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Since the beginning of enology and fermentation research, wine quality has been parametrized
from a chemical and sensory point of view. The main chemical compounds employed nowadays
to parameterize the quality of wine or other fermented beverages are acids, polyphenols, volatile
particles, and polysaccharide compounds [1]. All these chemical compounds directly influence sensory
parameters commonly perceived by consumers such as general acidity, variety character, aroma quality,
structure, and overall impression [1].

Before starting to study technologies that enhance alcoholic fermentation quality parameters,
there is a need to reduce the incidence of spoilage microorganisms such as Brettanomyces/Dekkera
or Zygosaccharomyces rouxii able to produce undesirable molecules such as ethyl phenols or acetic
acid [2,3] that mask the influence of positive molecules. Traditionally additives such as SO2 were used
to inhibit these undesirable microorganisms. However, modern legislation started to regulate their use
due to allergenic food safety problems [4]. A new technology that reduces the incidence of spoilage
microorganisms without generating any health collateral effects for specific consumers, is the use of
bio controller technologies [3]. Selected strains of yeast species such as Wickerhamomyces anomalus
and Metschnikowia pulcherrima have been proven to be especially efficient against undesirable spoilage
microorganisms [3].

Color is the first perception that a wine consumer appreciate in a sensory analysis. This quality
parameter depends mainly on the anthocyanin concentration. Modern enology has studied ways to
increase the extraction and to increase the stability of these molecules during the winemaking
process. Recent technologies such as must replacement and hot pre-fermentative maceration
increase the phenolic content and enhance the chromatic characteristics of wine while inactivating
polyphenol oxidases enzymes able to degrade colored molecules and promoting condensation between
anthocyanins and tannins [5]. Other modern technologies to increase wine color from a microbiological
point of view are related to the production of highly stable forms of anthocyanins during alcoholic
fermentation. Specific yeasts are able to produce high levels of pyruvic acid that increases the formation
of high stable anthocyanins such as vitisin A [1,6] or allow to avoid the malolactic fermentation
process [7,8] where color intensity usually gets reduced.

The modern food safety standards demanded by most popular food distributors require wines
free of hazards compounds. Additionally, most countries start to stablish legal limits for some
hazardous molecules. This fact oblige winemakers to control these undesirable compounds form a
winemaking point of view. The main parameters to control are ochratoxin A, biogenic amines [9],
ethyl carbamate, sulfur dioxide, allergens, pesticides, genetically modified organisms, physical hazards
and phthalates [4].

Fermentation 2020, 6, 13; doi:10.3390/fermentation6010013 www.mdpi.com/journal/fermentation1
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Modern wine consumers usually prefer wines with moderate ethanol levels. This fact promoted
the development of new strategies to reduce the high ethanol levels, especially in warm viticulture
areas. One interesting strategy is the use of less efficient yeasts than S. cerevisiae in the conversion
of sugar into ethanol. Sequential fermentation inoculations involving Hanseniaspora uvarum show
interesting results in ethanol reduction while also increase wine quality parameters such as fruity aroma
or color intensity [10]. Additionally, climate change is making it difficult in some countries/regions to
control some quality parameters during alcoholic fermentation such as the presence of undesirable
microorganisms, excessive sugar, lack of acidity, high pH, imbalanced color, undesirable flavors or food
safety problems. Modern wine microbiology management offers interesting alternatives to mitigate
these problems [11].

Although traditionally some non-Saccharomyces species have been considered spoilage
microorganisms [2]. The use of some specific non-Saccharomyces species allow to control and to
improve several wine quality parameters [1,12]. The most popular ones are Torulaspora delbrueckii [13],
Lachancea thermotolerans [14–16], Metschnikowia pulcherrima [12,17], Schizosaccharomyces pombe [18],
Hanseniaspora uvarum [10] and Pichia kluyveri [12]. Some groups are studying the microbiota of
vineyards and soils to look for other microorganism different from S. cerevisiae able to enhance quality
parameters of alcoholic and malolactic fermentation [19].

Modern biotechnologies based on the use of some conventional and non-conventional yeasts
allow to produce wine or beer with functional properties for human health [20]. The last studies show
interesting results to improve the content of specific neuroprotectives and neurotrasmitters such as
serotonin or melatonin [20].

Most studies involving fermentative industries are focused on alcoholic fermentation. However,
during the last decade the knowledge regarding malolactic fermentation has increased due to the
industrial difficulties that this process shows in some occasions. The use of lactic bacteria species
different from Oenococus oeni and the use of combinations of non-Saccharomyces and lactic bacteria
are of current interest [21]. Combinations between Hanseniaspora uvarum, S. cerevisiae and Lactobacilus
plantarum show improvements in malolactic fermentation time, wine body and aroma [21].

Other new alcoholic beverages different from wine and beer start to be developed and optimized.
One of those modern alternatives to grape wine is cashew apple fermentation. This alcoholic beverage
show interesting properties such as low ethanol content and significant amounts of antioxidants
such as ascorbic acid or polyphenols. The fermentation process of cashew apple has been optimized
using Hanseniospora guillermondii that increases phenyl ethanol and acetate ester [22]. Additionally,
the fermentation industry is being optimized in industries different from wine, beer or other alcoholic
industries. One interesting example of this is the optimization of itaconic acid production using
Aspergillus terrus [23].

Saccharomyces cerevisiae remains the main option to perform alcoholic fermentation due to its
high fermentation reliability. Nevertheless, the genome of S. cerevisiae is huge and there is a high
variability depending on the selected strain. The use of commercial strains can produce standardized
wines without personal differentiations. For that reason, some researchers are developing S. cerevisiae
selection processes applied to specific regions and grape varieties to enhance their typicity, a good
example is Narince wines [24]. Specific selected autochthonous S. cerevisae strains are able to enhance
specific esters and terpenes that increase the sensory quality parameters such as floral and fruity
characters. Selections of S. cerevisiae strains from “Vinos de Madrid” viticultural region (D.O.) show a
way to preserve regional sensory properties different from those of commercial strains that promote
biodiversity while improve the personality of wine in parameters such as fruity or floral characters [25].
Recent studies for Bombino bianc wine show how it is possible to select specific S. cerevisiae strains
able to enhance arbutin splitting (β-glucosidase) and with moderate pectolytic activity that improves
the quality of wine [26].
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Abstract: The undesirable effects of some hazardous compounds involved in the different steps of the
winemaking process may pose health risks to consumers; hence, the importance of compliance with
recent international food safety standards, including the Hazard Analysis and Critical Control Point
(HACCP) standards. In recent years, there has been a rise in the development of new technologies in
response to the hazardous effects of chemical compounds detected during the winemaking process,
whether naturally produced or added during different winemaking processes. The main purpose
was to reduce the levels of some compounds, such as biogenic amines, ethyl carbamate, ochratoxin A,
and sulfur dioxide. These technological advances are currently considered a necessity, because they
produce wines free of health-hazardous compounds and, most importantly, help in the management
and prevention of health risks. This review shows how to prevent and control the most common
potential health risks of wine using a HACCP methodology.

Keywords: biogenic amines; ethyl carbamate; ochratoxin A; sulfur dioxide; phthalates; HACCP

1. Introduction

During the last few decades, grape fermentation products have shown positive health effects
when consumed responsibly. Wine is common in the diet of many countries whose populations have
high life expectancies, such as Spain. However, there are several health risks related to alcoholic
beverages and specifically to wine. Those risks are usually related to specific groups of consumers,
such as people suffering from allergies, pregnant women, or alcoholics. In this work, we focus on
those health risks that can be avoided by a responsible consumer.

The Hazard Analysis and Critical Control Point (HACCP) theories emerged during the 1970s.
Implementation of HACCP is now compulsory for food industries in most countries in order to protect
consumers [1]. This article discusses the hazards associated with wine consumption, following the
principles of the HACCP, in order to make it easy to understand and applicable for those who work
in the wine industry. The HACCP theory is a preventive measure rather than a reactive policy. For
this reason, this work shows that most of the known ways to prevent the appearance of human
health hazards in wine begin with vineyard management. The first goal of HACCP is to control
micro-organisms that could potentially harm regular consumers. From this perspective, wine is a
simple food product to control, as no dangerous pathogens (such as Clostridium botulinum, Salmonella
enteritidis, Escherichia coli, Listieria monocytogenes, Bacillus cereus, Staphylococcus aureus, Campylobacter
jejuni, or Aeromonas hydrophila) can develop in a medium that contains an ethanol level of approximately
10–14%, high acidity, phenols, and sulfide. Indeed, in big cities (before chloride made water safer
to drink) alcoholic beverages were consumed instead of water in order to avoid water pathogens
that develop under unhygienic conditions. Nowadays, all developed countries and most developing

Fermentation 2019, 5, 33; doi:10.3390/fermentation5020033 www.mdpi.com/journal/fermentation5
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countries have high-quality public water from a food safety point of view. This fact makes the situation
completely different, and although no pathogenic micro-organisms can easily develop in wine, new
food safety problems (unknown until recent years) have begun to appear.

The old approaches of HACCP were based on the belief that no pathogenic micro-organisms
could reach the consumer through wine and were focused on other food safety hazards, such as
chemical or physical risks [2,3]. However, recent research has shown that some potentially indirect
pathogenic micro-organisms that are not able to colonize a human body, such as lactic bacteria or grape
fungi, can generate dangerous metabolites under specific circumstances. These compounds, in fixed
concentrations, can be put into danger-specific groups of the population, or even regular consumers.
Some of these compounds are biogenic amines, ethyl carbamate, or ochratoxin A (OTA).

Food safety controls were originally based on testing analyses of final products. The main problem
of this approach was the impossibility of analyzing entire productions. In the case of winemaking, it
would mean analyzing each bottle. Another specific problem of the enology industry is the price of
specific analyses related to food safety, which can easily reach 100 € per unit and analysis, depending
on the studied hazard. For these reasons, HACCP theories are based on preventive principles, such
as routine control measures during manufacturing, in order to keep production under controlled
conditions. In the past, the HACCP focused on pathogenic micro-organisms; however, today it also
seeks to control physical and chemical hazards [4]. Such hazards are of great importance in the wine
industry. For that reason, we discuss chemical hazards, such as pesticides, commonly used in vineyards
or common additives, such as sulfites or fining agents. Physical hazards common in wine industries,
such as glass, are also studied. These problems are generally easier to avoid than microbiological
hazards, as they are more predictable than micro-organisms.

Because the HACCP is considered to be the most international system for preventing food hazards,
we will discuss in detail how to follow a structure based on the seven principles that constitute this
theory. This methodology easily allows the reader to identify where potential hazards appear in the
winemaking process, their dangerous levels, their origins, and how to prevent them through systematic
controls. It also shows how to verify from time to time that the whole system is under control by using
more complex and expensive methodologies.

The Codex Alimentarius Guidelines [5] show seven principles to guide the implementation of a
HACCP system, as follows.

1.1. Principle 1: To Conduct a Hazard Analysis

All hazards relating to a food product that can negatively influence the health of any consumer
must be identified at their source. Possible preventive measures should also be described. Hazards
must be divided into three groups: microbiological, chemical, and physical. As we explained before,
from a microbiological point of view, no human pathogenic bacteria, fungi, or virus can successfully
develop in wine due to its ethanol content. However, some micro-organisms that commonly appear
in wine or grapes, such as lactic bacteria or fungi, are able to produce some potentially dangerous
compounds, such as biogenic amines, ochratoxin A, or ethyl carbamate. There is generally low
awareness of these problems of microbial origin in the wine industry, and there is some controversy
about which preventive measures are most effective. These compounds constitute the main health
hazards of microbiological origin in the wine industry. The main chemical hazards are the pesticides
used in the vineyard to protect the plant and grapes from diseases produced by fungi. Migrations
emanating from the packaging or containers where the wine is stored or manipulated are also chemical
problems. Some fining agents that, on occasion, can be potential allergen compounds for specific
groups of people are used to fine the wine in order to reduce the initial turbidity. Additives that can
stabilize wine against micro-organism spoilage or against spoilage processes, such as oxidation, in
over dosage can also produce health risks. The main physical hazards in the winemaking process
are remains of machinery particles that can end up in the wine and glass particles from deteriorated
bottles in which the final wine is stored.
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1.2. Principle 2: To Determine the Critical Control Points

After conducting a study of all the possible hazards and their potential detriment to health and
the probability of occurrence, we must establish how to control these risks. Critical control points
(CCPs) are phases in the food process where it is essential to control some parameter that can prevent
or eliminate the potential food safety hazard or reduce it to an acceptable level. For example, if a
hazard comes from the grapes row material, the best moment to control it is before processing so as
to make it easier to isolate the source. Therefore, it would not make any sense to control it at the last
stage of the process. Thus, efforts must be made to identify the problem as soon as possible.

1.3. Principle 3: To Establish Critical Limits

Once it has been established where a hazard is going to be controlled, we must establish a criterion
that allows for differentiating between what is acceptable and what is not. That criterion is defined
according to a critical limit. Most of the time, critical limits are established according to the legal
limits defined by legislation, such as that pertaining to histamine, ochratoxin A, ethyl carbamate, or
legalized additives.

1.4. Principle 4: To Establish a Monitoring System

Once the stage where we have to control a hazard and its critical limit have been established,
we must establish the kind of control to use, its frequency, and the qualified responsible person to
use it. These controls are usually analyses that are fast and economical but allow for very quick
decision-making. It is very common to use semi-quantitative methodologies that are not the official
methods and are usually expensive and require specific equipment not commonly available from every
winery. The official methods are commonly used in HACCP Principle 6.

1.5. Principle 5: To Establish Corrective Actions

When a deviation from the established critical limits occurs, a corrective action must be performed
in order to restore the control and avoid potentially dangerous wine reaching the consumer. The most
drastically corrective action is to eliminate the product. Nevertheless, several other options permit
removing the hazard or procuring a secondary product less valuable but with a residual economical
value. The principle also proposes to review the cause of the mistake or the imprecise action that
generated the deviation in order to correct the procedure.

1.6. Principle 6: To Establish Verification Procedures

Hazard Analysis and Critical Control Point (HACCP) verification is defined as those activities,
other than monitoring, that establish the validity of the HACCP plan and ensure that the HACCP
system is operating according to the plan. Verification is done to determine whether the HACCP
plan is being implemented properly, whether practices used are consistent with the HACCP plan,
whether the HACCP system is working to control significant hazards, and whether modifications of
the HACCP plan are required to reduce the risk of recurrence of deviations [6]. In winemaking, to
verify the success and correct implementation of control measures, which are in most cases based on
fast and semi-quantitative analyses, the most common procedure is to perform periodic checks using
the official methodology. For that reason, it is very common to perform the verification analyses in
accredited laboratories that possess advanced equipment, such as HPLC or GC/MS, and qualified
professionals to run them.

1.7. Principle 7: To Establish Documentation Concerning All Procedures and Records That Are Appropriate to
These Principles and Their Applications

A HACCP manual must be written. It describes the methodologies to follow in the HACCP
system and how to apply them to this specific industry. It also describes potential hazards and their
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effect on human health, critical control points, critical limits, corrective actions, control measures, and
verification measures. The manual also keeps records of all performed operations in order to help
produce safe products.

The main purpose of this review is to show wine manufacturers the main hazards in the wine
industry and how to manage them according to HACCP theories (Table 1).

2. Ochratoxin A

2.1. Toxicity

Mycotoxins are toxic compounds of fungal origin that, when ingested, absorbed, or inhaled, can
cause illness or death in humans. Ochratoxin A is a common compound in wines. It is considered
hazardous to human health because of its nephrotoxic, neurotoxic, immunotoxic, mutagenic, and
teratogenic properties [6–8]. Recently, the International Agency for Research of Cancer classified OTA
as a carcinogenic compound [9]. The tolerable daily intake of OTA ranges from 0.3 to 0.89 μg/day for a
person weighing 60 kg. It can cause instant poisoning in doses between 12 and 3000 mg for a person of
that weight [10]. The Food and Agricultural Organization (FAO) and the World Health Organization
set the daily upper limit intake to 14 ng/kg and the weekly intake to 100 ng/kg of body weight [10].

2.2. Origin

The origin of mycotoxins in enology are several fungi species in rotten grapes that are able to
produce them. The OTA formation is related to the raw grapes, and it is not possible for OTA-producing
fungi to develop in liquid juice or wine, as all fungi responsible for its formation are strictly aerobic,
such as Aspergillus carbonarius [11,12]. The main species able to produce OTA in grapes, must and
wine are A. carbonarius [13], Aspergillus fumigatus [14], Aspergillus niger [15], Aspergillus tubingensis [16],
Aspergillus japonicus, and Penicillium tubingensis [10].

2.3. Critical Limit

Nowadays, OTA concentration in wine is regulated in certain European Union countries. We
propose a critical limit that corresponds with the European legal limit of 2 μg/kg (available online:
http://europa.eu/rapid/press-release_IP-04-1215_en.htm). The average value of OTA in European
wines is about 0.19 μg/L [10]. According to some research, Spanish wines show an incidence of 1% of
being over the legal limit [17].

2.4. Preventive Measures

Preventive measures mainly involve vineyard management being used to avoid the development
of undesirable fungi capable of rotting the grapes. Some of those species are powdery mildew [18],
Rhizopus stolonifera, or Botrytis cinerea [19] that favor berry colonization by the Aspergillus genus.
Those vineyard diseases are well-known by viticulturists and in most cases are easily treated through
phytosanitary controls. The insect known as Lobesia botrana usually produces small injuries in grapes
that favor the latter’s colonization by the former fungi. The insect plays an important role in OTA
formation as fungi, such as A. carbonarius, are not able to attack the grape skin and invade the pulp by
themselves [20]. Thus, previous skin damage is needed for colonization [12]. This insect management
is also well-known by viticulturists. Nowadays, there is a trend to use a methodology based on sexual
confusion through hormones in order to avoid the use of dangerous chemical compounds. Some
alternative options for avoiding undesirable fungal developments and the use of pesticides are the
biocontrol agents, such as Aureobasidium pullulans [21], Kluyveromyces thermotolerans [22], and Lanchacea
thermotolerans [23,24]. The biocontrol strategy consists of colonizing plant surfaces or wounds for long
periods under dry conditions before fungal attacks take place under wet conditions. Another trend
is to use vineyard management that exposes the grapes to the sun and allows for higher air-stream
circulation. In such microclimates, the development of fungi is more limited.
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2.5. Possible Control Measures

The main strategy to avoid possible contaminations by OTA is to control the sanitary status of
the grapes by visual control prior to processing them. This methodology allows the producers not
to accept any spoiled grapes or to remove the affected grape bunches in a selective process before
fermentation. Some authors report a success of about 98% using this methodology [25], when they
establish a critical limit of tolerating just 1% of infected grapes.

However, in some cases, early contaminations by fungi cannot be detected by human eyes.
Therefore, the control of fungi chemical indicator parameters, such as gluconic acid in grape reception,
allows one to eliminate possible human subjectivities. A fast enzyme test able to analyze that compound
is commonly used as a HACCP control measure, as it is relatively cheap: about 1 €/sample [26]. There
are also commercial kits based on immunoaffinity [27] that offer good accuracy and a rapid solution.
The official detection method of OTA is commonly used as a verification measure in accredited
laboratories due to its price, which is around 30–40 € [28,29] currently. Early detection allows for the
removal of traceability lots and allows one to apply corrective measures that are quite effective in this
specific case.

2.6. Corrective Measures

Once the presence of OTA concentration over the critical limit is detected, several corrective
measures can be applied before eliminating the lot. Some methodologies, such as reducing maceration
in the case of contaminated grapes, fining activated carbon [30], or fermenting with selected
yeast, can reduce OTA concentration in final wine from 70 to 32% [31]. Non-Saccharomyces, such
as Schizosacchromyces, look to be very promising in reducing the content by about 70% during
fermentation [31,32]. A regular amicrobic filtration before bottling about 0.45 μm of wine can easily
reduce the final concentration in OTA by about 80% [33].

All these options make it easy to manage OTA when it is detected. For that reason, affected lots
are usually not disqualified due to the high number of possibilities of corrective measures.

2.7. Verification

The official methodology in Europe is HPLC with a fluorescent detector. The detection price in an
accredited laboratory varies from 30 to 40 € currently [28,29].

3. Biogenic Amines

3.1. Toxicity

Biogenic amines are over-specific concentrations able to produce undesirable effects, such as
headaches, respiratory distress, blushing, heart palpitation, hyper or hypotension, tachycardia, itching,
skin irritation, vomiting, and several allergenic disorders [34,35]. The levels found in wines are far from
being able to produce such harmful effects in regular consumers. There are some specific groups of
people, such as those who are allergic to histamine, for whom the effects could be especially dangerous.
The most toxic biogenic amine that can appear in wine is histamine [36,37]. Human metabolism
possesses several enzymes, such as monoamine oxidase and diamine oxidase, that degrade the toxic
compound histamine for regular cases. However, specific groups of people have gradually inhibited
those enzymatic activities. Another specific parameter of wine is the presence of ethanol, which can
also inhibit those enzymes or alternative medication [36].

3.2. Origin

Biogenic amines production is mainly related to bacteria metabolism [38–40]. The main bacteria
genera involved in the process are Pediococcus, Oenococcus, Lactobacillus, and Leuconostoc. Histamine
formation depends on the genes of histamine decarboxylase activity. Lactic acid bacteria produce
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biogenic amines during the malolactic fermentation that takes place in almost every red wine after
alcoholic fermentation [41], although other micro-organisms, such as yeasts, are able to produce
biogenic amines in smaller amounts [42].

3.3. Critical Limit

Although there are no specific laws, several countries have established rules for the specific
biogenic amine histamine, whereas other biogenic amines remain free of control. Some recommended
limits are 10 mg/L in Australia and Switzerland, 8 mg L in France, 3.5 mg L in the Netherlands, 6 mg L
in Belgium, and 2 mg/L in Germany [37,43]. These recommended levels could become compulsory in
the near future. According to these data, we can establish an industry critical limit of 2 mg/L, which is
the most restrictive reported concentration.

3.4. Preventive Measures

All the preventive measures are designed to avoid uncontrolled bacteria developments in the
grapes or during alcoholic fermentation. The use of sulfur dioxide is the traditional way of inhibiting
lactic bacteria during alcoholic fermentation. The conventional enology sulfur dioxide doses allow
yeasts to develop and ferment while bacteria are inhibited. An alternative is the inoculation of a
high number of commercial yeasts that makes the development of other competitor micro-organisms
impossible. Nevertheless, other modern products, such as lysozyme or chitosan, also effectively inhibit
lactic acid bacteria development, consequently reducing the incidence of biogenic amines in wine.
These products can also be used if an undesirable lactic bacteria development takes place during
alcoholic fermentation, in order to stop it as soon as it is detected. Nevertheless, there are other types of
management than additive provision, such as high levels of hygiene, that reduce the initial population
of undesirable micro-organisms, such as wild lactic bacteria, in any installation that is in contact with
wine [44]. Biofilm techniques can considerably reduce the risk of bacteria able to produce biogenic
amines. Biofilm techniques consist of directly colonizing the wine and preventing the development
of spoilage micro-organisms. For that purpose, species such as Torulaspora delbrueckii are used to
minimize the use of additives, such as sulfites [45].

3.5. Possible Control Measures

The management of these risky compounds at the industry level is commonly based on the
use of selected lactic bacteria that do not possess histamine decarboxylase enzymatic activity [40].
Approximately 20% of bacteria do not possess that undesirable enzymatic activity [40]. Nowadays,
it is relatively easy to detect which bacteria are able to decarboxylase amino acids precursors to the
unhealthy biogenic amine forms [46]. All lactic bacteria available in the market underwent selection
processes in order not to develop such enzymatic activities, a part of classic selection parameters, such
as malic acid degradation, performance at low temperatures, and sulfur dioxide tolerance. Therefore,
the inoculation of those strains, instead of performing a spontaneous process, and the control of a
proper devolving of malolactic fermentation through the monitoring of bacteria implantation through
microscopic observation or more advanced techniques or malic acid degradation and evolution after
bacteria inoculation are some of the most common ways to control enzymatic activity.

Nevertheless, during the last several years, new biotechnologies based on the use of yeasts able to
remove the malic acid from wine while avoiding any possible bacteria activity are becoming popular,
especially in those regions where performing malolactic fermentation can mean a drop in quality [41].
The use of Schizosaccharomyces pombe is the best option, although in grape juices that are not very
acidic it must be combined with L. thermotolerans to avoid excessive deacidification [41]. These new
biotechnologies are usually combined with other technologies, such as lysozyme or chitosan, to avoid
any undesirable bacteria development that could generate detrimental biogenic amines production.
Therefore, in those cases, the production of biogenic amines is not possible, and the final concentration
is null.
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Another control measure is direct analysis of biogenic amines, such as histamine. This control is
highly recommended in wineries that perform spontaneous malolactic fermentations. Some affordable
options are the use of rapid techniques, such as enzymatic analysis [26], which is fast and relatively
cheap: about 1 € per sample. The official methodology is usually performed for verification purposes,
as it is much more expensive and requires specific instrumental equipment.

3.6. Corrective Measures

Even though some yeasts can remove small amounts of biogenic amines during alcoholic
fermentation or during lees contact processes, there is no effective way of removing biogenic amines
when they appear in finished wine. For that reason, all efforts must be focused in order to avoid their
undesirable formation, as to date it has not had any effective corrective solution.

3.7. Verification

After using protocols that reduce the incidence of biogenic amines, in most cases the verification
measure is performed by fluorescence HPLC chromatography in accredited laboratories [29]. The
price in the market varies from 40 to 70 € [29].

4. Ethyl Carbamate

4.1. Toxicity

Ethyl carbamate (EC) is a known carcinogen compound present in a variety of fermented
foods [47]. Since the 1940s, the literature has considered it a toxic compound. In 1943, it was proven to
be carcinogenic [48,49]. A common use of ethyl carbamate was as a sedative and anesthetic for animals.
Ethyl carbamate is carcinogenic and genotoxic for several species, including hamsters, rats, mice,
and monkeys, which suggests a high potential carcinogenic risk for humans [50,51]. Ethyl-carbamate
absorption implicates three pathways: N-hydroxylation or C-hydroxylation, hydrolysis, and side-chain
oxidation. The main pathway is Ethyl carbamate (EC) hydrolysis through liver microsomal esterases
to carbon dioxide, ammonia, and ethanol. The International Agency for Research on Cancer (IARC)
classifies ethyl carbamate as a group 2A carcinogen (i.e., probably carcinogenic to humans) [52].

4.2. Origin

Ethyl carbamate is mainly produced in wines due to the evolution of urea. Urea is a regular
metabolite produced by most yeasts and bacteria during their regular metabolisms. Urea is slowly
combined with ethanol, producing ethyl carbamate. This is why incidence is higher in old aged wines.
Other secondary production pathways can be created by the action of lactic bacteria and specific amino
acids metabolism. Citrulline is an intermediate of arginine degradation by wine lactic acid bacteria
during malolactic fermentation. Citrulline is the second precursor in the formation of ethyl carbamate
after urea [53]. A high percentage of heterofermentative wine lactic bacteria, such as Oenococus oeni,
are able to degrade arginine. The enzyme arginine deiminase produces that phenomenon.

