccharomyces yeast species exhibit natural enzymatic
activities [91]. The enzymes of interest produced by these yeasts include esterases, lipases, glycosidases,
proteases, and cellulases usually related to hydrolysis of structural components [4,92].
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Specifically, Candida spp. have been described as extracellular enzymes producer. The enzymatic
capacities of this non-Saccharomyces genus have been widely researched in oenology, as they can
improve the process of winemaking and enhance wine quality [93,94]. However, it is well known that
the secretion of enzymes with technological interest is not characteristic of a particular genus or species
but depends specifically on yeast strain analyzed [33,92]. In the following paragraphs, a brief overview
will be given of enzymes used in oenology with a special focus on those produced by C. stellata.

9.3.1. Pectinases

Pectic substances are the major component of the plant cell wall and comprise a network in which
cellulose microfibrils are linked [95]. The high viscosity of pectin prevents juice extraction, clarification,
and filtration when it is dissolved after berry crushing. Furthermore, pectin impedes the phenolic and
aroma compounds’ diffusion into the must during wine fermentation [94]. Thus, pectinases such as
polygalacturonase, pectin lyase, pectin methyl esterase, and polygalactosidase have the capacity to
reduce the molecular size of pectin polymers by cleaving neutral side chain residues, facilitating the
pressing and filtration processes of wines and ciders [96,97]. In addition to their use in winemaking,
these enzymes are also utilized in oil extraction [98], coffee and cocoa curing [99], the extraction and
clarification of fruit juices, and the retting of textile fibers [100].

Several authors have reported the production of polygalacturonase and pectin methyl esterase by
Candida in wine [4,101,102]. In a study realized by Cordero-Bueso et al. [103], C. stellata CLI 920 strain,
which was isolated during spontaneous fermentation in Malvar (Vitis vinifera cv. L.) must, produced
the highest quantity of pectinases (polygalacturonases) in comparison with other non-Saccharomyces.
This pectinase activity of C. stellata CLI 920 could be correlated with the higher galacturonic acid
content observed into the oligosaccharides fraction of the wine produced with this strain alone [104].
Also, polygalactosidases enzymes produced by C. stellata together with exo and endoglucosidases are
important in the degradation of the 3-glucans by Botrytis cinerea [2].

9.3.2. Proteases

Protein haze supposes the most common physical instability in white wine and fruit juices.
Proteases activity hydrolyzes the proteins into smaller stable molecules promoting clarification and
stabilization of beverages and helping to prevent stuck and sluggish fermentations due to low level
of assimilable nitrogen in the must [101,105]. Yeast producers of proteases can be a good substitute
with which to bentonite for removal undesirable wine proteins [106]. In the study of Strauss et al. [4],
38% of C. stellata yeast strains presented protease activity. Also, other works have recorded protease
activity in several strains of Candida species [101,107].

9.3.3. Cellulases and Hemicellulases

Hemicelluloses are a group of polysaccharides strongly bound to cellulose in plant cell walls.
In winemaking, cellulases (glucanases) and hemicellulases (xylanases) enzymes have an impact
on organoleptic properties of wine by promoting extraction of pigments and volatile compounds
from grape skins, thus improving the filtration and clarification processes and reducing the time of
maceration [4,108]. Only a few yeast strains have been known as major producers of these enzymes,
but Candida species have been reported as able to produce cellulases and hemicellulases [4,102,109,110].

9.3.4. Glycosidases

The organoleptic characteristics of beverages (taste and aroma) can be enhanced by
glycosidases that hydrolyse odourless and non-volatile glycosidic precursors of the fruits [111].
Glycosidase activities comprise 3-D-glucosidase, 3-D-xylosidase, 3-D-apiosidase, x-L-rhamnosidase,
and «-L-arabinofuranosidase. The bound aroma complex includes glucosides and diglycosides,
and compounds such as terpenols, terpene diols, benzene derivatives, aliphatic alcohols, phenols, and C-13
norisoprenoids; additionally, the enzymatic hydrolysis of these sugar-conjugated precursors released
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very aromatic volatile monoterpenes (aglycons) through two-step reaction [112]. Numerous works have
been based on glycosidase activities in yeasts of an oenological origin; in particular, some of them have
observed (3-glucosidase activity in C. stellata strains possibly related to the fruity and floral aroma found in
the wines elaborated with these strains [4,87,103,113,114]. Hock et al. [115] had already documented the
terpenes production (3-myrcene, limonene, linalool, o-terpineol, and farnesol) of C. stellata. Another study
using one C. stellata strain isolated from Denomination of Origin (D.O.) “Vinos de Madrid” showed the
highest concentration of 3-phenylethyl alcohol (roses) in wine compared to other Saccharomyces and
non-Saccharomyces strains analyzed [87]; the flowery and fruity aroma of pure culture with this C. stellata
strain could be related to 3-glucosidase activity previously documented by Cordero-Bueso et al. [103].
Similar results were obtained by other authors [105,116]; they concluded that the use of C. stellata, alone or
combined with S. cerevisiae, enhanced the final quality and complexity of wines.

9.3.5. Invertases

Invertase enzyme, also known as (3-D-fructofuranosidase, is commonly used in industries with
numerous applications as production of lactic acid [117], fermentation of sugarcane to ethanol [118],
and production of fructose syrup. Furthermore, it is employed in pharmaceutical industry,
child nutrition, and fortified wines [119]. These enzymes hydrolyse the glycosidic linkage from
sucrose in its respective monomers, glucose and fructose, to form “inverted sugar syrup” with
special characteristics: 40% sweeter than sucrose, stable at high temperatures, more soluble than
sucrose and higher point of boiling and lower of freezing [119]. Yeast production of these enzymes is
typically studied in S. cerevisiae [120]. Recently, Gargel et al. [121] have observed that one C. stellata
strain (N5) isolated from Brazilian grapes is a potential invertase producer. They propose this new
invertase as a promising catalytic agent for use in biotechnological processes in the food industry and
alcoholic fermentations.

9.4. Production of Sophorolipids Biosurfactants by Candida

The worldwide production of surfactants is about 10 million tons per year, divided between
domestic and laundry detergents and different industrial applications. Currently, the surfactants
are usually petroleum-derived, although the aim is to produce these compounds from renewable
substances. Sophorolipids (SLs), which are composed of sophorose (a dimeric sugar) linked to a
long-chain hydroxy fatty acid, are good candidates as surfactant product from renewable sources.
These molecules are produced in high concentrations by phylogenetically diverse group of yeasts [122],
and their biosynthesis is clearly influenced by aeration, initial glucose concentration, and pH
values [123,124]. SLs present two different forms: a closed lactone and an open acidic form. Each form
has different properties: Lactonic SLs have antimicrobial activity and are better in surface tension
reduction, while acidic SLs have better foaming attributes [122].

The yeast S. bombicola has been widely studied as a major producer of SLs together with Candida
apicola within Starmerella clade [122]. The highest C. bombicola (ATCC 22214) SL yield of 400 g/L was
obtained when corn oil and honey served as the carbon sources [125]; also, Cavalero and Cooper [126]
showed that the same strain synthetized SLs with antibacterial activity mainly against Gram-positive
bacteria. In a study with 19 species of Starmerella yeast clade [123], C. stellata NRRL Y-1446 strain from
Rovello bianco grape variety was one of 19 species with a significant production of SLs with 11.9 g/L
predominantly as di-O-acetyl free-acid form, plus lesser amounts of mono-O-acetyl and non-acetyl
SLs. Parekh et al. [124] obtained similar SLs concentration (18.2 g/L) using S. bombicola NRRL
Y-17069 and determining the optimal fermentation method to generate these surfactant compounds.
Recently, a novel lactone esterase enzyme from S. bombicola, which catalyzes the intramolecular
lactonization of acidic SLs in an aqueous environment, is being investigated to become an ecological
tool in industry applications [127].
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10. Co-Fermentations between Candida stellata and Saccharomyces cerevisiae: A Way against
Standardized Wines

The use of co-fermentation strategies between non-Saccharonyces and S. cerevisiae yeast species in a
controlled manner can be a useful tool for wine production. Several aspects support this consideration,
such as

1. Effect on some analytical compounds as increased glycerol concentration, enhanced total acidity,
and reduced acetic acid concentration of wine.

Enhancement of desirable aromatic compounds (esters, volatile thiols).

Reduction of final ethanol content of the wine.

Improvement of complexity and overall quality of wine.

ISUEE SR

Larger release of polysaccharides (mannoproteins).

In the last few years, the use of C. stellata yeast in multi-starter fermentations with S. cerevisiae
has been widely investigated for its ability to increase the glycerol content in wines and their special
fructophilic character [66], its capacity to contribute to greater aroma complexity of the wine [128],
and its capacity to minimize the risk of fermentation problems [68]. Ciani and Ferraro [66] carried out
mixed and sequential fermentations with C. stellata and S. cerevisiae; the final wines were rich in glycerol
and succinic acid, and with less alcohol and acetic acid in comparison with the mono-inoculated
S. cerevisiae control. Milanovic et al. [68] concluded that S. bombicola influenced the alcohol production
ability of S. cerevisiae under mixed inoculation, since pyruvate decarboxylase (Pdcl) activity in mixed
fermentation was lower than pure culture of S. cerevisiae, while alcohol dehydrogenase (Adhl) activity
showed opposite behavior.

The wines made through C. stellata/S. cerevisiae co-fermentations usually present higher aroma
complexity and overall quality. In a study using Malvar white grape [87], an autochthonous grape
variety from Madrid (Spain), different inoculation strategies were applied with C. stellata CLI 920
(Cs) and S. cerevisine CLI 889 (Sc). Mixed and sequential were significantly different with regard to
their volatile composition and the control of S. cerevisiae. These wines were characterized by increased
esters concentration and 3-phenylethyl alcohol (Figure 3). After sensory analysis, the sequential
inoculation was well appreciated by tasters for its pleasant fruity (green apple, grapefruit) and floral
aroma and its freshness and full-bodied on the palate. These results were corroborated by pilot scale

fermentations [26].
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Figure 3. Relevant volatile compounds (mg/L) of pure (p), mixed (m), and sequential (s) fermentations
made with C. stellata CLI1920 (Cs) and S. cerevisiae CLI 889 (Sc) native strains (adapted from Garcia et al. [87]).
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In agreement with above, Soden et al. [10] described the aroma of banana, flowers, and lime in wines
conducted by sequential inoculation in comparison with the control of S. cerevisize. Other works have also
shown the fruity and flowery aroma in cocultures between C. stellata and S. cerevisiae, which is the result
of greater concentration of desirable aromatic compounds including some higher alcohols; 3-phenylethyl
alcohol and ethyl esters correlated well with its medium-chain fatty acids [26,64,105,116,129].

In recent years, multiples studies have focused on polysaccharides content in wines, giving special
attention to the mannoproteins. These molecules are one of the major polysaccharide groups in wines
from yeast cell walls [130], and they are secreted into wine during alcoholic fermentation and yeast
autolysis during ageing on lees [131]. Mannoproteins composition consists mainly of mannose (80 to
90%) and small amounts of glucose, associated with 10-20% of protein. Numerous investigations
have clearly confirmed that these macromolecules are related to technological and sensorial properties
in wines, such as prevention of protein haze in white wines [132], protection against crystallization
of tartrate salts [133], interaction with aroma compounds [134], improvement of foam stability and
flocculation in sparkling wines [135], reduction of astringency and increased body and mouthfeel [136],
and increase of the growth of malolactic bacteria [137]. Moreover, it has been noted that the utilization
of Saccharomyces /non-Saccharomyces co-fermentations results in increased release of polysaccharides
into the wine, since the high capacity of non-Saccharomyces wine yeasts to release polysaccharides
(including mannoproteins) has been verified [104,138-140]. Giovani et al. [139] characterized the
monosaccharide composition of mannoproteins produced by S. bombicola 3827; they noted that
the polysaccharides produced by S. bombicola were essentially mannoproteins with 73-74% of
mannose residues.

In the previously mentioned study [87] (Figure 3), the polysaccharides” content and structure
were studied in Malvar wines elaborated with C. stellata CLI 920 and S. cerevisiae CLI 889. The greater
content of arabinose, galactose, and mannose in the total colloids means that mannoproteins from
yeast cell walls and Polysaccharides Rich in Arabinose and Galactose (PRAGs) were the main
macromolecules in Malvar wines regardless of the inoculation strategy used (Figure 4a). The high
content of galactose observed, especially in C. stellata pure culture (p-Cs), could also be explained by
the presence of this monosaccharide-like galactomannan in yeast cell walls, as in Schizosaccharomyces
pombe. However, a phylogenetic study with 33 species of Candida carried out by Suzuki et al. [141]
determined that the cell wall of C. stellata lacked galactose.

100% 100%
80% 80%
60% 60%
40% 40%
20% 20%

0% 0%
%
p-Sc p-Cs m-Cs/Sc s-Cs/Sc p-Sc p-Cs m-Cs/Sc s-Cs/Sc
Rhamnose M Arabinose M Galactose M Glucose M Mannose 2346 Mannose M 346 Mannose M 246 Mannose M 34 Mannose
(@) (b)

Figure 4. Study of polysaccharides content and structure in Malvar wines elaborated under different
inoculation strategies with C. stellata and S. cerevisiae native strains *: (a) Glycosyl residue composition
of polysaccharides from Malvar white wines and (b) Glycosil-linkage composition of mannose residue
isolated from Malvar white wines. * Abbreviations associated with type of fermentation and yeast
strains are explained in Figure 3.

Mannose residues are larger in C. stellata/S. cerevisine sequential fermentation (s-Cs/Sc) than control
(Figure 4a); s-Cs/Sc could be the best combination for mannoproteins release into the wine using
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these yeast strains. Other studies also showed that mixed inoculations with C. zemplinina/S. cerevisiae
supposed an increase of polysaccharides mainly mannoproteins in the final wines [142,143]. Regarding the
structure of mannose residues from mannoproteins (Figure 4b), these results are consistent with the
Candida mannoproteins structure described by Ballou [144]. The structure of mannoproteins consists of a
6-linked backbone, substituted on the 2-position with 2- and 3- linked mannose. This 3-linked mannose
(2/4,6-tri-O-mannose) proportion is substantially lower in p-Cs than in the control, which agrees with the
results previously reported [144]. The high proportion of 3,4,6-tri-O-methyl mannose (2-linked mannose)
in p-Cs can be observed in comparison with the control (p-Sc); therefore, the C. stellata mannoproteins
released into the wine present a greater branched structure than those released by the control (Figure 4b).
Also, sequential fermentation contained mannoproteins structurally similar to those in the monoculture
with C. stellata. This could be explained by the important contribution of C. stellata strain to wine
composition before the inoculation of S. cerevisiae strain.

11. Conclusions

At present, a preliminary genetic study needs to be used before the application of Candida stellata
in food and beverage processing. This research should help to distinguish it from other closely related
species within Starmerella clade.
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Abstract: The saprophytic yeast-like fungus Aureobasidium pullulans has been well documented
for over 60 years in the microbiological literature. It is ubiquitous in distribution, being found
in a variety of environments (plant surfaces, soil, water, rock surfaces and manmade surfaces),
and with a worldwide distribution from cold to warm climates and wet/humid regions to arid ones.
Isolates and strains of A. pullulans produce a wide range of natural products well documented
in the international literature and which have been regarded as safe for biotechnological and
environmental applications. Showing antagonistic activity against plant pathogens (especially
post-harvest pathogens) is one of the major applications currently in agriculture of the fungus,
with nutrient and space competition, production of volatile organic compounds, and production of
hydrolytic enzymes and antimicrobial compounds (antibacterial and antifungal). The fungus also
shows a positive role on mycotoxin biocontrol through various modes, with the most striking being
that of binding and/or absorption. A. pullulans strains have been reported to produce very useful
industrial enzymes, such as 3-glucosidase, amylases, cellulases, lipases, proteases, xylanases and
mannanases. Pullulan (poly-«-1,6-maltotriose biopolymer) is an A. pullulans trademark product with
significant properties and biotechnological applications in the food, cosmetic and pharmaceutical
industries. Poly (3-L-malic acid), or PMA, which is a natural biopolyester, and liamocins, a group
of produced heavy oils and siderophores, are among other valuable compounds detected that
are of possible biotechnological use. The fungus also shows a potential single-cell protein source
capacity with high levels of nucleic acid components and essential amino acids, but this remains to
be further explored. Last but not least, the fungus has shown very good biocontrol against aerial
plant pathogens. All these properties are of major interest in the vitivinicultural sector and are
thoroughly reviewed under this prism, concluding on the importance that A. pullulans may have if
used at both vineyard and winery levels. This extensive array of properties provides excellent tools
for the viticulturist/farmer as well as for the oenologist to combat problems in the field and create
a high-quality wine.