4.3. Critical Limit

European legislation does not specify any legal limit regarding ethyl carbamate. Nevertheless,
some specific countries possess a legal limit or a recommended level. Some examples are Canada
(30 μg/L), Czech Republic (30 μg/L), South Korea (30 μg/L), and the United States (15 μg/L) [54].
We propose the lowest referenced level of 15 μg/L as the critical limit to be considered, especially for
companies from countries where ethyl carbamate is not legislated but with possibilities of exporting to
countries with legal limits.
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4.4. Preventive Measures

Possible preventive measures are to reduce nitrogen fertilization in vineyards, especially the direct
use of urea. Another measure is to use only the necessary nutrient supplementation before and during
fermentation, as increases in nitrogen composition will increase the final production of urea [55,56].
Any alternative to malolactic fermentation is an effective way to avoid ethyl-carbamate formation from
that bacteria metabolism or their urea formation [45].

4.5. Control Management

Current strategies are based on the use of urease enzyme [57], which can reduce levels of urea
down to 0 mg/L or non-detectable levels. Some companies commercialize the enzyme, and its use
is common in companies that export to countries with legal limits. Another more recent alternative
is the use of yeast species that naturally possess urease activity. Some of them are able to complete
an alcoholic fermentation by themselves, such as S. pombe, whereas others can be used in combined
fermentations with a more powerful fermenter, such as Saccharomyces cerevisiae [41]. Some experiences
demonstrate that the final urea values in these cases are close to 0 mg/L. Another option is the use of
selected malolactic bacteria that cannot excrete citrulline from arginine degradation [53].

4.6. Corrective Measures

Once it is produced, there is no corrective methodology that can effectively reduce the final
concentration to regular levels.

4.7. Verification

Accredited laboratories offer GC/MS as a detection technique. The price in the market varies
from 40 to 100 € [29].

5. Sulfur Dioxide

5.1. Toxicity

According to the Agency for Toxic Substances and Disease Registry (ATSDR) [58], sulfur dioxide
may cause irritation, and is especially dangerous when exposed to the eyes, mucous membranes, skin,
and respiratory tract. Direct exposure can cause such problems as bronchospasm, pulmonary edema,
pneumonitis, and acute airway obstruction.

Nevertheless, for the regular levels that can appear in wine, the main issue is people who suffer
from chronic pulmonary diseases, such as asthma [59], that can easily evolve to bronchospasm. For
that reason, in some markets, it must be indicated in the labeling that the wine contains sulfites in
order to protect that specific high-risk group, as they can easily identify any risks by reading the label
before consumption.

5.2. Origin

Although some toxicological properties are attributed to sulfur dioxide, its use caused a revolution
in winemaking, as it is a common additive that possesses several interesting properties from a
technological point of view, such as antioxidant, antimicrobial, and inactivator of oxidase enzymes,
such as laccase or tyrosinase, properties. Therefore, such properties notably increased the quality of
wines once its use became generalized in most wines. The management of rotten grapes is especially
difficult without sulfur dioxide if a good-quality wine is the objective of vinification. Nowadays, there
is no other single additive that provides a solution to all the former properties.

Sulfur dioxide is commonly used in different phases of the winemaking process, such as reception,
grape crushing, alcoholic fermentation, and barrel aging or storage. The main point about using it
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in winemaking is to inhibit possible bacteria development during alcoholic fermentation or storage,
while protecting against oxidation, which can spoil a wine’s aroma and color.

5.3. Critical Limit

The legal limit in Europe varies, depending on the content of sugar and the type of wine, from
150 mg/L to 350 mg/L total sulfur dioxide content [60]. A recent trend is to reduce the legal limit
gradually due to its toxicity. Sweet wines and wines produced from rotten grapes are those that have
been allowed to reach the highest limits due to their more difficult management from a microbiological
and technological point of view. The most consumed wines in Europe—dry red and dry white—have
a legal limit of 150 and 200 mg/L, respectively [60,61]. The higher permitted levels for white wines are
justified due to their lower protection in antioxidant compounds, such as anthocyanins and tannins,
that must be compensated for with higher additions of sulfur dioxide.

5.4. Preventive Measures

Although there are not at this moment any additives that can totally replace sulfur dioxide,
many can replace some of its technological properties. The best examples are the ones that possess
antimicrobial activity, such as sorbic acid [62], lysozyme [63], and chitosan [64]. Physical methods, such
as high-pressure processing, allow one to greatly reduce the need for preservatives due to their capacity
for undesirable micro-organism inactivation [65]. Ascorbic acid [66] is effective against oxidations;
products that combine sulfur dioxide and ascorbic acid have started to become common in the market.
Another option is the removal of oxygen that can react with oxygen before bottling [67]. Therefore,
theoretically, it is possible to replace sulfur dioxide with a combination of several additives with
different properties. The selection of yeasts with a low production of compounds able to bound to
sulfur dioxide, such as acetaldehyde, which decrease the efficiency of sulfur dioxide additions, is an
alternative to reducing initial doses [45].

Another alternative is the use of thermovinification, which inhibits most micro-organisms and
inactivates such enzymes as tyrosinase or lacassa so that high doses of sulfur dioxide are no longer
required. The sanitary initial state of grapes and the hygienic state of winery conditions influence the
initial state of microbiota and can contribute to reducing the initial sulfur dioxide doses in winemaking.

5.5. Control Management

Most problems are mistakes in calculations before addition. A regular control measure is to
calculate the proper dose and to obtain approval from the enologist before physical addition. Then,
the added sulfur dioxide amount is registered and contrasted to the stocked sulfur dioxide in order to
detect a possible mistake.

There are several techniques for analyzing sulfur dioxide. It is very common to use, after additions,
the cheap and fast analytical method named Ripper, which, though not as accurate as the official
method, is accurate enough to detect additions that are excessively high. The official method, which
takes 30 min and is named the Paul method, is usually reserved for verification purposes.

5.6. Corrective Measures

One alternative to reducing the concentration is oxygenating [67] the wine through rankings.
However, the reduction of high concentrations is very slow and requires large investments of energy
to pump. The most common solution is to dilute the wine with another wine whose concentration is
below the legal limit. An unrecognized International Organisation of Vine and Wine (OIV) practice is
the use of hydrogen peroxide.
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5.7. Verification

Verification is performed using the official Paul method. Several companies usually contract
the service out to accredited laboratories to verify their internal analyses. The price varies from 2 to
5 € [31].

6. Wine/Food Allergens

6.1. Toxicity

Wines that have been fined using some potentially allergenic products, such as proteins or
non-grape tannins, can produce clinical allergic reactions, especially in people who suffer from an
allergy to food allergenic proteins [68].

6.2. Origin

During alcoholic and malolactic fermentation, turbidity is an inevitable effect. Potentially
allergenic food proteins are used in most wines to achieve specifications related to low turbidity
units. Most consumers and wine distributors demand a lack of turbidity in the end product. Although
turbidity by itself is not a food safety problem, it is a common reason to refuse lots. Therefore,
winemakers commonly use fining agents to produce bottled wines free of any turbidity that could lead
to refusal in the market. Several of those fining agents possess allergenic properties, such as egg white,
caseinates, or fish gelatin. Residual traces of those compounds could occasion allergenic reactions
in allergic individuals [68]. Other modern additives, such as lysozyme (egg allergen), have started
to become an interesting option for reducing sulfur dioxide additions in the control of undesirable
spoilage bacteria during alcoholic fermentation.

6.3. Critical Limit

Although there is no prohibition of the use of fining agents, there are some that are considered
targeted food proteins, and they must be indicated on the labels. European legislation obliges
winemakers to label any wine treated with allergenic additives or processing aids if their presence can
be detected in the final product [69,70]. We propose as a critical limit to label the product where there
is a presence of traces.

6.4. Preventive Measures

The most common preventive measure is performing stabilization tests to determine whether
a fining process is needed and which minimum proper dose is possible to achieve the desired effect.
Currently, there are several alternatives to fining processes, e.g., cold stabilization and subsequent
filtration. Nevertheless, those processes require specific installations, energy, and more time to be
performed. A more recent alternative is the use of fining agents whose proteins are from plants, such as
wheat or lupine [71–73]. However, we must take into account that, although it is possible to reduce the
turbidity in a similar way to those of an animal nature, some of them can also generate risks for specific
groups of people, such as those with celiac disease. Nevertheless, peas and potatoes are nowadays not
included in the list of main allergens, and they do not need to be included in labeling [72,73].

6.5. Control Management

One control-management measure is to use alternative fine agents, being always aware of their
nature in order to avoid other allergenic reactions. Nevertheless, the most common measure is to label
the products according to the specific legislation [74] so as to make it easy for allergic people to identify
potentially risky products and avoid accidents. It is common for the quality control manager to check
the label before proceeding to bottle any lot. Another option is chemical control [74–76], although it is
more commonly used for verification purposes.
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6.6. Corrective Measures

If those agents are used, it is difficult to remove them completely from the wine as traces will
be detected. Nevertheless, some techniques, such as filtration, or secondary finning treatments can
achieve final concentrations that make it impossible to detect their presence in the final product.

6.7. Verification

The official detection methods are based on ELISA tests [29], and the price offered by
accredited laboratories is about 50 €. Some recent alternative methodologies are based on mass
spectrometry [74,75].

7. Pesticides

7.1. Toxicity

Although there are numerous families of pesticides with different negative health effects, the most
common harmful health effects are associated with dermatological, gastrointestinal, neurological,
carcinogenic, respiratory, reproductive, and endocrine negative effects [77]. Furthermore, high
occupational, accidental, or intentional exposure to pesticides can result in hospitalization and
death [78].

7.2. Origin

Several fungi or insects can attack the grapes in the vineyards. On occasion, the fungi attacks
can seriously decrease the quality of wine and its final value. Therefore, it is normal to protect the
vineyard against some common plagues that appear quite often depending on the year and climatic
conditions. In some cases, high residual values can help avoid the proper development of yeast that
is also fungi. Some of the most common plagues are mildew, Lobesia botrana, and Botrytis cinerea.
These are much-studied, and most agriculturalists possess some notions about how to treat them in a
successful way.

7.3. Legal Limit

Most pesticides can cause serious food poisoning. Thus, the pesticides that can be used in
viticulture are legislated and need authorization. Those that are authorized possess legal residual
limits in final wine of about μg/L [79,80]. The legal limits vary between countries. Nevertheless, the
Codex Alimentarius establishes international standards for grapes [81] of 99 pesticides and their limits,
and a limit of 5 mg/kg for dithianon for wine grapes [82].

7.4. Preventive Measures

The main preventive measures are based on the use of vineyard management that avoids
propitious microclimates for fungi development. Some examples are the removal of leaves and
exposure of grape clusters to sunlight and air currents that avoid high moisture conditions. The
development of resistant plants is also of great interest [83,84]. Cultivation in dry areas also significantly
reduces the risk of fungal attack and makes it easy to produce organic wines free of pesticides.

7.5. Control Management

Although some pesticides are authorized, their use must be justified and registered in the field
practice notebook. The aim of registers is to respect the authorized periods of residuality in order to
avoid possible residual values over the limit in final wines. When wineries do not control vineyard
management, they sell the grapes to viticulturists. They usually request the field practice notebook in
order to register performed treatments before accepting the grapes.

16



Fermentation 2019, 5, 33

7.6. Corrective Measures

Once contamination takes place in wine, it is not possible to remove it.

7.7. Verification

The most common way to verify whether the system is properly controlling the risk of pesticides
in our industry is by contracting for the analysis of the official method in an accredited laboratory. The
official methodology includes the analyses of the legislated pesticides by ECD gas chromatography [29],
which costs about 21 €.

8. Genetically Modified Organisms

8.1. Toxicity

Several scientific studies confirm that there is no proof of recombinant proteins contained in foods
produced by genetically modified organisms (GMOs) being more harmful than regular proteins [85].
Nevertheless, as there is also no proof of their being totally innocuous, they are considered a potential
food safety hazard in some countries.

8.2. Origin

Laboratory experimentation with genetically modified yeasts shows remarkable improvements in
several quality fermentation parameters, e.g., acidity management [86,87], that led to producing better
wines or reducing industrial risks under difficult situations, such as high levels of sugar or a lack of
nutrients. These scientific findings tempt winemakers to use those GMO yeasts in real industry.

8.3. Critical Limit

Although there is no scientific proof that GMO wine is more dangerous to human health than
non-GMO wine, there is very strict preventive legislation in several countries [88]. They will remain
valid for several years until new results prove this biotechnology to be totally safe.

8.4. Preventive Measures

The safest preventive measure derived from HACCP to avoid GMO problems would be to perform
spontaneous alcoholic and malolactic fermentations. Nevertheless, some controlled fermentations can
originate other problems that can influence wine quality or even food safety from other hazard nature
food safety problems. For that reason, another preventive measure is to buy products, such as dried
commercial yeasts, from registered companies that comply with the legislation, produce safe products,
and have a sanitary registration that certifies their conduct.

8.5. Control Measures

Control measures in wineries are commonly based on supplier controls at the moment when
the materials are received, when the sanitary registration of the company is identified before product
acceptance. The enologist or qualified assistant will check the labeling of the microbiological dried
product, identifying the food quality and the GMO-free indication. If the product does not have food
quality certification, the company does not have sanitary registration, or the product is not properly
labeled, the use will be voided.

8.6. Corrective Measures

Once the product is identified as GMO wine, there is no known solution. Nevertheless, there are
some food industries where the use of modified organisms is not legislated, as the product will not be
directly consumed by humans, e.g., bioethanol for cars or for disinfection purposes. In those cases,
wine could be sold to those industries, obtaining a residual value.
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8.7. Verification

The detection of GMOs in food produce is mostly based on Polymerase Chain Reaction (PCR)
methodologies that offer enough sensitivity, accuracy, and precision to use on wine [89]. The price
of the analysis is about 100 €. Therefore, this instrumental technique is commonly used only for
verification purposes or for inspection reasons for governmental controls.

9. Physical Hazard

9.1. Toxicity

According to the Institute of Agriculture and Natural Resources [90], small physical hazards, such
as pieces of glass, can cause potential cuts and bleeding and may require surgery to find and remove.
Other foreign objects, such as metal from installations or personal effects from employees, can also
generate cuts, infection, and choking.

9.2. Origin

Physical hazards are foreign objects, distinct from the food products, that are able to cause injury
or illness to the final consumers. The most common extraneous matters found in food products
are bones, metal fragments, pieces of product packaging, stones, wood fragments, insects, or other
personal items. The most common physical hazard described in wine is glass, because it is the main
material of the final vessel that usually contains the wine when it is sold to the final consumer. The
main origin is improper raw materials, such as deteriorated bottles, from the beginning of or during
their manipulation. Other origins are improper facilities or equipment or a lack of maintenance that
enables strange objects to pass into the wine. Another significant origin is improper performance by
employees due to human error, which leads to the dropping of personal effects that can end up in
the wine.

9.3. Critical Limit

Several countries’ legislation does not indicate quantifiable limits or recommended ones.
According to the Division of Compliance Management and Operations (HFC-210) [91], a hard or
sharp foreign object larger than 7 mm can produce a serious health hazard for humans. However, other
countries consider more restrictive sizes down to 2 mm. Health Canada evaluates injurious extraneous
material in food, and it considers 2 mm or greater as the threshold size for consideration as a health
risk [92]. Besides size, the risk associated with extraneous material is further evaluated through an
assessment of shape, hardness, material, source, target consumer groups, etc.

9.4. Preventive Measures

The main preventive measures in winemaking consist of raw material inspection based on
specifications, seller quality certifications, preventative equipment maintenance, and employee training
based on good practice guidelines.

9.5. Control Management

The most common way to guarantee that no foreign objects are in a commercial wine is to perform
a prior filtration with a proper pore nominal diameter below 2 mm before bottling. The use of filtration
materials with a pore diameter down to 0.22 μm is common in some winemaking protocols [93].

9.6. Corrective Measures

In case some deviation takes place during the filtration process, the most common corrective
measure is to filter the lot again when the filtration equipment has been optimized.
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9.7. Verification

The verification of physical hazard critical control point management is commonly based on the
inspection of random bottles of each traceability unit.

10. Phthalates

10.1. Toxicity

Phthalates have been scientifically proven to be endocrine-disrupting [94], estrogenic [95],
carcinogenic, and mutagenic [96].

10.2. Origin

Equipment that contains phthalates is commonly used in many industries, as these compounds
increase the flexibility of plastic [97]. In the winemaking industry, they usually appear in flexible plastic
pipes, plastic boxes to collect grapes, or epoxy resin surfaces. Phthalates can migrate to beverages from
plastic equipment or packaging materials [98] because they are not covalently bound to plastics [99].

10.3. Critical Limit

According to the European legislation, some phthalates possess a legal limit. Those phthalates
are dibutyl phthalate (DBP) 0.3 mg/kg, diethylexyl phthalate (DEHP) 1.5 mg/kg, and diisononyl
phthalate (DINP) 9 mg/kg.

10.4. Preventive Measures

Most common preventive measures consist of using food quality material free of phthalates for
contact with grapes and wine. Usually, winemakers have to pay special attention to old pipes that
were made before the legislation that regulates phthalates. Another option is the use of non-plastic
materials, such as stainless steel for pipes.

10.5. Control Management

It is necessary to check that the materials that are going to be in contact with wine possess the
proper standard of food quality and are produced by a certified provider. Clearly, pipes designed to
move liquids other than food liquids, such as gasoil or water for refrigeration systems, are not suitable
for wine management.

10.6. Corrective Measures

When wine contains phthalates over the legal limit, there is no known solution to remove them.
Such wines are usually sold as sub-products to companies that make products not aimed at human
consumption, such as bioethanol.

10.7. Verification

The most common way to verify if the system is properly controlling the risk of phthalates
in winemaking is contracting for the analysis of the official method out to an accredited
laboratory. The official methodology includes the analyses of the legislated phthalates by ECD
gas chromatography [29], and the cost is about 80 €.

11. Conclusions

Although wine is a food beverage in which no pathogenic micro-organisms can develop, in
a similar way to other food products, such risks as physical hazards must be taken into account;
these kinds of hazard are easily controlled with such techniques as modern filtrations. Modern
research studies have discovered potential toxicological compounds that must be taken into account in

19



Fermentation 2019, 5, 33

order to produce healthier wines and protect specific consumers that can be included in risk groups.
Some of these hazards are biogenic amines, ethyl carbamate, and OTA. The management of these
modern hazards, such as control measures, corrective measures, and verification methods, is not very
well-known yet, which makes them difficult to control. Some new winemaking technologies allow
one to effectively control those risks in a successful way, which offers solutions to issues that wine
industries face today. All these methodologies can be easily implemented using a HACCP system.
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Abstract: Non-Saccharomyces are important during wine fermentation once they influence wine
composition. In the early stages of wine fermentation, and together with indigenous or commercial
strains of Saccharomyces cerevisiae, non-Saccharomyces are able to transform grape-must sugars
into ethanol, CO2, and other important secondary metabolites. A better understanding of yeast
biochemistry will allow the selection of yeast strains that have defined specific influences on
fermentation efficiency, wine quality, and the production of human health-promoting compounds.
Yeast metabolism produces compounds derived from tryptophan, melatonin, and serotonin, which
are found in fermented beverages, such as wine and beer. Melatonin is a neurohormone secreted from
the pineal gland and has a wide-ranging regulatory and neuroprotective role, while serotonin,
as well as being a precursor of melatonin synthesis, is also a neurotransmitter. This review
summarizes the importance of some conventional and nonconventional yeast strains’ alcoholic
fermentations, especially in the production of metabolites that promote human health and thus, attract
consumers attention towards fermented beverages. A brief reference is also made on fermented
beverages containing probiotics, namely kombucha, also known as kombucha tea, and its interesting
microorganism’s symbiotic relationships named SCOBY.

Keywords: Yeasts; alcoholic beverages; resveratrol; glutathione; trehalose; tryptophan; melatonin;
serotonin; tyrosol; tryptophol; hydroxytyrosol; IAA; probiotics

1. Introduction

The term “fermentation” comes from the Latin word “fermentum” (meaning, to ferment). The
science of fermentation is called “zymology” and the first zymologist was Louis Pasteur who was
able to identify and apply yeast in fermentation [1]. Food fermentations date back at least 6000 years.
In the 16th century, the beginning of industrialization initiated technological interventions in food
and beverage production [2]. However, it was in the last two centuries that significant changes in
the world’s food system have occurred. In olden days, fermentation of food was meant for food
preservation and flavor improvement [3], nowadays, in food and beverages fermentation, various
technologies and operations are used with the aim of converting fairly perishable and indigestible raw
materials into pleasant foods and drinkable beverages with added value and high stability [4]. The
assurance of the quality and safety of the final product is the main goal of the technologies applied [5].

Biotechnology plays a radical role in the production, conservation, nutritional enrichment, and
value addition of foods. To be able to understand the science of microbiology in food and beverage
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applications with identification of new-fermenting species is an advantage to enhance the quality of
our food products.

Food and beverage processing using microorganisms is the most suitable technology for the
development of innovative fermented food products. Solid state fermentation is used for processing of
vinegar, soy sauce, tea, and cheese [6]. Wine, beer, distilled beverages, and yogurt are developed by
submerged fermentation. Both methods of fermentation are influenced by numerous factors, including
temperature, pH, nature, and composition of the medium, dissolved O2, dissolved CO2, operational
system, and feeding with precursors, among others. Variation in these factors may affect the rate of
fermentation, the product spectrum and yield, the sensory properties of the product (appearances, taste,
smell, texture), physic-chemical properties, nutritional quality, and the production of metabolites that
promote human health attracting consumers attention towards fermented products, namely beverages.

2. Alcoholic Beverages Consumption and Health-Promoting Compounds

The prevention of diseases by altering lifestyle and dietary conducts may present more benefits
than medical care. Up till now, adjusting individual dietary habits is a challenge. Most often, consumers
must choose between nutrition, taste, price, convenience, and cost [7]. Nowadays, the nutritional value
appears to be the health benefit that has the most impact on a consumer’s purchase [8].

In the last 30 years, the effects of wine on human health have been studied by many scientists.
In 1992, Renaud and de Lorgeril [9] published a study about the higher wine consumption in the
French population, in comparison with other industrialized countries. According to these authors,
wine caused a lower incidence of coronary heart disease, notwithstanding the intake of the traditional
French diet, rich in saturated fatty acids. This finding constituted the so-called “French paradox”. Since
then, many studies have been carried out on wine indicating that persons consuming daily moderate
amounts of wine display a reduction of cardiovascular mortality and an improvement of antioxidant
parameters, when compared with individuals who abstain or who drink alcohol to excess [10,11].
Moreover, Poli et al. [11] also mentioned that in healthy adults, spontaneous consumption of alcoholic
beverages (30 g ethanol/day for men and 15 g/day for women) is to be considered acceptable. However,
the possible interactions between alcohol and acute or chronic drug use must be discussed with the
primary care physician.

Oxidative stress and antioxidant deficiency have been implicated in the pathogenesis of many
diseases and conditions, including atherosclerosis, cancer, aging, and respiratory disease. Glutathione
(L-g-glutamyl-L-cysteinyl-glycine, GSH) (Figure 1) is a major antioxidant acting as a free radical
scavenger that protects the cell from ROS (reactive oxygen species). In addition, GSH is involved in
nutrient metabolism and regulation of cellular metabolic functions ranging from DNA and protein
synthesis to signal transduction, cell proliferation, and apoptosis [12–14].

Another important molecule is trehalose (Figure 1). This sugar possesses inflammatory
properties [15] presenting, also, the ability to protect cellular membranes and labile proteins against
denaturation as a result of desiccation and oxidative stress [16].

Yeast metabolism produces compounds derived from tryptophan, which are found in fermented
beverages, such as wine and beer. In particular, melatonin and serotonin (Figure 1). Serotonin is
a neurohormone that regulates circadian rhythms, and also has an alleged protective effect against
neurodegenerative and degenerative diseases (Alzheimer’s, Parkinson’s and Angiogenesis) [17].
Moreover, serotonin is a neurotransmitter itself, and a precursor of melatonin synthesis.

In humans, melatonin (N-acetyl-5-methoxytryptamine) is a hormone that modulates several
physiological processes. This molecule is an indole-amine found in many living organisms like plants,
microorganisms, and humans. Melatonin modulates many human physiological processes including
the sleep/wake cycle and the reproductive physiology via a receptor-mediated mechanism [18,19]
acting, also, as an antioxidant via nonreceptor processes [20]. It is well known that the intake of foods
containing melatonin increases its level in plasma and the number of melatonin-derived metabolites [21].
Studies have been carried out to identify melatonin in grapes [22] and beverages such as beer and
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wine [23,24]. Interesting is the reported concentrations of melatonin in grapes (Vitis vinifera L.) and
wines: 150 μg/g in Merlot grapes [25]; 130 ng/mL in Tempranillo wine [26].

Figure 1. Chemical Structures of the health-promoting compounds mentioned.

Tyrosol and tryptophol (Figure 1) are produced by yeasts during alcoholic fermentation from the
catabolism of amino acids tyrosine and tryptophan, respectively, whereas hydroxytyrosol is produced
by hydroxylation of its precursor tyrosol. Tyrosol, hydroxytyrosol, tryptophol are reported to possess
several health-enhancing activities, deriving from their free radical scavenging, anticarcinogenic,
cardioprotective (induces myocardial protection against ischemia-related stress [27]) and antimicrobial
properties [28].

It´s due to the presence of tyrosol and caffeic acids (Figure 1), that white wine has been reported as
having cardioprotective benefits. Tyrosol and caffeic acids are able to activate the cell survival signaling
pathway and the FOXO3a longevity-associated gene [29,30]. Moreover, tyrosol has been shown to
have an important role in the taste of some alcoholic beverages, such as sake [31] and wine [32] by
exhibiting a bitter taste above the sensory threshold, but below the recognition threshold.

Tryptophol is also used as a precursor in the synthesis of the drug Indoramin, an α-adrenoreceptor
blocking drug used to treat hypertension [33], and in the treatment of benign prostatic hyperplasia [34].

Phenylethanol (Figure 1), also produced by Candida albicans as an auto-antibiotic [35] is an aromatic
compound that is commonly found in plants, such as roses, possessing pleasant floral rose-like odor.
Due to its preservative properties, phenylethanol is often used in soap-based detergents because of its
stability in basic conditions. Phenylethanol can also act as a natural preservative in wine and beer to
prevent spoilage [35].

3. Mechanisms of Microbial Resistance to Environment Changes that Produce Health-Promoting
Compounds

Conservation and commercialization of yeast cultures in fresh liquid or pressed forms are not
economically advantageous. Thus, dehydrated yeasts present numerous advantages, such as lower
cost, convenient for transport and storage, and ease of handling [36]. However, the drying of the yeasts
signifies highly sensitive transformation processes for microorganism’s which can lead to cell death
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or a significant decrease in cell activity potential [37]. The final water volume of the cells, induced
by dehydration-rehydration cycles, influence the cells survival [38], and the modification of plasma
membrane fluidity during the dehydration-rehydration cycles affects the plasma membrane structure
and may induce cell mortality [39].