Keywords: Aureobasidium pullulans; biotechnological applications; viticulture; enzymes; non-Saccharomyces
yeasts

1. Introduction

The genus Aureobasidium includes members of a ubiquitous nature that are able to survive
in a diverse range of habitats. Aureobasidium pullulans is one of the common organisms readily
found in most phyllospheric habitats including grapevines, with high morphological and genetic
diversity [1]. A. pullulans is a yeast-like fungus (Figure 1) frequently isolated from the phyllosphere
and carposphere of fruits and vegetables crops [2], and is associated with the endophyte population of
many plant species possessing high antagonistic activity [3]. A. pullulans is one of the predominant
yeast species isolated from grape berries at all stages of maturity [4] and other vine tissues from both
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diseased and healthy vines [2]. This observed abundance led many scientists to explore its biocontrol
potential for important grape diseases such as Botrytis grey mould [5], and for bunch rot caused
by species of Aspergillus [6]. Interestingly, Dimakopoulou and coworkers [7] found that isolate of A.
pullulans was as effective as commercial fungicides for bunch rots. A. pullulans may also degrade and
detoxify ochratoxin A, preventing wine contamination [8]. Nowadays, A. pullulans’ diverse habitats,
environmental conditions with a repertoire of biochemical characteristics, make it a first -lass source
for biotechnological uses even across boundaries. The biosafety of A. pullulans has been explored
as well, although most studies are related to immunocompromised individuals undergoing surgical
treatments, for severe injuries with open wounds or those suffering serious diseases (AIDS, pulmonary
infections and chronic diseases). Reports describe the infections as serious due to their severity and
difficulties in treatment, although the isolates were not exhibiting resistance. In addition, the fungus
shows strong affinity to synthetic materials and surgically implanted Silastic devices [9]. Although
outside the scope of this review, it is worth mentioning the potential role of pullulan in biomedical
applications reviewed by Singh and coworkers [10].

Figure 1. Aureobasidium pullulans (a) colony on Sabouraud Dextrose Agar (b) microscopic view of
yeast-like cells with characteristic pseudomycelium, (c) characteristic microscopic view of yeast-like
cells of various shapes and sizes.

2. Distribution and Diversity

As already mentioned, A. pullulans is characterized by its vast habitat presence. In the following,
we will only refer to the presence of the fungus on the vine and must, although it is well practiced
today that biotechnological applications could be across very isolated boundaries in order to make use
of unique useful traits.

It has been recorded that soil, grape variety and grape growing practices influence the microbial
ecosystem [11-13]. Microbial species present on the surface of grape berries at harvest play
an important role in winemaking, and thus, counting and identifying them is of great importance.
Studying several regions in the Bordeaux area, Renouf et al. [13] found that A. pullulans, the most
widespread yeast species at the berry set, was never detected at harvest. Its number fell significantly at
veraison, as it was superseded by fermentative yeasts, and was finally undetectable at harvest.

On the contrary, A. pullulans was found at significant high levels at studies conducted in Italy [14],
Spain [15], Canada [16], Australia [4] and South Africa [17], while it often was isolated from Brazil,
France, New Zealand, Greece and Slovenia, [18-22] as reviewed by Bozoudi and Tsaltas [12].

A. pullulans was also isolated from the grapes of the indigenous Cypriot varieties Xinisteri and
Maratheftiko at low rates (6.29%; Bozoudi et al., unpublished data). Work from Zalar et al. [23],
on A. pullulans diversity, describes that the fungus occurs particularly in the phyllosphere. Although
A. pullulans is one of the most abundant microorganisms on grape berries and other vine tissues,
the diversity of Aureobasidium spp. on vine tissues has not been explored.

Rathnayake et al. [24] reported that the diversity of Aureobasidium isolates from different tissue
types was greater than on a regional scale. The authors reported that the vineyards treated with no
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fungicides were having differences in colonization, having higher genetic variation in the Aureobasidium
isolates observed. Additionally, they show that the Aureobasidium population may have been
established for a long period of time, and being adapted to the climatic conditions. Alternatively,
the introduction of rootstocks could have co-introduced new isolates. Therefore, it is possible that the
genetic variation expressed by the Aureobasidium isolates from different vineyards in close proximity
may be the result of evolution of these isolates over time in order to cope with different environmental
selection pressures [24].

A. pullulans is characterized by high genetic variability [25]. Morphological and cultural
characteristics alone are not sufficient to assess interspecific variability and to differentiate
closely related strains. Thus, RAPD-PCR and other PCR techniques were used to successfully
differentiate A. pullulans populations and to obtain information about the genetic complexity of
this microorganism [26]. Small groups of strains of A. pullulans were described as varieties in the
literature [23]. In 2014, [1] with the publication of four species’ genome sequences, we cleared
up significantly the knowledge of the genus and the discrimination of the species A. pullulans,
A. melanogenum, A. subglaciale and A. namibige. By comparison of their genomic data, Gostincar
and coworkers showed that the differences between these “varieties” were large enough to justify
their redefinition as four separate Aureobasidium species. These new data help address and explain the
differences between strains and “varieties”, which are of course attributed to different genetic material,
coding for potentially different traits from the proteins that they encode. This work redefined clearly
that the opportunistic human pathogens belong only to A. melanogenum, and we can now have a more
clear understanding of the molecular background of Aureobasidium spp.

3. Products

A. pullulans has been known since 1891, as reported in the work of Cooke [27]. This allowed
the scientific community to have gathered a substantial amount of information on the lifestyle
and physiology of this fungus. A wide array of products have been isolated, characterized and
tested for various biological and nonbiological functions. Antimicrobials, enzymes, polysaccharides,
siderophores, polyesters and heavy oils are among the most prominent and will be reported
analytically below.

3.1. Antimicrobials

Bacteria and yeasts are most likely to show a mutualistic behavior to each other in order to
efficiently colonize the berries’ surfaces. During these interactions on the berry surfaces, they may
have increased nutrient-capture capabilities, resisting environmental stresses and interacting also with
other categories of microorganisms such as moulds as well as viruses. Among yeast and bacteria,
some species are known to have an antagonistic effect on mould development. A. pullulans is known
to possess antagonistic properties towards other yeasts and fungi, and it can be speculated that it may
influence the overall grape ecology [4].

It has been reported that A. pullulans exhibits reduction of Botrytis cinerea growth on the surface
of table grape berries [13]. The proposed mechanisms explaining this antifungal activity were
exclusion by bacteria and yeasts of fungal adhesion sites [28], competition for nutrients [29] and
production of antagonistic metabolites or lytic enzymes. It is described that A. pullulans secretes
chitinase and glucanase enzymes able to hydrolyse moulds [30]. In addition, an A. pullulans strain
was found to produce antimicrobial compounds that were inhibitory towards the Gram-negative
Pseudomonas fluorescens and Gram-positive Staphylococcus aureus bacteria [31]. The antibacterial activity
of A. pullulans strains was attributed to 2-propylacrylic acid, 8,9-dihydroxy-2-methyl-4H,5H-pyrano
[3,2-c]-chromon-4-one, 2-methylenesuccinic acid and hexane-1,2,3,5,6-hexol [32]. More work on
antifungal properties was performed and a group of antifungals was named as aureobasidins.
Aureobasidins are derivatives of cyclic deosipeptides (molar mass ranging 1070-1148 Da). Depending
on their structures, aureobasidins are designated with the letters A to R [33]. Aureobasidin A seems to
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be reported in most cases, while work on factors affecting their production and activity has shown
that glucose increases antifungal activity, and that the culture medium’s amino acid composition has
a variable role in some cases [34].

3.2. Enzymes

As reported above, enzymes may play a role as antimicrobials, but enzyme production and
enzymatic activity have important roles in various biotechnological applications. A. pullulans is
reported to produce amylases [35], cellulases [36], lipases [37], xylanases [38,39], proteases [40-42],
laccase [43] and mannanases [44]. Currently in the wine industry, pectinases, glucanases, xylanases
and proteases are used to improve the clarification and processing of wine. In addition, glycosidase is
used for the release of varietal aromas from precursor compounds, urease for the reduction of ethyl
carbamate formation, and glucose oxidase for the reduction of alcohol levels [45].

B-glucosidase has been also detected in A. pullulans [36,46,47] as well as glucose oxidase [48].
Urease activity has not been reported to the best of our knowledge. The work of Baffi et al. [49] is
characteristic of the potential of non-Saccharomyces yeasts and their role in wine aroma, since they
observed a notably increased amount of monoterpenes. Secreting cold-active pectinolytic activity has
been also documented [50,51] and has good potential in winemaking as well.

Lastly, of interest is the indirect role of enzymes in the possible microbial relations on the grape
berries, because intact grape berry surfaces are likely to be poor in carbon. A. pullulans may well be
a slowly rotting machine orchestrating the degradation of epidermal cells via pectolytic or cellulolytic
activities, necessary to degrade pectin and cellulose, the most important plant cell constituents.
A. pullulans produces extracellular pectolytic enzymes while growing on medium containing pectin as
sole carbon source [52]. Also, pectinases are inducible in carbon starvation conditions according
to Biely et al., [53] and pectinolytic activity of A. pullulans is maximum when pectin is the sole
carbon source.

3.3. Pullulan and Other Polysaccharides

A. pullulans produces an extracellular and unbranched homopolysaccharide: the pullulan,
which consists of «-(1—6) linkages of o-(1—4)-linked maltotriose units [54]. This flexible and sticky
polymer can form an oxygen-impermeable film, a property which is especially interesting to the
understanding of the presence of several anaerobic bacteria on the berry. Moreover, the pullulan
envelope may facilitate the adhesion of the bacterial cells to the berry surface. In order to preserve cell
populations, the microorganisms need nutritive sources. The biofilm may act as a nutrient trap [55].

Pullulan production during initial fermentation stages by the fungus may help with must
stabilization and improving mouth feel of wine due to the molecule’s rheological properties in both
aqueous and/or ethanolic media. Polysaccharides may also improve aroma and flavor delivery and
perception also due to their physicochemical reactions with the aromatic compounds. In addition,
polysaccharides (and pullulan) can retain better the colour and the antioxidant capacity of red wine.

Recently, other properties of pullulan have been explored, such as applications in medical sciences,
particularly drug delivery, as well as the interaction of the molecule with various types of cells (liver,
cancer cells) [56,57]. Such properties could be very interesting in the enhancement of the antioxidant
role of red wine, as well as in the investigation of the beneficial role of wine in human health in general.

Other interesting extracellularly produced polysaccharides by A. pullulans include soluble
-glucan, consisting of a 3-(1,3)-linked glucose main chain, and 3-(1,6)-linked glucose branches.
B-glucan exhibits immune stimulatory activity, and is consumed as a supplement in many countries.
Also, A. pullulans culture supernatant is believed to exhibit beneficial effects in delaying the onset
of a number of diseases, and has been reported to exhibit antitumor, antiallergy and anti-infectious
disease activities in mouse models [58-68]. An interesting review by Li et al. [69] on Aureobasidium spp.
and biosynthesis and regulation of their extracellular polymers should be read by anyone interested in
the field.
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Lastly, there is interest in wine waste as a substrate for A. pullulans growth and pullulan
production [70-72]. Grape skin pulp is considered as one of the best substrates for pullulan production,
especially hot water extracts of the pulp. The product is of higher molecular weight and rather pure.

3.4. PMA

Poly (B-L-malic acid), or PMA, is a natural biopolyester produced by many microorganisms
including A. pullulans. The interest in this molecule derives from its properties being biodegradable,
water soluble and biocompatible, and its uses in the pharmaceutical industry [73-76]. No applications
in the wine industry have been reported, but possible relationships can be explored via wine waste as
substrate for PMA production and PMA as a coating for grape postharvest protection.

3.5. Liamocins

Back in 1994, Kurosawa et al. [77] discovered the production of heavy oils in the culture medium
of Aureobasidium sp. In 2013, Price et al. [78] named them liamocins, and further clarified their
molecular structure consisting of a single mannitol headgroup that is partially O-acetylated with
3,5-dihydroxy-decanoic ester groups. Liamocins showed immediately their interesting biological
activities as antimicrobials [79,80] and anticancer agents [81,82].

Liamocins’ role in plant disease control (grapes) and their role in wine in a technological aspect,
as well as towards human health, remain to be explored.

3.6. Siderophores

Siderophores are low-molecular-weight high-affinity iron-chelating molecules that are produced
by many microbes (fungi and bacteria) living under iron-depleted environments. The molecules
help to sequester and solubilize the iron (Fe>* and Fe?" ions). Siderophores are very interesting
molecules for medical, agricultural and environmental applications, and have been of interest in
biotechnology. Although only one strain of A. pullulans (HN6.2) has been reported in the literature
to produce siderophores, studies of A. pullulans isolates report the effect and role of siderophores in
biocontrol processes of plant and human pathogens [1,44,65,83-88].

4. Single-Cell Protein

With the world population reaching 9 billion by 2050, there is strong evidence that agriculture
will not be able to meet the demand for food, and particularly protein, and as a result, food security is
under serious threat. Common agriculture has serious drawbacks such as high water footprint, high
land use, biodiversity loss, soil erosion, and contribution to climate change of a third of all greenhouse
gases. For these reasons, food out of microbes is considered a sustainable way to proceed.

The biomass and protein extracted from cultures of fungi, bacteria and algae may be used as
an ingredient or a substitute for protein-rich foods. Single-cell proteins (SCPs) refer to edible unicellular
or multicellular microorganisms. The products are of high value, suitable for animal and human
consumption, and efforts to grow SCP on agricultural and food waste as well as autotrophically are
quite successful.

A. pullulans has not been explored for its use as a source of SCP, but fungi proteins have more
advantages than those obtained from bacteria and algae [89]. Work from Chi et al. [90] showed that
A. pullulans isolates had high levels of nucleic acid components and essential amino acids. Such
properties could be helpful in wine fermentation if these components can be used for feeding the
alcohol- and aroma-producing yeasts. Alternatively, dried, lysed A. pullulans cells can be a source of
feed for wine fermenting yeasts [91,92].
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5. Biocontrol Agent

A. pollulans’ biocontrol capabilities have been explored for many years for diseases in both the
field and post-harvest. In addition, diseases of the phylloplane and the carposphere, as well as diseases
of the internal tissues, have been combated less or more successfully. The antagonistic feature of
fungi may be attributed to competition for nutrients and space, parasitism on the fungal pathogens,
secretion of antifungal compounds, attachment and biofilm formation, production of volatile organic
compounds, as well as the induction of host plant resistance [93].

As a fast-growing yeast-like fungus, A. pullulans competes for nutrients as well as space.
Extracellular polysaccharides, enzymes as well as other secreted molecules (liamocins, aureobasidins
etc.) require significant amounts of carbon and nitrogen sources, as well as other micronutrients
that are soon depleted from the environment and their competitors. In addition, pullulan and/or
other high-MW molecules take space while at the same time creating a less favorable or even hostile
environment for plant pathogens.

5.1. Competition for Nutrients

In 2006, Bencheqroum et al. [94] presented their first data that application of high amounts of
exogenous amino acids, vitamins or sugars on apple wounds significantly reduced the protective
level of A. pullulans, and in 2007, [95] the authors confirmed with in-vitro and in-situ evidence that
competition for apple nutrients, most particularly amino acids, may be a main mechanism of the
biocontrol activity of A. pullulans.

5.2. Competition for Space

Competition for space is amongst the most common but efficient ways in which biocontrol agents
operate. Speedy growth helps a microorganism to dominate the space over slow growers. In addition,
certain microbes occupy extra space with copious amounts of secreted polysaccharides that have
both direct (occupying space) and indirect (attachment inhibitors, growth inhibitors etc.) roles on the
growth of competitors. Schena and collaborators [26,96] have tested various isolates from different
sources (epiphytic and endophytic) of A. pullulans, and showed good results in biocontrol of various
postharvest diseases of fruits and vegetables.

5.3. Production of Volatile Organic Compounds

Volatile organic compounds (VOCs) could play an essential role in the antagonistic activity of
A. pullulans against postharvest pathogens. Mari et al. [97] suggested first that A. pullulans L1 and L8
strains could be considered as good candidates for the development of biofungicides. Compounds
such as 2-phenyl, 1-butanol-3-methyl, 1-butanol-2-methyl and 1-propanol-2-methyl belonging to the
group of alcohols are mainly produced from A. pullulans within 3—4 days of growth. 2-Phenethyl
alcohol was determined as the most active, with ECs values lower than 0.8 pL ml~?, responsible for
reduction of vegetative growth and sporulation, and also reducing ochratoxin A (OTA) production
and OTAbiosynthetic gene expression [98]. Similar results have been recently confirmed for other
yeasts as well, [99] so it is worthwhile to revisit the A. pullulan isolates’ VOCs capacity.

5.4. Production of Hydrolytic Enzymes

Hydrolytic enzymes were always considered first in biological control modes of action against
pathogens. Chitinase and glucanase are amongst the most prominent enzymes having a role in
biological agents’ biocontrol activity. In addition, killer toxins have been attributed to have a role in
fungal-fungal interactions [100,101].
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5.5. OTA Biodegradation, Detoxification and Absorption

Mycotoxins could be decomposed, transformed or absorbed by microorganisms [102]. Their
microbial degradation or transformation with specific attention to the actual detoxification is
an important feature of various microorganisms [103]. De Felice and coworkers [104] showed that
A. pullulans can transform OTA to OTA«x on berries.

Yarrowia lipolytica Y-2 has the capacity to biodegrade OTA to OTA« through the hydrolytic
activity of carboxypeptidases [105]. The same authors also support that, in addition, many proteins
of Y. lipolytica Y-2 involved in stress response and reactive O, species elimination also play a role in
OTA degradation. In the case of A. pullulans, carboxylpeptidases should be specifically explored for a
similar role, though there are some toxicity issues regarding the use of enzymes to degrade OTA in
wine because of their undesirable effects on must fermenting microbes [106]. More information can be
found in an excellent review by Zang et al. [107]

6. Aromatic Properties

Microorganisms of enological interest have been grouped into three main classes: (a) easily
controllable species without the ability to spoil wine when good manufacturing practices are applied,
(b) fermenting species responsible for sugar and malic acid conversion, and (c) spoilage species [2].
As previously mentioned, A. pullulans holds a dominant position in most grapevine terroirs studied,
and is classified in the first group. In grape microbiome reported work, A. pullulans emits typical,
well-known flavour components of red wine (i.e., 2-methylbutanoic acid, 3-methyl-1-butanol and
ethyl octanoate) [108]. It is not yet reported whether endophytic microorganisms have a role on grape
aromatic compounds, but grapevine endophyte studies have progressed, and are very likely to identify
such interplay in the near future [109,110]. Also, as referred to earlier (Section 3.2), 3-glucosidase and
pectinases have been involved in aroma production [49-51,111,112].