Increase of contact surface of the cells with air during dehydration also induces accumulation of
ROS (reactive oxygen species)—[O2

•− (superoxide anion), •OH (hydroxyl radical), H2O2 (hydrogen
peroxide) and ReOOH (hydroperoxides)]—and may contribute to inactivation of several enzymes,
leading, also, to cell death [40]. In the presence of these stress conditions yeasts are able to synthesize
compounds such as glutathione and trehalose [41].

Glutathione (GSH) is a ubiquitous low molecular weight thiol tripeptide containing glutamate,
cysteine, and glycine (Glu-Cys-Gly), it is present in large amounts in yeasts and it can be found in
the reduced or oxidized forms (GSH and GSSG, respectively). Glutathione plays a crucial role in
redox equilibrium reactions, protecting the cell from oxidative stress, by allowing the formation of
native disulfide bonds and by scavenging free radicals present in the cytosol; reactions mediated via
glutathione reductase and glutathione peroxidase [12,42].

Hgt1p in yeast S. cerevisiae was the first identified high-specificity and high-affinity glutathione
transporter (Km 54 mM) [43]. Hgt1p belongs to oligopeptide transporter family which was also found
in fungi, plants, and prokaryotes. Genetic and physiological investigations revealed that gene HGT1
(open reading frame YJL212c) as encoding a high-affinity glutathione transporter. Yeast strains deleted
in HGT1 gene did not show any detectable plasma membrane glutathione transport. This transporter
is required for the uptake of glutathione from the extracellular medium (Figure 2) [43]. Moreover,
mitochondria are a primary source of ROS in cells and mitochondrial thiols are therefore major ROS
targets. This phenomenon is exacerbated by the relatively alkaline pH of mitochondria. Therefore,
redox regulation is critical for numerous mitochondrial functions, and yeast strains lacking GSH are
unable to grow by respiration due to an accumulation of oxidative damage to mitochondrial DNA.
Transport of H2O2 across yeast cell membranes can be facilitated by transporters such as aquaporins.
Hydrogen peroxide causes oxidative stress but also plays important roles as a signaling molecule in
the regulation of many biological processes (Figure 2) [44].

 

Figure 2. Thiol redox regulation in the response of cells to oxidative stress conditions. Hgt1p (Glutathione
transporters in the yeast S. cerevisiae [43,46]); AQP (aquaporin-mediated H2O2 diffusion transport);
Glrl (glutathione reductase); Trr2 (Thioredoxin reductase 2, mitochondrial); Trx3 (Thioredoxin-3,
mitochondrial, disulfide oxidoreductase activity) Adapted from Gostimskaya and Grant [45].

Thiol redox regulation plays a role in the response of cells to oxidative stress conditions.
Gostimskaya and Grant [45] emphasize the importance of compartmentalized redox regulation
when cells are subjected to oxidative stress conditions (Figure 2). At the same time as cytosolic
glutathione represents the first major pool of thiols, which would be a target of oxidation in response
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to exposure to an exogenous oxidant, it is the mitochondrial glutathione pool which is crucial for
oxidant tolerance.

Has mentioned before, one interesting disaccharide with potential for medical application, namely
in ophthalmology, is trehalose [15]. This sugar, constituted by two glucose residues linked by an α-1-1
glycosidic bond, is widespread in many species of plants, animals and microorganisms, including wine
yeasts, where its function is to protect cells against desiccation. However, this sugar is no naturally
found in mammals. Nowadays trehalose is used in the biopharmaceutical preservation of labile
protein drugs and in the cryopreservation of human cells and is under investigation for the treatment
of Huntington’s chorea and Alzheimer’s disease. It can also be used as a preventive drug to treat
dryness in mammalian eyes, a common tear and ocular surface multifactorial disease that can lead
to inflammatory reaction [15]. Trehalose also acts as a storage carbohydrate for the cell and it plays
a very important role as a protectant against osmotic stress and ethanol stress, in yeast cells [47].
Trehalose acts as a stabilizing effect on the plasma membrane, providing it with increased tolerance
to desiccation, dehydration, temperature changes, and high temperature [16]. It can also act as an
antioxidant component by reducing oxidation reactions rates while enhancing the viscosity of cell
cytoplasm [48].

Câmara et al. [49] studied the effects of glutathione and trehalose biosynthesis in the dehydration
stress responses of three non-Saccharomyces yeasts strains (Torulaspora delbrueckii CBS4865, Metschnikowia
pulcherrima CBS5833 and Lachancea thermotolerans CBS6340). The results obtained will help to better
understand certain physiological responses of non-Saccharomyces yeasts to dehydration, leading to the
promotion and production of new high performance dehydrated non-Saccharomyces yeasts strains to
be used in food and beverages elaboration. According to the mentioned work [49], yeasts grown in
nutrient-rich medium accumulated glutathione leading to a higher resistance to dehydration, whilst
the nutrient-poor medium induced the cells to accumulate large amounts of trehalose, which partially
protected them from GSSG accumulation.

4. Melatonin and Other Tryptophan Metabolites

In the scientific world, the theme of “wine and health” topics have been focused mainly on
polyphenols, once these bioactive compounds are present in plants and are released into fermented
products. However, yeast also transforms other molecules into biologically active compounds [19].
Since the pioneering work of Sprenger and co-workers [50] that melatonin molecule, has been reported
as being present in wine, and its presence has been related to the activity of the yeast involved in
the fermentation process. Originally, seen as a unique product of the pineal gland of vertebrates,
called a neurohormone, at the present, it is considered a ubiquitous molecule present in most living
organisms [51].

Rodriguez-Naranjo and co-workers [26] studied the capacity of different yeasts to produce
melatonin during alcoholic fermentation. Different Saccharomyces yeast strains, used for industrial
fermentation of beer or as nutritional complements, and non-Saccharomyces yeast strains (Metschnikowia
pulcherrima and Starmerella bacillaris) were tested by the referred authors to analyze intracellular
and extracellular melatonin production in synthetic grape must. Interestingly, at the beginning of
fermentation melatonin was detected, in the intracellular compartment, either in Saccharomyces or
in non-Saccharomyces strains. Production levels differed among strains, being Starmerella bacillaris
the non-Saccharomyces yeast that presented the highest concentration. Nevertheless, extracellular
melatonin was detected at different time-points over the fermentation process, depending on the yeast
strain. However, the same authors [26] also reported that the presence of tryptophan is essential for
melatonin production since it is its principal precursor, it increases final melatonin content and it
accelerates its formation. Moreover, the synthesis of melatonin largely depends on the growth phase of
the yeast and the concentration of the reducing sugars.

The metabolic pathway for melatonin production in yeast is not completely clarified, nevertheless,
the formation of serotonin might be an intermediate metabolite in the pathway [19], Figure 3.
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Figure 3. Synthesis of melatonin and serotonin, as an intermediate compound, from tryptophan in
yeast. Adapted from Mas et al. [19].

Germann et al. [52], studied de novo melatonin biosynthesis from glucose, by genetically modifying
Saccharomyces cerevisiae strains that comprise heterologous genes encoding one or more variants
of L-tryptophan hydroxylase, 5-hydroxy-L-tryptophan decarboxylase, serotonin acetyltransferase,
acetylserotonin O-methyltransferase, and means for providing the cofactor tetrahydrobiopterin via
heterologous biosynthesis and recycling pathways. At the end of the process, yeast strain produced
melatonin in concentrations of 14.50 ± 0.57 mg L−1 in a 76 hours fermentation, using glucose as sole
carbon source.

Although is thought to be an intermediate for melatonin production, there is no evidence for the
production of serotonin by S. cerevisiae. Serotonin has been found in wines at levels ranging from 2
to 23 mg L−1, mainly as a result of the malolactic fermentation performed by Lactobacillus plantarum
strains [53,54].

In 2016, Tan and co-workers [55], proposed an alternative pathway for synthesizing melatonin
from L-tryptophan via 5-methoxytryptamine with the formation of the intermediate compound
N-acetyl-5-hydroxytryptamine [56]. Different Saccharomyces strains (Lalvin QA23, Enartis ES488,
Lallemand ICV-GRE, and Uvaferm) and non-Saccharomyces yeast (Torulaspora delbrueckii and
Metschnikowia pulcherrima) have been reported to produce melatonin during alcoholic fermentation
in synthetic must [57,58]. Moreover, T. delbrueckii is considered an innovative biotechnological tool,
of great commercial interest, to be used in pure culture or in sequential inoculation with S. cerevisiae,
for bio-modulating wines acidity [59] among other interesting enological features [60].

30



Fermentation 2019, 5, 46

Tryptophan metabolism includes, in addition to 5-hydroxytryptamine and melatonin, other
important metabolites such as indolic compounds like 3-indoleacetic acid (3-IAA) which is the most
common plant hormone, of the auxin class, and is known to have many effects including cell proliferation
enhancement and antioxidant properties [61]. Kim and co-workers [61] investigated the effects of IAA
on H2O2 induced oxidative toxicity in human dental pulp stem cells and verified that H2O2-induced
cytotoxicity was attenuated after IAA treatment. Moreover, according to Fernández-Cruz and
co-workers [56], besides IAA, tryptophan metabolites (tryptophol, tryptamine, and l-tryptophan ethyl
ester) also present potential as antioxidants and neuroprotective agents. The mentioned authors [56]
examined the occurrence of these compounds during the alcoholic fermentation of musts from seven
grape cultivars. Fermentations were performed with three S. cerevisiae strains and, in two cases,
a sequential inoculation with Torulaspora delbrueckii. Interestingly, they found that the profile of indolic
compounds during alcoholic fermentation depended on the cultivar and not on the yeast strain used.
Nonetheless, fermentation time was found to be a more influential factor [56].

5. Fusel Alcohols Formed Via the Ehrlich Pathway

The synthesis of tryptophol by yeast was first described by Felix Ehrlich in 1912 [62,63] as the
metabolic conversion of amino acids via the successive steps of transamination, decarboxylation, and
reduction [64], Figure 4.

 

Figure 4. Schematic representation of the Ehrlich pathway [62,63] and the biochemical reactions involved.

Similarly, to tryptophol, phenylethanol, and tyrosol, are phenolic compounds or fusel alcohols
formed via the Ehrlich pathway by yeast metabolism. These compounds can yield health benefits as
well as contribute to the flavors and aromas of fermented food and beverages [63,65].

Banach and Ooi [65] investigated the possibility of increasing the yield of tyrosol, tryptophol,
and phenylethanol in wine (Alexander’s Pinot Chardonnay grape juice) and beer [modification of
the English Ale recipe composed of chocolate malt barley grain, dried malt extract (DME) and liquid
malt extract (LME), supplemented with either the equivalent volume of malt-kiwi purée or with
amino acids] using two different yeast strains, and supplementing the substrate with the relevant
amino acid precursors or fruits high in these amino acids. At the end of the work, they found that
flavor enhancement and enrichment of antioxidants, in wine and beer, could be achieved through
supplementing the fermentation (in the case of beer-fruit-supplemented beer) media with precursor
amino acids as well as careful choices of the appropriate yeast strain.

6. Fermented Beverages Containing Probiotics

It is common knowledge that most of the fermented milk contains probiotic microorganisms
(live microorganisms, which when administered in adequate amounts, confer a health benefit on
the host). Yogurt, the most common product of milk lactose fermentation, has on its constitution
several lactic acid bacteria. So, the domination of milk-based beverages fermented by LAB, mainly
Leuconostoc, lactobacilli, and lactococci, is clear. Milk fermentation in colder climates promotes the
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growth of mesophilic bacteria such as Lactococcus and Leuconostoc, whereas beverages produced at
higher temperatures usually have greater counts of thermophilic bacteria such as Lactobacillus and
Streptococcus [66,67]. Most often the probiotic bacteria come from Lactobacillus or Bifidobacterium or a
cocktail of both [68].

Another class of fermented beverages is those made from cereals (maize, millet, barley, oats,
rye, wheat, rice and sorghum), were the natural microbial component is used to ferment grains.
The microbial populations responsible for the fermentation of these beverages are not, yet, well
characterized. Of several blends, it has been suggested that fermentation by S. cerevisiae, Leuconostoc
mesenteroides, and Lactobacillus confusus produce the most palatable beverages [66].

One example of a known fermented beverage, with probiotic characteristics, is kombucha. It is a
fermented sweetened tea, originally from China, but, enjoyed worldwide. Medusomyces gisevii Lindau
represents a symbiotic microbial community known as “tea fungus” or kombucha tea. During tea
fermentation, the added sugar is converted into organic acids and ethanol by yeast and bacteria.
The microorganisms co-exist in interdependent symbiotic relationships named SCOBY (symbiotic
culture of bacteria and yeast). Organic acids and ethanol formed during tea fermentation protect
SCOBY from the colonization of other microorganisms. The yeast present in SCOBY can vary and
may include Brettanomyces/Dekkera, Schizosaccharomyces, Torulaspora, Zygosaccharomyces, and Pichia [69].
The bacteria that we can find in kombucha are species of Gluconacetobacter xylinus, G. kombuchae sp.
nov., Acetobacter nitrogenifigens sp. nov, Acetobacter intermedius, sp. nov. [70,71].

Nondairy fermented beverage from a blend of cassava and rice based on Brazilian indigenous
beverage “cauim” using probiotic lactic acid bacteria and yeast was studied by Freire and co-workers
in 2017 [72]. A triple group of microorganisms was used to ferment the blend: Lactobacillus plantarum
CCMA 0743 (from cauim), Torulaspora delbrueckii CCMA 0235 (from tarubá), and the commercial
probiotic L. acidophilus LAC-04. According to the authors [72], the bacteria populations were around
8.0 log (CFU mL−1) at the end of all fermentations as recommended for probiotic products. The final
beverage obtained was considered a non-alcoholic drink since the ethanol degree was lower than
0.5% (v/v).

7. Final Remarks

The choice to consume alcohol should be based on individual considerations, taking into account
the influence on health and diet, the risk of alcoholism and abuse, the effect on behavior, and other
factors that may vary with age and lifestyle.

Fermentation remains the oldest but most prevalent means of food and drinks processing and
preservation. Important studies have been carried out aiming to understand certain physiological
responses of Saccharomyces and non-Saccharomyces yeasts during the fermentation process, in order to
promote the production and the marketing of new high-performance dehydrated yeasts strains for
food and beverages elaboration, that will also be able to produce health-promoting compounds.

Fermented drinks, namely wine and beer, can definitely serve as vehicles for beneficial compounds
that play an important role in human health, namely in the prevention of some 21st-century diseases.
However, further studies are required to ascertain the combination of grape cultivar and inoculation
strain or inoculation strategy that could optimize the concentration of health-promoting compounds
so as to realize their potential bioactivity in wine.

In what concerns probiotics, the credibility of specific health claims, and their safety must be
established through science-based clinical studies. Maybe, in the future, probiotics will be used as
approved drugs that will be prescribed together with, or instead of, antibiotics.

The role of traditional beverages, in the future of the fermented beverage industry, maybe to
inspire the expansion of new products and, of course, assess a country’s disposition to accept them.
Undeniably, with the availability and improvements in technology, and consumers’ increasing interest
in functional foods, the positioning in the market for fermented beverages is more promising than ever.
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Abstract: Climate change threatens food systems, with huge repercussions on food security and
on the safety and quality of final products. We reviewed the potential of food microbiology as a
source of biotechnological solutions to design climate-smart food systems, using wine as a model
productive sector. Climate change entails considerable problems for the sustainability of oenology in
several geographical regions, also placing at risk the wine typicity. The main weaknesses identified
are: (i) The increased undesired microbial proliferation; (ii) the improved sugars and, consequently,
ethanol content; (iii) the reduced acidity and increased pH; (iv) the imbalanced perceived sensory
properties (e.g., colour, flavour); and (v) the intensified safety issues (e.g., mycotoxins, biogenic
amines). In this paper, we offer an overview of the potential microbial-based strategies suitable to
cope with the five challenges listed above. In terms of microbial diversity, our principal focus was on
microorganisms isolated from grapes/musts/wines and on microbes belonging to the main categories
with a recognized positive role in oenological processes, namely Saccharomyces spp. (e.g., Saccharomyces
cerevisiae), non-Saccharomyces yeasts (e.g., Metschnikowia pulcherrima, Torulaspora delbrueckii, Lachancea
thermotolerans, and Starmerella bacillaris), and malolactic bacteria (e.g., Oenococcus oeni, Lactobacillus
plantarum).

Keywords: climate change; food quality; viticulture; wine; fermentation; yeast; Saccharomyces;
non-Saccharomyces; alcoholic fermentation; lactic acid bacteria; malolactic fermentation

1. Introduction

“Climate change threatens our ability to ensure global food security, eradicate poverty and achieve
sustainable development. Greenhouse gas (GHG) emissions from human activity and livestock are
a significant driver of climate change, trapping heat in the earth’s atmosphere and triggering global
warming. Climate change has both direct and indirect effects on agricultural productivity including
changing rainfall patterns, drought, flooding and the geographical redistribution of pests and diseases.
FAO is supporting countries to both mitigate and adapt to the effects of climate change through a wide
range of research based and practical programmes and projects, as an integral part of the 2030 agenda
and the Sustainable Development Goals.” http://www.fao.org/climate-change/en/.

It is clear how widespread and complex the impacts of climate change phenomena associated
with global warming on food systems are [1–5]. We can disentangle these extensive and multifaceted

Fermentation 2019, 5, 85; doi:10.3390/fermentation5040085 www.mdpi.com/journal/fermentation37



Fermentation 2019, 5, 85

influences in different (often interdependent) components, such as agricultural, livestock and fishery
yields, food prices, effectiveness of delivery, global food quality, and, a crucial facet of global quality, food
safety [6]. Great attention has been placed to many aspects related to food security (e.g., yields reduction,
prices rises). Instead, marginal interest has been given to quality issues, including, among others,
palatability, hygienic properties, nutritional contributes, and functional contributes. For fermented
foods and beverages, microbes’ activity associated with the matrices is susceptible to affect all the
main aspects contributing to the final product quality [7,8]. Mitigation and adaptation strategies for
the effects of climate change belong to different disciplines, such as agricultural sciences, plant and
animal biology and breeding, food technology, and food microbiology. In this mini-review article, we
use wine as a model matrix to describe the impact of climate changes on the quality of fermented
matrices, examining the potential of protechnological microbes as agents capable to ‘mitigate’ the
negative features of this evolving climatic influence.

Within the macro-category of fermented products, wine belongs to the group of fermented
alcoholic beverages [7]. Yeasts are responsible for alcoholic fermentation (AF) and more generally,
for biochemical changes linked to the chemical transformation of must obtained from grapevine
crushing in wine [9–11]. Among oenological yeasts, the following categories can be found: (i) Yeast
belonging to the Saccharomyces genera, and particularly to the Saccharomyces cerevisiae species, which
are mainly responsible for alcoholic fermentation in wine [10–12]; and (ii) the heterogeneous category
of the so-called non-Saccharomyces yeasts [10,11,13]. Within this complex category, we can find both
protechnological species/strains [13,14] and spoilage organisms [15,16]. Non-Saccharomyces of interest
for their oenological aptitude, other than contributing to alcoholic fermentation, can be helpful to solve
specific technological/oenological issues (e.g., reduction of volatile acidity) [13,17], to modulate wine
aroma [17–19], and/or to exert biocontrol activity against undesired microbes [20–22]. Together with
the eukaryotic contribution to wine quality, we have to mention malolactic bacteria to encompass all
microbes that positively modulate wine chemistry. Malolactic bacteria and lactic acid bacteria (LAB)
are capable of decarboxylating malic in lactic acid, and are responsible for the so-called malolactic
fermentation (MLF), a process associated with positive changes in palatability, increased aromatic
complexity, and enhanced microbial stability [23].

2. Wine Quality and Climate Change

Climate change affects, to different extents, wine production and quality. About 10 years ago,
Mira de Orduña provided an extensive review of the ‘climate change-associated effects on grape and
wine quality and production’ [24]. The review followed a cause-and-effect ratio analysis, and pointed
out the effects on viticulture and the corresponding consequences on winemaking. Adopting this point
of view, we can examine the main effects of climate change on viticulture and oenology (Table 1).

Table 1. A list of the effects of climate change on viticulture and enology. Often, oenological effects are
a consequence of viticultural effects.

Viticultural Effects Oenological Effects

Harvest dates Harvest conditions and fruit quality

Grape maturation (effect of temperature, of carbon
dioxide and of radiation) Effects of high sugar and alcohol concentrations

Indirect effects of climate change Microbial and sensory effects of lower acidities and
increased potassium and pH levels

Effects on vine pests Climate change associated effects on wine chemistry

Effect on root systems Effect on oak

Modified from Mira de de Orduña [24].
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Harvesting is in a double relationship with climate trends; on the one side, harvesting is a
function of the seasonal climate, on the other, it provides a criterion to classify different grapevine
varieties depending on their relationship to the climate. In general, data from different grapevine
production areas offer a picture of prior fruit maturation patterns, with a consequential shift forward
of the harvesting time [24]. Considering the different grapevine varieties, recent evidence on early
wine grape harvests in France indicates that climate change has profoundly transformed the climatic
drivers of the plant, with possible repercussions for viticulture management and wine quality [25,26].
If we consider the general influence of temperature increases, not only on a given phenological
phase (i.e., fruit maturity), we have to report an increase in sugar contents, decreased concentration
of organic acids/total acidity, and improved potassium content [24,27]. Moving from primary to
secondary metabolites, the effort to summarize specific trends becomes more complex, giving that
more variables act in the system that are susceptible to influencing the pathways associated with
metabolites’ biosynthesis: Temperature, carbon dioxide, and radiation [24]. In general, climate change
has led to significant modulations in the accumulation of heterogeneous classes of polyphenols and
volatile organic compounds [24,28]. In addition to the direct effect, we have to consider the indirect
effects, such as enhanced salinity and increased probability of wild bushfires [24]. Present evidence
also suggests that climate change can influence the proliferation of certain viticultural pathogens,
introducing new insight into pest management in the field [24]. We must also consider the direct effects
on the root system imputable to the response of the plant to abiotic heat stress. Finally, the effects on
the development and quality of oak, the main wood utilized for wine aging, caused by modifications
of carbon dioxide levels and weather patterns have been considered [24].

Shifting from the viticultural to the oenological aspects, we may list the main consequences
on the wine quality of the highlighted effects on the raw material. The shift of the harvest date
and the impact on grape maturation can intensify oxidative phenomena (e.g., oxidation of specific
volatiles) and microbial growth (e.g., increased microbial spoilage proliferation, enhanced risks of
starvation during the fermentative process, and increased the content of toxic compounds released by
undesired microorganisms, such as mycotoxins) [24,25,27]. The immediate oenological consequence
of an increased sugar content is an improved concentration of ethanol in the final product. This
phenomenon implies a higher likelihood of stuck/sluggish during the alcoholic fermentation, sharpened
microbial stress response, modulation of sensory perception (prominent alcohol sense and a reduced
passage of volatiles in the wine headspace, increasing the perception of astringency, masking the
perception of esters), and lowered social acceptance of wines, due to the recognized toxic effect of
ethylic alcohol (without considering the impact on caloric intake) [28]. Increased pH implies the
following: (i) An improved risk of undesired microbial proliferation, from the first fermentative steps
(e.g., lactic acid bacteria, spoilage yeasts) up to the aging/finished wines (e.g., Dekkera/Brettanomyces
yeasts); and (ii) changes in the wine colour, taste, and aroma [28]. Modifications in the wine colour,
taste, and aroma can also be addressed by modulation of the compound directly responsible for these
perceptions. The phenomena associated with climate change seem to lessen anthocyanins and enhance
the proanthocyanidins content, contributing to a reduction of the ‘colour potential’ and to pronounced
astringency [27,28]. In terms of the concern regarding aroma compounds, even if it is difficult to
depict clear trends, it is possible to point out some patterns [29,30]. First, it is worth remembering
that notes of “green pepper, herbaceous, blackcurrant, blackberry, figs, or prunes are strongly linked
with the maturity of the grapes” [31]. The ‘cooked’ aroma generally increases with temperature.
Contrastingly, pyrazine accumulation follows an opposite change (responsible for ‘veggie, herbaceous
notes’) [27,29,32]. The same was found for rotundone contents in grapes (responsible for the peppery
aroma) [29]; whereas contrasting results were reported for the terpenol family [29].

It is possible to speculate that the present literature presents findings that are not always harmonic
and that it remains difficult to combine direct and indirect effects, both positive and negative. To this
purpose, Drappier et al. [28] observed that the remarkably hot 2003 season in Europe offered the
opportunity to mimic and test in vivo the climatic condition expected by the conclusion of this century,
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demonstrating the potential of climate change in clouding wine typicity. With this concern, the authors
reported, in light of the recent experimental investigations, the sensory features associated with the
different viticultural climates: Enhanced alcohol perception, reduced acidity sense, imbalanced colour
development, and perceived aroma [28]. These are sensory defects that are generally coherent with the
indications reported in the scientific literature.

3. The Potential of Microbial Activities as Mitigating Technologies

When facing emerging challenges, humans explore different routes in order to find innovative
solutions suitable to ensuring the sustainability of resources and productions. This is also true for the
problems in food systems triggered by climate change. For example, in the wine sector, the scientific
and professional communities have proposed numerous possible approaches susceptible to developing
a climate-smart wine system. These potential solutions range from the agronomic and viticultural
fields up to applications in the technology and biotechnology branches, with different potentials in
terms of performances and temporal horizons. Among other factors, microorganisms can also exert
activities to mitigate product depreciation due to climate change. Here, we propose an overview of
potential microbial-based strategies able to concretize mitigating biotechnologies, declined in five
categories corresponding to the main safety/quality aspects affected by climate changes in oenology.

3.1. Microbial Solution for the Biocontrol of Spoilage Microorganisms in Wine

The main spoilage microbes in enology belong to the yeast genera Brettanomyces (e.g., B. bruxellensis),
Candida (e.g., C. stellata), Hanseniaspora (e.g., H. vineae), Pichia (e.g., P. anomala, P. membranifaciens), and
Zygosaccharomyces (e.g., Z. bailii, Z. rouxii); and to the bacterial genera Lactobacillus (e.g., L. hilgardii),
Leuconostoc (e.g., L. mesenteroides), Pediococcus (e.g., P. damnosus, P. pentosaceus), Acetobacter
(e.g., A. aceti, A. pasteurianus), or Gluconobacter (e.g., G. oxydans) [33,34]. The increasing incidence of
these spoilage microbes could be responsible for considerable economic losses in this sector. In Table 2,
we propose an exemplified list of microbial applications potentially suitable to ensuring the control of
microbial spoilage.

Table 2. A list of studies that propose microbial-based solutions that can have potential applications in
mitigating the development of spoilage microorganisms in wine.