7. Conclusions and Future Perspectives

Aureobasidium pullulans’ cosmopolitan presence has been well documented in the past 100 years.
The list of properties (Table 1) of this yeast-like fungus is still growing. Here, we have presented what
has been documented in relation to the microorganism and fruits, other microorganisms, as well as
wine fermentation. A. pullulans has a vast potential in biotechnological uses, and in particular, in the
vitivinicultural sector. In addition, new exotic isolates from extreme environments are likely to enhance
significantly the repertoire of properties. Enzymes and metabolites of these isolates are very likely to
help us resolve many technological problems requiring extreme solutions. In our conclusion, two major
research directions are currently suggested, and these are: (1) reexamining all isolates in laboratory
collections with the current knowledge of properties and molecular analysis tools (DNA/RNA level
and proteins, including phylogenetics), and (2) exploring all known products of A. pullulans for novel
uses and functions in the vitivinicultural sector, as described earlier.



Fermentation 2018, 4, 85

Table 1. Aureobasidium pullulans main properties.

Main Property Specific Property Strain # Reference
Antimicrobials FRR4800, WH9 [28-30]
NRRL 58561, NRRL 58562,
Antibacterial NRRL 58563, NRRL 58514, [31-34]
(Aureobasidins) NRRL 58536, NRRL 58516,
NRRL 58517, NRRL 58520
Enzymes Lytic enzymes
Amylases Caul9 [113]
Cellulases ER-16 [36,114]
Lipases HN2-3 [37,115]
Xylanases ATCC20524 [38,39]
Proteases HN2-3, 10, PLS [40-42]
Laccase NRRL50381 [43,116]
Mannanase [44,117,118]
B-glucosidase NRRL Y-12974, Ap-beta-gl [36,46,49]
Pectinolytic GM-R-22, LV-10 [50-53,111]
CGMCC1234, P56, CH1, ATCC
Pullulan 201253, HP2001 [54,56,119-122]
B-glucan SM2001 [58,59,61,63,64,66-68,123-125]
PMA CCTCCM2012223 [73-76]
Liamocins NRRL 50380 [78,126]
Siderophores HNG6.2, Y-1 [83-87]
Single-Cell Protein G7b, 4#2 [90]
SL250, SL.236, L47, Achl-1, 533,
Biocontrol 547,11, L8, ACBL77, LS30, [3,26,94-97,100,101,104,127,128]
AU34-2
Aromatic Compounds T4B1c.17-P [108]
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Abstract: The genus Zygosaccharomyces is generally associated to wine spoilage in the winemaking
industry, since a contamination with strains of this species may produce re-fermentation and
CO; production in sweet wines. At the same time, this capacity might be useful for sparkling
wines production, since this species may grow under restrictive conditions, such as high ethanol,
low oxygen, and harsh osmotic conditions. The spoilage activity of this genus is also found in fruit
juices, soft drinks, salad dressings, and other food products, producing besides package expansion
due to gas production, non-desired compounds such as ethanol and esters. Despite these drawbacks,
Zygosaccharomyces spp. produces high ethanol and acetoin content in wines and may play an
important role as non-Saccharomyces yeasts in differentiated wine products. Control strategies, such as
the use of antimicrobial peptides like Lactoferricin B (Lfcin B), the use of dimethyl dicarbonate
(DMDC) or non-thermal sterilization techniques may control this spoilage genus in the food industry.

Keywords: wine; Zygosaccharomyces rouxii; re-fermentation; spoilage-control; non-Saccharomyces;
high-ethanol

1. The Genus Zygosaccharomyces

There were nine species accepted in the genus Zygosaccharomyces at the beginning of the century [1],
and by then, the genus also included Zygosaccharomyces rouxii (Z. rouxii). Nonetheless, the number of
species of the genus Zygosaccharomyces has increased rapidly over the past years and the classification of
the genus by 2014 included the following species: Z. bailii, Z. bisporus, Z. gambellarensis, Z. kombuchaensis,
Z. lentus, Z. machadoi, Z. mellis, Z. parabaillii, Z. pseudobailii, Z. pseudorouxii, Z. rouxii, Z. sapae, and Z.
siamensi [2]. Out of the recently isolated species, Z. pseudorouxii is closely related to the species Z. sapae.
Some of these species affect the food and beverage industries as spoiling microorganisms, and others are
associated with fermentations and sweet foodstuff like honey. From the aforementioned species, only Z.
rouxii and Z. bailii have their genome sequenced [2]. In this way, from the osmophilic yeasts, being the
first cause of fruit juice spoilage, the genus Zygosaccharomyces is the most frequently described [3].

The genus Zygosaccharomyces is related to an important genus in winemaking, Saccharonyces, and at
the same time, is a genus involved in food and beverage spoilage [4]. This genus is considered a spoiling
microorganism since it shows high tolerance to osmotic stress, and therefore, the Zygosaccharomyces
species can grow in harsh environments with high sugars concentration. In this regard, contamination
by these microorganisms is often seen in fruit juices, sauces, carbonated soft drinks, salad dressings,
ketchup [1], sugar syrups, candied fruit, jams and preserves, tomato sauce, and wines [5]. Wine is
subjected to spoilage by this genus, since it is also capable of growing at very low pH values.

This genus can also resist extreme conditions in the presence of organic acids, low oxygen levels,
and high concentration of permitted preservatives [6]. These preservatives, commonly used in the
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food production industry, comprise the use of sorbic acid, benzoic acid, acetic acid, and ethanol [5]
and up to 200 mg/L SO, in winemaking.

The physiology, the metabolism, and the spoilage/industrial activity of the species Z. rouxii,
where the morphology is shown in Figure 1, will be described in the following sections.

¢ P

10 um
N

Figure 1. Optical microscopic picture of the species Z. rouxii (100 x magnification).

2. Physiology and Metabolism of Z. rouxii

The species Z. rouxii and Z. bailii are associated with food spoilage, especially affecting those
products with a high concentration of sugar and/or salt, low pH, or week-organic acids content.

From these species, Z. rouxii is able to endure very low water activity (a,,) environments, and due
to this, it is one of the most xerophilic organisms known. It can grow in food with up to 70% glucose in
their composition, and some strains survive to even higher concentrations, 5 M (>90% w/v) and 5.5 M
glucose (saturated glucose solution) [7,8]. Moreover, it opts to consume fructose over glucose, being
the reason why it is considered a fructophilic yeast. As a fructophilic yeast, Z. rouxii possesses genes
FFZ that encode specific fructose facilitators and proteins, which have been characterized for both
species, Z. rouxii [9] and Z. bailii [10]. The fructose transporter systems mediate the uptake of hexoses
via a facilitated diffusion mechanism. Figure 2 is a schematic representation of such transporters
during ethanol fermentation. ZrFfz1 and ZrFsy1 are fructose transporters, Hxt is a hexose transporter,
and ZrFfz2 is a fructose/glucose transporter. The intermediate reactions in the production of fructose
1,6-bisphosphate from glucose and fructose, double phosphorylation in glucose, and phosphorylation
in fructose, are not shown.
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Figure 2. Fructose and glucose transporters during Z. rouxii ethanol fermentation.

The yeast species Zygosaccharonyces rouxii is usually haploid and heterothallic [11]. Besides being
osmophilic and xerophilic, it is also considered acid-tolerant. The species can adapt and grow in acidic
media at pH values of 2.2 or even as low as 1.8 [7,11], being the reason why this species could either
spoil products, such as grape juice concentrates [12] or be used industrially in the production of soy
sauce and miso paste [11]. Total inhibition is achieved at pH values below 1.7, although this might be
difficult to achieve at an industrial scale [13]. Assuring pH 2.2, food products such as concentrated
grape juice, could extend their shelf-life significantly for storage or shipping overseas.

In terms of inhibition temperature, 47 °C is needed to reduce log2 CFU/mL in inoculums of
spoilage yeast species Z. rouxii, P. guillermondii, and Z. lentus [7]; nonetheless, some strains require
higher temperatures, between 55 °C and 60 °C, to inhibit their growth.

Water activity tolerance is one physiological difference between the species Zygosaccharomyces
rouxii and Zygosaccharomyces bailii. The species Z. rouxii can tolerate low water activity (ay)
environments, whilst Z. bailii requires environments with (a) of at least 0.85 [7]. This characteristic
makes it difficult for Z. bailii to survive in high sugar foods, such as syrups and candied fruits.

The yeast species Zygosaccharomyces rouxii, as well as other osmotolerant microorganisms,
adjusts its internal osmotic pressure to tolerate high concentrations of salt (NaCl) of about 34 M
(ca. 20% w/v) [14]. The mechanism is the efflux of sodium cations (Na*) from cells under high
concentration of salt [11]. A change in the fluidity of the lipidic cell membranes has been observed
when exposing yeast cells to 15% NaCl [14]. The lipid composition of the cell membrane and the plasma
membranes changed by means of a decrease in the degree of saturation, an increase in ergosterol
concentration, and a decrease in the phospholipid to protein ratio. The accumulation of glycerol as a
compatible solute is a mechanism that Z. rouxii follows to survive to high osmolarity. This protects the
cell against lysis [11].

Another metabolic feature of this yeast is the production of volatiles in high-sugar food matrices
at an early stage; this would indicate the presence of spoilage yeast Z. rouxii. Ethanol, acetone, ethyl
acetate, acetaldehyde, or 3-methyl-1-butanol could be detected by analytical techniques and even
before the human nose is able to [15].

3. Food Spoilage Activity

As already described, the physiologies of Zygosaccharomyces rouxii, comprising the osmotolerance,
the xerophilic ability, the fructophilic capacity, and the weak-acid tolerance, are responsible for
causing food spoilage. The food products prone to growing spoilage microorganisms include juice

165



Fermentation 2018, 4, 69

concentrates, sugar syrups, honey, jams, confectionary products, and dried fruits [16]. Among several
fruit concentrate juices, those with a higher incidence of Z. rouxii, even after 16 months stored
at —18 °C, are cherry and orange juices; grape concentrated juice grew populations of C. stellate,
K, thermotolerans, P. anomala, S. cerevisiae, and Z. rouxii [17]. Despite the presence of other yeast species
in non-spoiled juices, 100% of the yeasts isolated in spoiled concentrated grape juice, belonged to the
species Zygosaccharomyces rouxii [18].

One of the most obvious effects observed in food products after the contamination of spoilage
yeasts, is the production of excess gas. This gas compromises the integrity of the food package
as it can swell containers, and it could also be responsible for “blown” cans or exploding glass
bottles. This excess gas is the result of the fermentation of sugars by yeasts, during the product’s
shelf-life. The volume of gas produced is variable and so is the pressure inside the food package;
this effect depends on the fermentative yeast species and their fermentation power. In this matter,
three Zygosaccharomyces species (Z. lentus, Z. bailii, and Z. rouxii) produced larger amounts of gas in
comparison with other spoilage yeast genera (P. guillermondii, C. halophila and C. magnolia), as evidence
of the high fermenting capacity of Zygosaccharomyces genus in food with high sugar content [7].

Taking all this into consideration, the efforts in controlling the spoilage yeasts should not just
focus on the conservation alternatives using preservatives, but also in the production facilities in terms
of hygienic practices to avoid the contamination of piping, containers, and any other equipment and
machinery. The quick detection of spoilage microorganisms, would solve contamination in the initial
stage and save related costs.

4. Detection

Food spoilage caused by Zygosaccharomyces rouxii strains, is perceived by consumers due to
the formation of non-desired odors affecting the products. In products where the aroma profile is
synonymous of quality, like apple juice, the presence of such aromas may contribute to increased
product waste. Electronic noses (e-nose) may detect the contamination by Zygosaccharomyces rouxii
strains, even at populations as low as log2 CFU/mL, during the production stage or in the
product’s shelf life [19]. The electronic noses work with gas sensory array technology and are able
to detect changes in the volatile pattern associated with microorganism spoilage [20]. Organic
acids and esters, are compounds detectable by e-noses which indicate microorganism activity.
The production of such volatiles is then related to a certain microorganism; this characteristic
makes this technique even able to distinguish contamination coming from different species [21].
No sample preparation is needed when using the e-nose technique, but a series of sensors able
to distinguish among aromatic compounds, nitrogen oxide, ammonia, alkanes, methane, Sulphur
compounds, alcohol, etc. are required [15]. These electronic noses could be coupled with chemometric
analysis, for the early diagnosis of the contamination by Z. rouxii strains in apple juice [19].
Other analytical techniques, more expensive than e-noses, but quite extended on the identification and
quantification of spoilage yeast metabolites among other compounds, are gas chromatography and
liquid chromatography. Gas chromatography coupled with mass-spectrometry, detects concentrations
of guaiacol, 2,6-dibromophenol, and 2,6-dichlorophenol in kiwi juices [22]; ultra-high-performance
liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS), is suitable to
identify molecules from different mycotoxins present in cereal syrups [23]. The selection of the
appropriate analytical technique is also related to the stability and solubility of the target molecules,
and no less important is the sample preparation, which may include solid phase extraction, partitioning
via salting-out interfaces between aqueous and organic solvent layers, etc.

Although several analytical techniques might help in identifying the presence of Zygosaccharontyces
genus in food products and in winemaking by the detection of molecules associated to its metabolic
activity, the use of primers with plasmid DNA in multiplex polymerase chain reaction (PCR) would
also allow the identification between Z. rouxii and Z. bailii, as well as to differentiate this genus
from the species S. cerevisiae [24]. This method was used in the late twentieth century and it later

166



Fermentation 2018, 4, 69

allowed the identification of the genes TPS1 and TPS2, encoding trehalose-6-phosphate synthase and
trehalose-6-phosphate phosphatase, respectively [25], for the synthesis of trehalose; or the identification
of the nucleotide sequence of the genes Nq*/H*-antiporter (ZSOD2 and ZSOD22) related to the
salt tolerance of this yeast species [26]. Lately, the use of pre-treatment methodologies in PCR
analysis, has allowed the identification of the food-spoilage yeast Z. rouxii in real apple juice samples.
Double washing dielectrophoretic (DEP) manipulation of yeast cells, is one of such pre-treatments [27].
The DEP device washes out PCR inhibitors and improves the analysis.

The use of selective high-sugar medium, such as PYGF broths with 300 g/L glucose and 300 g/L
fructose, may also help in isolating osmotolerant and fructophilic yeast strains present in food matrices,
for further identification during microbiological controls and detection [15].

5. Control Strategies

Zygosaccharomyces bailii species has shown high resistance to food preservatives, such as sorbic
acid, benzoic acid, acetic acid, cinnamic acid, ethanol, and to heat. On the other hand, they lacked
resistance to peracetic acid or hypochlorite, suggesting the possibility of using biocidal cleaning
agents to control their population in production facilities [7]. Regarding sanitization practices, it is
interesting to pay attention to the materials used in the food industry. Frisén, Chiericatti, Aringoli,
Basilico, and Basilico [28] have compared the effect of different sanitizing materials, such as peracetic
acid, monochloramine, iodophor, and quaternary ammonium compounds, in a variety of surfaces,
including wood, glass, PVC plastic, and stainless steel, against the yeast species Zygosaccharomyces
rouxii. The results obtained revealed that peracetic acid was effective to avoid contamination by Z.
rouxii, and it was preferred over the rest of the products tested due to its higher safety. Stainless
steel was completely sanitized with all the compounds tested, being the reason why it shall be more
appropriate to use this material in the diverse food industry sectors. Regarding limiting growing
conditions for Z. rouxii, these have been determined as glucose concentration above 5M, temperature
above 46.5 °C, and pH lower than 2.2 [7]. This yeast could also produce 31.5 mL of gas in substrates
with 2% glucose, and up to 102 mL of gas in substrates with 18% glucose. Table 1 summarizes the
comparison of different preservatives and disinfectants, and the minimum concentration for their
inhibitory effect.

Zygosaccharomyces rouxii, similar to Z. bailii, has a high resistance to different chemical compounds
used as food preservatives. Hydroxycinnamic acids, such as caffeic acid and p-coumaric acid,
have a rather low inhibitory effect of around 15%, whilst preservatives like potassium sorbate, sodium
benzoate, dimethyldicarbonate, and vanillin can inhibit the growth of this yeast species up to 40% [29].
The acetic acid has an impact in the respiratory activity of the halo-tolerant yeast Zygosaccharomyces
rouxii R-1, and it also inhibits the formation of cytochromes. Z. rouxii was significantly inhibited, and
its growth was considerably reduced, in the presence of 0.5% acetic acid and also in media containing
NaCl above 18% [30].

The use of thermo-sonication, ultrasounds in combination with heat, to inactivate
Zygosaccharomyces rouxii strains at different pH and water activity conditions [31], results in a reduction
of >log5 CFU/mL of yeast population. The higher the temperature of sonication, the greater the
effect of the temperature in the inactivation. The use of ultrasounds under these conditions produces
irreversible cell damage contributing to yeast inactivation; the synergetic contribution of lower water
activity (a,) and pH decreases with lower temperatures of sonication. Therefore, this approach might
be useful as an alternative to traditional pasteurization of fruit juices.
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Dielectric barrier discharge (DBD) plasma at 90W for 140 s, have shown to reduce log5 viable
Z. rouxii cells in apple juice [6]. The DBD plasma have produced alterations in the permeability of
the Z. rouxii cell membranes, and as a result, the release of intracellular macromolecules, such as
nucleic acids and proteins. The disruptions caused in the cell membrane are observable with scanning
electron microscopy (SEM) imaging. During DBD plasma processing, reactive species like HyO, and
NO; were produced, and these reactive compounds would contribute to the inactivation of Z. rouxii
together with the alterations produced in the membrane permeability. A drawback on the use of DBD
plasma, is the negative effect on color parameters of apple juices treated. The juices reported higher
acidic values, whilst on the other hand, the content of reducing sugars, total soluble solids, and total
phenolics remained practically without change. DBD plasma might then be used as effective control
technique to inactivate Z. rouxii in apple juice.

Other control strategies may involve the use of antimicrobial peptides such as Lactoferricin B
(Lfcin B) and the use of killer toxins.

Lfcin B is a peptide produced after the gastric digestion of protein lactoferrin from bovine origin,
and according to Escott, Loira, Morata, Bafiuelos, and Sudrez-Lepe [32], it has antibacterial and
antifungal properties, besides being considered a peptide with antiviral, antitumor, anti-inflammatory,
and immunoregulatory properties. These properties have shown to have an effective antimicrobial effect
against spoilage yeasts, such as Dekkera bruxellensis and Zygosaccharomyces spp. in wine production.

Killer toxins, such as Pichia membranifaciens killer toxins (PMKT), may interact with other
antimicrobial agents like metabisulphite, to avoid the spoilage by Zygosaccharomyces spp. in beverages
with a high sugar concentration [33]. The interaction effect would reduce the amount of metabisulphite
needed as antimicrobial, and therefore, reducing the potential negative effect on health and to the
environment. Both yeasts, Saccharomyces spp. and non-Saccharomyces spp., have shown to possess the
ability to produce killer toxins during spontaneous wine fermentation, as it is, in the case of the toxins
K1, K2, K28, and Klus from S. cerevisiae. In some cases, the activity observed in killer toxins is due to
-glucanases. These (3-glucanases are used to produced synthetic preparations as antimicrobial agents
against spoilage yeasts Dekkera bruxellensis and Zygosaccharomyces bailii [34].

To assess the effect of 3-glucanases on the inhibition of different spoilage yeasts species, including
the species Zygosaccharomyces rouxii, an experiment was carried out by Escott et al. [32], and the results
are shown in Figure 3. It could be observed that all control growing media have fermented as there was
CO, production in the tubes. After using -glucanase 1, the optical density (OD) did not change for
S. ludwigii, suggesting a complete inhibition effect, while D. bruxellensis and W. anomalus had slightly
increased OD suggesting a high inhibition effect. Finally, lesser effects were observed in Z. rouxii as
there was CO, production and higher OD, suggesting partial inhibition effect. On the other hand,
the use of B-glucanase 2 has successfully inhibited the growth of all spoilage yeast strains evaluated.

Sulphur dioxide (SO,) has two purposes in the winemaking industry, to avoid microbiological
spoilage of musts and wines, and to act as an antioxidant of wines, especially to avoid browning
of white wines [35]. The role of SO, in red wines could be detrimental towards the anthocyanin
content. Oenologists prefer the use of SO, to preserve wines, rather than using it during winemaking.
According to research, the minimal concentration of free SO, needed to inhibit the growth of Z. rouxii
populations is strain related and goes from 160-185 mg/L [36] to 217-262 mg/L (Table 1).
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Figure 3. Use of 3-glucanases as yeasts inhibitors. The tubes contain the yeasts species S. ludwigii,
D. bruxellensis, W. anomalus and Z. rouxii in yeast extract peptone dextrose (YEPD) liquid growing
media with same optical density. (A) control, (B) 3-glucanase 1 and (C) 3-glucanase 2.

6. Food Applications

Soy sauce is probably the main product elaborated with the use of Zygosaccharomyces rouxii.
The species Z. rouxii, as osmotolerant yeast, makes feasible the production of soy sauce and miso
paste industrially [11]. This species contributes to enhancing the flavor of soy sauce during its
production, since this yeast is able to increase the concentration of certain aromatic volatile compounds.
These compounds comprise the formation of larger amounts of 3-methyl-1-butanol (isoamyl alcohol),
2-methil-1-butanol (amyl alcohol), and 2-methyl-1-propanol (isobutyl alcohol) [37]. Some strains
are even prone to forming larger amounts of acetoin than others [4], contributing to the overall
flavor formation.

Parallel to the production of soy sauce and miso paste, Z. rouxii is used industrially in the
production of other salted condiments, such as balsamic vinegar [38,39].

In addition, Z. rouxii has also been used for the production of certain compounds of interest.
Hecquet, Sancelme, Bolte and Demuynck [40] showed that Z. rouxii produced 4-hydroxy-2,5-dimethyl-
3(2H)-furanone when this yeast grows aerobically with D-fructose 1,6-bisphosphate (10%) as precursor.
4-hydroxy-2,5-dimethyl-3(2H)-furanone is used in the food industry as an additive; it exhibits
caramel-like odors and has a relatively low perception threshold. Similarly, Saha, Sakakibara and
Cotta [41] isolated a strain of Z. rouxii, that produced d-arabitol as the main metabolic product from
glucose. In this way, this yeast shows potential to be used for production of xylitol from glucose via the
d-arabitol route. Xylitol is a five-carbon sugar alcohol, used as a natural food sweetener. In addition,
Z. rouxii has been used in solid-state fermentation, to produce extra-cellular L-glutaminase [42].

Other uses of Zygosaccharonyces rouxii strains are given in a patent application in the United
States of America, that proposes the commercial utilization of a novel yeast strain of the species
Zygosaccharomyces rouxii and its fermented metabolites as probiotics, as well as antioxidant and
antimicrobial agents in foods and cosmetics [43].

Finally, the use of genome shuffling technique was successfully used to improve the flavor
formation. This improvement impacted the formation of flavor components and amino acid nitrogen,
with the result of enhancing the quality of soy sauce [44].
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7. Alcohol-Fermentation Applications

Latest research, has shown the potential of using strains from the species Z. rouxii in the production
of low-alcohol beer [45]. The use of these nonconventional yeast strains, as well as yeasts from the
species S. ludwigii, could become an alternative to current practices in the production of beer with
ethanol content between 0.5 and 1.2% v/v. The use of Z. rouxii strains, compared to S. ludwigii strains,
has produced ethanol and diacetyl in larger amounts, above the taste threshold in beers.

Regarding wine production, there is scarce research on the potential use of Zygosaccharomyces rouxii
strains in winemaking. Although some metabolic features of strains from the genus Zygosaccharomyces,
may be interesting in the production of wines.

Species from the yeast Zygosaccharomyces genus, found in grapes and musts are able to increase the
production of higher alcohols, at the same time that acetoin is reduced [4]. Although the contribution
of acetoin to wine aroma profile is difficult to assess and its threshold is rather high (150 mg/L) [46],
concentration above 300 mg/L is expected to produce butter aromas not pleasant in wine [47].
Zygosaccharomyces spp. generally produce a lower amount of acetoin in comparison with high-acetoin
producer yeasts, such as the genera Kloeckera and Hanseniaspora. Higher alcohols, or fusel alcohols,
like isoamyl alcohol, amyl alcohol, and isobutyl alcohol, are also found during the production of soy
sauce by Z. rouxii [37]. These volatile compounds may contribute to the aroma profile of wines.

Wines trials with lower ethanol concentration were produced at laboratory scale, with yeast
strains of the species Torulaspora delbrueckii and Zygosaccharomyces bailii; and S. cerevisine was used to
ensure completion of fermentation after 50% of sugars were consumed by non-Saccharomyces yeasts.
These strains allowed the production of wines with less ethanol concentration, under limited aerobic
conditions (5 to 10 mL/min). The ethanol reduction depended on the aeration regime. Both strains,
T. delbrueckii and Z. bailii, were able to reduce ethanol in 1.5% (v/v) and 2.0% (v/v), respectively,
in comparison to anaerobic fermentation carried out with S. cerevisiae as control [48]. The media used
in this analysis comprised the preparation of chemically defined grape juice having 100 g glucose,
100 g fructose, 0.2 g citric acid, 3 g malic acid, inorganic salts and nitrogen sources.

One drawback of having uncontrolled Zygosaccharomyces spp. yeasts in sweet wine production
is the potential re-fermentation, producing turbidity and CO, production [33], although this effect
does not produce off-characters to wine. This, and the high production of acetic acid, has limited the
possibilities of using this yeast species in winemaking production in the past years [49].

On the other hand, other Zygosaccharomyces species studied like Z. fermentati and Z. bailii, produce
lower levels of HpS and malic acid degradation, respectively [50]. These characteristics might be useful
for wine production, where mixed fermentations with these and other spoilage non-Saccharomyces
yeasts, and S. cerevisiae could be performed. Laboratory testing has shown that most detrimental
metabolites produced by spoilage yeasts in pure culture or spoiled juices, are reduced in mixed
fermentations; the production of polysaccharides increased improving body of wines and this also had
a positive effect on aroma and protein stability [51].

The main concern in the winemaking industry, comes from the fact that these strains have high
stress tolerance and may produce off-metabolites. Nonetheless, there are commercial Zygosaccharomyces
yeast products prepared for stuck fermentations and potentially suitable for musts from riper grapes
where the concentration of sugars, particularly fructose, is higher, and this could limit the implantation
of other fermentative strains, such as S. cerevisiae [52].

8. Conclusions

Although the presence of yeast strains of the genus Zygosaccharomyces in many food products may
represent a quality control danger and negative economic impact, the controlled used of some strains
may positively contribute to enhancing organoleptic parameters of a particular range of products in
the food industry. The potential use of these strains in winemaking is still controversial for their high
spoilage activity, but it might also be an alternative to current technologically challenging conditions,
such as stuck fermentations or the use of high fructose riper grape musts. Further studies on the
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impact of using the species Zygosaccharomyces rouxii, a yeast species which might not always endanger
wine production, at all levels in the winemaking industry are promising.
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Abstract: Non-Saccharomyces yeasts are becoming important because most of them are considered as
spoilage species in winemaking processes, among them the species Saccharomycodes ludwigii. This
species is frequently isolated at the end of the fermentation process and/or during storage of the
wine, i.e., it can to grow in the presence of high levels of ethanol. Besides, this species is adaptable
to unfavorable conditions such as high concentrations of SO, and is characterized by its capacity
to produce high amounts of undesirable metabolites as acetoin, ethyl acetate or acetic acid. To the
present, physical (gamma irradiation and continuous pulsed electric fields), chemical (inhibitory
compounds such as chitosan and dimethyl dicarbonate) and biological (antagonistic biocontrol by
killer yeasts) treatments have been developed in order to control the growth of this spoilage yeast
in wines and other fruit derivatives. Therefore, this review is focused on the most relevant studies
conducted to control contamination by S. ludwigii. Moreover, potential applications of S. ludwigii in
alternative winemaking techniques, for example for ageing-on-lees and stabilization of red wines,
and improvement of aromatic profile are also examined.

Keywords: non-Saccharomyces yeast; Saccharomycodes ludwigii; S. ludwigii; spoilage yeasts’ control;
ageing-on-lees

1. Introduction

In addition to spoilage bacteria that cause problems in the wine industry, detection and control of
spoilage yeasts are vital [1], especially those capable of growing under conditions of low water activity
(Aw) and high ethanol content and acidity as well as in the presence of chemical preservatives [2—4],
conditions in which other microorganisms are not completely viable.

Grapes and the presence of vectors (insects) that transport microorganisms to the interior
of wineries are considered to be the main sources of contamination [5]. Yeasts such as
Dekkera / Brettanomyces spp., Zygosaccharomyces bailii and Saccharomycodes ludwigii are considered
detrimental to the winemaking process [4]. The presence of these yeasts is indicated by the appearance
of superficial films and the production of gases in stored wine, turbidity, sediments, as well as
undesirable odors and flavors [6,7].

2. Saccharomycodes ludwigii

S’codes ludwigii is known for its ability to contaminate fruit juices and fermented beverages such as
wines and cider. Morphologically, it appears as elongated cells with bipolar apiculation (budding yeast)
and swelling in the middle (Figure 1), and it presents asexual reproduction by bipolar budding [8,9].
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Figure 1. Apiculated cells of Saccharomycodes ludwigii at a magnification of 600x.

S’codes ludwigii causes serious problems in the industry due to its high tolerance to sulfur dioxide
(50O7) [10] and is commonly referred to as the “winemaker’s nightmare” due to the difficulty in
eradicating it from contaminated environments [11-13]. It has also shown resistance to pressurized
carbon dioxide (CO,) with the ability to deteriorate carbonated beverages [6]. It has also been isolated
from sweet wines, thus demonstrating its tolerance to high sugar levels [3,4]. Together with Z. bailii
and some Saccharomyces cerevisiae strains, S’codes ludwigii is among the spoilage species in bottling
lines, especially wines, the process of which uses additives such as SO, or sorbic acid [14].

Regarding its fermentative capacity, S'codes ludwigii can produce up to 12% v/v of ethanol [2,10,15]
and acetic acid, in most cases at concentrations <1.0 g/L [2,3]. Some strains have shown acetic acid
yields of 0.3-0.5 g/L, similar to some selected strains of S. cerevisiae [10]. In addition, this yeast is
characterized by its high production of secondary metabolites, such as isobutanol (20.0-200 mg/L),
amyl alcohol (32.0-58.0 mg/L), isoamyl alcohol (75.0-190 mg/L), acetaldehyde (46.7-124 mg/L),
acetoin (104478 mg/L) and ethyl acetate (141-580 mg/L) [2,3,10,11,16], which can confer negative
undertones to the wine upon exceeding their respective thresholds of perception. However, some
strains have shown high production of metabolites such as succinic acid (up to 1.4 g/L) and glycerol
(up to 11.7 g/L) [2,3].

The high yield of isobutanol [11] and acetaldehyde [10] can be considered discriminant
characteristics of S’codes ludwigii; however, Romano et al. [11] obtained low yield of acetaldehyde with
several strains, in contrast to the high production of this metabolite by S’codes ludwigii as reported in the
literature. Other differential characteristics of this yeast are its great capacity to release polysaccharides
and its high production of ethyl acetate [10].

Regarding its sugar consumption, S’codes ludwigii can ferment glucose, sucrose and raffinose,
although it cannot ferment maltose, galactose and lactose [6,17]. It is also capable of assimilating
glycerin, cadaverine and ethylamine, although it does not assimilate nitrates [17].

S’codes ludwigii has been reported to increase its production of glycerin, acetic acid and ethyl
acetate in media with high concentrations of sugar [3], a phenomenon that can be related to the
mechanism of adaptation to osmotic stress to prevent dehydration. Glycerin synthesis involves the
oxidation of NADH to NAD*, and acetic acid synthesis allows NADH to be regenerated [18]. A similar
response has been observed in yeasts against toxins, such as the Pichia membranifaciens killer toxin
(PMKT) [19], so that the osmophilic media protect the yeasts from the action of the PMKT toxin.
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2.1. Sources of Contamination by Saccharomycodes ludwigii

Most spoilage yeasts come directly from the surface of grapes (Figure 2) and of equipment and
cellar installations [20]. Commonly, S’codes ludwigii has been isolated in cases of stuck or sluggish
fermentations or during storage of wines [3,7,10,21]. It has also been detected in fruit juices and
their fermented derivatives [9,22], tequila and mezcal [23], in soil samples [24], insects [5] and tree
secretions [8,25,26].

Contaminated grape

:
= Ageing process

Bottling process

Vectors
(insects)
B

White slime-fl C i
(exudation of trees) corks

Defects in
bottled/stored wine

- Film formation
- Gas production
- Cloudiness

- Haziness

- Sediments

- Off-flavors

Figure 2. Main sources of Saccharomycodes ludwigii, as a spoilage yeast in wines.

In the case of tree secretions, S’codes ludwigii, together with other microorganisms, would be
transported from “sick trees” to the wineries by insects [5,6]. Sick specimens of trees such as oak, birch,
poplar, beech, willow, maple and ash can produce the so-called “alcoholic flux” or “white slime flux”,
which is characterized by its high content of microorganisms and its smell of beer, malic ester and
vinegar [25]. Cases of contamination by S’codes ludwigii have also been reported in corks that were
inadequately treated with SO, before packing [4].

Another source of S’codes ludwigii, as well as species such as S. cerevisiae and Z. bailii, is palm sap,
from which a fermented drink known as “palm wine” is obtained in Cameroon [26]. Scodes luduwigii is
the dominant species at the beginning of the fermentation process, and as the fermentation proceeds,
its population decreases in favor of S. cerevisiae.

2.2. Detection of Saccharomycodes ludwigii

S’codes ludwigii has been proven to have a high polluting capacity, starting from only one or two
cells per liter [27]. The limitations in its proper detection and control are the same as those in the case
of other spoilage yeasts, such as the short incubation periods of traditional methods and the use of
media for counting “total molds and yeasts” [4].

Among other alternatives, detection based on biomarkers, such as the low content of long
chain fatty acids (C18:2 and C18:3) characteristic of S’codes ludwigii [7], can be applied; however, its
application at the industrial level requires access to databases that allow the interpretation of these
molecular profiles in real time to take immediate corrective actions. Another alternative is the use of
chemical and organoleptic indicators, similar to 4-ethylphenol produced by Dekkera/ Brettanomyces
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spp. [28]. Isobutanol, acetaldehyde, ethyl acetate and acetoin can be used as aromatic indicators of
S’codes ludwigii [2,3,10,11,16].