Microorganisms Involved Microbial-Based Mitigating Strategies References

Lactococcus lactis
(as producer of lacticin 3147)

Use of lacticin 3147 for the biocontrol of lactic acid
bacteria in oenology [35]

Metschnikowia pulcherrima Biocontrol of spoilage yeasts via iron depletion [36]

Saccharomyces cerevisiae Killer activity as biocontrol agents to avoid or reduce
wine spoilage [37]

Enterococcus faecium Enterocin heat stable, with broad pH range and
bactericidal effects [38]

Pichia membranifaciens Killer toxin active against spoilage yeast in wine [39]

Torulaspora delbrueckii Use as a bio-protective agent alternative to sulphites
in winemaking [40]

Wickerhamomyces anomalus and
Metschnikowia pulcherrima

Biocontrol activity against spoilage yeasts in
winemaking [22]

Saccharomyces cerevisiae,
Candida zemplinina,

Hanseniaspora uvarum,
Hanseniaspora guilliermondii,

Torulaspora delbrueckii,
Metschnikowia pulcherrima

Use of co-inoculation of autochthonous yeasts and
bacteria in order to control Brettanomyces bruxellensis

in wine
[21]
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Biocontrol provides alternatives to chemical preservatives, such as SO2, which is associated
with adverse reactions in humans [40]. We recognize two different categories of microbial-based
solutions: The case when a product of microbial metabolism is added as biopreservatives in the wine
chain [34,35,38] or the option to add to the matrix the microorganism itself as a starter/protective
culture [20,37,40]. Considering the molecular basis responsible for the antagonistic microbial
phenotypes, we highlight two main categories, competition for nutrients and the production of
molecules with antimicrobial activities. Concerning the last class, yeasts’ killer toxins and bacteriocins
are the main reservoirs of this competitive arsenal developed by specific yeasts and bacteria that find
potential applications in wine [41].

3.2. Microbial-Based Solutions to Reduce Ethanol Content

High ethanol concentration may reduce the complexity of wine by suppressing the aroma intensity,
but also by exalting the perception of ‘hotness’ and ‘bitterness’. Moreover, health considerations
combined with market demand make the wine industry actively seek ways to facilitate the production
of wines with lower alcohol concentration [42]. Among the possible approaches, microbial strategies
present an attractive opportunity to decrease ethanol levels while preserving the quality and aromatic
integrity of the wine (Table 3).

Table 3. A list of studies that propose microbial-based solutions that can have potential applications in
mitigating an increased ethanol concentration.

Microorganisms Involved Microbial-Based Mitigating Strategies References

Saccharomyces cerevisiae Selection of less ethanol producer yeasts [43,44]

Saccharomyces cerevisiae Adaptive evolution to conditions where glycerol
synthesis is more favoured than ethanol

[45,46]

Hanseniaspora uvarum,
Schizosaccharomyces pombe,
Lachancea thermotolerans,

Saccharomyces kudriavzevii

Non-Saccharomyces sequential inoculation or
co-inoculation with S. cerevisiae

[14,47–51]

Metschnikowia pulcherrima,
Kluyveromyces spp.,

Candida sake,
Torulaspora delbrueckii,

Zygosaccharomyces bailii

Respiratory consumption of sugars [52–55]

Saccharomyces cerevisiae Genetic engineering [56–58]

S. cerevisiae is efficient at converting sugar to alcohol and has a preeminent tolerance to the stressful
conditions encountered during alcoholic fermentation. Thus, one of the methods explored consists
in breeding different S. cerevisiae strains to select less ethanol producer yeast [43,44]. This strategy
could also involve different Saccharomyces species, where wine industrial strains can be combined with
less known alcoholic species. Indeed, hybrid strains have been described with a reduced efficiency
concerning alcohol yields and are able to preserve wine’s organoleptic properties after fermentation [43].
Additionally, yeasts could be forced to evolve and adapt to conditions where glycerol synthesis is more
favoured than ethanol, for example, conditioning the yeast to higher osmotic pressures [45] or using
SO2 at alkaline pH [46].

Another microbial strategy that has seen growing interest in the last decade involves the use of
non-Saccharomyces yeasts. These species exhibit physiological properties that are especially relevant
during the winemaking process, such as their good fermentative capabilities at low temperatures,
resulting in wines with lower alcohol and higher glycerol amounts [10,11]. Several studies have
described a reduced ethanol yield (0.2–0.6 % v/v) when using non-Saccharomyces and S. cerevisiae
strains in co-inoculated or sequential cultures [14,47–51,59]. Another alternative to lower the ethanol
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concentration in wine is to exploit the oxidative metabolism detected in some non-Saccharomyces
species [52–55]. The supply of oxygen to the fermenters under a controlled flow rate promotes the
respiratory consumption of sugars by these non-Saccharomyces yeasts.

An additional approach consists in generating low-ethanol yeast strains using metabolic
engineering. The principle behind this strategy is the engineering of yeast strains through altered
gene expression to modify carbon fluxes in the cell [60]. One of the key target carbon sinks in these
approaches has been glycerol, as several research groups have attempted to redirect carbon towards
glycerol in order to decrease the flow of carbon to ethanol [56]. Rossouw et al. [43] demonstrated that
an alternative metabolite in central carbon metabolism, trehalose, can be targeted as a carbon sink
without resulting in the accumulation of undesirable redox-linked metabolites. Besides, the expression
in wine yeast of the lactate dehydrogenase gene (LDH) from Lactobacillus casei has also resulted in
reduced ethanol concentration (0.25% v/v less) by diverting carbon to lactic acid production [58].

3.3. Microbial-Based Solutions to Improve Organic Acids Content and to Reduce pH

Among the effects of climate change, the harsh lessening in the acidity of wines has a complex
impact on wine quality. Indeed, the low total acidity led to wines with defects in the sensory quality
(e.g., less sour/acid taste, changes in the colour) and prone to the implantation of microbial spoilages
(reduced wine stability) [24]. These phenomena are likely to be regional-dependent, as recently
indicated by Lucio et al. [61], who found an increase of 0.5 units in the pH, also achieving pH values of
3.8–4.0 in the case of wine produced in La Rioja (Spain). Some organic acids are principally associated
with fruit composition (tartaric, malic, and citric), while others (succinic, lactic, and acetic acids) are
mainly related to the fermentation processes, both to the alcoholic and malolactic [62]. In Table 4,
an overview of species/strains selected for their potential of biological acidification of must and wine
is given.

Table 4. A list of studies that propose microbial-based solutions that can have potential applications in
mitigating the reduced content in organic acids and an increased pH.

Microorganisms Involved Microbial-Based Mitigating Strategies References

Candida stellata Consistent increase in succinic acid content [63]

Lachancea thermotolerans and
Saccharomyces cerevisiae pH reduction and increased total acidity perceived [59]

Schizosaccharomyces pombe
and Lachancea thermotolerans

A biotechnological alternative to the traditional malolactic
fermentation in red wine production [64]

Lactobacillus plantarum Biological acidification using the lactic acid bacterium in
pre-alcoholic fermentation [65]

Candida zemplinina Moderate production of acetate, succinate, malate, and lactate,
with specific nitrogen dependence of acid production [66]

Lactobacillus plantarum Selection of MLF starter cultures for high pH must [67]

Lactobacillus plantarum Selection of strains to provoke biological acidification in low
acidity matrices [61]

Lactobacillus plantarum The managing wine acidity depended on the couple
LAB/yeast strains co-inoculated [68]

Non-Saccharomyces yeasts and malolactic bacteria are the main reservoirs of microorganisms
capable of inducing biological acidification in oenology, due to their physiological features and genetic
determinants associated with the production of organic acids [61,69].

The most promising species among non-Saccharomyces is Lachancea thermotolerans [9,70] due to
a considerable aptitude to produce lactic acid [59,64]. Moreover, the use of L. thermotolerans has
been proposed in combination with Schizosaccharomyces pombe [71,72], a yeast capable of converting
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malic acid in ethanol to mimic classic malolactic fermentation (the decarboxylation of malic acid to
lactic acid) [64]. Also, the yeasts Candida stellata [73] and Candida zemplinina (synonym Starmerella
bacillaris) [74] have been explored for their possible application in biological acidification in oenological
matrices [63,66]. Among malolactic bacteria, Lactobacillus plantarum, in reason of the protechnological
significance and versatility, extensive applications for their potential to increase the content of lactic
acid in the tested matrices have been found [61,65,67,68].

3.4. Microbial-Based Solutions to Modulate/Enhance Sensory Characteristics (Colour, Taste, and Aroma)

The sensory issue represents a more complex matter to provide clear cause–effect solutions. In fact,
it is difficult to highlight unambiguous trends associated with climate change (and, consequently,
challenging to propose unambiguous microbial-based solutions). However, a plethora of
biotechnological solutions that rely on microbial activities are susceptible to applications to cope
with the different modifications in sensory attributes addressable to climate change. In Table 5,

we provide only a few examples of the microbial-based solutions that are able to modulate/enhance
sensory characteristics.

Table 5. A list of studies that propose microbial-based solutions that have potential applications in
mitigating modifications of sensory characteristics.

Microorganisms Involved Microbial-Based Mitigating Strategies References

Saccharomyces cerevisiae,
Saccharomyces uvarum and
Saccharomyces montuliensis

Formation of vinylphenolic pyranoanthocyanins, pigments
affecting the colour of the finished wine [75]

Saccharomyces cerevisiae Wine yeast are capable to influence volatile
sulphur compounds [76]

Lactobacillus plantarum Detain enzymes are also involved in improving colour in red
wines [77]

Torulaspora delbrueckii The yeast in mixed fermentation allows a potential increase of
fruity aromas in the wine [78]

Schizosaccharomyces pombe The yeast allows increasing the contents of vitisins, especially
A type [78]

Candida zemplinina The yeast improves vitisin A contents [79]

Torulaspora delbrueckii and
Saccharomyces cerevisiae

T. delbrueckii in association with S. cerevisiae affects the esters
content with impact on the aromatic traits of wines. [80]

Oenococcus oeni and
Saccharomyces cerevisiae

Co-inoculation of yeasts and lactic acid bacteria as a strategy
produces enhancement in wine aroma profile

during fermentation
[81]

Saccharomyces cerevisiae
A flor velum Saccharomyces cerevisiae strain is able to influence
colour and the contents of key aroma compound, susceptible
to conceive new red wine types in a climate change scenario.

[82]

Oenococcus oeni The use of different malolactic starter culture led to modulation
in the quality and quantity of volatile organic compounds [83]

Starmerella bacillaris and
Saccharomyces cerevisiae

Mixed fermentations could be considered as a tool to enhance
the aroma profile [84]

Hanseniaspora uvarum
Co-inoculation of Hanseniaspora uvarum and Saccharomyces

cerevisiae in order to increase the aromatic profile and lessen
the presence of the undesired characters

[85]

Oenococcus oeni
Influence of protechnological and autochthonous strains on

compounds relevant for wine aroma, particularly on branched
hydroxylated compounds

[86]
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3.5. Microbial-Based Solutions to Less Toxic Compounds (Mycotoxins, Biogenic Amines)

During the winemaking process, several microorganisms may cause the depreciation of wine
since they can produce undesirable compounds that are toxic to humans, such as biogenic amines (BA)
or mycotoxins [7,8,87].

The main microorganisms responsible for BA production in wine are LAB [88] and some
non-Saccharomyces yeasts [89]. Moreover, several strains of Enterococcus spp. and Staphylococcus
spp. have recently been isolated from must and wine and described as histamine producers [90,91].
Microbial-based solutions that minimize the presence of these toxic compounds in wine are summarized
in Table 6.

Table 6. A list of studies that propose microbial-based solutions that can have potential applications in
mitigating an increased content in mycotoxin and biogenic amines.

Microorganisms Involved Microbial-Based Mitigating Strategies References

Oenococcus oeni Non-BA producer’s selection to carry out the MLF [92,93]

Schizosaccharomyces pombe Inhibition of LAB development (and of the consequent BA
generation) by removing malic acid and sugars during AF [94]

Oenococcus oeni, Lactobacillus
hilgardii, Lactobacillus brevis

Co-inoculation of S. cerevisiae and LAB to control the
BA-producing microorganisms [95,96]

Lactobacillus plantarum,
Pediococcus acidilactici BA degradation [97–99]

Saccharomyces cerevisiae OTA reduction by adsorption [100,101]

Acinetobacter sp.,
Saccharomyces cerevisiae OTA degradation by peptidases [101,102]

One of the main strategies to avoid the presence of BA in wine is the selection of malolactic starter
cultures that are unable to produce these toxic compounds [92,93]. Another microbial strategy to
reduce the presence of BA in wine is the use of selected yeast strains to induce malic acid consumption,
thus avoiding malolactic fermentation and the risks of BA production associated with this phase [94].
Besides, the co-inoculation of yeast and LAB has been proposed as an interesting microbial-based
solution to better control BA-producing microorganisms [95,96].

An alternative to the prevention strategies could be the use of BA-degrading microorganisms.
Some wine LAB strains belonging to Lactobacillus and Pediococcus species were demonstrated to be
capable of degrading BA, such as histamine, tyramine, and putrescine [97,98]. These strains showed
interesting technological properties, suggesting that the ability to degrade BA could also be a criterion
to select a new generation of starter cultures [98]. Enzymes isolated and purified from L. plantarum and
P. acidilactici strains, and identified as multicopper oxidases, were able to degrade histamine, tyramine,
and putrescine [99]. Such a finding opens a new perspective on the opportunity of employing purified
microbial enzymes to deal with the problem of high BA concentrations in wine [103].

Grapes can be infected by mycotoxigenic fungi, of which Aspergillus spp. and Penicillium spp.
producing ochratoxin A (OTA) is of the highest concern [7,8]. Climate is the most important factor in
determining contamination once the fungi are established, with high temperatures being a major factor
for OTA contamination [104]. Biological decontamination of mycotoxins using microorganisms is one
of the well-known strategies to lessen these toxic compounds (Table 6). A promising approach for wine
decontamination could be degradation/reduction of OTA by yeasts. Yeasts are efficient bio-sorbents
and are used in winemaking to reduce the concentration of harmful substances from the must, which
affect alcoholic fermentation [100,101]. Recently, research from Shukla and co-workers [105] suggests
that the OTA may also be adsorbed by cells of bacteria, such as Bacillus subtilis. Moreover, many
different yeast/bacterial strains have been demonstrated to be able to hydrolyze OTA by the action of a
putative peptidase [101,102].

44



Fermentation 2019, 5, 85

4. Conclusions

Climate change threatens food systems, with huge repercussions on food security and on the safety
and quality of final products. In this light, it is crucial to develop a “climate-smart food system” [106]
tailored to face the complex set of challenges associated with present and future climate trends, in order
to ensure food sustainability [107]. We provided here an outline of potential microbial biotechnologies
that may be able to tackle the changes in food quality and safety associated with climate change. With
this purpose, we used wine production as a model field, considering the socio-economic relevance of
this sector and the significant impact not only on the yield and wine quality, but also on the typicity of
the wines [108]. Considering on-going research issues and future perspectives, it is always crucial to
remember that the food production systems are interdependent structures. In this light, it is mandatory
to assess the impact of the proposed biotechnological solution on the technological regimen, on the
chemistry of the matrix, and on the protechnological microbiota. In the case of wine, for example,
increasing studies are delving into the impact of different non-Saccharomyces species/strains on the
microbiological [109–111] and chemical [17,112,113] features of wine. One further aspect that deserves
attention is the presence of strain-dependent traits that have often been found to be associated with the
protechnological and spoilage microbial phenotypes in oenology [16,114,115].

In some cases, biotechnological solutions have been patented, as we recently reviewed in the
case of non-Saccharomyces yeasts [116]. Microbial-based approaches represent biological methods that
can also find application in the production of organic wines. The potential of microbial activities as
mitigating strategies in the wine sector renovates interest in the continuous exploration of microbial
diversity-associated specific terroirs, autochthonous grapevines, and typical wines [117–119], and
on systems that provide rapid, massive, and low-cost screening of the biotechnological potential
associated with this microbial diversity [120–123].
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Abstract: In the past, some microbiological studies have considered most non-Saccharomyces species
to be undesirable spoilage microorganisms. For several decades, that belief made the Saccharomyces
genus the only option considered by winemakers for achieving the best possible wine quality.
Nevertheless, in recent decades, some strains of non-Saccharomyces species have been proven to
improve the quality of wine. Non-Saccharomyces species can positively influence quality parameters
such as aroma, acidity, color, and food safety. These quality improvements allow winemakers to
produce innovative and differentiated wines. For that reason, the yeast strains Torulaspora delbrueckii,
Lachancea thermotolerans, Metschnikowia pulcherrima, Schizosaccharomyces pombe, and Pichia kluyveri are
now available on the market. Other interesting species, such as Starmerella bacillaris, Meyerozyma
guilliermondii, Hanseniospora spp., and others, will probably be available in the near future.

Keywords: Torulaspora delbrueckii; Lachancea thermotolerans; Metschnikowia pulcherrima; Schizosaccharomyces
pombe; Pichia kluyveri; non-Saccharomyces

1. Introduction

Over the last decades, the dry yeast market based on Saccharomyces cerevisiae has allowed alcoholic
fermentation to start faster than the regular spontaneous methods, reducing the production times.
In contrast, non-Saccharomyces species have often been inhibited by S. cerevisiae inoculations at the
industrial level, despite being the predominant species in grapes before fermentation starts to take
place [1]. The inoculation of S. cerevisiae in large populations exceeding 106 cfu/mL and the inhibition
of non-Saccharomyces species such as Hanseniorsopara, Kloeckera, or Candida by initial sulfur dioxide
addition make it difficult for those non-Saccharomyces species to influence alcoholic fermentation.
However, first-phase non-Saccharomyces species play an important role in spontaneous fermentations
until the alcohol level reaches 4 % (v/v), when most non-Saccharomyces species can no longer survive.
Temperatures below 30 ◦C increase the ethanol resistance of species such as Starmerella stellata and
Kloeckera apiculate [2].

The populations of yeast during alcoholic fermentation change over time. During the first stage,
yeast from genera with a low resistance to ethanol, such as Hanseniaspora, Candida, Rodotorula, and Pichia,
predominate [3–5]. Later, some genera with a moderate resistance to ethanol, such as Lachancea [6] or
Torulaspora [1], may persist for longer. In the last stages of fermentation, most authors report that the
Saccharomyces genus dominates the medium until fermentable sugars are completely metabolized into
ethanol [3–5].

Several studies have reported that non-Saccharomyces species show advantages that can improve
specific parameters of wine quality [7–15], depending on the specific yeast species and strains used
(Table 1). Because of these advantages, the most important manufacturers are now commercializing
strains of non-Saccharomyces [16] from Torulaspora delbrueckii, Lachancea thermotolerans, Metschnikowia
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pulcherrima, Schizosaccharomyces pombe, and Pichia kluyveri (Table 2). However, most of these species
also show disadvantages, which must be taken into account during their use. The main disadvantages
are their low capacity to metabolize sugar into ethanol and their low resistance to additives such
as sulfur dioxide in most cases, although some specific genera, such as Schizosaccharomyces [17,18],
can withstand those disadvantages. The low fermentative activity of some non-Saccharomyces species
is usually corrected by combining them with a high fermentative commercial S. cerevisiae strain able to
metabolize all the sugar into ethanol [19]. This combination usually assumes a fermentation delay of a
few days compared to pure fermentation inoculation by S. cerevisiae. The main positive influences of
non-Saccharomyces species in modern winemaking are explained in the following paragraphs.

Table 1. Influence of non-Saccharomyces species on winemaking quality parameters.

Starmerella bacillaris Glycerol ↑
Hanseniaspora spp. Acetate esters ↑, terpenes ↑, Biogenic amines ↓
Hansenula anomala C6 alcohols ↓

Lachancea thermotolerans L-lactic acid ↑, Acidification ↑
Metschnikowia pulcherrima Esters ↑, Terpenes ↑, Thiols ↑, Aroma complexity ↑,

Pichia guillermondii Color Stability ↑
Pichia kluyveri Thiols ↑, Esters ↑

Schizosaccharomyces pombe L-Malic acid ↓, Deacidification ↑
Torulospora delbrueckii Acetic acid ↓, Esters ↑, Thiols ↑,

Zygosaccharomyces bailii Polysaccharides ↑
↑, higher activity; ↓, lower activity≈

Table 2. Main commercial products that contain non-Saccharomyces strains.

Product Name Manufacturer Species

Biodiva™ Lallemand
www.lallemandwine.com (access on 29/06/2019). T. delbrueckii

Concerto™ Chr. Hansen
www.chr-hansen.com (access on 29/06/2019). L. thermotolerans

Flavia®
Lallemand

www.lallemandwine.com M. pulcherrima

Frootzen®
Chr. Hansen

www.chr-hansen.com P. kluyveri

Prelude™ Chr. Hansen
www.chr-hansen.com T. delbrueckii

Primaflora® VB BIO
CENOLIA

www.sud-et-bio.com T. delbrueckii

ProMalic Proenol
https://www.proenol.com S. pombe

Viniferm NS TD Agrovin
www.agrovin.com T. delbrueckii

Zymaflore® Alpha
Laffort

www.laffort.com (access on 29/06/2019). T. delbrueckii

Modern enology looks for strategies to reduce the final content of ethanol in wine. The main causes
of this trend are the consumer demand for products with a lower content of ethanol. High polyphenolic
maturity usually increases grape sugar due to the delay in harvest. This effect is common in warm
viticulture areas where the over-ripening risk is high. There are some alternative methodologies
that can be used to reduce the content of ethanol in wine, such as enzyme or osmotic filtration [20].
Non-Saccharomyces species allow us to reduce the initial ethanol content by about 1–2% (v/v), depending
on the yeast species and fermentation conditions [21–23].
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Chemical methods based on food quality acid additions, such as tartaric acid, were the classical
solution to acidity imbalances in over-ripe grape juices. On the other hand, for excess acidity, which
is commonly found in cold areas, the most common solution was the use of calcium carbonate,
potassium bicarbonate, or potassium carbonate to deacidify to regular levels. The main inconveniences
of these solutions are the costs of these chemical products, which must be certified as being of
food-quality. Nevertheless, over the last decade, some microbial alternatives have been proposed.
The first alternatives involved some strains of S cerevisiae that are able to influence wine acidity [24,25];
however, the influence on the pH was not significant. The use of some non-Saccharomyces species has
been proven to be able to reduce the pH by 0.5 units [6], while other species are able to increase the pH
by up to 0.5 units [26].

Acetic acid is the main acid responsible for the wine fault termed volatile acidity. Although
acetic acid influences the total acidity, it is usually considered separately, as it can negatively influence
the wine quality. The fault threshold of volatile acidity is considered to be about 0.8 g/L; above this,
most consumers can easily identify the negative vinegar characteristic. The main acetic acid ester,
ethyl acetate, in concentrations higher than 12 mg/L produces undesired odor faults [27], which are
of even more concern than acetic acid. Some non-Saccharomyces species, such as T. delbrueckii [1] or
L. thermotolerans [6], can produce wines with lower contents of acetic acid than S. cerevisiae, while other
species, such as Schizosaccharomyces sp. [18], tend to produce wines with concentrations higher than
the fault limit. Nevertheless, large strain variability is reported in most cases [7,28–31].

Some studies have shown that specific non-Saccharomyces species are able to produce higher
concentrations of fruity esters than S. cerevisiae (control) [32]. Specific non-Saccharomyces strains can
increase the release of varietal aromas, such as terpenes or thiols, which are responsible for the quality
of some grape varieties, such as Muscat, Gewurztraminer, Sauvignon blanc, and Verdejo [19,33].

The main strategies for increasing the color of red wines are based on obtaining higher final
concentrations of total anthocyanins or higher levels of the most stable anthocyanins, such as vitisins or
pyranoanthocyanins [34]. pH reduction is another strategy used to increase the color perception [6,35].
The latest studies have developed strategies to avoid malolactic fermentation [6,36], whose effect on
wine quality is the reduction of color due to increases in pH and lactic bacteria enzymatic activity [36,37].
However, the necessity of producing stable wines that will not re-ferment in the bottle means that the
vast majority of red wines go through malolactic fermentation. The first microbiological approaches
used S. cerevisiae strains that absorbed reduced amounts of anthocyanins. Later approaches selected
S. cerevisiae strains in order to obtain higher contents of acetaldehyde and pyruvic acid, which slightly
increase the contents of vitisin A and B. Some non-Saccharomyces species may produce up to four
times higher concentrations of pyruvic acid or acetaldehyde than S. cerevisiae. The combination of
specific non-Saccharomyces species allows the stabilization of wines from a microbiological point of view,
avoiding malolactic fermentation and additionally increasing the acidity and color perception [34,35].

Although wine is a safe product from a microbiological health hazard point of view,
as no pathological microorganisms such as Salmonella or E. coli can withstand the wine ethanol
concentrations [38], modern enology has discovered toxic compounds that can appear in wine such as
biogenic amines, ethyl carbamate, and ochratoxin A. The main strategy employed to avoid biogenic
amines in wine is based on the use of selected lactic bacteria from Oenococcus oeni species without
decarboxylase activity able to convert specific amino acids into biogenic amines. Regarding this
fact, some non-Saccharomyces species have been reported to produce higher concentrations of amino
acids such as histidine that can evolve to histamine if bacteria decarboxylase activity takes place [30].
Other non-Saccharomyces species prevent the malolactic fermentation process, where the production of
biogenic amines takes place [36]. Ochratoxin A is produced prior to harvest by spoilage fungal attacks.
There are several methods that can be used to reduce the ochratoxin A concentration during the
winemaking process, such as that which is conducted through the use of amicrobic filtrations of about
0.45 μm that allow the initial concentration to be reduced by up to 80% [39]. A promising biotechnology
method is the use of yeast lees to remove ochratoxin A. This method was first tested using S. cerevisiae,
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although newer studies have shown that some non-Saccharomyces species are more efficient at removing
ochratoxin A, with rates of up to 70% [38,40–42]. Ethyl carbamate is mainly produced by lactic acid
bacteria and through the chemical combination of urea with ethanol during wine ageing. The most
common type of management in the wine industry is based on the use of a commercial urease enzyme
which is able to remove all the urea that can evolve into ethyl carbamate [38]. Nevertheless, the use
of non-Saccharomyces species with urease activity allows the removal of the main ethyl carbamate
precursor from wine, making it virtually impossible for ethyl carbamate to appear during wine ageing.

Polysaccharides have been proven to improve the mouthfeel properties of wine [43–45].
The improvements in wine quality are mainly related to softening the wine astringency [45] or
increasing positive aromatic compounds [46]. The most abundant group of polysaccharides is
the arabinogalactan proteins, which originate in grapes [43]. Mannoproteins represent the second
most abundant group; however, these polysaccharides are formed during alcoholic fermentation or
ageing during lees processes [26,47]. Although the first microbiological applications for increasing
the content of mannoproteins in wines were based on the use of S. cerevisiae strains, later studies
showed that some non-Saccharomyces species release higher concentrations of mannoproteins than S.
cerevisiae [47–50]. Other polysaccharides of a different nature than mannoproteins are also reported for
some non-Saccharomyces species [26,51–53].

All yeast species inevitably produce acetaldehyde during alcoholic fermentation. The highest
concentration is reached during the tumultuous phase of alcoholic fermentation. It usually takes place
within 48–72 h of alcoholic fermentation, depending on the fermentation power of the yeast species.
Concentrations higher than 125 mg/L usually negatively influence the flavor of wine [54,55], and wines
are usually described as being oxidized. Some of the descriptors used for wines where acetaldehyde
predominates in the aroma are green apples and fresh-cut grass [55]. Such aromas are easy to identify
in white wines. Newer studies on red wines have proven that concentrations below the fault threshold
of 125 mg/L increase the valuable stable color forms, such as vitisin B [35], which improves wine color,
while the aroma of acetaldehyde cannot be identified in a sensory analysis. Some non-Saccharomyces
species produce lower concentrations of acetaldehyde than S. cerevisiae [56], while others produce
higher levels [57].