2.3. Disadvantages of “Sulfiting” and Resistance of Saccharomycodes ludwigii

SO, is generally recognized as a safe additive and is used as an antioxidant and preservative in
the control of spoilage bacteria, molds and yeasts. According to Stratford et al. [12], the three forms of
SO, in solution as a function of pH are called “sulfites”; the molecular form (SO,) predominates at pH
values of <1.80, the HSO3~ form at pH values of 1.80-7.20 and the SO32’ form at pH values of >7.20.
Of these, SO, has the greatest antimicrobial effect [29]. The International Organization of Vine and
Wine [30] establishes maximum levels of sulfites according to the type of wine (red, white or rosé),
with a higher dose of SO, at higher levels of reducing sugars. In Europe, the presence of sulfites must
be stated on the bottle when they exceed 10 mg/L (European Union Regulation No. 1991/2004).

Some of the disadvantages of using sulfites are the resistance of S’codes ludwigii [12], as well as the
dependence of the effect of SO, on pH, the generation of undesirable odors and flavors and binding
of >50% of the added dose to certain grape-must/wine molecules [12,31], thus losing its antiseptic
and antioxidant activity [1]; therefore, its use in the established doses does not always ensure total
protection. In addition, sulfites can generate health problems in consumers, such as headaches, allergic
reactions and respiratory difficulties in asthmatic individuals, both in its free and linked form [32,33].

Therefore, there is a growing interest in the search for alternative treatments to SO, in line with
consumers’ growing preference for products free of chemical additives [34,35].

Regarding the resistance to SO,, Stratford et al. [12] required doses of up to 7.8 mM of free sulfites
to inactivate S’codes ludwigii, which is considerably higher than that required to inactivate S. cerevisiae
(1.56 mM free sulfites). They also obtained a high yield of acetaldehyde with S’codes ludwigii in the
presence of SO,. This response would be a defense mechanism, as is the case with other yeasts,
through which SO, joins acetaldehyde and other molecules such as pyruvate and 2-oxoglutarate
(“sulfite-binding compounds”).

The resistance of glyceraldehyde-3-phosphate dehydrogenase (GPDH), especially that of S’codes
ludwigii, to sulfites has also been proposed as a defense mechanism, without affecting the production
of cellular ATP [12,36]. Likewise, only the SO, form crosses the cell membrane [37]. S’codes ludwigii
has a higher C18:1 fatty acid content in its cell membrane [7], which may give greater fluidity to the
diffusion of SO, toward the outside [38] and may palliate its toxic effect. This would add an additional
mechanism related to low intracellular pH in S’codes ludwigii, which would favor SO, remaining as
such, allowing it to flow to the outside without accumulating in the cytoplasm [37].

In Table 1, a summary of studies related to the control of S’codes ludwigii in grape-must, wine and
fruit juices is presented, which will be described in more detail in the subsequent sections.
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Table 1. Applied treatments for the control of Saccharomycodes ludwigii.

Sample Applied Treatment Reference

DMDC [31,39]

DMDC + SO, [39,40]
Grape must DMDC + sorbic acid [39]
Toxin of Pichia anomala WC65 [41]
Toxin KpKt [42]
Biological control: Metschnikowia pulcherrima [43]
Apple juice Chitosan [22]

Gamma radiation

Mango pulp Gamma radiation + steaming 441
DMDC in red wine [21]
Wine DMDC in semi-sweet wine [40]
PEF [45]

DMDC: dimethyl dicarbonate. KpKt: Kluyveromyces phaffii killer toxin. PEF: pulsed electric fields.

3. Control by Chemical Treatments

3.1. Dimethyl Dicarbonate

Dimethyl dicarbonate (DMDC), also known as dimethyl pyrocarbonate, can be used to partially
replace and help reduce SO, doses [31], with the advantage that it does not generate odors or
unpleasant flavors in wine [40], even at the maximum dose of 200 mg/L, authorized by the
International Organization of Vine and Wine (OIV) [46].

In aqueous solutions, DMDC is rapidly hydrolyzed mainly to CO, and methanol at concentrations
considered to be safe [47], and its hydrolysis rate increases with temperature; for example, at 10, 20 and
30 °C, it is hydrolyzed in 4, 2 and 1 h, respectively [40]. Its rapid hydrolysis gives it effectiveness as an
oenological additive, capable of disinfecting grape-must/wine without leaving toxic residues, unlike
its “cousin” diethyl dicarbonate (DEDC), which generates ethyl carbamate, having a carcinogenic
potential [48].

The antimicrobial activity of DMDC is favored by low microbial population, low pH values,
high ethanol and SO, contents and temperatures of 20-30 °C. Higher doses are needed to sterilize
grape-musts and dealcoholized wines than wines [21,39,40]; DMDC has a greater effect on yeasts
than on bacteria [21,31] possibly due to the denaturation of the enzymes GPDH and alcohol
dehydrogenase [49].

DMDC acts quickly after dosing, although its period of action is short, unlike SO,, which
acts progressively and action is durable; thus, the effectiveness of both preservatives lies in their
simultaneous use [50]. Low pH values, which would allow for a high molecular SO, concentration,
are desirable [29,50].

Terrell et al. [39] evaluated the antimicrobial capacity of 0.2, 0.4 and 0.8 mM of potassium
metabisulfite (as SO;), potassium sorbate and DMDC in fermentation with S. cerevisiae at different
levels of inoculum (2, 200 and 20,000 CFU/mL) and temperatures of 21 and 31 °C. The pure DMDC
showed an inhibitory effect, and its combinations showed an inhibitory effect to a lesser extent.
At 31 °C, the effectiveness of DMDC and its combinations at a dose of 0.8 mM at all inoculum levels
increased. No significant differences were observed between SO,, sorbate and SO, + sorbate at different
temperatures and at different preservative concentrations, at all inoculum levels.

Threlfall and Morris [40] evaluated the growth and fermentation capacity of Saccharomyces bayanus
in grape-must and semi-sweet wine at 20 °C and at different pH values. Certain combinations of SO,
and DMDC were only effective at pH values of 3.0 and 3.2. The minimum doses to completely inhibit
microbial growth and fermentation were 200 mg/L of DMDC in grape-must and 50 mg/L of SO, or
100 mg/L of DMDC in semi-sweet wine, whereas the most effective minimum combinations were
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50 mg/L of SO, + 100 mg/L of DMDC in grape-must and 10 mg/L of SO, + 50 mg/L of DMDC in
semi-sweet wine at any pH value.

On the other hand, Delfini et al. [31] evaluated the inhibitory effect of DMDC (50-10,000 mg/L) in
fermentation with grape-must. The dose of 400 mg/L was sufficient to inhibit S’codes ludwigii and other
species, such as Hanseniaspora osmophila, S. pombe and Z. bailii. Higher doses were required to inhibit
bacteria such as Acetobacter aceti and Lactobacillus sp. (1000 and 500 mg/L, respectively). The authors
also concluded that in grape-must treated with 200 mg/L of DMDC (maximum authorized dose), it is
recommended to inoculate with S. cerevisiae for at least 12 h after dosing to ensure complete hydrolysis
and antimicrobial action.

A dose of 200 mg/L would be recommended to confer prolonged stability [21,50]. However,
DMDC cannot be used to replace SO,, so its use can only help minimize the doses of the latter [40].
Therefore, during barrel aging, the addition combined with SO, would be the best alternative,
considering that SO,, in addition to microbicide acts as an antioxidant, and thus, the loss of color in
red wine in the presence of pure DMDC due to oxidation is avoided [50].

Regarding the rapid hydrolysis of DMDC during barrel aging, periodic dosages of low
concentrations (25 mg/L) can help maintain the microbiological quality of wine and lower the doses
of SO,. However, it should be emphasized that the maximum dose allowed by the OIV (200 mg/L) is
more effective against yeast than against bacteria, especially those producing lactic acid and acetic
acid, requiring >500 mg/L doses of DMDC [21,31].

3.2. Chitosan

Chitosan is a deacetylated derivative of chitin, which is a part of the structure of many organisms.
Chitosan is considered to act as a chelator of minerals such as Ca and Fe from the fermentation
medium, affecting their availability for microbial growth [51,52]. The loss of protein compounds and
UV radiation-absorbing material from the cell membrane has also been proposed [53,54].

Due to its polycationic nature (high presence of NH)* groups), it can interact with
negatively-charged groups present in cell surface molecules, such as proteins, anionic polysaccharides,
fatty acids and phospholipids, among others, affecting the cell functions and transport of essential
nutrients to the inside of the yeast [55,56]. The most commonly-used chemical forms include chitosan
glutamate and chitosan lactate [22], the latter having an effect on S. cerevisiae at a concentration of
1.0g/L[57].

Roller and Covill [22] evaluated the effectiveness of different doses of chitosan in apple juice
sterilized by ultra-high temperature (UHT) and without additives, against a strain of S’codes ludwigii
(isolated from contaminated cider). Total inhibition was achieved at a dose of 5.0 g/L of chitosan,
whereas a dose of 1.0 g/L only induced a delay in the start of fermentation, without affecting the end
of the fermentation process.

Evidently, there is little literature regarding the application of chitosan in the control of S’codes
ludwigii, which leaves open the possibility of future research to better understand the potential of this
polymer in controlling this yeast.

4. Biological Controllers

Another alternative is biological controllers, specifically the so-called killer yeasts, which have
an antimicrobial effect on S’codes ludwigii, for example some species of Pichia, Kluyveromyces and
Metschnikowia.

S’codes ludwigii has shown sensitivity to the microbial toxin produced by Pichia anomala WC65.
Sawant et al. [41] observed good stability of this toxin at pH values of 2.0-5.0, the usual range in
wines. At high concentrations, however, the toxin showed a tendency to aggregate, with loss of activity
against S’codes ludwigii and other yeasts and blocking of recognition sites being the possible cause for
this loss of activity [58]. Therefore, low concentrations could be useful for treatment, although no more
studies have been reported.
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Another genus, the toxin of which has antimicrobial activity, is Kluyveromyces. Palpacelli et al. [42]
evaluated the killer activity of the species Kluyveromyces phaffii, Kluyveromyces lactis and Kluyveromyces
vanudenii. All showed antimicrobial activity against S’codes ludwigii. K. phaffii also showed activity
against Kloeckera apiculata and Zygosaccharomyces rouxii. According to the authors, the toxin involved is
Kluyveromyces phaffii killer toxin (KpKt). Nevertheless, the authors pointed out the need to apply the
procedure at the fermentation level, considering that the study was conducted at the laboratory level
(plate cultures).

The yeast Metschnikowia pulcherrima also has antimicrobial activity and has been used as a
biological controller of fungi that cause diseases in fruits [59]. This yeast can grow in mature and
overgrown grapes, botrytized grapes and grapes used to make so-called ice wines [60]. The activity of
M. pulcherrima, in addition to the killer phenomenon [61], would be mainly related to the production
of the pulcherrimin pigment by the chelation of Fe in the medium [62], thus decreasing the availability
of this mineral for the development of other microorganisms.

Oro et al. [43] evaluated the antimicrobial activity of M. pulcherrima against different yeasts and
did not observe any effect on S. cerevisiae, but did see an effect on Pichia, Brettanomyces/Dekkera,
Hanseniaspora and especially on S’codes ludwigii.

An interesting alternative for controlling spoilage yeasts during the fermentation process could
be the use of mixed inocula with S. cerevisiae, which is not affected by M. pulcherrima by regulating the
absence of Fe in the fermentative medium [63], in addition to taking advantage of other benefits of
M. pulcherrima, such as its ability to produce aromatic compounds [64].

Although the literature does not report any cases, the potential killer of other yeasts could also be
studied for the control of S’codes ludwigii; for example, Candida pyralidae, producer of the C. pyralidae
killer toxin (CpKT), with activity against Brettanomyces bruxellensis. This toxin has shown stability
at pH values of 3.5-4.5 and at temperatures of 15-25 °C, i.e,, it is compatible with the winemaking
conditions and is not affected by the sugar and ethanol levels present in grape-must/wine. In addition,
it has not shown effects on S. cerevisiae or on lactic acid bacteria, which would not affect the normal red
winemaking process [65]. In the same way, in winemaking conditions (pH values of 3.0-4.5 and at
temperatures of 15-25 °C), Ustilago maydis fungus has shown killer activity against B. bruxellensis [66].

Another potential killer yeast against S’codes ludwigii is P. membranifaciens, the PMKT toxin of
which has shown antifungal activity, with mechanisms that include the alteration of plasma membrane
permeability, alteration of cell cycle and induction of cellular apoptosis [19,67]. S. cerevisiae has not
shown sensitivity to PMKT, but Z. rouxii has shown high sensitivity, as well as Z. bailii, to a lesser
degree [68].

In addition, PMKT can synergistically increase the effect of SO,. In this regard, Alonso et al. [68]
evaluated combinations of PMKT and SO; in a medium with high glucose content (60% w/v), showing
an inhibitory effect against Z. rouxii, although the mechanism of synergistic action PMKT-SO, is not
fully understood. Pure SO, showed no inhibitory effect. Therefore, PMKT could also be used in the
control of S’codes ludwigii, considering that it shares similar characteristics with Zygosaccharomyces,
such as the capacity to grow in media with high acidity and low Aw and resistance to osmotic stress
and to SOy, in addition to contaminating concentrated grape-musts, sweet wines and other wines with
high residual sugar content [3,4].

Despite the previously-described studies, several killer toxins from Saccharomyces and
non-Saccharomyces yeasts have not yet been characterized. Therefore, further studies are needed
in order to identify their genetic origin, mode of action and how to employ them at the industrial level
in the control of spoilage yeast, especially S’codes ludwigii.

Finally, another interesting strategy to reduce or prevent both the growth of S’codes ludwigii and
its production of undesirable metabolites in the wine could be the use of starter cultures of yeasts
and lactic acid bacteria, as biocontrol agents during alcoholic and malolactic fermentations, similarly
to biocontrol processes tested in B. bruxellensis [69]. This strategy could ensure a fast and complete
fermentation, limiting the available nutrients for growing of spoilage yeasts.
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5. Control by Physical Treatments

Out of the various available options, only pulsed electric fields (PEFs) and gamma radiation (y)
have been studied in specific cases with S’codes ludwigii. Other technologies, such as high hydrostatic
pressure (HHP), ultrasound (US), pulsed light and e-beam radiation, have been applied to inactivate
and reduce total populations of yeasts and bacteria in grape-musts and wines [70].

5.1. Pulsed Electric Fields

PEFs cause cell damage through a mechanism related to electroporation or electrical disruption
of the membrane, altering the permeability [71]; thus, yeasts become more sensitive (larger size and
oval shape) than bacteria [45,72,73] and without the disadvantage of modifying the physicochemical
properties and sensorial attributes of grape-must/wine [72,74].

The effectiveness of PEFs varies depending on ethanol content, acidity and temperature, among
other factors. Z. bailii has shown greater sensitivity in the presence of ethanol [75]. S. cerevisiae in a
treatment at 45 kV/cm, 46.3 pulses and 70 ps in beer with alcoholic degrees of 0%, 5.2% and 7.0%
showed logarithmic reductions of 0.2, 0.7 and 2.2, respectively [76]. Even in the last study, a greater
effect was observed at 40-50 °C during treatments in the order of micro- to milli-seconds. Similar
results were obtained by Timmermans et al. [73]. However, the optimization of the applicable dose
and temperature is required for the purposes of seeking the industrial applicability of PEF as some
constituents of grape-must/wine are thermosensitive.

On the other hand, Puértolas et al. [72] managed to reduce the contaminating flora by 99% in
grape-must and wine at 186 k] /kg and 29.0 kV/cm, with greater effectiveness on yeast. There were
no significant changes in the color and odor of must and wine treated, even at high doses of PEF.
Likewise, all microorganisms were more sensitive in wine than in must, an effect that was attributed
to the ethanol content of wine, in accordance with previous results [75,76].

Of the limited experience with the specific application of PEF with S’codes Iudwigii, only
Gonzalez-Arenzana et al. [45] evaluated a semi-industrial continuous flow system (13.75 L/h) for the
control of artificially-contaminated wine, S’codes ludwigii being the microorganism that showed greater
sensitivity to a specific energy of 60 k] /kg (103 ps).

In this sense, PEF could allow for a significant reduction in the doses of SO, through combined
treatment, or in the best of cases, to dispense with its use. In spite of the scarce background,
PEF would be an interesting alternative for the control of S’codes ludwigii considering its elongated
cell morphology [72]. However, one aspect to be taken into account is the tolerance to ethanol shown
by S’codes ludwigii; therefore, the study of the combined effect of different treatments could better
elucidate control pathways during the fermentation process.

5.2. Gamma Radiation

Ionizing radiation, or in combination with conventional chemical and thermal treatments, has been
proposed as a replacement alternative. Youssef et al. [44] studied the effect of a combined treatment
with steam and vy radiation on the microbiological quality in mango pulp, obtaining a considerable
increase in the shelf-life of the product (270 days) compared with irradiated samples without
pretreatment with steam (90 days) and with controls without any treatment (15 days). No defects of a
chemical, rheological or sensory nature were found.