Glycerol can increase the softness and body of wine. S. cerevisiae synthesizes glycerol from glucose
through glycolysis, where dihydroxyacetone phosphate is reduced to glycerol-3-phosphate and later
oxidized to glycerol [58,59]. One of the first reported advantages of using non-Saccharomyces species
was the increased glycerol concentration in wine and its influence on wine quality [9,48,60]. Depending
on the non-Saccharomyces species employed, it is possible to achieve increases from a few decimals to
4 g/L compared to S. cerevisiae [9,60]. From a biochemical point of view, species other than those of
the Saccharomyces genus possess less developed alcohol dehydrogenase enzymatic activity, but more
developed glycerol-3-phosphate dehydrogenase enzymatic activity. This metabolism deviates to
produce higher final concentrations of glycerol during alcoholic fermentation [59].

Several studies attribute the properties of some non-Saccharomyces species to improved wine quality.
Nevertheless, recent studies have shown large differences, depending on the non-Saccharomyces strain
used [31,61,62]. This oenological phenotypical variability is based on the huge number of different
populations and the genomic diversity of those species [63–69]. These results suggest the importance
of performing selective processes, such as those that were conducted for S. cerevisiae strains in the past.

2. Torulaspora Delbrueckii

Torulaspora delbrueckii (Figure 1(1)) is the most studied and commercialized of the non-Saccharomyces
species in winemaking [1]. The management of T. delbrueckii is relatively easy compared to other
non-Saccharomyces species due to its relatively high fermentative power of up to 9–10% (v/v) [70],
while several non-Saccharomyces species, such as M. pulcherrima, P. guillermondii, P. kluyveri, S. stellata,
and Hanseniaspora vinae, do not tolerate ethanol concentrations higher than 4% (v/v). Due to this
ethanol resistance, this species can notably influence the final wine product during most of the
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alcoholic fermentation period, although in most wines, a second more fermentative species such as
S. cerevisiae [48] or S. pombe [71] is required to properly end the alcoholic fermentation. Nevertheless,
some industries other than conventional winemaking have started to exclusively use T. delbrueckii for
fermentation; some examples are for the production of beer or sparkling base wine [1].

One of the first advantages attributed to T. delbrueckii was the reduction of the volatile acidity
concentration in wines. Some authors have reported reductions in the final acetic acid concentration of
about 0.14 to 0.28 g/L compared to S. cerevisiae [1,70]. The application of T. delbrueckii can decrease the
final ethanol concentration in wines by up to 1% (v/v) [22], while increasing the glycerol concentration
from 0.2 to 0.9 g/L [1,72–74]. Several authors report T. delbrueckii as being a greater mannoprotein
releaser than S. cerevisiae and other non-Saccharomyces species [47,48]. Moderate malic acid consumption
by T. delbrueckii has been commonly observed in sequential fermentations in quantities varying from
20% to 25% [43,48].

T. delbrueckii can improve the intensity and quality of wine aroma, increasing the overall impression
and the varietal and fruity characters [72]. T. delbrueckii is able to diminish the concentrations of higher
alcohols when it is used in sequential fermentations with S. cerevisiae [48]. This effect contributes to an
increase in the varietal character perception. However, an increase in alcohol production has also been
reported [75,76]. Several authors have reported the production of higher final concentrations of fruity
esters [72,77]. In contrast, other studies have reported the opposite effect [73,76]. These differences
in higher alcohols and ester formation have been explained by the high strain variability in these
parameters shown by the species [31,62]. T. delbrueckii is reported to release conjugated terpenes in
some wine varieties characterized by these varietal compounds [78]. In addition, proper T. delbrueckii
strain selection allows for the release of higher concentrations of thiols, which increase the varietal
character of varieties such as Sauvignon blanc or Verdejo [72,79].

A moderate undesirable effect reported by most authors is a delay in sequential fermentation
involving T. delbrueckii and S. cerevisiae compared with the S. cerevisiae control.

 
Figure 1. Microscopic observation of Torulaspora delbrueckii (1), Lachancea thermotolerans (2),
Schizosaccharomyces pombe (3), Metschnikowia pulcherrima (4), Meyerozyma guilliermondii (5) and
Hanseniospora uvarum (6) cells.
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3. Lachancea Thermotolerans

Lachancea thermotolerans (Figure 1(2)) is the most recommended of the non-Saccharomyces species
used to acidify grape juices that suffer from a lack of acidity [80]. This ability is very useful in
viticultural areas in the south of Europe or any other warm viticulture region [6,81]. L. thermotolerans
can acidify wines due to its unique ability among yeasts to produce lactic acid during its fermentative
metabolism [7,82]. Hranilovic et al. (2018) have shown the pathway of lactate formation from
pyruvate through the enzyme lactate dehydrogenase enzyme [83]. The production of lactic acid can
vary from a few decimals of g/L to up to almost 10 g/L, depending on factors such as the strain or
fermentative temperature used [6,84]. The production of lactic acid without degrading any malic acid
directly influences the titratable acidity quality parameter. The production of lactic acid is reported to
increase the titratable acidity by up to about 9 g/L [84] compared with the regular S. cerevisiae control.
Some studies have reported a reduction in pH from about pH 4 to pH 3.5 in low-acid grape juice,
which would be considered an acidic wine in most warm viticulture regions [6]. The reduction of pH
also positively influences the color of red wine due to the increase in the color intensity of anthocyanins
such as the flavylium ion [35,36].

L. thermotolerans also has other interesting properties. Some authors have described L. thermotolerans
as an interesting resource that can be employed to reduce the final concentration of volatile acidity in
wine [85]. Some studies have reported that L. thermotolerans fermentations produce lower concentrations
of acetic acid than S. cerevisiae, by about 0.24 g/L [82,84], while other authors have reported smaller
differences in sequential fermentations of about 0.05 g/L [36,86]. Recent studies reported L. thermotolerans
strains to show a strain variability of up to 49% in acetic acid production [31]. Later studies supported
the idea that strain variability shows great biodiversity around the world [69], which translates into
large differences in the phenotypic fermentative performance for the different strains [31]. Although
the first studies showed lower final concentrations in glycerol than S. cerevisiae for single pure
fermentations of about 1.5 g/L [84], later studies showed that, in sequential fermentations, those
including L. thermotolerans often reach higher final levels of glycerol of up to 1 g/L [7,86]. These results,
combined with those related to ethanol production, indicate that although L. thermotolerans is less
fermentative than S. cerevisiae, it possesses a more developed glycerol–pyruvic pathway. Nevertheless,
the production of glycerol by L. thermotolerans also depends on other factors, such as temperature [82],
as it produces higher contents at 20 ◦C than at 30 ◦C. Later studies reported that the injection of
oxygen during L. thermotolerans fermentations increases the production of glycerol while reducing the
production of ethanol [87].

Some studies have reported that L. thermotolerans sequential fermentations produce lower final
concentrations of higher alcohols than S. cerevisiae—from 13 to 55 mg/L, depending on the study [81,82,88].
Nevertheless, other authors have reported the opposite effect, with fermentations involving L. thermotolerans
increasing higher alcohol concentrations by up to 100 mg/L [7]. These discrepancies are explained by the
great variability in L. thermotolerans strains, in terms of higher alcohol production (up to 40%) [31,62] and
oxygen availability [87].

Some authors have reported increases in the total ester content of up to 33% [69], while other
studies have not observed important differences [7]. Nevertheless, all studies have reported increases
in the specific ester ethyl lactate, which is related to lactic acid metabolism [32,34]. L. thermotolerans
produces lower concentrations of fatty acids than S. cerevisiae in pure fermentations, although specific
strains of L. thermotolerans tend to produce higher concentrations of the specific fatty acid isovaleric
acid [62]. Specific L. thermotolerans strains are able to release higher amounts of terpenes, depending
on their glucosidase activity [7,32].

Some authors have reported higher total final anthocyanin concentrations in sequential fermentations
involving L. thermotolerans than in the S. cerevisiae controls. The differences varied from 8% to 10% [34,89].
Additionally, the higher coloration of anthocyanins produced by lactic acid acidification at a low pH
notably influences the final color intensity, which is higher than that of S. cerevisiae [6,18,35,36].
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Some authors have reported that some specific L. thermotolerans strains release up to 100 mg/L higher
concentrations of polysaccharides than S. cerevisiae [7]. Nevertheless, this ability is strain-dependent,
as the observed strain variability between the studied L. thermotolerans strains is close to 40% [7].

Studies that perform sensory analyses usually describe the wines fermented by L. thermotolerans as
being more acidic than the controls fermented by S. cerevisiae [36,57]. This perception is not as obvious
in highly acidic wines from northern Germany [32], but is very evident in wines fermented from low
acidic grape juices from warm areas in southern Europe, where the pH is reduced by about 0.4 units
and the total acidity increases by about 3 g/L [81]. The color intensity perception is usually higher due
to the increase of visible red and purple colors at lower pH values [6].

Other modern applications of L. thermotolerans facilitate the management of ochratoxin A. Some
L. thermotolerans strains are able to efficiently inhibit the development of ochratoxigenic fungi in the
vineyard [90,91]. As the legislation trend is to reduce the applications of pesticides, L. thermotolerans
appears to be an interesting alternative to the management of ochratoxin A.

The main problems in the industry management of L. thermotolerans are its sensitivity to sulfur
dioxide and its moderate ethanol tolerance. Among the non-Saccharomyces species, L. thermotolerans
is considered a fermentative species that is able to ferment wines at up to levels slightly higher than
10% (v/v) in ethanol [28,82], but it must be combined with a S. cerevisiae [86] strain for the production
of regular dry wines or with another more fermentative genus, such as Schizosaccharomyces [36],
to ensure proper alcoholic fermentation cessation. In other fermentative industries such as beer, sweet
wine, or sparkling base wines, the fermentative power of L. thermotolerans is sufficient to achieve the
desired final ethanol concentration [6,51]. Additionally, some studies have observed that sequential
fermentations between L. thermotolerans and S. cerevisiae produce lower final ethanol concentrations
varying from 0.2% to 0.4% (v/v) [36,69,86].

Another reported problem is the release of higher concentrations of biogenic amine amino acid
precursors such as lysine, ornithine, and tyrosine during alcoholic fermentation compared with
S. cerevisiae [32,57]. Although there is no direct correlation between biogenic amine formation and
the presence of amino acid precursors, this fact must be taken into account, especially for wines that
will perform malolactic fermentation or barrel ageing [38]. Nevertheless, the acidification performed
by L. thermotolerans can partially inhibit the capacity of unselected lactic bacterial strains to produce
biogenic amines, as the development of lactic bacterial genera is limited at low pH values. This potential
food safety problem is also present when L. thermotolerans is used in ageing over lees for histidine,
tyrosine, ornithine, and lysine amino acids [49].

Although most studies regarding the Lachancea genus and oenology have focused on L. thermotolerans,
other species have started to show promising potential. For example, L. fermentati is a higher fermenter
than L. thermotolerans. Pure inoculations of L. fermentati produce wines with lower concentrations of
acetaldehyde, SO2, and H2S compared to the S. cerevisiae controls [80,92].

4. Schizosaccharomyces Species

Schizosaccharomyces pombe is the most recommended of the non-Saccharomyces species to de-acidify
excessively acidic wines from cool areas, such as those from the north of Europe. Indeed, modern
studies also employ this species to stabilize wines from a microbiological point of view, for example,
in red wines from warm viticulture areas, where the performance of a proper malolactic fermentation
process is complicated due to the low levels of malic acid and the high pH [36]. S. pombe is able
to metabolize malic acid into ethanol and CO2, consequently reducing the total wine acidity [18].
Benito et al. (2014) have shown the biochemical pathway used to degrade malic acid into ethanol
through pyruvate decarboxylase and alcohol dehydrogenase enzymes [93]. In wines with malic acid
contents higher than 5 g/L, which are considered very acidic by regular consumers, S. pombe can
completely remove any malic acid present, decreasing the total acidity by about 4 g/L and the pH
by about 0.4 units [94]. Figure 1(3) shows a microscopic observation of S. pombe cells during pure
alcoholic fermentation.
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Recently, the use of S. pombe has been suggested in warm viticulture areas where grape juices
contain high levels of sugar, pH values are close to 4, and malic acid concentrations are usually less
than 1 g/L [26,48]. Under these circumstances, to try to perform malolactic fermentation is dangerous,
with a high risk of deviations, such as the production of undesired high levels of volatile acidity or
biogenic amines. Nevertheless, if malolactic fermentation is not performed before bottling, it often
takes place in the bottle, generating undesired turbidity. In these scenarios, the use of S. pombe alone or
in small percentages in combined inoculums with S. cerevisiae allows the achievement of microbiological
stability so that wine can be bottled without the risk of bottle refermentation.

Specific strains of S. pombe are the most effective option to remove gluconic acid from wine during
alcoholic fermentation, with a removal percentage of up to 91% [95–99]. Gluconic acid can negatively
influence the quality of wine, generating microbial instability, as it can be used by lactic acid bacteria to
increase volatile acidity, reducing the protective effect of sulfur dioxide.

One of the main problems of using S. pombe is that it tends to generate high levels of acetic
acid [18,30]. This acid usually produces a quality-detrimental vinegar character, which is not tolerated
by consumers of quality wines. This undesirable effect has been solved with different strategies, such
as the combined use with S. cerevisiae [94], L. thermotolerans [6,36], or T. delbrueckii [71]; the addition of
magnesium [100]; or the use of alginate cells [101] and fed-batch fermentation [102]. These alternatives
allow the production of wines with lower acetic acid contents than those produced with S. cerevisiae.
Another undesirable effect of the use of S. pombe is an increase in the ethanol concentration, as the
degradation of 2.33 g/L of malic acid produces about 0.1% (v/v) of additional ethanol [103]. Although
no malolactic fermentation is needed after S. pombe alcoholic fermentation, the concentration of amino
acids that can evolve to biogenic amines usually increases [30].

The malolactic fermentation process usually reduces the anthocyanin content and color intensity
from 10% to 23% [36,37]. This phenomenon takes place due to the cell absorption and glycosidase
enzymatic activity of lactic bacteria [35,104]. S. pombe-fermented wines show higher contents of total
anthocyanins and consequently higher color intensities as malolactic fermentation is not needed.
Additionally, S. pombe is able to produce up to five times more pyruvic acid than S. cerevisiae [105],
which translates to the formation of a consequently higher concentration of the stable anthocyanin
vitisin A, which contains pyruvic acid [35]. Additionally, the combined use with L. thermotolerans
increases the color intensity due to the additional reduction of pH that increases the color intensity
of flavylium ions [6,18,35] S. pombe releases higher amounts of polysaccharides than any other
Saccharomyces or non-Saccharomyces yeast [26,52], consequently improving the wine structure. The nature
of these polysaccharides is different than that reported for S. cerevisie, including the presence of
α-galactomannose and β-glucans in their compositions [53].

S. pombe is characterized by producing significantly lower concentrations of higher alcohols and
esters than S. cerevisiae and other yeast species [34,57]. This is very interesting when retention of the
varietal aroma of grapes is desired more than the fermentative aroma [19,48,72].

Regarding food safety, the use of S. pombe allows the control of biogenic amines, as no malolactic
fermentation, which is able to produce this toxic compound, is required [38]. Additionally, the urease
enzymatic activity developed by S. pombe eliminates the main precursor of ethyl carbamate: urea.
Indeed, S. pombe can remove 70% of the initial concentration of the carcinogen ochratoxin A during
alcoholic fermentation [40].

In recent years, other industries have started to use Schizosaccharomyces species in products and
processes other than the production of grape wine, such as ginger fermentation [106,107], apple wine [108],
kei-apple fermentation [109], sparkling wine [110], bioethanol [111], bilberry fermentation [71], plum
wine [112], and water purification [18].

Although S. pombe is the most studied yeast from the genus Schizosacchromyces, Schizosaccharomyces
japonicus shows similar properties to S. pombe and a better performance in specific quality parameters
such as glycerol production and polysaccharide release [53].
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5. Metschnikowia Pulcherrima

Metschnikowia pulcherrima (Figure 1(4)) influences wine quality parameters. It can increase the
glycerol concentration by a few decimals in combined fermentations compared to single S. cerevisiae
controls. It is also able to reduce the malic acid content by about 10% and the acetaldehyde concentration
by about 10 mg/L [19]. One modern application is the reduction of the final ethanol concentration. For that
purpose, M. pulcherrima can be used in order to achieve ethanol reductions down to 1% (v/v) [22,113,114].

Following the comparison of sequential fermentations of M. pulcherrima and S. cerevisiae, some studies
have described M. pulcherrima as a producer of low higher alcohol concentrations compared to S. cerevisiae
that vary from 20% to 30% [32]. On some occasions, this effect means that varietal aroma compounds
such as terpenes or thiols that are not masked by concentrations of higher alcohols that are higher
than the perception threshold have a greater effect on wine aroma [19]. On the other hand, most
studies have reported that M. pulcherrima is a higher producer of fruity esters [32]. Most studies have
reported significant differences, especially for ethyl octanoate, which is produced in higher concentrations
varying from 20% to 25% in sequential fermentations involving M. pulcherrima than in S. cerevisiae [19].
This specific ester increases fruity aromas related to pineapple, which are usually considered pleasant
and very positive, in neutral grape varieties that do not possess varietal aroma compounds such as
terpenes or thiols.

The most relevant influence on wine quality related to the use of M. pulcherrima is the ability
of the cystathionine-β-lyase activity of selected strains to cause the release of varietal thiols such as
4-methyl-4-sulfanylpentan-2-one in concentrations six times higher than those in S. cerevisiae [19].
This aromatic compound is the most important quality indicator in thiolic wine varieties such as
Sauvignon blanc or Verdejo. Figure 1(4) shows a microscopic observation of alcoholic fermentation
performed by a pure culture of M. pulcherrima and sterilized grape juice.

6. Meyerozyma Guilliermondii

The use of Meyerozyma guilliermondii (Figure 1(5)) focuses on wine color improvements.
M. guilliermondii is reported to be the yeast species with the highest hydroxycinnamate decarboxylase
enzymatic activity [115]. This enzymatic activity allows the production of pyranoanthocyanin adducts,
which condensate with grape anthocyanins to produce highly stable colored compounds that remain
for a longer period of time than other anthocyanins. This biological enzymatic activity was first
investigated in S. cerevisiae; however, although the enzymatic activity improved the color intensity,
color stability, and removed ethyl phenol precursors, a maximum activity level of 16% was reached
and there was a great dependency on the studied strain [116]. M. guilliermondii has been reported to
increase hydroxycinnamate decarboxylase enzymatic activity by up to 90%. This type of biotechnology
allows us to produce modern wines that contain up to 11-times higher concentrations of vinylphenolic
pyranoanthocyanin adducts, which are the most stable color forms reported in winemaking [115].

7. Pichia Kluyveri

Some studies have reported the use of Pichia kluyveri (Figure 2) in sequential fermentations to
produce higher levels of esters than S. cerevisiae, such as 2-phenylethyl acetate, by about 20%, or ethyl
octanoate, by about 10% [32]. The total terpene concentration was also shown to increase by about
20%; this fact contributed to an increase in the grape variety typicity.
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Figure 2. Film produced by Pichia kluyveri over grape juice.

8. Starmerella Bacillaris

Starmerella bacillaris, formerly Candida stellata [59], produces the highest glycerol concentration
(up to 14 g/L) of the non-Saccharomyces yeasts during alcoholic fermentation [9,117,118], while most
S. cerevisiae strains have been shown to produce final concentrations that vary from 5 to 8 g/L. These
concentrations can improve the mouthfeel sensation and flavor of wine [9]. Another interesting
property is its fructophilic character [119,120], in contrast with the glucophlilic character of S. cerevisiae.

9. Hanseniaspora

Species from the Hanseniospora genus possess a characteristic apiculate shape (Figure 1(6)). Most
of the yeasts present at the beginning of spontaneous fermentation belong to this genus [121–125].
Although no manufacturer has offered a commercial strain to date, the genus is supposed to make up an
important percentage of the yeasts that are in grapes. This indicates that, in traditional fermentations,
the Hanseniospora genus notably influences alcoholic fermentations during the first phase until alcohol
levels of about 4% are reached. At these levels, most Hanseniospora strains cannot survive due to their low
tolerance to ethanol [126]. In combination with S. cerevisiae, which properly ends alcoholic fermentation,
strains of the Hanseniospora genus can positively influence wine quality [9,125]. The Hanseniaspora
genus is an interesting source of enzymes for modern winemaking challenges [125]. The most
remarkable enzymatic activity is reported for β-glucosidase [127], β-xylosidase [128], glycolytic,
and protease [123,129].

From a sensory point of view, the improvements are based on more intense wine flavor and aroma
complexity. At an industrial scale, Hanseniospora guilliermondii, Hanseniospora uvarum, and Hanseniospora
vinae [130] are the most appropriate species to achieve these purposes [125]. The aroma improvements are
explained from a chemical point of view due to the production of higher concentrations of 2-phenylethyl
acetate [131,132], acetate esters such as isoamyl acetate [124,127,130,132,133], medium-chain fatty acid
ethyl esters [134], benzenoids [135,136], and terpenes [125,127] and reductions in the final concentration
of higher alcohols [124,130,133]. Martin et al. 2018 [125] have explained the main metabolic pathways
responsible for the ability of some species of Hanseniaspora/Kloeckera genera to produce benzenoids,
diacetyl-acetoin, lactones, higher alcohols, acetate esters, fatty acids, and isoprenoids.

The most appropriate species to improve the color and polyphenolic composition in red wines
from the Hanseniaspora genus are Hanseniaspora clermontiae, Hanseniaspora opuntiae, H. guilliermondii,
and H. vinae [125]. These species can improve quality parameters such as color intensity and total
anthocyanins [124]. These color improvements are based on the ability of Hanseniaspora species to
produce vitisin A [137], vitisin B [138], and malvidin-3-O-glucoside-4-vinylguaiacol [137].

62



Fermentation 2019, 5, 54

10. Conclusions

Non-Saccharomyces species can play an important role in winemaking. Depending on the specific
type of wine or the enological problem to solve, different non-Saccharomyces strains should be selected
to attain the desired objective. The combination of non-Saccharomyces species with Saccharomyces
species or even with another high fermentative non-Saccharomyces species can also lead to the best
solution. At this time, the most commonly used strains in industry are Torulaspora delbrueckii, Lachancea
thermotolerans, Schizosaccharomyces pombe, Metschnikowia pulcherrima, and Pichia kluyveri, which are
present in available products. It is likely that over the next few years new species will start to be
available on the market, and products that contain combinations of non-Saccharomyces species will also
be available in order to simulate spontaneous alcoholic fermentations.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Two major spoilage yeasts in the wine industry, Brettanomyces bruxellensis and
Zygosaccharomyces rouxii, produce off-flavors and gas, causing considerable economic losses.
Traditionally, SO2 has been used in winemaking to prevent spoilage, but strict regulations are
in place regarding its use due to its toxic and allergenic effects. To reduce its usage researchers
have been searching for alternative techniques. One alternative is biocontrol, which can be used
either independently or in a complementary way to chemical control (SO2). The present study
analyzed 122 native non-Saccharomyces yeasts for their biocontrol activity and their ability to be
employed under fermentation conditions, as well as certain enological traits. After the native
non-Saccharomyces yeasts were assayed for their biocontrol activity, 10 biocontroller yeasts were
selected and assayed for their ability to prevail in the fermentation medium, as well as with respect
to their corresponding positive/negative contribution to the wine. Two yeasts that satisfy these
characteristics were Wickerhamomyces anomalus BWa156 and Metschnikowia pulcherrima BMp29, which
were selected for further research in application to mixed fermentations.

Keywords: biocontrol application; non-Saccharomyces screening; SO2 reduction

1. Introduction

Wine is the product of complex microbial interactions that start on the grape surface and
continue throughout the fermentation [1]. Some yeasts generate metabolites that lead to wine faults
that affect flavor, haze or CO2 production in the final product. One of the major spoilage yeasts is
Brettanomyces bruxellensis [2]. Wines contaminated with this yeast are characterized by the presence
of off-flavors [3]. Other spoilage yeasts frequently described in the food industry belong to the
Zygosaccharomyces genus. They produce gas in food and beverages [4], and they are difficult to control
chemically [5]. Spoilage resulting from this yeast is widespread and causes considerable economic
losses in the food industry [6,7].

Traditionally, SO2 has been used in winemaking during non-fermentation stages to control
microbial proliferation such as bacteria, yeasts and fungi. Nevertheless, there are strict regulations
regarding its use due to its toxic and allergenic effects on human health [8]. International organizations
such as the Organisation Internationale de la vigne et du vin encourage SO2 reduction [9]. Moreover,
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modern consumers prefer more natural and healthy foods and beverages that are minimally processed
and free of preservatives [4,10].

Biocontrol is an alternative proposal that can be used either independently or in a complementary
way to chemical control (SO2). Some Saccharomyces and non-Saccharomyces yeasts have the ability to
biosuppress other yeasts through different mechanisms such as the production of toxic compounds [2],
competition for limiting substrates [11] and/or cell to cell contact [1].

At present, a re-evaluation of the role of non-Saccharomyces yeasts in winemaking and their use
as selected starters in mixed fermentations with Saccharomyces cerevisiae is being carried out [12,13].
Non-Saccharomyces yeasts are supposed to enhance the wine quality [14]. Nowadays there is a special
interest in yeast strains associated with specific geographical locations as they may introduce a regional
character or ‘terroir’ to the winemaking process [12,15].

Yeast growth parameters such as specific growth rate, lag phase duration, product yield and
metabolic rates of substrates and products may provide useful information to understand their
biocontrol mechanisms and how to use them during the fermentation process. Taking into account that
yeast bio-suppression can be associated with substrate competition and secretion of toxic substances, it
is important to understand the growth parameters of non-Saccharomyces yeasts during fermentation, in
order to plan co-inoculation or sequential mixed inoculation with Saccharomyces [16–19].

Several authors have analyzed indirect values like “fermentation rate” (CO2 release) [20,21].
However, there are no reports related to selection of non-Saccharomyces yeast for vinification that have
studied the prevalence of yeasts with clearly defined kinetic parameters. The aim of the present study
was to analyze the biocontrol ability of 122 native non-Saccharomyces yeasts against two of the most
relevant wine spoilage yeast species, Z. rouxii and B. bruxellensis. Subsequently, biocontrolling yeasts
were characterized for their ability to be employed under fermentation conditions and their capacity
to generate positive or negative enological traits, in order to reduce SO2 and improve the quality of
regional wines.

2. Materials and Methods

2.1. Microorganisms

One hundred and twenty-two non-Saccharomyces yeasts (Table 1), previously isolated from
enological environments from San Juan and Mendoza, Argentina (Cuyo region), were obtained from
the Culture Collection of Autochthonous Microorganisms of the Institute of Biotechnology, School of
Engineering, UNSJ, San Juan, Argentina, and used in the present study. The yeasts had been used in
previous studies by our research group [22,23].