In addition, six strains of S’codes ludwigii were isolated from the untreated pulp, which were
inhibited in a medium based on mango pulp at a Djp-dose of 2.23 kGy of y radiation (Djg: dose
necessary to inactivate 90% of the microbial population), whereas a greater effect was observed in saline
solution (D1g = 1.75 kGy). This indicates that the effect of the y radiation is influenced by interactions
with solids in the medium, which make higher doses of radiation necessary. Therefore, more studies
will contribute to improving its application, without producing chemical and sensory changes.
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6. Other Applications of Saccharomycodes ludwigii

Traditionally, S’codes ludwigii and other non-Saccharomyces have been considered spoilage yeasts,
which is a concept that has changed in recent decades thanks to several works that demonstrate their
advantages in the production of wine and other beverages.

6.1. Aromatic Profile Improvement in Wines

It has been noted that most of the secondary metabolites produced by pure cultures of
non-Saccharomyces do not reach the thresholds of perception when they are made in mixed fermentation
with S. cerevisiae, since the latter can modulate the metabolism of the former [10,77]. Although S’codes
ludwigii produces high levels of ethyl acetate and acetic acid, it is possible to modulate this production
in mixed cultures, in addition to improving the yield of esters with a positive impact on the wine’s
aromatic profile.

One case is the Sd64 strain studied by Domizio et al. [10], which in mixed cultures with S. cerevisiae
(ratio 10%:107 cells/mL), increased the production of glycerin (up to 21.8%), isoamyl acetate (up to
20.8%) and 2-phenylethanol (>200%) compared with a pure culture of S. cerevisiae, besides producing
low volatile acidity (0.32 g/L), lower than other non-Saccharomyces and the pure culture of S. cerevisiae.

However, in mixed culture, high levels of acetaldehyde (up to 33% higher) and ethyl acetate
(up to 10-times higher) were also obtained compared with the pure culture of S. cerevisiae, which
could be improved with the selection of strains with low production of these metabolites and
with the optimization of fermentative parameters that regulate their production. Granchi et al. [3]
obtained a lower yield of acetaldehyde, acetoin and ethyl acetate at 25 °C, when compared with that
obtained during fermentation at 15 °C. Conditions also compatible with the 3-glucosidase activity
of some strains of S’codes ludwigii, 46% higher than S. cerevisiae at 30 °C [78], favor the release of
aromatic compounds from non-aromatic precursors of grapes [79,80], thus improving the wine’s
aroma. Of course, this improvement would be advisable only in white wines, since 3-glucosidase
or anthocyanase generates the hydrolysis of anthocyanins [81], so that its applicability would not be
viable in red wines due to the loss of color.

6.2. Reduction of Alcohol Content in Wine

High temperatures in vineyards induce changes in the chemical composition of grapes, mainly
an increase in sugar and decrease in acids and anthocyanins, which results in wines with a higher
concentration of ethanol and alteration in the mouthfeel, flavor and aroma, or even an increase in the
sensation of astringency, bitterness and roughness [82], to which we must add the consequences of
high doses of ethanol on the consumer’s health.

S’codes ludwigii can lower the production of ethanol in mixed cultures with S. cerevisiae, as obtained
by Domizio et al. [10] with the Sd64 strain (previously mentioned), with which they achieved a
reduction in alcoholic degree of up to 1.74% v/v in mixed culture compared with the pure culture of
S. cerevisiae. Therefore, S’codes ludwigii can also be considered as a potential yeast to lower the alcoholic
degree in mixed fermentations, a field not studied so far.

6.3. Release of Polysaccharides in Red Wines

Several studies have demonstrated the feasibility of using S’codes ludwigii for the release of
polysaccharides in wine not only in the traditional aging-on-lees (AOL), as a result of cellular
autolysis [83,84], but also during growth and alcoholic fermentation [10,15,85] due to the controlled
hydrolysis of cell walls (3-glucanase activity) to allow cell budding [86].

The yeast S’codes ludwigii has shown a high capacity to release polysaccharides during the
fermentation process—up to 300% more than S. cerevisiae [10,15]—while rates of release during AOL
are >200% compared with S. cerevisiae [84,85].
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The most abundant polysaccharides are the mannoproteins (Table 2), located in the outer layer of
the cell wall, linked by -1,6 glucan, 3-1,3 glucan and chitin chains [84,87]. Generally speaking, they
contain 85%-90% of carbohydrates, mainly mannose, and 10%-15% of proteins [84,85,87].

Table 2. Composition of cell walls of Saccharomycodes ludwigii, Schizosaccharomyces pombe and
Saccharomyces cerevisiae.

Component (%) S’codes ludwigii S. pombe S. cerevisine  Reference

Proteins 12 11 24*
Mannose 93 55 88 * [85]
Glucose 7 22 12
Galactose - 23 -

« (1-3) glucan Yes No

B (1-3) glucan Yes Yes [84] **

B (1-6) glucan Yes Yes

Chitin (% of dry weight) 0.5 0.1

(*) Average for three strains. (**) Not reported for S’codes ludwigii.

Polysaccharides, especially in red wines, can improve the mouthfullness and body [88], sweetness
and roundness [89], aromatic persistence [90], protein and tartaric stability [91,92], interaction with
tannins and reduction of astringency [93] and protection of phenolic compounds against oxidation,
making it possible to maintain antioxidant and anti-inflammatory capacity [94].

Polysaccharides also interact with tertiary aromatic compounds [95], which may confer a
lower perception of wood aromas in long-aged wines, in addition to stimulating the malolactic
fermentation [96], as well as improving the quality of foam in sparkling wines [97] and adsorbing
undesirable compounds such as ochratoxin A [98], the presence of which in wine leads to risks to the
consumer’s health [99].

Palomero et al. [84] obtained a high release of polysaccharides by S’codes ludwigii (110.51 mg/L)
and by S. pombe (103.61 mg/L), with respect to S. cerevisiae (36.65 mg/L), in a hydro-alcoholic medium.
In the case of Saccharomycodes and Schizosaccharomyces, polysaccharides were of a larger molecular size,
with a potential positive impact on the wine’s palatability. These yeasts” high capacity for releasing
polysaccharides is related to the chemical composition and structure of their cell walls (Table 2), mainly
glucans and mannoproteins [85].

Likewise, Palomero et al. [84] evaluated the effect of lees in red wine (Garnacha), observing
a loss of color due to the weak and reversible interaction between monomer anthocyanins and
polysaccharides [100]. Lower loss was observed in pyranoanthocyanins due to the presence of the
fourth heteroaromatic ring in its structure [101]. However, the loss of color was lower with S’codes
ludwigii and S. pombe than with S. cerevisiae.

No significant effect was observed on the volatile fraction, whereas the sensory analysis in the
wine treated with lees from S’codes ludwigii showed low astringency and bitterness and greater body.
However, with this yeast, the perception of the reduction aroma was high, which indicates the need for
more work in the selection of strains that confer this characteristic to the treated wine to a lesser extent.

6.4. Combined Treatments: Aging-on-Lees with Ultrasound

The coupling of AOL with US is possible because of the cavitation generated in the cell wall
by the creation of localized areas with high temperature (up to 5000 °C) and high pressure (up to
50,000 kPa) [102], in addition to the formation of hydroxyl radicals (OH) that act on the cell wall altered
by US waves [103], thus improving the release of polysaccharides.

A research work was conducted on this topic by Kulkarni et al. [83] with S’codes ludwigii, S. pombe,
M. pulcherrima, S. cerevisiae and other yeasts in a hydro-alcoholic medium (seven weeks of AOL at
23 °C, applying US at a dose of 50 kHz for 10 min a day). S’codes ludwigii showed a high rate of release
of polysaccharides from the third week around 460 mg/L.
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The authors also applied AOL in red wine, observing a decrease in the anthocyanin content,
without affecting the stability of pyranoanthocyanins (vitisins and vinylphenols), in accordance with
Morata et al. [101] and Palomero et al. [84], especially with the lees of S’codes ludwigii. A decrease
in the content of proanthocyanidins was also observed, particularly with the lees of S’codes ludwigii,
contributing to a decrease in the astringency and bitterness of wine (sensory analysis). Regarding
aroma, esters were the main group released, especially ethyl lactate, which could be related to the
esterase activity during autolysis.

Finally, AOL implies economic impacts due to the investment necessary to store wines in wine
cellars, as well as the potential risk of organoleptic and microbiological alterations in these wines. It is
thus necessary to optimize the time and conditions under which AOL is carried out in addition to
optimizing the time and intensity of US doses, which in addition to accelerating the process, minimizes
the degradation of polysaccharides by the action of US waves [104].

6.5. Non-Wine Fermentations

Another interesting alternative for the use of S’codes ludwigii is the elaboration of “fruit wines”,
in which the high production of aromatic compounds and organic acids can be exploited.

This type of drink is traditionally made with a poor aromatic profile in different parts of the world,
mainly because S. cerevisiae is used [105,106]. Mixed or sequential fermentations could contribute
to improving the sensory profile of these beverages, which constitutes an opportunity for the use
of S’codes ludwigii due to its high production of ethyl acetate, isoamyl acetate and amyl, isoamy]l or
2-phenylethyl alcohols [10,78].

7. Future Perspectives

7.1. Adaptation to Harsh Conditions

It is known that the most studied spoilage yeast is B. bruxellensis, which can be used as a reference
to know how much progress has been made and what is possible to improve, allowing the design of
effective strategies for spoilage yeast control in wines. Like S codes ludwigii, B. bruxellensis is capable of
surviving and proliferating after alcoholic fermentation is completed [107], even in the presence of
SO, [108].

According to Smith and Divol [109], the factors that allow these spoilage yeasts to be better
adapted to unfavorable environments could either be internal (genotypic) or external (nutritional,
phenotypic) in nature or both. In this regard, many studies have been performed in order to investigate
genetic bases that allow these yeasts to adapt to unfavorable conditions in which other microorganisms
are not completely viable, for example high ethanol levels. B. bruxellensis is well adapted to these
conditions including its ability to utilize ethanol as a carbon source [110].

On the other hand, to control the proliferation of most of the spoilage yeasts, SO, is commonly
employed, and many studies have been carried out, especially with B. bruxellensis, in order to explore
the relationship between SO, tolerance and genotype. The identification of susceptible or resistant
strains to sulfite could help to develop appropriate antimicrobial techniques and efficient spoilage
prevention [111]. Capozzi et al. [112] observed the expression of genes involved in carbohydrate
metabolism and encoding heat shock proteins, as well as enriched categories including amino acid
transport and transporter activity in the presence of SO,. Moreover, geographical origin has shown a
significant influence on the biodiversity of spoilage yeast such as B. bruxellensis, displaying variation
in tolerance to SO, [113].

Evidently, there is little literature regarding the genotypic and phenotypic characterization
of S’codes ludwigii, which would lead to better understanding of its mechanisms of adaptation to
unfavorable conditions. This aspect leaves open the possibility of future research to better design
strategies for effective control of this yeast in winemaking processes.
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7.2. Emerging Technologies for Controlling S’codes ludwigii

Emerging technologies, such as HHP and PEF, are interesting alternatives to reduce the doses
of antimicrobial agents and antioxidants such as SO, [114], especially in red wines, which are less
susceptible to oxidation than white wines. It is also possible to produce SO,-free red wines by applying
UV or e-beam irradiation if hygienic conditions during the process are adequate [70], allowing, among
other advantages, for the proper implantation of starter cultures during fermentation, apart from
contributing to improving the extraction of phenolic and aromatic compounds.

However, the scaling up of technologies such as PEF at the industrial level is still a pending
issue, since most studies have been carried out with small sample volumes and in static systems [115]
and occasionally in continuous flow systems at the laboratory level [116]; therefore, it is necessary to
conduct more studies that allow for its application in large volumes and in continuous flow systems to
implement this technology in the winery, such as the one developed by Gonzalez-Arenzana et al. [45].

On the other hand, the antimicrobial effect of radiation can be altered due to its interactions with
the components of food samples, as observed by Youssef et al. [44], requiring a greater dose of gamma
radiation to reduce (by 90%) the population of S’codes Iudwigii in mango pulp (2.23 kGy) compared to a
saline solution (1.75 kGy). No studies have been reported (review in ScienceDirect) on the application
of this radiation in grape-must.

7.3. Considerations about Chemical Preservatives

An important point made by Roller and Covill [22] is the need to evaluate the effect of parameters
such as pH, temperature, yeast strains, presence of other preservatives and food composition on the
microbicidal capacity of potential preservatives such as chitosan. Most background data show that
chitosan has been evaluated in media such as distilled water or phosphate buffer, and the control of
S’codes ludwigii in fruit juices, especially grape-must, has been little studied; therefore, their behavior
is not clear in these types of matrices. Besides, an important background is that chitosan has shown
activity against Brettanomyces bruxellensis [117].

In the same vein, a lower antimicrobial effect on S. cerevisine was seen in grape-must than in a
synthetic medium at equal doses of DMDC [31]. The authors considered a possible interaction between
DMDC and some grape-must/wine compounds, for example with coloring substances. Previously,
a significant decrease in the content of ascorbic acid, amino acids, fructose, glucose, lycopene and
a-carotene was observed in the presence of DMDC in tomato juice [118]. These possible interactions
between DMDC and grape-must/wine components merit further investigation due to their possible
technological consequences for wine.

Regarding the hydrolysis of DMDC, the production of methyl carbamate has been detected
as a result of its reaction with ammonium, amino acids, polyphenols and organic acids present in
grape-must/wine, as well as the formation of other metabolites due to its reaction with the higher
alcohol content of wine [47]. Therefore, these interactions must be studied in more detail to verify their
potential impacts on the quality of the treated grape-must/wine.

Moreover, the maximum allowed dose of DMDC is 200 mg/L [46], and its complete hydrolysis
yields approximately 96 mg of methanol. Although this concentration of methanol is lower than the
maximum allowed, 400 mg/L for red wines and 250 mg/L for white and rosé wines [30], the presence
of endogenous methanol in wine could increase its concentration to toxic levels [119]. Therefore,
the search for alternatives that lower the doses of DMDC becomes of special interest, for example its
combination with PEF or gamma radiation, with proven efficacy against S’codes ludwigii [44,45].

On the other hand, although the literature does not report previous cases with S’codes ludwigii,
treatments with gaseous ozone [120] have shown effectiveness to reduce the concentration of
ethylphenols in the wine and a partial reduction of B. bruxellensis cells, considered among the most
common spoilage yeasts in winemaking processes [4].
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7.4. Selection of S’codes ludwigii Strains with Differentiated Characteristics

Studies of mixed fermentations between S’codes ludwigii and S. cerevisinze mention the modulation
of the fermentative metabolism between both yeasts, which would have advantages such as a
decrease in the alcohol content, an increase in aromatic compounds and a greater release of
polysaccharides [10,84].

Most strains studied have shown a high production of acetoin and ethyl acetate. This indicates
the need to select strains of S’codes ludwigii with low production of these metabolites, which also
contributes to an increase in the levels of desirable metabolites, such as isoamy]l acetate (banana flavor)
and 2-phenylethanol (rose flavor). Likewise, it would be interesting to evaluate the impact of these
strains in co-cultures with S. cerevisiae [10,78] on the aromatic profile of wines.

Other aspects that require further study are related to the application of S’codes ludwigii in
AOL, for example, the search for strains with low pigment adsorption [95] and low expression of
anthocyanin activity (anthocyanin-f-glucosidase) causing the hydrolysis of anthocyanins, given that
a high expression of this activity in some strains of S’codes ludwigii has been reported [79,80]. It is
also necessary to study the capacity of S’codes ludwigii to produce pyranoanthocyanins (vitisins and
vinylphenols), which are more stable than monomer anthocyanins in facing the degradation caused by
anthocyanase activity [81], thus minimizing the loss of color during AOL in red wines.

Other aspects to be addressed in future studies with S’codes ludwigii, given their high release of
polysaccharides, are:

The impact of mannose, glucose and protein content of polysaccharides on the wine quality, only
studied so far in model media [121].

The use of S'codes ludwigii for the exogenous production of polysaccharides, which can be added
to wine during AOL [122]. Of course, it is necessary to search for suitable strains, for example those
with a low contribution to the reduction of aromas [84].

7.5. Production of Other Fermented Beverages

Another potential industrial application of S’codes Iudwigii is the production of fermented
beverages from other fruits, for example drinks with a higher content of acidity for summer and
those with more intense fruity profiles, as demonstrated by Romano et al. [11] with the S81 strain.

Likewise, the high -glucosidase activity shown by some strains of S’codes ludwigii [78] can be
used to improve the varietal aromatic profile, given that this enzyme releases aromatic compounds
from glycosylated non-aromatic precursors [79,80].

8. Conclusions

S’codes ludwigii is a yeast commonly considered as a wine contaminant due to its high production
of ethyl acetate, acetoin or acetaldehyde, with negative effects on the sensory profile at levels above
its perception threshold. Traditionally, the control of this and other yeasts is carried out with SO,,
which, however, at the high doses often required, causes health problems and defects in wine that
lead to rejection by the consumer. Among the possible alternatives to SO,, most have been studied for
the control of total microbial populations, and not specifically for S’codes ludwigii. Of the few studies
available, most have been conducted at the laboratory level, which include, for example, physical
treatments such as with PEFs and gamma radiation, which still need improvement. Of the chemical
treatments available, DMDC, despite being authorized by the OIV, is limited by its rapid hydrolysis
and its lack of antioxidant activity, which makes its application in combination with SO, necessary.
Another alternative is chitosan; however, no applications have been reported in grape-musts. Biological
control can also be applied, taking advantage of the killer activity of some strains on S’codes ludwigii,
an alternative that also requires further studies for its possible scaling at an industrial level.