Table 1. Non-Saccharomyces yeast isolates assayed.

Species N◦ of Isolates Strain Nomenclature

Candida apis 1 BCa80

Candida cantarelli 1 BCca78

Candida catenulata 1 BCct79

Candida diversa 1 BCd75

Candida famata 4 BCf84

Candida intermedia 1 BCi85

Candida membranifaciens 3 BCm69, BCm70, BCm71

Candida pararugosa 1 BCp73

Candida rugosa 1 BCr81

Candida sake 6 BCsa74, BCsa82, BCsa83, BCsa86, BCsa88, BCsa95

Candida steatolytica 1 BCse76
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Table 1. Cont.

Species N◦ of Isolates Strain Nomenclature

Candida stellata 1 BCst68

Clavispora lusitaniae 1 BCl157

Cryptococcus albidus 1 BCra158

Debaryomyces hansenii 5 BDb150, BDb152, BDb153, BDb154, BDb155

Debaryomycesvanrijiae 1 BDv151

Hanseniaspora guilliermondii 6 BHg42, BHg44, BHg45, BHg46, BHg47, BHg48

Hanseniaspora osmophila 1 BHo51

Hanseniaspora uvarum 27

BHu1, BHu2, BHu3, BHu5, BHu8, BHu9, BHu10, BHu11,
BHu12, BHu13, BHu17, BHu18, BHu19, BHu20, BHu21,
BHu23, BHu24, BHu26, BHu27, BHu28, BHu30, BHu31,

BHu32, BHu38, BHu40, BHu41

Hanseniaspora vineae 2 BHv43, BHv50

Issatchenkia orientalis 1 BIo160

Metschnikowia pulcherrima 6 BMp4, BMp29, BMp49, BMp151, BMp144, BMp145

Pichia fabianii 1 BPf127

Pichia guilliermondii 1 BPg138

Pichia kluyveri 3 BPkl130, BPkl131, BPkl133

Pichia kudriavzevii 5 BPku128, BPku129, BPku132, BPku134, BPku135

Pichia manshurica 1 BPm125

Pichia membranifaciens 1 BPm136

Pichia occidentalis 21
BPo96, BPo97, BPo98, BPo100, BPo101, BPo102, BPo104,

BPo108, BPo110, BPo111, BPo112, BPo113, BPo114, BPo115,
BPo116, BPo117, BPo120, BPo121, BPo122, BPo123, BPo124

Starmerella bacillaris 12 BSb52, BSb53, BSb54, BSb55, BSb56, BSb57, BSb58,
BSb59, BSb62, BSb63, BSb66, BSb67

Torulaspora delbrueckii 3 BTd147, BTd148, BTd149

Wickerhamomyces anomalus 1 BWa156

TOTAL 122

Eight spoilage yeasts (4 Brettanomyces bruxellensis isolates and 4 Zygosaccharomyces rouxii
isolates) were obtained from the EEA INTA culture collection, Lujan, Mendoza, Argentina, and
used in the study [4,24]. Saccharomyces cerevisiae BSc114 [23] was used as positive control with
regard to fermentative performance. Isolates were identified through biochemical, physiological and
morphological methods [6] as well as molecular methods [25].

2.2. Culture Media

Propagation was carried out in YEPD broth (g/L): Yeast extract 10, peptone, glucose 20, pH: 4.5
adjusted with HCl 1N.

Viable yeast counting was carried out on YEPD-agar (g/L): Yeast extract 10, peptone 20, glucose
20, agar-agar 20, pH: 4.5.

Biocontrol was carried out on YMB-agar supplemented with 0.2 M citrate-phosphate buffer, pH 4.5
(g/L): Glucose 10, yeast extract 3, malt extract 3, peptone 5, NaCl 30, methylene blue 0.030, glycerol 10%
v/v [26] (modified).

Kinetics and tolerance assays were carried out with concentrated grape must (65 ◦Brix), diluted at
21 ◦Brix with 1 g/L of yeast extract added, pH: 4.
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Inocula for biocontrol and plate assays were obtained with YEPD broth pH: 4.5, 24 h incubation
period.

Inocula for kinetic and tolerances assays were obtained with concentrated grape must (65 ◦Brix),
diluted at 21 ◦Brix with 1 g/L of yeast extract added, pH: 4, 24 h incubation period.

Complex media was sterilized at 121 ◦C for 20 min and grape must media at 111 ◦C for 20 min.

2.3. Screening for Biocontrol Ability of Yeasts

Each spoilage yeast was incorporated at a concentration of 106 cells/mL in liquid YMB-agar
biocontrol medium at 45 ◦C, mixed to uniform, and immediately poured into sterile petri dishes.
Potential biocontrolling non-Saccharomyces yeasts were inoculated as a drop (20 μL) on the agar surface,
and plates were incubated at 25 ◦C until a well-developed lawn. Killer activity was visualized as zone
of growth inhibition (more than 1 mm) around the spotted killer yeast colony on plates [2].

Biocontrolling activity against the spoilage species was calculated in 2 ways: (a) Intraspecific
inhibition: the proportion at which one biocontrolling strain inhibited the spoilage isolates belonging
to one species. In addition, (b) Total inhibition: the proportion at which one biocontroller yeast strain
inhibited the spoilage isolates belonging to both species.

2.4. Fermentative Performance

2.4.1. Growth Kinetics during Fermentation

Yeasts were separately cultured in Erlenmeyer flasks (250 mL) containing 200 mL of growth
medium. Each isolate was seeded at a concentration of 106 cells/mL and incubated at 25 ◦C for 21 days
under static conditions, according to [27] for growth determination by viable cell count. Samples
were taken on days 1, 2, 3, 6, 15 and 21. Plates were used for viable cell counts and the experimental
data was used to construct a growth curve, which was used to determine kinetic parameters. μmax
was calculated as described Monod [28] and the lag phase as described Lodge and Hinshelwood [29],
which are the most widespread methods according to [16,17].

2.4.2. Tolerance to Different Stress

Low temperature (15 ◦C), High concentrations of reducing sugar (30 ◦Brix), and different Ethanol
concentrations (8, 10, 12 and 14% v/v) and different molecular SO2 concentrations (0.1, 0.15, 0.2, 0.3 and
0.4 ppm) were carried out according to Vazquez et al. [27] in tolerance medium for each strain. Growth
was monitored with Durham tubes (CO2 production). Gas production in the Durham tubes was
monitored one day after the positive control of each strain. Molecular SO2 was calculated according
to [30,31]. Control was performed at 25 ◦C, 21 ◦Brix, 0% v/v ethanol and 0 ppm of SO2.

2.4.3. Plate Assays

SH2 production: Yeasts were spot-inoculated and evaluated as semi-quantitative over BigGy-agar
(BBLTM, Becton, Dickinson and Company, Sparks, USA, Le Pont de Claix, France) following elaboration
instructions. Incubation: 3 days at 25 ◦C. An arbitrary scale was used for the color of the colony from
1, white color (no production); 2, light brown; 3, brown; 4, dark brown; 5, dark brown/black (high
production) [20].

β– glucosidase activity: was performed according to Strauss et al. [32]. Medium containing (g/L):
yeast nitrogen base 6.7 (YNB, Difco™, Becton, Dickinson and Company, Sparks, USA), Arbutin 5
(SigmaTM, Sigma-Aldrich, Saint Louis, USA) and agar-agar 2, pH: 5, then autoclaved (121 ºC, 20 min).
2 mL of filtered 1% ammonium ferric citrate solution was added to 100 mL media before pouring into
plates. Yeast was spot-inoculated. Incubation: 5 days at 30 ◦C. Activity was positive when a discolored
halo of hydrolysis was observed.

Protease activity: was performed according to Comitini et al. [20]. The medium contained (g/L):
yeast extract 3, malt extract 3, peptone 5, glucose 10, NaCl 5 and agar-agar 15. In a separate vessel, an
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equal volume of skimmed milk was prepared with sterile water at 10% p/v. After sterilization both
solutions were mixed and poured into sterile petri dishes. Yeast was spot-inoculated. Incubation:
3 days at 25 ◦C. Activity was observed as a clear halo of hydrolysis.

Pectinase activity: was performed according to Fernandez-Salomäo et al. [33]. The medium
contained (g/L): citrus pectin 2, yeast extract 1, KH2PO4 0.2, CaCl2 0.05, (NH4)2SO4 1, MgSO4.7H2O 0.8,
MnSO4 0.05, agar-agar 20, pH: 4.5. After sterilization (121 ◦C, 20 min), it was poured into sterile petri
dishes and yeast was spot-inoculated. Incubation: 3 days at 30 ◦C. After incubation, Lugol solution
was added and pectin degradation was observed as a clear halo of hydrolysis.

Pathogenicity: hemolysin production of yeasts was performed according to Manns et al. [34] and
Menezes et al. [35], which used Blood agar medium in petri dishes (Britania™, CABA, Argentina) for
this purpose. Yeast was spot-inoculated. Incubation: 2 days at 37 ◦C. Positive activity was observed as
a clear zone of hydrolysis.

All assays were carried out using Saccharomyces cerevisiae BSc114 as a positive control for biocontrol,
sensitivity to inhibition of selected isolates, tolerance to low temperature, and high concentrations
of reducing sugars, ethanol and SO2, and as a negative control for H2S, β–glucosidase, protease and
pectinase activity [23]. The prokaryote Pseudomonas aeruginosa BPa987 was used as positive control for
hemolysin production of the yeasts [36,37].

2.5. Data Analysis

Each assay was performed independently in triplicate and results are represented as the average of
three determinations with the corresponding standard deviation (±SD). Data were tested for normality,
homoscedasticity and independence. Parametrical data and significant differences were analyzed
by Fisher test. Principal components analysis (PCA) was used to simplify interpretation of the yeast
behavior data and is presented in a biplot graph. InfoStat™ -Professional software version 1.5 was
used for data analysis.

3. Results and Discussion

To be used as co-inocula together with Saccharomyces cerevisiae in wine fermentations, biocontroller
yeasts must possess a good specific growth rate and a short lag phase during anaerobiosis to predominate
in the medium [18]. In addition, they should not produce any negative attributes to wine, but instead,
they should contribute with positive attributes.

3.1. Biocontrol Screening

Non-Saccharomyces yeasts are considered to improve the wine complexity and enhance positive
traits of regional wines. Several authors have reported that a rational selection of non-Saccharomyces
yeasts as S. cerevisiae co-inoculum improves the quality of wines [21,23,38]. In the present study, 122
non-Saccharomyces yeasts belonging to 10 genera and isolated from different enological environments
were screened to assess their ability to biocontrol wine spoilage yeasts belonging to Zygosaccharomyces
rouxii (4 isolates) and Brettanomyces bruxellensis (4 isolates) species.

Bioassaying showed that 23 non-Saccharomyces yeasts belonging to 6 genera inhibited growth of at
least one isolate of either Brettanomyces bruxellensis or Zygosaccharomyces rouxii (Table 2).

None of the selected biocontrollers inhibited the control (BSc114) lawn development. This fact
would allow the application of these yeast isolations in co-inocula with this strain of S. cerevisiae. Some
of the species used in this work have already been used as biocontrollers of non-Saccharomyces yeasts
and did not inhibit the development of S.cerevisiae [14].
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Yeast species that showed biocontrol activity in our laboratories have also been cited in other studies
as antagonists of different spoilage yeasts, with different mechanisms being involved. Pichia guilliermondii,
associated with killer toxin production, has been proven to interact with Penicillium expansum [39].
Wickerhamomyces anomalus has been cited as a B. bruxellensis biocontroller, confirming the observations
in the present study [40]. Different W. anomalus strains have been associated with three killer toxins [39].
This species has also been found to kill a broad range of organisms, including bacteria, hyphomycetes
and yeasts [41].

Metschnikowia pulcherrima has been commented on by Oro et al. [14] because of its biocontrol
capacity to a wide spectrum of genera like Hanseniaspora, Pichia, Torulaspora, Zygosaccharomyces,
Saccharomycodes, Candida, Issatchenkia, Brettanomyces and Schizosaccharomyces, which also confirms our
results. The biocontrol mechanism for M. pulcherrima would be iron depletion from the medium
through binding to pulcherrimic acid [14].

These results can be analyzed from two perspectives: from the spoilage yeast or the antagonistic
yeast point of view. Considering spoilage yeasts, the B. bruxellensis and Z. rouxii isolates analyzed in
our study showed different sensitivity to Candida sake, Hanseniaspora uvarum, Metschnikowia pulcherrima,
Pichia occidentalis and Starmerella bacillaris species. Oro et al. [14] reported a similar behavior of spoilage
yeasts with different sensitivities to M. pulcherrima strains.

Regarding biocontrol isolates, intraspecific biocontrol was observed for BMp49 and BPg138
against all B. bruxellensis strains assayed. In the case of Z. rouxii, all 4 strains assayed were inhibited
by BHu23, BMp145 and BPo108. BHu5, BHu27, BMp4, BMp29, BMp49, BPg138 and BWa156 showed
an intraspecific inhibition higher than 0.5 against B. bruxellensis, whereas Cs88, Cs95, BHu5, BHu18,
BHu23, BHu31, BHu32, BMp4, BMp29, BMp49, BMp145, BPo104, BPo108 and BWa156 demonstrated
the same inhibition against Z. rouxii. The relevance of wide intraspecific inhibition is the possibility
of avoiding adaptation of the spoilage yeast to a particular action mechanism by the antagonistic
yeast [42]. In addition, wide interspecific/intergeneric inhibition is also considered a positive factor,
because it may control other potential spoilage yeasts not detected in the spoilage analysis [43].
Interspecific/intergeneric biocontrol behavior against B. bruxellensis and Z. rouxii species was observed
for BCi85, BCs95, BHu5, BHu27, BHu31, BHu32, BMp4, BMp29, BMp49, BMp145, BPo104, BPo108,
BPg138, BSb57 and BWa156 yeasts; they biocontrolled at least one isolate from each species. Most of
the yeasts with interspecific/intergeneric biocontrol showed an intraspecific inhibition of 0.5 or higher.
This could be related to a common site of action of the killer toxin [42] or a common biocontrol mode
of action affecting yeasts in general, like substrate competition [1].

Hanseniaspora uvarum isolates BHu5 and BHu23, Metschnikowia pulcherrima isolates BMp4, BMp29,
BMp49 and BMp145, Pichia guilliermondii BPg138, Pichia occidentalis isolates BPo104 and BPo108 and
Wickerhamomyces anomalus BWa156 were selected because they showed a total inhibition of 0.50 or
more. Except for BHu23, all biocontroller yeasts inhibited at least one strain of both spoilage yeasts.
In addition, the 10 isolates were evaluated for their enological characteristics.

3.2. Behavior of the Antagonistic Yeasts

3.2.1. Kinetic Parameters

When selecting non-Saccharomyces yeasts for oenological fermentations as a co-inoculum with
S. cerevisiae, special attention should be paid to their beneficial characteristics to enhance wine quality
besides their biocontrolling properties.

To achieve these goals, predominance of the selected non-Saccharomyces yeasts in the medium during
the first stage of the fermentation is very important. Anaerobic growth kinetics of non-Saccharomyces
yeasts possess important parameters to elucidate such predominance. Duration of the lag phase
(or adaptation) and maximal growth rate are two relevant anaerobiosis parameters, which are described
below [16–19].

The present study examined the kinetic parameters of each individual yeast. Nevertheless, in
mixed fermentations with grape must, when limiting substrate availability is more prominent compared
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with the saturation constant, each species will growth at its maximum rate. This is the main parameter
to ensure predominance [16], but only when the previous state of the culture (growth stage, age and
size of the inoculum) is homogeneous for all experiments [44]. Moreover, this will be governed by
the chemical and physical characteristics of the environment unless one of the interacting species
produces inhibitory agents against the other [16]. It is also known that the yeast complexes behave
differently because of competition, antagonism or cooperation and this could result in the predominance
of different yeasts [45,46].

A fermentation growth curve of each antagonist yeast was performed. Viable cell data were recorded
to calculate the specific maximal growth rate (μmax) and lag phase. Most of the non-Saccharomyces
yeasts assayed reached a specific maximal growth rate near 0.04 h−1 (Figure 1). BMp29, BMp49 and
BMp145 showed a higher μmax which was significantly different. BPg138 and BPo104 displayed a
lower μmax which was also significantly different. High specific growth rates are desired because they
are a relevant factor in the prevalence of an organism during fermentation [18]. M. pulcherrima isolates
presented the highest specific growth rates. This behavior could be related to the fact that the mode of
action of this species is through the competition of limited substrates and not through a killer factor [14].
The killer factor has been found to consume metabolic energy, reducing the fitness of the yeast that
possesses the factor [47], and hence it could decrease the fitness of the other non-Saccharomyces yeasts.
Growth rates of 0.29 h−1 [48], 0.31 h−1 [49] and even 0.5 h−1 have been found for Saccharomyces cerevisiae
during anaerobiosis [50]. Therefore, prevalence of the non-Saccharomyces in the medium at the start of
the fermentation should be considered for sequential co-inoculation with S. cerevisiae.

Figure 1. Specific growth rate (light grey) and lag phase (dark grey) of the non-Saccharomyces yeasts
assayed. Rates are means with standard deviation (n = 3). Values with different letters are significantly
different.

A successful predominance of the biocontroller during the fermentation start should demonstrate
a short lag phase [10]. Most strains showed a lag time of about 20 h (Figure 1). BHu5 and BWa156
showed the shortest lag phases, about 15 h, and they were significantly different. BPo104 and BHu23
showed a significant longer lag phase of about 35 h and 50 h, respectively. A reduced lag phase
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increments the possibility of non-Saccharomyces to predominate the medium, since the lag phase is
defined as the period prior of reaching the specific growth rate [16]. The lag phase is also relevant for
the non-Saccharomyces strains to achieve a constant number for a determined period of time prior to
inoculation of S. cerevisiae in a sequential mixed fermentation.

3.2.2. Enological Characterization of Yeasts: Tolerance to Molecular SO2, Ethanol, High Reducing
Sugar Concentrations and Low Temperature

The control yeast, S. cerevisiae BSc114, was able to ferment grape must at 30 ◦Brix and 15 ◦C
and tolerated 14% v/v of ethanol and 0.4 ppm of molecular SO2 (Table 3). With respect to SO2, the
non-Saccharomyces yeasts BMp29, BMp49, BMp145, BPg138, BPo104, BPo108 and BWa156 showed higher
tolerance to SO2 (0.4 ppm) (Table 3). Although a reduction in SO2 is a goal of this study, it is relevant to
evaluate resistance of the selected isolates to typical SO2 concentrations used in wineries at the beginning
of the process. The chemical could be present after yeast production, but never more than 100 ppm
of total SO2 [51]. Additionally, when non-Saccharomyces yeasts are used in integrated management
(biocontrol yeasts—SO2 application) they should be able to tolerate certain SO2 concentrations. Typical
winemaking generally uses at least 0.5 ppm of molecular SO2 and in order to avoid any microbial
contamination, this can increase to a final molecular SO2 concentration of 0.8 ppm [52]. This means that
BMp4, which showed the lowest tolerance and did not show any growth at molecular SO2 concentrations
above 0.1 ppm, would not be suitable for integrated management. Typically, non-Saccharomyces yeasts
have been cited to be low SO2 tolerant, but this sensitivity could also be linked to the combination of
several factors such as ethanol, SO2 and temperature [53].

Table 3. Tolerance of individual strains to high sugar concentration and low temperature, and different
concentrations of molecular SO2 and ethanol.

Molecular SO2 (ppm) BHu5 BHu23 BMp4 BMp29 BMp49 BMp145 BPg138 BPo104 BPo108 BWa156 BSc114

0 (Control) + + + + + + + + + + +
0.1 + + − + + + + + + + +

0.15 + + − + + + + + + + +
0.2 + + − + + + + + + + +
0.3 + + − + + + + + + + +
0.4 − − − + + + + + + + +

Ethanol (% v/v)

0 (Control) + + + + + + + + + + +
8 + + + + + + + + + + +
10 + + + + + + + − + + +
12 − − − + + − − − − − +
14 − − − − − − − − − − +

High Sugar
concentration (◦Brix)

21 (Control) + + + + + + + + + + +
30 − − − + − + − − − + +

Low Temperature (◦C)

25 (Control) + + + + + + + + + + +
15 − + + + + + + + + + +

Tolerance of yeast strains to different SO2 and Ethanol concentrations, and to High Reducing Sugar Concentration
and Low Temperature. CO2 production: (+) gas production in Durham tubes and (–) no gas production in
Durham tubes. Fermentation results for each strain and treatment were taken one day after the start of the control
fermentation. Tubes with SO2 = 0 ppm, Ethanol = 0% v/v, Sugars = 21 ◦Brix and Temperature = 25 ◦C were used
as controls.

Regarding ethanol tolerance, BPo104 was the least tolerant strain and did not present growth
above 10% v/v ethanol (Table 3). The most tolerant strains were BMp29 and BMp49 (12% v/v of
ethanol), and the remaining isolates tolerated 10% v/v. None of the isolates were able to grow at
14% v/v. Tolerance of the non-Saccharomyces yeasts to ethanol is especially important with increasing
permanence in the fermentation medium, as the growing Saccharomyces sp. population produces
high amounts of ethanol [1]. All isolates seemed to tolerate 8% v/v during the first fermentation
stages [45]. However, high ethanol tolerance could be a problem, because S. cerevisiae uses this method
to biocontrol other native microbiota [1,54]. The presence of some non-Saccharomyces species like

79



Fermentation 2019, 5, 60

killer yeasts for prolonged periods of time could negatively modify the sensory quality of wine and
cause stuck fermentation [41]. Even, the effect of metabolic interactions between non-Saccharomyces
and S. cerevisiae wine yeasts could affect the growth and fermentation behavior of S. cerevisiae during
fermentation [22]. Despite the fact that the high ethanol tolerance and wide biocontrol spectrum
described for M. pulcherrima could be a potential risk for the normal fermentation process of S. cerevisiae,
Oro et al. [14] mentioned that Metschnikowia pulcherrima does not biocontrol S. cerevisiae.

BMp29, BMp145 and BWa156 were able to carry out fermentation at high sugar concentrations
(Table 3) whereas the remaining isolates were not. Tolerance to high sugar concentrations is relevant,
because must from the Cuyo region (San Juan and Mendoza provinces) usually possesses a high sugar
concentration [13]. As Z. rouxii yeasts are highly osmotolerant, it is extra important that Z. rouxii
antagonists develop well under similar conditions [4,55].

With regard to tolerance to low temperature, BHu5 was the only isolate that did not grow (-).
The remaining isolates were considered tolerant to low temperatures at the start of the fermentation
(+). This is also a relevant factor when the biocontroller yeast is used during white wine fermentations
or fermentations carried out at low temperature to preserve aromas [56].

3.2.3. Enzyme and H2S Production

Control strain BSc114 reported low H2S production and did not present any of the desired enzymatic
activities assayed (Table 4). All non-Saccharomyces isolates evaluated except for BMp4 demonstrated
desired protease activity (Table 4). This activity contributes to the degradation of proteins that could
cause haze in the wine, thus facilitating the process of clarification and filtration [2]. Only BWa156
showed pectinase activity. This activity is another positive attribute that enables degradation of
structural grape polysaccharides, increasing juice extraction and improving wine clarification and
filtration [57]. It facilitates the release of aromatic precursors from the cells of the skin, seeds and flesh
of the grape to the must [22,58]. Pectinase activity could be linked to a substrate colonization role
or a trophic role [59]. Regarding yeast development and sugar consumption, firstly, BWa156 could
be able to obtain sugars from the intracellular matrix of plant cells. In red wine fermentations with
BWa156, this could generate a competitive advantage of the strain in the grape skin layer. Secondly, the
yeast could consume galacturonic acid [59] as an alternative to glucose, which is quickly consumed by
S. cerevisiae [60]. This would extend the time of this energy source for BWa156 and therefore result in a
long-term competitive advantage. Although the activity is strain-dependent [22], pectinase production
has already been associated with W. anomalus [61,62]. Nevertheless, more research is needed. None of
the assayed yeasts showed β- glucosidase activity [22].

Table 4. Non-Saccharomyces attributes.

Isolate
Positive Traits Negative Trait

Protease Pectinase β-Glucosidase H2S production

BHu5 + − − 3
BHu23 + − − 3
BMp4 − − − 3

BMp29 + − − 3
BMp49 + − − 3

BMp145 + − − 3
BPg138 + − − 4
BPo104 + − − 3
BPo108 + − − 4
BWa156 + + − 2
BSc114 − − − 2

Means (n = 3). Arbitrary H2S production scale [20]: 1: no production, 5: high production. Enzymes: (+): activity;
(−): no activity.
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Regarding the possible contribution to negative wine characteristics, most of the assayed yeasts
showed medium H2S production (3 or less on the scale in Table 3). Only BPg138 and BPo108 showed
a higher production, 4, which is not desirable. Lowest production was produced by BWa156 (2 on
the scale). H2S production is highly relevant in winemaking and thus very important for the yeast
selection because it is associated with the negative persistent odor described as “rotten egg” [27,38].

None of the isolates displayed hemolysin production. This is an important phenotypic characteristic
of pathogenicity because it is related to lysis of erythrocytes [34].

Principal components analysis explained 62% of the variation among components (Figure 2).
Desirable and undesirable characteristics can be clearly differentiated on the main axis (explaining
36.4%). Desirable characteristics observed were: high growth rate, tolerance to low temperature and
high concentrations of ethanol, SO2 and reducing sugars, and production of positive enzymes such
as protease and pectinase. Prolonged adaptation time (Lag phase) and high H2S production were
undesirable characteristics.

Figure 2. Principal Components Analysis (PCA) of yeast characteristics. References: Ellipses represent
clusters obtained from hierarchical cluster analysis (HCA).

In the biplot it can be observed that BWa156 has the ability to prevail in the medium during
the early stage of the fermentation. Compared with the other non-Saccharomyces assayed, this yeast
possesses a short lag phase and high growth rate. The latter characteristic is related to the cellular
multiplication and enables the release of killer toxins that may be constitutive [63], incrementing the
possibilities of the biocontrol yeast. BWa156 also releases enzymes that could allow utilization of
alternative energy sources. Our study also showed its capacity to grow in adverse must conditions such
as high sugar and high SO2 concentrations and the ability to grow at low temperature. In addition, it
should be highlighted that the strain may positively contribute to the wine quality through the release
of grape compounds because of its protease and pectinase production; these enzymes are not produced
by BSc114. As a consequence, it could help intensify the color and enhance aromatic characteristics of
the wine. Another advantage of the strain is the low H2S production.

The biplot demonstrates that BMp29 presents more possibilities to prevail in the medium compared
with the other non-Saccharomyces isolates assayed, because of its high growth rate and short lag phase.
The strain is also able to grow under adverse conditions of grape must such as high sugar and high
SO2 concentrations and low temperature. Its high ethanol tolerance facilitates its growth and possible
biocontrol during the fermentation. In the cluster, BMp49 presented a similar behavior to that of
BMp29, but it did not develop at high reducing sugar concentrations. BMp145 and BPo108 also showed
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similar characteristics, but the first had a prolonged lag phase and the second strain the disadvantage
of a higher potential to produce H2S.