On the other hand, S’codes ludwigii has potential applications in winemaking due to the ability
of some strains to reduce the alcoholic degree and volatile acidity, as well as the high production
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of glycerin, isoamyl acetate, 2-phenylethanol and polysaccharides and its 3-glucosidase activity to
improve the varietal aroma in white wines. These are considerations that open up new research
possibilities without forgetting the potential of S’codes ludwigii in the cider and beer brewing industries,
to which it would bring many benefits; however, this is not the subject of this review.
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Abstract: Brettanomyces bruxellensis has been described as the principal spoilage yeast in the
winemaking industry. To avoid its growth, wine is supplemented with SO,, which has been
questioned due to its potential harm to health. For this reason, studies are being focused on searching
for, ideally, natural new antifungals. On the other hand, it is known that in wine production
there are a variety of microorganisms, such as yeasts and bacteria, that are possible biological
controls. Thus, it has been described that some microorganisms produce antimicrobial peptides,
which might control yeast and bacteria populations. Our laboratory has described the Candida
intermedia LAMAP1790 strain as a natural producer of antimicrobial compounds against food
spoilage microorganisms, as is B. bruxellensis, without affecting the growth of S. cerevisine. We have
demonstrated the proteinaceous nature of the antimicrobial compound and its low molecular mass
(under 10 kDa). This is the first step to the possible use of C. intermedia as a selective bio-controller of
the contaminant yeast in the winemaking industry.

Keywords: antimicrobial peptides; biocontrol; Brettanomyces bruxellensis; Candida intermedia; wine;
off-flavors

1. Introduction

Phenol derivatives have been identified as one of the volatile components which provide
a pleasant aroma to wine when produced in low concentration [1,2]. The most important molecules
that belong to this group are 4-vinylphenol, 4-vinylguaiacol, 4-ethylphenol, and 4-ethylguaiacol [1,3].
Nevertheless, there are threshold values for these components; thus, an increase of the concentration
produces an off-flavor in wine. Some authors have established that concentrations over 620 ug/L of
4-ethylphenol produced aromas related to “phenol”, “barn”, “horse sweat”, “leather”, “varnish”,
among others [2,3], which causes important economic losses for the industry [4,5]. However,
concentrations under 400 ug/L, 4-ethylphenol contribute to the aromatic complexity of the product,
providing notes of “spices”, “leather”, and “smoke” which are valued by most wine consumers [2].

2. Production of Phenolic Derivatives

The precursors of the phenol derivatives are the phenolic acids or hydroxycinnamic acids
(p-coumaric, ferulic, caffeic, and sinapinic acids). These compounds are naturally found in grapes
and in vegetal tissues conjugated with tartaric acid as a natural part of the grape peel [2,6].
The hydroxycinnamic acids can be released during winemaking [2,6]. Besides, some microorganisms
that are in the must release enzymes which would also help to release these acids [2]. It has
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been described that hydroxycinnamic acids would exert an inhibitory effect on the growth of
microorganisms, due to imbalances produced in the cell medium. In this context, ferulic and p-coumaric
acids would exert the most inhibitory effects in yeasts [7]. For this, microorganisms that are able
to ferment vegetable products show enzymatic activity, which would allow these compounds to
metabolize into less toxic ones [1,8]. The most studied and characterized pathway to transform these
hydroxycinnamic acids into volatile phenols corresponds to the sequential action of two enzymes; first,
the action of phenolic acid decarboxylase transforms hydroxycinnamic acids into vinyl derivatives and,
posteriorly, these compounds are reduced to ethyl derivatives by the action of a vinyl reductase [1,8,9].

The presence of phenolic acid decarboxylase activity has been related to Bacillus and Lactobacillus
bacteria and, Saccharomyces and no-Saccharomyces yeasts [1,3]. On the other hand, it has been described
that only yeasts from the genus Brettanomyces/Dekkera, Kluyveromyces, Candida, and Pichia would be
able to generate ethyl derivatives, even though only Pichia and Brettanomyces/Dekkera species could
produce important quantities that surpass the sensorial threshold [10,11]. The presence of acids in the
must, which are mainly esterified with tartaric acid, has been described. Thus, the generation of their
free forms is dependent on the presence of microorganisms, which have enzymes with cinnamoyl
esterase activities [2]. Among hydroxycinnamic acids present in the must, there are the p-coumaric,
ferulic, and caffeic acids; being p-coumaric found in greater quantity [2,3].

3. Brettanomyces/Dekkera as a Wine Spoilage Yeast

In this genus has been described the anamorphs B. bruxellensis, B. anomalus, B. custersianus,
B. naardenensis, and B. nanus, with teleomorphs existing for the first two species, Dekkera bruxellensis
and Dekkera anomala [12]. B. bruxellensis has been described as being mainly responsible for off-flavor
production in wine worldwide. In the case of B. bruxellensis, it presents slow growth, fermentative
and oxidative metabolism, consumption of several sugars, production of acetic acid under aerobic
conditions, and natural resistance to the antifungal compound cycloheximide [2,6,13]. From the
enological point of view, B. bruxellensis is recognized for its high tolerance to ethanol and its capacity of
surviving in environments which lack nutrients and have a low pH, allowing persistent proliferation
in winemaking processes [6,12]. Nevertheless, the distinct characteristic of this species is the capacity
of transforming hydroxycinnamic acids present in the must into phenolic derivatives, which affect the
organoleptic quality of wine [1,3,6,8-11].

Contamination by B. bruxellensis can occur during the winemaking process. Nevertheless,
its proliferation is favored during the ageing period in barrels [2]. In this context, B. bruxellensis
can settle in the pore microstructure of the wood [13]. Besides, it has been described that this yeast can
decompose cellobiose, so it can supply its nutritional necessities from wood and keep metabolically
active in this structure during several generations [2,13]. These yeast features increase the risk to
transform the barrels into carriers and transmitters of contamination. Therefore, its proliferation is
very difficult to eradicate.

4. Control of B. bruxellensis

For many years the wine industry has looked for tools to eradicate contaminant microorganisms
in the fermentation and ageing processes of wine in barrels. This problem has been studied chemically,
through anhydrous sulfide addition (SO,), as a potassium metabisulfite form [14]. This compound is
frequently used as a preservative, due to its antimicrobial, antioxidant and stabilizing properties to
the final product [4]. SO, supplement is carried out over must to decrease its natural microbiological
charge. However, it is common to repeat its addition after alcoholic fermentation and during the ageing
in barrels, with the aim of avoiding the growth of spoilage microorganisms during this process [4,14].
The anhydrous sulfide is found normally in chemical equilibrium between its molecular form
(SO,-H,0) and the bisulfite anion (HSO®~ + H*). The molecular SO, can diffuse into the cell cytoplasm
and dissociate now between bisulfite (HSO®~ + H*) and sulfite (5032~ + H) [14]. This dissociation
produces a sustaining increase of the concentration protons in the cytoplasm, which generates a rapid
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acidification and an abrupt redox imbalance. Additionally, it has been determined that the sulfite
anion (SO327) is highly reactive and produces the inactivation of several metabolites and cell enzymes.
Besides the penetration of molecular SO, to yeasts, cytoplasm produces the immediate inhibition of the
glyceraldehyde-3-phosphate dehydrogenase enzyme, interrupting glycolysis and NADH regeneration,
allowing ATP depletion [14]. In the case of S. cerevisiae, the presence of SSU1 gene has been described,
which codifies for a SO, efflux pump, making this yeast resistant to this compound and able to survive
to generate the alcoholic fermentation [15,16]. Among the physiological and molecular studies carried
out on B. bruxellensis, it has been determined that this yeast shows strain-dependent resistance to
SO; [4,17]. This phenomenon has been related to the presence of an ortholog gene to SSU1 in the
genome of B. bruxellensis AWRI1499, which may affect this strain tolerance to SO, [16]. Another
study has shown the tolerance profiles to this compound in 108 B. bruxellensis strains, obtained from
different geographical origins. The results showed that 19 strains do not tolerate 0.1 mg/L SO,, 29 grow
with 0.1 mg/L, 42 tolerate 0.2 mg/L, 16 tolerate 0.4 mg/L, and two tolerate over 0.6 mg/L SO, [4].
This phenomenon is relevant in the industry because it has been reported that SO, can be a potentially
harmful agent for human consumption, due to it producing irritation of the gastric mucosa, dizziness,
headache and, in susceptible individuals, it can cause allergic and severe asthmatic crisis [18].

The use of food industry sanitizers, as alkaline detergents and iodophors, has low use in the wine
industry due to the complex geometry of their machines (bottling machines, valves, etc.) or to the
low access for cleaning of the superficies [13]. On the other hand, dimethyl dicabonate (DMDC) is
a preservative authorized to be used in winemaking in some countries; its efficiency depends on the
strain, temperature, ethanol concentration, and pH. DMDC is rapidly hydrolyzed, the effect done
instantaneously in must or wine; however, its use in large volumes has low effectiveness. For this
reason, DMDC is recommended to be used in the presence of molecular sulfur dioxide [19].
Another compound studied to reduce the B. bruxellensis population in wine has been chitosan, a natural
polymer obtained from the exoskeletons of crustaceans. At laboratory level, the studies show a control
on the growth of Brettanomyces; however, at industrial level there is not complete eradication, with there
being the fungistatic effect limited in time [20].

So, the wine industry is looking for new technological solutions, which allow eradication of
this yeast in the fermentation and ageing processes of wine in barrels. Biotechnological investigation
has provided several physics strategies to avoid contamination by B. bruxellensis. Thus, some works
study the exposition of contaminated must and wine to pulses of a defined electric field. It was
reported that the application of a pulse of 29 kV/cm (186 kJ /kg) reduces the viability of contaminant
bacteria and yeasts by 99.9%, such as Lactobacillus hilgardii, Lactobacillus plantarum, D. anomala, and
B. bruxellensis [21]. On the other hand, the study of the treatment of contaminated barrels with
deionized water at different temperatures determines that submerging barrels during 19 min in water
at 60 °C reduces the growth of four B. bruxellensis strains in eight logarithmic cycles [22]. Furthermore,
the application of hydrostatic pressure on the growth of strains B. bruxellensis in synthetic must,
at different pH and ethanol concentrations, was studied. The results showed that one minute treatment
at a pressure of 300 MPa totally reduces the viability of contaminant yeast [23]. Nevertheless, these
physics strategies have not been effectively incorporated by the industry due to their low technical
and economic feasibility for implementation. From a biological point of view, several authors have
focused on the identification and characterization of natural killer toxins with antifungal properties.
In this context, the first report of a killer toxin that had an effect on the growth of B. bruxellensis was
found in the non-Saccharomyces yeasts, Pichia anomala (Pikt) and Kluyveromyces wickerhamii (Kwkt).
In this study, it was determined that both toxins showed the capacity of modulating the proliferation
of a contaminant yeast in wine for 10 days [24]. However, after that period, the bio-controlled
efficiency of toxins on the yeast proliferation is not described. Posteriorly, the use of PMKT2 toxin of
Pichia membranefaciens on S. cerevisiae and B. bruxellensis in must was described. Here it was determined
that PMKT?2 is an effective bio-controller of the contaminant yeast, but it also affects the growth of the
fermentative yeast [25]. Therefore, it is not considered a good tool for the industry. Later, the production
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of a killer toxin secreted Ustilago maydis has been described [26]. This work demonstrated, using
vinification assays, that the toxin affects the growth of B. bruxellensis, while S. cerevisine shows
complete resistance. Besides, it was observed that supplementing toxins in the fermentation and
ageing conditions of wine in barrels reduces the content of 4-ethylphenol produced by the contaminant
yeast significantly. This result demonstrates its effective reduction of volatile phenols that cause the
aromatic default. Nevertheless, 17 B. bruxellensis strains used in the study show relative sensitivities,
with 10 of them being low sensitivity [26]. This phenomenon constrains the use of the toxin killer
U. maydis as a general bio-control strategy against B. bruxellensis, since not all strains would be
susceptible, so that the accumulation of volatile phenols in wine would be at random.

Additionally, the production of toxins CpKT1 and CpKT?2 for Candida pyralidae YWBT Y1140
strain has been described. In this study, it was demonstrated that toxins present a molecular mass
over 50 kDa and stability in an acidic pH, high alcoholic degree, and different sugar concentrations.
Nevertheless, its effectiveness was studied in a laboratory medium. In white and red wine, the toxins
showed that only seven strains, out of 15 B. bruxellensis strains studied, present sensitivity in the wine
matrix [27]. Later, the same authors demonstrated that toxins CpKT1 and CpKT2 can cause damage to
cell walls in B. bruxellensis sensitive strains [28].

Several investigation groups have focused on the search of antimicrobial peptides (AMPs), which
have been studied as different microorganism agent controllers at clinical or industrial importance [27].

5. Antimicrobial Peptides and their Antifungal Action Mechanisms

Antimicrobial peptides (AMPs) are molecules which are found in a broad range of organisms
(from prokaryotic cells to human beings) and constitute the first line of defense against potentially
pathogenic organisms in multicellular organisms. However, some microorganisms are able to
produce AMPs with the purpose of ensuring survival [29]. Generally, AMPs show relative length
(below 100 amino acid residues) and can differ in sequence. Nevertheless, they share, as a distinctive
characteristic, the presence of amino acid residues charged to physiological pH and non-polar residues,
which determine its amphipathic nature [30-32]. The analysis of the tridimensional structure of
different AMPs has shown that these can be linear or adopt a-helical or 3-laminar conformation,
in which charged and hydrophobic residues are aligned in the opposed faces, allowing its water
solubility [30,31]. Due to the high number of identified peptides “The Antimicrobial Peptide Database
(APD3)” was generated (http://aps.unmc.edu/AP/main.php). This database is a library in which
peptides are classified according to origin, sequence, activity, and structural or physiochemical
properties [33]. To date, APD3 contains peptides obtained from different kingdoms, from which 13 are
produced by species corresponding to Fungi. From them, six peptides were identified in Fungi such as
Aspergillus giganteus, Aspergillus clavatus, Aspergillus niger, Penicillium chrysogenum, and Pseudoplectania
nigrella [34-39]. Other authors have described the genus Trichoderm can produced antimicrobial
peptides of no-ribosomal synthesis named peptaibols. They are characterized by a length between
seven and 20 amino acid residues, from which a high proportion corresponds to no-proteinogenic
amino acids, such as isovaline and x—aminoisobutyric. Furthermore, they show acetylation at the
N-terminal and amino alcohol at the C-terminal [40]. To date, 317 peptaibols have been described,
which have been stored according to origin, sequence, and crystallographic structure at the Peptaibol
database (http://peptaibol.cryst.bbk.ac.uk /home.shtml) [41].

One of the main aspects in the study of AMPs and peptaibols has been the determination of their
antifungal action mechanism. When the antifungal effect of a peptide produced by Aspergillus giganteus
was studied, it was determined that their action mechanism is related to cell wall permeabilization [36].
Further, through immunofluorescence experiments, it was determined that this AFP (antifungal
protein) is exclusively located in the plasmatic membrane, so that its inhibitory effect would be related
to the joining and destabilization of this structure [36]. This mechanism would be similar to what
was described for identified peptaibols in different species of genus Trichoderma [41]. The peptaibol
alamethicin (isolated from culture medium of Trichoderma viride) showed amphiphilic characteristics
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and it is strongly absorbed by natural and synthetic membranes and, consequently, generated cell
lysis [42]. On the other hand, different computing simulations were carried out by using the sequence,
tridimensional structure, physicochemical properties of several AMPs, and alamethicin peptaibol
to potentially determine its action mechanism. It was determined that these attach to the outer face
of the plasmatic membrane and its accumulation produces disorganization of the phospholipid
bilayer, favoring emerging pores. These pores would allow ion efflux (mainly potassium) from
intracellular, which causes an ionic gradient imbalance, oxygen reactive species production (ROS),
and the subsequent cell death [43]. In this context, cell membrane permeabilization is not the only
action mechanism related to AMPs. When an antifungal peptide secreted by P. chrisogenum (PgAF)
was characterized, it was determined that it corresponds to a peptide whose length is 55 amino acid
residues, rich in cysteine, and 25% hydrophobic amino acid residues [35]. Likewise, by sequence
alignment, it has been determined that PgAF presents a 42% sequence identity to an antifungal
peptide from A. giganteus [36], 37% to a novel antifungal peptide from A. niger (AnAFP) [34], and
100% to Penicillium nalgiovense antifungal protein (NAF) [35]. Using proteins with antifungal activity
from Penicillium chrysogenum, it was determined that these proteins produce cell wall disorganization
and membrane permeabilization. This produces a great loss of turgidity and ionic gradient due
to the rapid potassium efflux. The authors also reported an effect on the growth tips of hyphae
and generation of reactive oxygen species (ROS) [35]. This observation was the first evidence of
antimicrobial peptides and intracellular toxicity by ROS generation. Another piece of research has
studied the antifungal effect of a hexapeptide derived from peptide PAF of P. chrysogenum, named
PAF26. This lineal hexapeptide (sequence RKKWEFW) presents two well defined functional motives.
The first, located at the N-terminal (RKK), corresponds to a cationic domain (net charge +3), while the
second, located at the C-terminal (WFW), corresponds to a hydrophobic domain [44]. By fluorescence
microscopy, it was determined that PAF26 is internalized by Aspergillus fumigatus, Neurospora crassa,
and S. cerevisiae, exerting its antifungal action in the intracellular space [31]. Later, these authors
proposed an action mechanism for PAF26 using, as models, N. crassa and S. cerevisiae. They observed
two particular sub-mechanisms, which are directly related to the concentration of the hexapeptide
in the medium. When concentrations between 2.5-5.0 uM PAF26 are applied, it was determined
that the peptide interacts with natural negative charges of the cell wall. Once in contact with the
membrane, PAF26 is internalized by the cell via generation of endosomes, producing the accumulation
and expansion of vacuoles. After, by active transport of vacuoles, PAF26 is released into the cytoplasm
where it produces permeabilization of membranes, allowing the release of mitochondrial ROS. Thus,
cell death would be related to the oxidative stress of DNA, oxidative damage to the membrane level,
and homeostatic intracellular imbalance [31]. In the second mechanism, when PAF26 concentration
exceeds 20 uM, the hexapeptide translocation occurs through the cell membrane, followed by ROS
generation and the subsequent oxidative damage on membranes and DNA. This effect produces
cell death similar to what was described for low concentrations of PAF26 [31]. These mechanisms
demonstrate that cell wall disorganization, membrane permeabilization, and cell internalization of
AMPs produced by Fungi produce a redox imbalance in the target cell, whose final consequence is
cell death.