BWa156 and BMp29 demonstrated a wide biocontrol spectrum. Wickerhamomyces anomalus
and Metchnikowia pulcherrima have already been used in co-inocula with Saccharomyces cerevisiae by
Comitini et al. [11] and Oro et al. [14]. Albertin et al. [19] described positive flavor attributes related to
M. pulcherrima, which supports the possibility of using such species as co-inocula. However, further
research is necessary to determine the biocontrol application of the two selected strains [41].

4. Conclusions

The selected non-Saccharomyces yeasts BWa156 and BMp29 are highly applicable antagonistic
yeasts that positively contribute to the wine process. They are active against relevant spoilage yeasts in
the wine industry and can be used to produce wines with reduced SO2 concentration. The present
study is part of a comprehensive research project focusing on the application of non-Saccharomyces
biocontroller yeasts. The biocontrolling sources and the conditions of implantation, prevalence and
biocontrol kinetics is the projection of future research.
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Abstract: In recent years, studies have reported the positive influence of non-Saccharomyces yeast
on wine quality. Many grape varieties under mixed or sequential inoculation show an overall
positive effect on aroma enhancement. A potential impact by non-Saccharomyces yeast on volatile and
non-volatile compounds should benefit the flavor of Riesling wines. Following this trend, four separate
sequential fermentations (using the non-Saccharomyces yeasts Torulaspora delbrueckii, Metschnikowia
pulcherrima, Pichia kluyveri, and Lachancea thermotolerans with Saccharomyces cerevisiae) were carried out
on Riesling must and compared to a pure culture of S. cerevisiae. Sequential fermentations influenced
the final wine aroma. Significant differences were found in esters, acetates, higher alcohols, fatty acids,
and low volatile sulfur compounds between the different trials. Other parameters, including the
production of non-volatile compounds, showed significant differences. This fermentation process not
only allows the modulation of wine aroma but also chemical parameters such as glycerol, ethanol,
alcohol, acidity, or fermentation by-products. These potential benefits of wine diversity should be
beneficial to the wine industry.

Keywords: sequential inoculation; Saccharomyces; non-Saccharomyces; Riesling; aroma compound;
Torulaspora delbrueckii; Pichia kluyveri; Lachancea thermotolerans

1. Introduction

Wine is considered to be one of the most complex aromatic products. It is composed of a
large amount of aroma compounds and yet only a fraction of them are responsible for the bouquet.
These compounds can be volatile, with these being the fragrant compounds, or non-volatile, with these
being the compounds which are responsible for the taste sensations [1]. The final aromatic bouquet of the
wine is the result of various factors: the raw material (variety, climate, vine management, and ripeness,
etc.), the vinification choices, and the effect of microorganisms (yeast and lactic bacteria) [2]. In addition
to the aromatic composition of the wine, it is important to note that each human has their own flavor
perception. This perception is an interaction between three factors: the food properties, the in-mouth
environment, and the psycho-social effects. As the aroma flavors lead to preferences for particular
choices, the final bouquet of the wine plays a non-negligible role for the consumer taste [3].
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Riesling is an aromatic grape variety which has been linked to various aroma compounds.
Specific terpenes have been associated to this cultivar [1], such as monoterpenes, which are considered
to be principally responsible for the floral and citrus character in wine [4]. The monoterpenes geraniol
(rose and geranium notes) [5] and linalool (flower and lavender notes) [5] have been identified as typical
for Riesling wines [6]. The thiols can also contribute to the bouquet of Riesling [7]. These compounds
have a very low threshold, in the order of 1 ng/L, and express grapefruit, passion fruit, box tree, or black
current notes [8].

Two different kinds of aroma can be distinguished: the varietal aromas that are grape-variety-specific
and the by-products of the alcoholic fermentation that are aromas produced by yeast metabolism.

Varietal aroma compounds are intrinsic to the grape variety. Currently, only a few varieties
have been linked to certain aroma compounds such as the Muscat cultivars and its relatives,
like Riesling, with specific terpenes [1]; Sauvignon Blanc [9], with thiols, or Cabernet Sauvignon,
with methoxypyrazines [10]. However, only some free forms of aroma compounds, such as
monoterpenes or methoxypyrazines, are present in the grape juice. Most of the aroma compounds
occur in their linked form, which makes them non-volatile and hence odorless [2]. However, the linked
aromas can be liberated through several processes by specific enzymes [11], yeast [12–14], or lactic
bacteria [15]. Even if the differences of the aroma compound amount between varieties can seem small,
it can have an enormous impact on the final product.

Three families of aromas are known as by-products of the alcoholic fermentations. The esters
are a result of various pathways that appear during the alcoholic fermentation as a by-product of
the fermentation by yeast [16]. Their proportion in wines is yeast-strain-specific and depends on the
fermentation conditions (temperature and pH), and evolves, positively or negatively, during wine
aging [17]. The fatty acids can be separated into two groups: the straight chain fatty acids and the
branched-chain fatty acids. They are both synthesized during the alcoholic fermentation through the
yeast metabolism, but through different pathways [18]. The higher alcohols are synthesized by the
yeast as an intermediate in amino acids metabolism. Thus, they are formed from various amino acids
through two different pathways: the catabolic and the anabolic [18].

Since yeasts have an impact on the formation and the liberation of aroma compounds during
alcoholic fermentation, yeast strains may play a role on the quantitative and qualitative production of
these aromas. Nowadays, various strains are commercially available and promise aroma enhancement.

Only a few strains of non-Saccharomyces can complete alcoholic fermentation due to their sensitivity
to high levels of ethanol. Moreover, they often produce undesirable secondary metabolites such as acetic
acid, ethyl acetate, ethyl phenols, aldehydes, and acetoin [19,20]. Their oenological interest to the wine
industry has been even less common given that they are SO2 sensitive and their fermentation rate is
low [21,22]. However, since climate change is impacting the level of sugar in grapes, non-Saccharomyces
have become quite popular for their ability to reduce the level of alcohol [23,24]. Renewed interest is
being shown for their ability to enhance certain aromas and produce more complex wines [12,25,26].
As their pure fermentation is not oenologically interesting, they must be used along with a Saccharomyces
spp. The sequential inoculation target is then to imitate the spontaneous fermentation by providing
at the early stage non-Saccharomyces and at the middle stage Saccharomyces, while avoiding the
disadvantages of indigenous yeast, namely the production of off-flavors as well as sluggish or stuck
fermentation [19,27,28].

Although some yeast strains can influence some specific volatile compounds to be over their
sensory thresholds, wine is a complex matrix where individual compounds are occasionally difficult to
perceive depending on the diversity of the matrix.

The aim of this work is to show the impact of non-Saccharomyces yeast on the wine’s aroma
modulation and to find the best strains to improve Riesling wine’s flavor. To that purpose,
four non-Saccharomyces yeasts were selected to be vinified under a sequential inoculation with a
Saccharomyces cerevisiae. Their aroma profile was determined and compared to a wine fermented with
only one S. cerevisiae strain.
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2. Materials and Method

2.1. Yeast Strains

Commercial strains from different companies were used for this trial: S. cerevisiae Level 2®

(Lallemand, Montreal, QC, Canada), Torulaspora delbrueckii Level 2® (Lallemand, Montreal, Canada),
Metschnikowia pulcherrima Flavia® (Lallemand, Montreal, Canada), Pichia kluyveri FrootZen™ (Hansen,
Hørsholm, Denmark), and Lachancea thermotolerans Concerto™ (Hansen, Hørsholm, Denmark).

2.2. Vinification

Riesling grape juice from Hochschule Geisenheim University (Germany) was used to lead the
microvinification after autoclaving (115 ◦C, 15 min, 20 psi). Component concentration in the must
were: sugar, 225.2 g/L; total dry extract, 237.8 g/L; pH, 2.9; total acidity, 8.7 g/L; tartaric acid, 4.7 g/L;
acetic acid <0.1 g/L; malic acid, 3.0 g/L; ethanol <0.1 g/L; gluconic acid <0.1 g/L; glycerol <0.1 g/L;
available primary amino acids 58.8 mg/L; ammonium 48 mg/L. In order to provide good conditions for
the yeast to grow, the total nitrogen was adjusted to 250 mg/L with Vitamon® A (Erbslöh, Geisenheim,
Germany) and nutrients were provided by Optimum White™ (Lallemand, Montreal, Canada), 30 g/hL.
Bactiless™ (Lallemand, Montreal, Canada), 30 g/hL, was added to avoid any bacterial contamination.

Five assays, in quadruplicate, were carried out in 2-liter bottles with 1.8 L of juice following a similar
methodology to that described before but adapted to the scale [29]. A single inoculation with S. cerevisiae
Level 2® (106 CFU/mL) was performed for the control trial (1) and sequential inoculation was performed
for the other fermentations by inoculating first the juice with the non-Saccharomyces yeast strain
(106 CFU/mL) and at 48 h (T. delbrueckii Level 2® (2), M. pulcherrima Flavia® (3), and L. thermotolerans
Concerto™ (5) trials) or 96 h (P. kluyveri FrootZen™ (4) trial) after with the S. cerevisiae Level 2®

(106 CFU/mL).
The inocula of the first inoculation were carried out in 100 mL of must and 1 mL of YEPD liquid

media in a 250 mL Erlenmeyer flask. The YEPD liquid media was prepared with yeast extract (10 g/L),
peptone from casein (20 g/L), and glucose (20 g/L), and its pH was adjusted to 6.5. Yeast extract and
glucose were provided by Merck (Darmstadt, Germany) and peptone by Roth® (Karlsruhe, Germany).
The solution YEPD-must was autoclaved at 121 ◦C for 30 min. It was inoculated with the dry yeast
strains when the media was at ambient temperature under sterile conditions. Only the P. kluyveri
FrootZen™ strain was previously rehydrated. This strain was a frozen product. The frozen solution
was rehydrated in the must in a 250-mL Erlenmeyer flask and incubated at 26 ◦C for 24 h before the
inoculation of the YEPD liquid media. The inocula were cultivated in a chamber at 26 ◦C for 7 days.
Their final concentration was 108 CFU/mL. Forty-five milliliters of inocula per bottle were used to
inoculate the juice. The bottles were sealed by fermenting bung in order to allow gas to be released and
then stored at 20 ◦C. The inoculum for the second inoculation (S. cerevisiae Level 2®) was performed
according to recommendations of the yeast producer. Five grams of dry yeast were rehydrated in
50 mL of 35 ◦C water for 20 min. The inoculation (3.6 mL/bottle) was carried out when the inoculum
(109 CFU/mL) was about 20 ◦C. At the end of the fermentation monitored by weight loss, the bottles
were stored in a 4 ◦C room to let the yeasts settle down. Then, the young wines were racked after 48 h
and filled in brown glass bottles, according to the same procedure. Furthermore, potassium disulfite
(Merck, Darmstadt, Germany) was added to each sample in a concentration of 80 mg/L sulfur dioxide
before the bottles were locked with screw caps. Afterwards, the filled bottles were again stored at 4 ◦C.

2.3. Fermentation Kinetics

Yeast strain kinetic growth was followed on two different agar media: a YEPD medium and a lysine
medium [29]. The two media were chosen in order to differentiate Saccharomyces and non-Saccharomyces
growth. The Saccharomyces yeast grows only on YEPD media whereas the non-Saccharomyces yeast
grows on both. Aliquots were taken at regular intervals from the bottles of the quadruplicates of each
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assay. They were plated on both media in three different dilutions and incubated in a chamber at 26 ◦C
for 48 h before counting.

In order to estimate aliquot dilutions, their concentration in yeast (CFU/mL) was estimated by
using a Thoma cell counting chamber (Marienfeld, Germany) under the microscope (objective x40).
The Thoma cell counting chamber was also used to estimate the inocula concentration. The weight of
each bottle was taken regularly to follow the fermentation progress. The fermentation progress was
calculated by the difference of the initial weight at day 0 and the weight from the day.

2.4. Chemical Compounds Analysis

2.4.1. HPLC

Organic acids measurements were performed by HPLC following the method described by
Schneider et al. (1987) [30], which was adjusted and improved by Semmler et al. (2017) [31].
Measurements were carried out on the initial juice and obtained wines by the Department of
Microbiology and Biochemistry at Hochschule Geisenheim University (HGU).

2.4.2. FTIR

Fourier transform middle infrared spectroscopy (FT-MIR) was used to assess density, alcohol,
extract, sugars, pH, glycerol, and SO2 measurements on initial juice and obtained wines. The method
applied followed Baumgartner et al. (2001) [32], Patz et al. (1999) [33], and the Standard Operating
Procedure SOP-WG1-84 of the HGU Department of Beverage Research.

2.5. Volatile Compounds Analysis

Volatile compound analysis was conducted by the HGU Department of Microbiology and
Biochemistry. Fatty acids, higher alcohols, and esters were measured according to the method
described by Rapp et al. (1994) [34] and modified by Fritsch et al. (2017a) [35]. A gas chromatography
and mass spectrometer were performed to assess these volatile compounds. Terpenes were determined
by the application of solid phase extraction (SPE), gas chromatography, and mass spectrometry
following the method of Schüttler et al. (2015) [6], modified by Fritsch et al. (2017b) [36]. Headspace
injection and the use of gas chromatography and pulsed flame photometric detection were achieved
to measure low volatile compounds following the publication Rauhut et al. (2005) [37], adapted and
modified by Rauhut, Beisert (2017) [38].

2.6. Statistical Analysis

R software (version 3.4.1, R Foundation for Statistical Computing, Vienna, Austria, 2017) and its
package R-commander were used to perform all the statistical analyses. The significance level p < 0.05
was chosen for all the applied tests.

3. Results and Discussion

3.1. Fermentation Kinetics

3.1.1. Yeast Population Kinetics

The yeast populations of the various fermentations processes are shown in Figure 1.
Non-Saccharomyces yeasts started to decline between 2 to 4 days after the second inoculation with
S. cerevisiae. Previous studies show similar trends on the decline of the non-Saccharomyces population
shortly after inoculation with Saccharomyces spp. strain [39]. This phenomenon could have numerous
explanations. It has previously been shown that yeast growth can be inhibited by yeast metabolites
such as ethanol [40,41], medium chain fatty acids [42], and acetaldehyde [43]. Killer toxins produced
during the exponential phase by specific strain can also have an inhibitory impact on some yeast
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growth [44–46]. More recently, it was found that S. cerevisiae could secrete peptides who inhibit
non-Saccharomyces yeast growth [47]. Other parameters such as nutrient limitation and possible
physical changes such as temperature and redox potential could also inhibit yeast developing.
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Figure 1. Population development of Saccharomyces cerevisiae, Torulaspora delbrueckii, Metschnikowia
pulcherrima, Pichia kluyveri, and Lachancea thermotolerans during the fermentation process of the
different trials.

3.1.2. Alcoholic Fermentation Kinetics

Figure 2 shows the alcoholic fermentation curves based on the weight losses of the replicates
and trials during the fermentation process. For each assay, quadruplicates followed the same trend.
The curves follow typical fermentation curves which have already been reported in the literature [48].
Fermentation dynamics show differences in the speed of sugar consumption. S. cerevisiae fermentation
and M. pulcherrima sequential fermentation consumed sugars the fastest at the beginning of the alcoholic
fermentation. However, other trails consumed the sugars faster during the following steps because
all the fermentations reached the stationary phase at the same time. This difference of speed at the
beginning could be attributed to the population density of M. pulcherrima, which declined immediately
after the second inoculation, and the low fermentation rate and power of non-Saccharomyces species.
As the other non-Saccharomyces populations declined later, their low fermentation power and rate,
as has been reported by previous studies [49,50], could be associated with a slower fermentation
process [51].
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Figure 2. Alcoholic fermentation curve of S. cerevisiae Level 2® (1), and sequential fermentations with
S. cerevisiae Level 2® and T. delbrueckii Level 2® (2), M. pulcherrima Flavia® (3), P. kluyveri FrootZen™
(4), and L. thermotolerans Concerto™ (5).

3.2. Chemical Monitoring

Tartaric acid was initially 5.2 g/L. Thus, all the fermentations show a decrease in tartaric acid in
the wine between 0.48 and 0.77 g/L (Table 1). This phenomenon can be explained by the precipitation
of tartaric acid as calcium or potassium tartrate [52]. Tartaric acid can also be degraded by yeasts by
up to 23% [53]. In this trial, the S. cerevisiae degraded the tartaric acid by the smallest amount and
the sequential inoculation with T. delbrueckii, M. pulcherrima, and P. kluyveri by the greatest amount.
It seems that the latter used more tartaric acid for their metabolisms.

Table 1. Final analysis, before adding SO2, of S. cerevisiae Level 2® (1), and sequential fermentations
with S. cerevisiae Level 2® and T. delbrueckii Level 2® (2), M. pulcherrima Flavia® (3), P. kluyveri FrootZen™
(4), and L. thermotolerans Concerto™ (5).

Compounds 1 2 3 4 5

Tartaric acid (g/L) 4.72 ± 0.18a 4.38 ± 0.02b 4.43 ± 0.01b 4.43 ± 0.01b 4.63 ± 0.28ab
Malic acid (g/L) 2.28 ± 0.00d 2.21 ± 0.00c 2.10 ± 0.01a 2.21 ± 0.01c 2.17 ± 0.01b

Shikimic acid (mg/L) 50.19 ± 0.06b 49.94 ± 0.36ab 49.36 ± 0.25a 49.86 ± 0.34ab 49.64 ± 0.37ab
Lactic acid (g/L) 0.21 ± 0.01a 0.17 ± 0.01a 0.21 ± 0.01a 0.19 ± 0.00a 1.51 ± 0.04b
Acetic acid (g/L) 0.25 ± 0.03ab 0.21 ± 0.03a 0.30 ± 0.03b 0.23 ± 0.02a 0.31 ± 0.02b
Citric acid (g/L) 0.14 ± 0.02a 0.14 ± 0.01a 0.14 ± 0.00a 0.15 ± 0.02a 0.13 ± 0.01a

Residual sugars (g/L) 4.4 ± 0.25b 2.8 ± 0.23a 4.5 ± 0.30b 2.9 ± 0.16a 3.0 ± 0.11a
pH 3.1 ± 0.00a 3.2 ± 0.00b 3.2 ± 0.00b 3.2 ± 0.00b 3.1 ± 0.00a

Ethanol (% v/v) 13.20 ± 0.19b 13.17 ± 0.44b 12.98 ± 0.35a 13.04 ± 0.28a 12.96 ± 0.31a
Glycerol (g/L) 5.8 ± 0.04a 6.6 ± 0.04b 7.0 ± 0.05c 7.1 ± 0.05c 7.4 ± 0.07d

Average values of the quadruplicates ± standard deviation. The letters represent significantly different statistical
groups (p < 0.05).

Previous studies have shown that some yeasts are able to consume malic acid such as Issatchenkia
orientalis, Saccharomyces spp., or Schizosaccharomyces spp. By up to 45% of the initial level [19,54–57].
The malic acid levels from 2.10 to 2.28 g/L (Table 1) according to the assay are indeed lower than
the initial malic acid level of the juice, which was 3.00 g/L. All the trials presented significant
differences in their malic acid amount except for the sequential fermentation with T. delbrueckii and
P. kluyveri, which can be seen to have had exactly the same production. The sequential fermentation
with M. pulcherrima and the single fermentation with S. cerevisiae had the lowest and highest levels,
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respectively. Thus, M. pulcherrima shows a higher ability to consume malic acid than the other strains
and S. cerevisiae shows a lower ability to consume malic acid.

Shikimic acid can be a precursor of aroma compounds such as ethyl cinnamate or benzaldehyde.
Differences of the shikimic acid amount are shown. The level in the wines was found to be between 49.4
and 50.2 mg/L (Table 1). The fermentation with S. cerevisiae and the sequential fermentation with M.
pulcherrima have the highest and the lowest amounts of shikimic acid, respectively. Thus, M. pulcherrima
could have a positive impact on the formation of aroma compounds from this precursor.

Lactic acid concentrations were between 0.17 and 1.51 g/L, with the sequential fermentation
with T. delbrueckii and L. thermotolerans having respectively the lowest and the highest levels (Table 1).
Previous studies have reported high production of lactic acid by L. thermotolerans during its growth
phase and its ability to acidify the must [28,58–62]. Assay 5, fermented with L. thermotolerans and S.
cerevisiae, shows significantly higher production of lactic acid than the other trials, whereas the other
trials do not show significant differences in their lactic acid production.

The acetic acid production (Table 1) varied from 0.21 to 0.31 g/L, according to the assay. No statistical
differences are shown between the single fermentation with S. cerevisiae and the other trials, as has
already been reported [49]. The sequential fermentations fermented with T. delbrueckii and P. kluyveri
produced significantly lower acetic acid compared to the other non-Saccharomyces yeasts, which differs
from previous studies. Nevertheless, the total amount of produced acetic acid does not negatively
impact the wine quality [63].

The ethanol level ranges from 12.96 and 13.20% vol. (Table 1). Some strains are known for
their ability to produce less alcohol [64,65]. Similar to what has been reported in the literature,
the S. cerevisiae batch produced the highest ethanol level, albeit one that is not significantly different
from that resulting from the sequential fermentation with T. delbrueckii [49]. The lowest level of ethanol
was produced by the sequential inoculation with L. thermotolerans, though this level is not significantly
different from the one produced by the sequential inoculations with M. pulcherrima and P. kluyveri.
Similar results have already been found in the literature, showing that these yeasts can be used to
produce low-alcohol wines [59,65]. In this trial, S. cerevisiae fermentation produced the highest level of
ethanol, which confirms its high fermentative purity.

The level of pH was found to be not drastically different from one wine to another and ranged from
3.1 to 3.2 (Table 1). However, the statistical analysis shows significant differences. The fermentation with
S. cerevisiae and the sequential fermentation with L. thermotolerans have lower pH levels, whereas the
sequential fermentations with T. delbrueckii, M. pulcherrima and P. kluyveri have higher levels. Higher pH
differences of L. thermotolerans with the other fermentations may be expected because of its high
production of lactic acid [28,66,67]. Some studies confirm that even if lactic acid production is
significantly higher for mixed fermentation with L. thermotolerans and S. cerevisiae than a single
inoculation with the latter, the pH level can be significantly the same [58,59].

Glycerol production varies from 5.8 to 7.4 g/L for fermentation with S. cerevisiae and sequential
fermentation with L. thermotolerans, having, respectively, the lowest and the highest production
(Table 1). All of the other trials produced significantly higher levels of glycerol, which means that
non-Saccharomyces have a positive impact on glycerol production. Higher production of this compound
from sequential inoculation with non-Saccharomyces and Saccharomyces spp. has already been shown in
the literature [28,68–71].

3.3. Volatile Compounds

3.3.1. Esters

The total esters produced were between 124,842 and 194,053 μg/L (Table 2). P. kluyveri sequential
fermentation produced the highest level of esters and L. thermotolerans sequential fermentation produced
an equally significant amount of esters. On the contrary, T. delbrueckii and M. pulcherrima sequential
fermentations produced the lowest amount of esters.
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While previous studies are in accordance with this M. pulcherrima sequential fermentations result
regarding the concentration of esters, others have found higher production of ester compounds than
Saccharomyces spp. single fermentation [29,72]. Nevertheless, M. pulcherrima sequential fermentation
produced the highest level of ethyl hexanoate and ethyl octanoate. These compounds confer apple peel
and fruit flavors to the wine. Similar results have already been reported [14,73]. In previous studies,
ethyl acetate production was reported higher for M. pulcherrima than the S. cerevisiae control [72,74].
In the present study, Metschnikowia pulcherrima produced the lowest amount of ethyl acetate (Table 2),
as has been demonstrated by other authors [29].

T. delbrueckii produced higher levels of acetate compounds than the S. cerevisiae fermentation,
producing higher concentrations of compounds such as isoamyl acetate, 2-methyl butyl acetate,
and 2-phenyl-ethyl acetate. Other authors have reported a higher production of 2-phenyl-ethyl
acetate [13,27,75].

Previous studies have highlighted the ability of P. kluyveri to produce ester compounds [76,77].
Total esters were produced the most by this strain. While its production of acetate esters was significantly
higher than the S. cerevisiae control, its ethyl esters production did not differ. This result is not in
agreement with the literature [29]. This difference could be explained by the length of time between
the first and the second inoculation. If this is the case, a longer fermentation with P. kluyveri should
improve the production of acetate ester. The different results can also be explained by the interaction
between yeasts that can influence wine aroma [64,78]. The P. kluyveri trial also produced higher levels
of isoamyl acetate, 2-methyl butyl acetate, and 2-phenyl-ethyl acetate than the other variants.

L. thermotolerans produced the highest level of ethyl esters. This high level is mainly related to the
production of ethyl lactate. The trial produced the lowest amount of all the ethyl esters measured but
it was the only producer of ethyl lactate (Table 2). However, the final concentration of ethyl lactate
was lower than the sensory threshold of 60 mg/L [28,79]. Some studies have previously reported
higher production of ethyl lactate by L. thermotolerans sequential fermentation than by Saccharomyces
spp. single fermentation [59]. Ethyl lactate production might be favored by the formation of lactic
acid which can produce ethyl lactate by an esterification reaction with ethanol [80]. Total esters were
higher than the S. cerevisiae control. The total amount of esters is also influenced by the production
of ethyl lactate. All the measured acetates were lower or equal to the S. cerevisiae control (Table 2).
Thus, L. thermotolerans enhanced the milky and fruity flavors associated with ethyl lactate [28,79].

3.3.2. Higher Alcohols

Four higher alcohols were analyzed for the wines and shown in Table 2. Three of them were
detected at levels above their odor threshold [5], with the exception of hexanol. T. delbrueckii sequential
fermentation produced the highest level of higher alcohols, 256 mg/L (Table 2), but this trial was not
significantly different to the other sequentially fermented assays.

P. kluyveri produced significantly more alcohols than the S. cerevisiae control. It produced
significantly the highest level of 2-phenylethanol than the other trials, giving pleasant flavors such as
honey, spice, rose, and lilac [5]. It also produced a significantly higher level of 3-methyl-butanol and
2-methylbutanol, which confer whiskey, malt, and burnt notes.

L. thermotolerans produced higher levels of higher alcohols in total than the S. cerevisiae control.
In particular, it produced more of the 2-phenyl-ethanol, honey, spice, rose, and lilac fragrances than
the S. cerevisiae control, and the greatest amount of the hexanol compound, resin, flower, and green
fragrances [5]. While levels of both compounds are under their perception threshold, the level of
higher alcohol contributes positively to the wine aroma [5].

3.3.3. Fatty Acids

Fatty acids were detectable via the analysis (Table 2). Four of them were analyzed and found
in higher quantities relative to their odor threshold [5]. The total amount of fatty acid production
ranged from 24 to 29 mg/L (Table 2). S. cerevisiae fermentation produced the highest levels of fatty
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acids, followed by the sequential fermentation with M. pulcherrima. Both trials’ levels were significantly
equal according to the statistic. On the contrary, L. thermotolerans sequential fermentation produced the
lowest levels.