6. Antimicrobial Peptides as a Contaminant Bio-Control Tool in the Winemaking Industry

Regarding the study of antimicrobial peptides as biocontrol contaminant microorganisms in the
winemaking industry, the effect of synthetic fragments built from antimicrobial peptides produced
by P. chrysogenum [35] and from the antimicrobial bovine peptide named Lactoferricin [45] has been
analyzed. All peptides affected the growth of B. bruxellensis, Cryptococcus albidus, Pichia membranifaciens,
Zygosaccharomyces bailii, and Zygosaccharomyces in a laboratory medium. Nevertheless, these peptides
also affected (in less proportion) the growth of the fermentative yeast S. cerevisiae [46]. Posteriorly,
the antifungal effect of the synthetic peptide LfcinB;7_3; on the growth of B. bruxellensis in a laboratory
medium, must, and white wine was studied, determining that this affected the growth in all media,
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and its action mechanism is related to the interaction and penetration of LfcinB;7.3; into the cell
cytoplasm [46].

Actually, S. cerevisine CCMI885 has been the only yeast in which the production of AMPs has
been described. The production of antifungal compounds in a protein fraction between 2-10 kDa
affected the growth of native wine yeast isolates of B. bruxellensis, Hanseniaspora uvarum, Hanseniaspora
guilliermondii, Candida stellata, Kluyveromyces thermotolerans, Kluyveromyces marxianus, and Torulaspora
delbrueckii [47]. Later, by characterization of these peptides through an Electrospray Ionizacion Mass
Spectometry (ESI-MS), it was determined that it produces two peptides of molecular mass close
to 1.6 kDa, which show a high sequence identity with isoforms one and two/three of the enzyme
GAPDH [48]. Nevertheless, these peptides do not produce the complete inhibition of B. bruxellensis in
a laboratory medium. Therefore, the surviving yeasts may continue producing the aroma default in
a wine matrix [49]. Posteriorly, the authors studied the antifungal action mechanism of the characterized
peptides, demonstrating that they produce disruption in the cell wall integrity in H. guilliermondii [50].
Finally, when synthetic isoforms of this AMP were produced, it was observed that they are not as
effective as natural peptides [51]. By assessing the biochemical characteristics of AMPs and their
antifungal action mechanisms, it can be said that the use of antimicrobial peptides for biocontrol of
spoilage yeasts in the winemaking industry could be an effective tool. Our work group described the
antimicrobial activity from several strains of yeasts isolated from winemaking environments, among
them was C. intermedia LAMAP1790, which has antibacterial activity against the food pathogens
Escherichia coli, Listeria monocytogenes, and Salmonella typhimurium [52]. Posteriorly, it was demonstrated
that the C. intermedia LAMAP1790 strain affects the growth of the B. bruxellensis LAMAP 2480 strain,
determining that the antifungal is released to the culture medium (Figure 1). Moreover, it was
demonstrated that this antifungal does not affect the growth of the fermentative yeast S. cerevisiae,
it being the most important species from the enological point of view [53].

S. cerevisiae B. bruxellensis
BY4741 EC1118 LAMAP LAMAP LAMAP LAMAP
1359 2480 3276 3294

Figure 1. Semi-quantitative assessment of the antifungal action of C. intermedia LAMAP1790 on S. cerevisiae
and B. bruxellensis. Each column corresponds to an inoculated strain in agar, while C. intermedia was
inoculated as a drop in the layer three times. The antifungal capacity was quantified by measuring
the diameter of the inhibition halo generated around C. intermedia LAMAP1790 (represented with red
dotted lines). Left to right columns: S. cerevisine BY4741, S. cerevisiae EC1118, B. bruxellensis LAMAP1359,
B. bruxellensis LAMAP2480, B. bruxellensis LAMAP3276, and B. bruxellensis LAMAP3294 [51].

To determine whether the antifungal compound showed antifungal properties in a liquid medium,
a viability assay was carried out by the exposition of the studied strains on culture sterile supernatant
of C. intermedia. By comparing the counts of both strains of S. cerevisiae, it was observed that there are
not statistically significant differences in their growth and cell viability, the conclusion being it was not
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affected by the exposition to supernatant [53]. Nevertheless, by assessing the counts of B. bruxellensis,
it was determined that there was not growth of B. bruxellensis LAMAP1359, B. bruxellensis LAMAP2480,
and B. bruxellensis LAMAP3276 strains, and the B. bruxellensis LAMAP3294 strain showed statistically
low viability. These results confirmed what was observed in the semi-quantitative assay (Figure 1),
it being possible to demonstrate that the released compound to the culture medium, by C. intermedia,
shows fungicidal activity against B. bruxellensis, without affecting S. cerevisiae [53].

To define the nature of the antifungal compound, an assay was carried out, in which a fraction
of the supernatant was treated at 100 °C for 10 min and its antifungal capacity through viability of
B. bruxellensis LAMAP2480 post-exposition was analyzed. Culture medium was used as a control,
from which a fraction was submitted to thermic treatment [53]. These results show that when
supernatant is kept at 4 °C, the antifungal activity was not affected, since the growth of B. bruxellensis
was decreased by four logarithmic orders. Nevertheless, when supernatant is kept at 100 °C,
its antifungal activity decreased significantly [53]. Later, supernatant was concentrated 100 times,
and the total proteins were fractionated by ultrafiltration according to their molecular mass.
Thus, two fractions were obtained, which contained proteins upper and lower than 10 kDa, respectively.
It was demonstrated that the fraction lower than 10 kDa had antifungal activity and it disappeared in
the presence of protease, showing the proteinaceous nature of the compound with antifungal activity.
So, this is the first report of the production of peptides with antifungal capacity in a yeast different
from S. cerevisiae [53].

7. Action Mechanisms of AMPs

Despite the knowledge obtained from the use of AMPs and their antimicrobial action mechanisms,
to date it is not clear why some yeasts are resistant to AMPs and/or which mechanisms are used
by the yeast producer to protect itself from its own antifungal action mechanism. For this reason,
resistant mechanisms to AMPs in bacteria have been studied, determining that these can modify certain
characteristics of their wall cell and membrane to protect themselves from the action of peptides [29].
Thus, it has been determined that Staphylococcus aureus transports alanine and lysine towards its wall to
reduce negative net charge of teichoic acids; therefore, generating electrostatic repulsion with cationic
AMPs. Additionally, it was determined that there is a positive correlation between the increase of
membrane proteins with the resistant antimicrobial peptides in Yersinia enterocolitica [54].

To date, the only known resistant mechanisms to AMPs have been described in the pathogen
yeast C. albicans. This yeast can defend itself from the attack of the antimicrobial peptide salivary
histatin-5, which has been described as a relevant part of innate immunity in humans [55]. It has been
described that C. albicans can defend against this peptide through three different mechanisms. In the
first mechanism, this yeast is able to inactivate histatin-5 through secretion of proteases Sap9 and Sap10,
which are able to digest antimicrobial peptide, besides degrading tissue of the host, which allows it to
avoid the innate defense system and colonize the human oral cavity [56,57]. On the second mechanism,
C. albicans secretes a glycoprotein named Msb2, which is able to join free AMPs in its glycoside realm,
reducing its effective concentration and detoxifying the medium [57]. Finally, in the third mechanism,
it has been described that C. albicans is able to expel the histatin-5 peptide from its cytoplasm, using as
efflux pump Flul, which is part of the protein resistant family to multi drugs MDR [57]. So far, these
mechanisms would be exclusively of C. albicans; therefore, it cannot be extrapolated to other organisms.
Nevertheless, it is necessary to carry out more studies on other yeasts, with other peptides and other
media to determine the existence of similar mechanisms and/or new resistant mechanisms to AMPs.

8. Conclusions

B. bruxellensis is the most important spoilage yeast in wine at a world level, due to the negative
sensorial effect when it is present. It has been studied using different methodologies to eradicate
its presence in wine, but the cost and efficiencies of these has meant that, actually, in the wine
industry, SO, is still used as a microbial controller. However, the SO, presence in wine can bring health
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problems; so, it is necessary to search for natural products that allow for the control of microbial growth,
especially spoilage microorganisms. The AMPs are peptides of low molecular mass that are secreted by
microorganisms ensuring survival. Our work group identified that C. intermedia LAMAP1790 secretes
peptides with antimicrobial activity, which have a molecular mass lower than 10 kDa. These peptides
control the B. bruxellensis growth without affecting S. cerevisiae. However, it is necessary to determine
their action at pH variation, residual sugar concentration, the increase of the ethanol concentration, and
proliferation of other yeasts and/or related bacteria in winemaking to define the industrial potential of
these AMPs. Likewise, the low production of these peptides is a problem, it being necessary to develop
biotechnological tools that allow larger production of these peptides and thus enable the carrying out
of assays at an industrial scale.
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The bulk of the sugar fermentation in grape juice, in order to produce wine is carried out by
yeasts of the genus Saccharomyces, mainly S. cerevisine. However, S. cerevisiae is not the only wine
yeast, as spontaneous grape juice fermentation involves a complex succession of growth and death of
different yeasts [1,2], and each of them contribute to the organoleptic properties of the final product.
Saccharomyces are not usually found in the epiphytic yeasts present on the surface of grapes, where
Hanseniaspora, Candida, Pichia, and Hansenula are dominant [3]. However, Saccharomyces imposes itself
due to its higher tolerance to the stressful conditions of fermentation, due to its resistance to the
addition of sulfite and to the ethanol that it itself produces [4]. Therefore, most non-Saccharomyces
species relevant to winemaking have been traditionally overlooked, except when they act as spoilage
agents [5]. However, the use of selected non-conventional yeasts to improve the organoleptic properties
of wine is probably the most exciting trend in modern enological microbiology [6-8]. This Special
Issue gives a complete picture of the most promising non-Saccharomyces strains and their contributions
towards more complex and balanced wines.

Spoilage yeasts are still the subject of much interest. One of the most resilient contaminants in the
cellar are Brettanomyces/Dekkera yeasts. B. bruxellensis has been described as being mainly responsible
for worldwide off-flavor wine production, due to its ability to transform hydroxycinnamic acids
present in the grape juice into phenolic derivatives [9]. Brettamomyces has been controlled traditionally
by the addition of sulfur dioxide, but the current trend is to reduce the use of such chemical agents
due to its negative impact on human health. Therefore, alternatives are being explored. The use
of killer toxins produced by different non-Saccharomyces yeasts have been described, and the most
promising one is the use of antimicrobial peptides. Interestingly, a peptide derived from a strain of
Candida intermedia isolated form wine fermentations proved useful against B. bruxellensis, which leads
to the possibility of this and other yeasts to be used as agents for biological control. Zygosaccharomyces
is also a well-known wine spoilage yeast, causing re-fermentation in sweet wines and producing
not just CO; but also undesired compounds such as some esters [10]. However, Z. rouxii has been
used to produce low-alcohol beer, and co-cultivation of. S. cerevisiae and Z. bailii produces wine with
lower ethanol content. High stress tolerance and low oxygen requirements would make this genus fit
to produce sparkling wines, but its production of off-flavors, such as acetoin, might be detrimental.
Another spoilage yeast with a high stress tolerance is Saccharomycodes ludwigii [11]. Due to its high
tolerance to sulfur dioxide it can become a serious problem in the winery. However, it has some positive
abilities, like reducing the alcoholic content in mixed fermentations, the high release of polysaccharides
in wine (during aging-on-lees, as a result of cellular autolysis, but also during growth and alcoholic
fermentation) and the aromatic profile improvement of mixed fermentations.

Fission yeast Schizosaccharomyces pombe is one of the non-conventional yeasts that has raised more
early interest [12]. S. pombe is naturally found in grape juice and has the ability to reduce the L-malic in
wine, through maloalcoholic fermentation into ethanol and CO,. That is a way to control the acidity of
wines, producing more balanced products when acidity is high. However, due to its slow growth and
the fact that it produces wines with a less fruity tone, its use as unique fermenting yeasts is ruled out.
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However, the use of immobilized S. pombe has proved to be an alternative to reduce malic acid in a
controlled way. Additionally, this yeast helps to stabilize color and to release polysaccharides during
ageing on lees. Torulaspora delbrueckii is probably the most suitable of non-Saccharomyces yeasts for use
in winemaking [13]. It has a better fermentative performance that any of the other non-conventional
yeasts mentioned here, and it has some positive aspects that might improve wine fermentation when
compared to S. cerevisine—low acetic acid and ethanol production, high glycerol production and
mannoprotein and polysaccharide release—along with some interesting contributions to the final
aroma. However, it is more sensitive to stress than S. cerevisiae, it dies faster, and also its metabolic
activity declines markedly as a result of the environmental stress.

The genus of apiculate yeast Hanseniaspora and its asexual anamorph Kloeckera is the most abundant
yeast associated with grapes. Its tolerance to ethanol and sulfite is low, so their contribution during
a spontaneous fermentation is restricted to the first stages [14]. However, its contribution to the
organoleptic properties of the final product produced by S. cerevisiae is remarkable. Some specific
species that are relatively well-adapted to wine fermentation have attracted interest. For instance,
strains of H. vineae has been demonstrated to increase fruity aromas by increasing 2-phenylethyl
acetate and ethyl acetate. All Hanseniaspora species increase the level of almost all acetate esters. Some
species, such H. clermontiae, H. opuntiae, H. guilliermondii, and H. vineae are also able to stabilize the
color of wines. Other genera that are easily found in grapes and wineries are Candida. Some strains of
C. stellata have been associated with food production for a long time [15]. It has a positive impact in
winemaking for its fructophilic character, its high glycerol production, and its efficient production
of extracellular enzymes, such as pectinases, cellulases, proteases, glycosidases, and so on. Candida
is a complex genus from the genetic point of view, and for instance a C. stellata strain of enological
interest has been renamed Starmerella bombicola, while other food related species C. zemplinina has
been renamed Starmerella bacillaris, so this variety of yeasts with interesting industrial properties have
to be carefully studied. A similar change of name has suffered Wickerhamomyces anomalus, which
was previously known as Pichia anomala, Hansenula anomala or Candida pelliculosa [16]. This yeast is
present in grape juice fermentations, and while it was traditionally associated with a high ethyl acetate
production it has been proved to be a good enzyme producer. For instance, it produces high amounts
of glycosidases that contribute to the release of primary aromas from the grape. It also produces a high
level of proteases that prevent wine haze.

Most non-Saccharomyces yeasts change the wine properties with a variety of small changes in the final
product, while others have a very distinct advantage. The main advantage of Lachancea thermotolerans
(previously known as Kluyveromyces thermotolerans) is its strong production of lactic acid, a fact that
can lower the wine pH by 0.5 units or even more [17]. This prevents the addition of tartaric acid
in cases where the acidity is sub-optimal. Additionally, it helps to reduce the volatile acidity when
mixed with S. cerevisiae. Metschnikowia (Candida) pulcherrima can be used as a biological control
agent due to its production of a natural antimicrobial compound, pulcherrimin, which has antifungal
properties [18]. It also helps stabilize the wine’s color due to its low anthocyanin absorption rates and
the formation of stable pigments (pyranoanthocyanins and polymers). The saprophytic yeast-like
fungus Aureobasidium pullulans shows antagonistic activity against plant pathogens and it has the ability
to decrease ochratoxin A (OTA) production and OTA biosynthetic gene expression of the contaminating
fungus [19].

Due to their lower fermentative potential, compared to S. cerevisiae, the non-Saccharomyces species
are used in mixed or sequential fermentation with an S. cerevisiae strain with good fermentative power
to achieve the complete consumption of sugars from grape juice. Non-conventional yeasts might
help to improve the most undesired aspect of a given fermentation. With regards to wine acidity,
up to seven non-Saccharomnyces species can increase or decrease acidity [20]. By doing so they can be
useful to prevent the unbalances produced through the increasing levels of global warming. Finally,
non-Saccharomyces yeasts can be useful in the production of wines involving specific post-fermentation
processes, such as the case of sparkling wine [21]. Secondary fermentation can be carried out by
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T. delbrueckii giving positive effects on the overall aroma and sensory characteristics. Presence of
S. pombe and Saccharomycodes ludwigii influence the acidity and color of the final product, and of course,
the presence of non-Saccharomyces in the primary fermentation has its fingerprint in the sensory quality
of sparkling wines. For all these reasons there is an increasingly longer list of non-Saccharomyces species
used as commercial starters, particularly of T. delbrueckii, where five distinct commercial brands are
now available.
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