P. kluyveri produced less fatty acids than the control. However, it produced significantly higher
levels of i-valeric acid than other fermentations. This compound confers unpleasant notes such as
sweat, acid, and a rancid flavor [5].

3.3.4. Terpenes

Four terpene compounds were analyzed but only two of them were quantifiable. Moreover, no
significant differences were found between them. Levels of linalool, known for its flower and lavender
notes [5], ranged between 55 and 58 μg/L (Table 2). This compound was produced in higher quantities
than its perception threshold, 25.2 μg/L [5], and therefore contributed to the bouquet of the wine.

3.3.5. Low Volatile Sulfur Compounds

Among the analyzed low volatile sulfur compounds, only H2S was detectable and quantifiable.
Levels ranged from 3 to 8 μg/L (Table 2). According to the literature, the H2S threshold varies across
a wide range and a negative contribution to the flavor can already be expected at low microgram
concentrations [81]. Thus, it could be sensorially detectable. S. cerevisiae fermentation produced a
significantly lower amount of H2S than sequential fermentations with non-Saccharomyces. On the
contrary, L. thermotolerans produced the highest amount of H2S. The high variability between strains
and yeasts [49,82–84] and the limited information on H2S production from sequential inoculation
fermentation do not allow the confirmation of those results.

4. Conclusions

In this work, the ability of various yeast strains to enhance the aroma of Riesling wines was
investigated. Five commercial wine yeast strains were chosen in order to compare their impact on the
wine chemical composition. Four non-Saccharomyces species strains were selected due to their ability to
produce specific aromas compared to a classic fermentation with a S. cerevisiae. Sequential inoculation
allowed the modulation of the wines’ non-volatile compound production. Significant differences
between the trials of chemical parameters such as ethanol, pH, and glycerol were found in this study.
Differences in volatile compounds were observed for esters, higher alcohols, fatty acids, and low
volatile sulfur compounds. T. delbrueckii sequential fermentation produced the lowest acetic acid
concentration and the highest concentration of higher alcohols. M. pulcherrima sequential fermentation
produced the highest levels of ethyl hexanoate, ethyl octanoate, and shikimic acid. The P. kluyveri
trial produced the highest concentrations of total esters, glycerol, and i-valeric acid. L. thermotolerans
produced the highest concentrations of lactic acid, ethyl lactate, and H2S.
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Abstract: Hanseniaspora uvarum is one of the predominant non-Saccharomyces yeast species found
on grapes and in juice, but its effect on lactic acid bacteria (LAB) growth and wine flavor has not
been extensively studied. Therefore, the interaction between H. uvarum, two Saccharomyces cerevisiae
yeast strains, two LAB species (Lactobacillus plantarum and Oenococcus oeni) in combination with
two malolactic fermentation (MLF) strategies was investigated in Shiraz wine production trials.
The evolution of the different microorganisms was monitored, non-volatile and volatile compounds
were measured, and the wines were subjected to sensory evaluation. Wines produced with H. uvarum
in combination with S. cerevisiae completed MLF in a shorter period than wines produced with only S.
cerevisiae. Sequential MLF wines scored higher for fresh vegetative and spicy aroma than wines where
MLF was induced as a simultaneous inoculation. Wines produced with H. uvarum had more body
than wines produced with only S. cerevisiae. The induction of MLF using L. plantarum also resulted in
wines with higher scores for body. H. uvarum can be used to reduce the duration of MLF, enhance
fresh vegetative aroma and improve the body of a wine.

Keywords: lactic acid bacteria; yeasts; chemical analyses; volatile compounds; sensory
evaluation; shiraz

1. Introduction

The contribution of yeasts to wine composition and quality is well-known [1,2]. The Saccharomyces
yeasts drive alcoholic fermentation by converting the grape sugar to alcohol, carbon dioxide, and
other compounds affecting the wine aroma and taste [3,4]. The other group of yeasts important
to winemaking are the non-Saccharomyces yeasts, also known as “wild yeast”, which have different
oenological characteristics to S. cerevisiae and can be used to improve wine quality through enhanced
wine aroma and complexity [2,5]. Non-Saccharomyces yeast species such as Hanseniaspora uvarum
(Kloeckera apiculata), frequently found on grapes and in grape must, are known to dominate the initial
phases of spontaneous fermentations [6–8]. Certain H. uvarum strains can produce high levels of acetic
acid and ethyl acetate, although there is great variability among strains [9–11]. It has also been reported
that H. uvarum can produce increased levels of desirable compounds such as esters, higher alcohols,
and carbonyl compounds [2,11,12]. Mendoza et al. [13] and Tristezza et al. [11] showed that mixed
culture fermentations of H. uvarum and S. cerevisiae could be used to enhance wine aroma and quality.
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Another process that plays an important role with regard to wine flavor and quality is malolactic
fermentation (MLF), which decreases acidity by converting L-malic acid to L-lactic acid and CO2.
Malolactic fermentation can affect wine flavor by modifying the concentrations of aroma impact
compounds such as diacetyl, esters, higher alcohols, and volatile acids [14,15]. Previously, Oenococcus
oeni has been the lactic acid bacteria (LAB) of choice as a MLF starter [16], but recently more Lactobacillus
plantarum starters have become available. L. plantarum produces a broader range of extracellular
enzymes than O. oeni, which enhances flavor development [17–19]. Different MLF inoculation strategies,
i.e., simultaneous inoculation (at the start of alcoholic fermentation) and sequential inoculation (after
alcoholic fermentation), have been shown to affect the flavor profiles of wines [20–22].

A better understanding of how wine production methods can be manipulated to enhance wine
attributes, such as aroma, flavor, body, or mouth-feel, is important for the production of a targeted wine
style [23]. Du Plessis et al. [24] reported that the MLF strategy had a greater impact on the chemical
and sensory profiles of Shiraz wines than yeast combinations. Only one S. cerevisiae strain and one LAB
species were used in that study, therefore we wanted to investigate whether the same trend would
be observed if different S. cerevisiae strains and LAB species were used. The H. uvarum strain in that
study was shown to be compatible with MLF, had potential to enhance wine flavor and is one of the
non-Saccharomyces yeast species frequently found on grapes and in must. The aims were to investigate
the interactions between H. uvarum, two commercial S. cerevisiae strains, two LAB species (L. plantarum
and O. oeni) and three MLF strategies, as well as to determine how these interactions affect shiraz wine
composition and flavor.

2. Materials and Methods

2.1. Cultivation and Enumeration of Micro-Organisms

The selected yeast and LAB strains used are listed in Table 1. Similar culturing conditions and
procedures were followed as described in Du Plessis et al. [24]. Eight hundred milliliters of the H.
uvarum yeast culture was inoculated, at a concentration of ~1 × 106 cells/mL, into the Shiraz juice and
skin mixture (30 kg). Commercial S. cerevisiae yeast and LAB cultures (O. oeni and L. plantarum) were
inoculated according to the manufacturers’ recommendations.

Table 1. Yeasts and lactic acid bacteria used in this study.

Reference Code Species Name Source

Sc1 Saccharomyces cerevisiae VIN 13, commercial strain, Anchor Wine Yeast, South Africa

Sc2 Saccharomyces cerevisiae NT 202, commercial strain, Anchor Wine Yeast

Hu Hanseniaspora uvarum Y0858, natural isolate, ARC Infruitec-Nietvoorbij
culture collection

LAB1 Oenococcus oeni Viniflora® oenos, commercial malolactic fermentation
starter, Chr. Hansen A/S, Denmark

LAB2 Lactobacillus plantarum Enoferm V22, commercial malolactic fermentation starter,
Lallemand Inc., France

Non-Saccharomyces and total yeast counts for the shiraz juice and wine were obtained by plating
out on Wallerstein Laboratory(WL) medium and Lysine medium, respectively (Biolab, Merck, South
Africa). Bacterial counts were obtained by plating out on de Man, Rogosa and Sharpe (MRS) agar
(Biolab, Merck) supplemented with 25% (v/v) grape juice and 100 mg/L Natamycin (Danisco A/S,
Denmark). Yeasts were grown aerobically for 2–3 days at 28 ◦C, while bacteria were cultivated under
facultative anaerobic conditions at the same temperature for 2–7 days. The respective control wines
produced with Sc1 and Sc2, which only received a S. cerevisiae inoculum, were used to determine
the levels of naturally occurring non-Saccharomyces yeasts during fermentation [24]. The naturally
occurring Saccharomyces yeasts were only determined on day 0 and 1, and counts were obtained from
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the treatments without a S. cerevisiae inoculum, i.e., H. uvarum treatments. The development of the
naturally occurring LAB during fermentation was monitored by sampling the treatments that were not
inoculated with LAB and the sequential MLF treatments until day 5, because the commercial LAB
cultures were added to induce sequential MLF after that.

2.2. Wine Production

Shiraz grapes were obtained from the Nietvoorbij research farm (Stellenbosch, South Africa).
A standardized small-scale (20 L) winemaking procedure was followed as described by Du Plessis et
al. [24]. The treatments that were applied are listed in Table 2. Four different yeast treatments (Sc1, Sc2,
Hu + Sc1 and Hu + Sc2) were investigated. Each yeast treatment was used in combination with LAB1
and LAB2 (O. oeni and L. plantarum), respectively. Additionally, the two MLF strategies were applied:
(1) Simultaneous inoculation of LAB (hereafter referred to as simultaneous MLF) and (2) sequential
inoculation of LAB (hereafter referred to as sequential MLF). Wines that did not undergo MLF will
be referred to as non-MLF wines, while wines that underwent MLF will be referred to as MLF wines.
Sixty wines were produced, which included 20 different treatments with three replicates each.

The S. cerevisiae strains, Sc1 and Sc2, were inoculated on day 0 for the control treatments. H.
uvarum was inoculated on day 0, and Sc1 and Sc2, respectively, were inoculated after 24 h (day 1) for
all the mixed yeast fermentations. The LAB in the simultaneous MLF treatments was added 25 hours
after the initial yeast inoculations on day 0. Fermentations were carried out at ca. 24 ◦C and after
completion of the alcoholic fermentation, the sequential MLF treatments were inoculated with LAB1
or LAB2. All treatments were racked, fined, cold stabilized, and bottled as described by Minnaar et
al. [25]. After bottling, all wines were stored at 15 ◦C until required for evaluation.

2.3. Juice and Wine Analysis

The following parameters of the grape must were measured, i.e., sugar (◦Balling), free and total
SO2 (Ripper method), pH and titratable acidity (Mettler titrator) analyses as described in the South
African Wine Laboratories Association (SAWLA) Manual [26]. Alcoholic fermentation was monitored
using an OenoFoss™ Fourier transform infrared (FTIR) spectrometer (FOSS Analytical A/S, Denmark)
and was considered to be complete when the residual sugar concentrations were below 4 g/L. The
progression of MLF was monitored with the OenoFoss™ FTIR spectrometer until the malic acid levels
were below 0.2 g/L, the point where MLF was considered to be complete. Oenological parameters of
the wines, such as residual sugar (glucose + fructose), pH, malic and lactic acids, total acidity (TA),
alcohol, volatile acidity (VA), and glycerol, were determined with a WineScanTM FT120 instrument
(FOSS Analytical A/S) as described by Du Plessis et al. [24] and Louw et al. [27]. The method described
by Louw et al. [27] using gas chromatography with a flame ionization detector (GC-FID) was applied
to analyze the volatile compounds in the wines.
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2.4. Sensory Evaluation of Wines

A panel consisting of 22 experienced wine judges (13 men and nine women, aged 22 to 50 years)
evaluated the wines four months after bottling. The same panelists and procedures were used as
described by Du Plessis et al. [24]. The panelists were asked to rate the intensity of the aroma and
taste descriptors on a 100 mm unstructured line scale. The intensity of aroma descriptors: Berry, fruity,
fresh vegetative, cooked vegetative, floral, sweet associated, and spicy were rated from undetectable to
prominent, while the taste descriptors were rated from low to high for acid balance, thin to full for body
(mouth-feel) and undetectable to prominent for astringency and bitterness. The descriptors were scored
by measuring where the mark was made on the line and expressing the value as a percentage. Each
judge had a separate tasting booth and ca. 30 mL of the wine sample were presented in a randomized
order in a standard wine glass, labeled with a three digit code. Research Randomizer (Version 4.0,
http://randomizer.org) was used to generate the three digit code and to randomize the order in which
the wines were presented to each panelist.

2.5. Data and Statistical Analysis

Chemical and sensory data were tested for deviation from normality by the Shapiro–Wilk test
and then subjected to analysis of variance (ANOVA) using the general linear means procedure of
SAS version 9.4 (SAS Institute Inc., Cary, North Carolina, USA). Fisher’s least significant difference
(LSD) values were calculated at the 5% probability level (p = 0.05) to facilitate comparison between
treatment means. Principal component analysis (PCA) was performed using XLSTAT software (Version
18.07.39157, Addinsoft, New York, USA) to examine the correlation between treatments and the volatile
chemical variables.

2.6. Verification of H. uvarum Implantations

Yeasts were isolated from juice and wine (day 2) samples to verify successful implantation.
From WL plates with a colony count of 30 to 300, five colonies were selected randomly per replicate.
Subsequently, yeast DNA was extracted using the method described by Lõoke et al. [28]. Yeast
identification to the species level was carried out by amplification of the 5.8S-internal transcribed
spacer (ITS) ribosomal region, using primers, ITS1 and ITS4, followed by enzyme restriction with
CfoI, as described by Esteve-Zarzoso et al. [29]. Restriction profiles of the isolates were compared
to those of known yeast species. Successful implantation of the H. uvarum strain was verified with
random amplified polymorphic DNA (RAPD), using primer 1283 and conditions described by Pfliegler
et al. [30]. Amplification products (ITS-RFLP and RAPD) were separated on 2% agarose gels, and
banding patterns were visualized on a Bio-Rad image analyzer, following staining with 0.01% (v/v)
ethidium bromide (Bio-Rad Laboratories, Inc., USA).

3. Results and Discussion

3.1. Yeast Development

The naturally occurring Saccharomyces and non-Saccharomyces yeast populations in the shiraz juice
were ca. 4.2 × 105 and 4.1 × 105 colony forming units/mL (CFU/mL), respectively (Figure 1). The
naturally occurring non-Saccharomyces yeast populations decreased notably on day 1, in treatments
inoculated with the commercial S. cerevisiae yeasts, before increasing again on day 2. Thereafter the
naturally occurring non-Saccharomyces yeast populations remained at levels of ca. 1 × 105 CFU/mL
in wines fermented with Sc2 or decreased to ca. 1 × 104 CFU/mL in wines inoculated with Sc1. S.
cerevisiae strain Sc1 had a negative effect on the growth of naturally occurring non-Saccharomyces yeasts
because after five days of the Sc1 treatment, the non-Saccharomyces yeast levels were lower than for
wines fermented with Sc2.
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Figure 1. Cell counts (colony forming units/milliliters, CFU/mL) of naturally occurring and inoculated
Saccharomyces cerevisiae (Sacch), naturally occurring non-Saccharomyces (Non-Sacch), and inoculated
Hanseniaspora uvarum (H. uvarum) yeasts during alcoholic fermentation. The dashed vertical line at
day 1 indicates when commercial S. cerevisiae yeasts were added. Abbreviations: Sc1 = commercial S.
cerevisiae strain 1, Sc2 = commercial S. cerevisiae strain 2, Hu = inoculated H. uvarum yeasts. Values are
means of three replicates and error bars indicate standard deviation.

Initial yeast counts of the wines inoculated with H. uvarum were just below 1 × 106 CFU/mL, but
increased to levels >10 million CFU/mL after 24 h. However, this trend changed after inoculation of
commercial S. cerevisiae yeasts (day 1, Figure 1), which resulted in the decrease of H. uvarum numbers.
The same trend was found with regard to the inhibitory activity of Sc1 on non-Saccharomyces yeast
viability. At the end of alcoholic fermentation, inoculated and naturally occurring non-Saccharomyces
yeast populations were at a similar level.

The naturally occurring Saccharomyces yeast populations were present at moderately high numbers
(4× 105 CFU/mL), which increased after 24 h, but the inoculated H. uvarum yeasts were present at higher
numbers (8 × 107 to 1 × 108 CFU/mL). However, both aforementioned populations were dominated by
the inoculated S. cerevisiae yeasts, following their addition after 24 h. These results indicate that the
inoculated S. cerevisiae strains were responsible for completing the alcoholic fermentations. However,
the inoculated H. uvarum populations were present at high levels (107 to 108 CFU/mL) and long enough
to potentially make a contribution to wine flavor. A similar trend was observed by Du Plessis et al. [24].

3.2. Yeast Verification

A selection of yeast colonies 2 was identified by amplification of the ITS-5.8S region, followed by
subsequent restriction analysis. Isolate profiles were compared to profiles of known yeast species. The
dominant non-Saccharomyces yeasts isolated from the Hu + Sc1 and Hu + Sc2 wines were identified as
H. uvarum. DNA of these isolates were subsequently amplified using primer 1283 and the products
were compared to the reference H. uvarum strain (Table 1). All wine isolates had similar banding
patterns as the H. uvarum reference strain (Figure 2), indicating successful implantation. The banding
patterns of H. uvarum juice isolates (naturally occurring strains) differed from the H. uvarum reference
strain and were not detected in any of the implanted wines during the first two days of alcoholic
fermentation. These results indicate that the inoculated H. uvarum dominated the naturally occurring
H. uvarum population.
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Figure 2. Random amplified polymorphic DNA products of selected Hanseniaspora uvarum isolates
from shiraz wines produced with Saccharomyces cerevisiae Sc1 or Sc2 in combination with H. uvarum.
M: 100 bp DNA ladder, lane1: H. uvarum strain isolated from shiraz juice, lane 2: H. uvarum strain
isolated from shiraz juice, lane 3: H. uvarum reference used for implantations, lane 4 to 12: dominant
non-Saccharomyces yeasts isolated from wines inoculated with H. uvarum and S. cerevisiae.

3.3. LAB Development and Progression of MLF

The growth and development of the naturally occurring and inoculated LAB are shown in Figure 3.
The naturally occurring LAB were present at ~3.5× 104 CFU/mL in the Shiraz grape must and decreased
during alcoholic fermentation in most of the treatments, with the increase in numbers at the end (day
5). This is also the typical winemaking scenario [4,31]. Individually, the numbers of naturally occurring
LAB varied notably in wines, fermented with the selected yeast combinations. Based on the LAB
counts from day 2 to 5, Sc1 had a greater inhibitory effect on LAB growth (decreased from 3.5 × 104 to
8.8 × 102 CFU/mL) than Sc2 or H. uvarum in combination with Sc1 or Sc2 (decreased from 3.5 × 104 to
1.8 × 103 CFU/mL). This is in agreement with findings of Du Plessis et al. [24].

Figure 3. Cell counts (colony forming units per milliliters, CFU/mL) of the naturally occurring and
sequentially inoculated lactic acid bacteria (LAB) in shiraz juice and wine produced with Saccharomyces
cerevisiae (Sc1 or Sc2) on its own or in combination with Hanseniaspora uvarum (Hu) and two LAB species
(LAB1 or LAB2). The dashed vertical line at day 7 indicates inoculation of the commercial LAB for
sequential malolactic fermentation (seq MLF). Values are means of three replicate fermentations and
error bars indicate standard deviation.
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The alcoholic fermentation was completed after five days and the commercial LAB were inoculated
on day 7 to induce sequential MLF in the selected treatments. The addition of commercial LAB resulted
in an expected increase of LAB numbers from ~1 × 103–104 to >7 × 105 CFU/mL (Figure 3). No notable
delays in MLF was observed in sequentially inoculated wines (Table 2), despite inoculated LAB1
(O. oeni) and LAB2 (L. plantarum) counts decreasing from 5.0 × 106 to 4.5 × 105 CFU/mL, and 6.8 to
1.9 × 105 CFU/mL, respectively (Figure 3). Wines produced with Hu + Sc1 + LAB1 and Hu + Sc2 +
LAB2 completed MLF in the shortest time (18 days), while wines produced with Sc1 + LAB1 and Sc1 +
LAB2 took the longest to complete MLF (34 days). The delay in MLF of the Sc1+LAB2 wines can be
correlated to lower LAB numbers (<1 × 106 CFU/mL), but the trend was not observed for Sc1 + LAB1
wines, which contained high LAB numbers (>1 × 106 CFU/mL) throughout MLF (Figure 3).

The development of LAB that were inoculated at the same time as the yeasts are shown in Figure 4.
LAB1 (O. oeni) numbers remained above 1 × 106 CFU/mL and completed MLF within 10 days (Table 2),
while LAB2 (L. plantarum) numbers decreased to below 1 × 106 CFU/mL, before increasing again,
which resulted in the MLF taking longer to complete. For the wines inoculated with LAB2, the Hu
+ Sc2 treatment completed MLF within 15 days, while the Sc1 + LAB2 treatment took 34 days to
complete MLF. There was a negative interaction between Sc1 and LAB2. The inhibition of LAB2
growth might be due to the depletion of essential nutrients needed for LAB growth or the production
of toxic metabolites.

Figure 4. Cell counts (colony forming units per milliliters, CFU/mL) of the naturally occurring and
inoculated lactic acid bacteria (LAB) in shiraz juice and wine produced with Saccharomyces cerevisiae
(Sc1 or Sc2) on its own or in combination with Hanseniaspora uvarum and two LAB species (LAB1 or
LAB2). Malolactic fermentation induced as a simultaneous inoculation (sim MLF). Values are means of
three replicate fermentations and error bars indicate standard deviation.
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In general, O. oeni is known to be better suited to harsh conditions found in wine than L. plantarum,
which explains why LAB1 performed better than LAB2. Overall, simultaneous MLF completed in a
shorter time than sequential MLF. This trend is in agreement with findings of other researchers [20,32].

3.4. Standard Oenological Parameters

The interaction between yeast combinations, LAB strains and MLF strategies had a significant
effect (p ≤ 0.05) on pH, VA, malic acid, and lactic acid concentrations of wines (Table S1). In addition,
yeast combination also had a significant effect on alcohol and glycerol concentrations of wines,
while the interaction between LAB strain and MLF strategy had a significant impact on TA, and
glycerol concentrations.

3.4.1. Wines without MLF

All wines were fermented to dryness and contained residual sugar levels of less than 4 g/L
(Table 2). Alcohol concentrations of wines produced with H. uvarum in combination with Sc1 and
Sc2 were slightly lower than those produced with only Sc1 or Sc2. This trend is in agreement with
findings of Mendoza et al. [13,33]. Wines produced with only S. cerevisiae yeasts contained significantly
higher glycerol concentrations than wines produced with the H. uvarum and S. cerevisiae combinations.
Mendoza et al. [13] reported similar findings, but Liu et al. [34] reported the contrary, which indicates
that this is not a species trait, but rather strain dependent.

None of the treatments produced excessively high concentrations of VA (>0.7 g/L). However, VA
concentrations in wines produced with H. uvarum in combination with Sc1 (0.29 g/L) and Sc2 (0.43 g/L)
were slightly higher than wines produced with Sc1 (0.24 g/L) and Sc2 (0.35 g/L) on their own. This is in
agreement with the findings of Mendoza et al. [13] and also confirmed reports that some H. uvarum (K.
apiculata) strains can produce lower VA levels comparable to those of S. cerevisiae [11,35,36]. Malic acid
concentrations in wines produced with H. uvarum in combination with Sc1 (1.82 g/L) and Sc2 (1.69 g/L)
were significantly lower than wines produced with Sc1 (2.81 g/L) and Sc2 (2.11 g/L) on their own. The
ability of this H. uvarum strain to degrade malic acid has been reported by Du Plessis et al. [24,37].

3.4.2. Wines That Underwent MLF

In most cases, non-MLF wines contained lower alcohol levels than MLF wines (Table 2). These
findings are contrary to those of Mendoza et al. [13] and Abrahamse and Bartowsky [20], but in
agreement with results of Izquierdo-Cañas et al. [37] and Du Plessis et al. [24]. The differences reported
might be due to the LAB strain used or LAB and yeast interactions. In general, the alcohol levels were
lower for simultaneous MLF wines than for sequential MLF wines, which are in agreement with the
findings of Mendoza et al. [13] and Abrahamse and Bartowsky [20], but contrary to the findings of
Izquierdo-Cañas et al. [32] and Tristezza et al. [22]. MLF wines had significantly higher glycerol levels
than non-MLF wines. In most cases, simultaneous MLF wines contained slightly lower glycerol levels
than sequential MLF wines.

Overall, MLF wines contained significantly higher VA values (0.38 to 0.58 g/L) than non-MLF
wines (0.24 to 0.43 g/L). Similar results have been reported by Mendoza et al. [13] and Izquierdo-Cañas
et al. [37]. Most of the simultaneous MLF wines had slightly lower VA levels than sequential MLF
wines, which is similar to reports of Tristezza et al. [22].

The conversion of malic acid to lactic acid resulted in a significant decrease in the total acidity levels
of the MLF wines, with the expected increase in the pH of those wines. In most cases, simultaneous
MLF wines had slightly higher total acidity levels than sequential MLF wines, which is similar to the
findings of Mendoza et al. [13].
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3.5. Multivariate Data Analysis of Wines

Principal component analysis (PCA) was used to investigate the association among yeast
combinations, LAB strain, MLF strategy, and volatile composition of shiraz wines (Figure 5). The first
two principal components explain 65% of the variance in the data (PC1 = 38.78% and PC2 = 26.27%).
Four distinct clusters (indicated by different colors) can be observed, i.e., Hu + Sc1 non-MLF and MLF
wines (top right quadrant), Hu + Sc2 non-MLF and MLF wines (top left quadrant), Sc2 non-MLF and
MLF wines (bottom left quadrant), and Sc1 non-MLF and MLF wines (bottom right quadrant). Results
clearly show that the yeast combinations had a significant effect on volatile chemical composition of
the wines (Table S2 and Figure 5). The distribution of the data points within the aforementioned four
clusters shows that there was some within-group variation. This within-group variation is due to the
LAB strain or MLF strategy that was applied. These results indicate that yeast combination has the
greatest impact on the chemical composition, but LAB strain and MLF strategy also have a significant
effect (p ≤ 0.05) on the chemical composition of the wines (Table S2).

Figure 5. Principal component biplot of volatile compounds of shiraz wines produced with Saccharomyces
cerevisiae (Sc1 and Sc2) in combination with Hanseniaspora uvarum, two lactic bacteria strains (LAB1 and
LAB2), and two malolactic fermentation (MLF) strategies (simultaneous or sequential inoculation). Mean
values of three replicate fermentations. Abbreviations: LAB1 = Oenococcus oeni, LAB2 = Lactobacillus
plantarum, sim = simultaneous MLF, and seq = sequential MLF.

Based on the contribution and squared cosines of the variables, the main compounds responsible
for differentiating among wines produced with the selected yeast combinations, LAB strain and MLF
strategies were, isoamyl acetate, ethyl hexanoate, ethyl octanoate, ethyl-3-hydroxybutanoate, ethyl
phenylacetate, 2-phenyl acetate, isobutanol, 3-methyl-1-pentanol, hexanoic acid, and octanoic acid
(Figure 5).
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All wines produced with Sc1 show a positive correlation with 2-phenylethyl acetate,
3-methyl-pentanol, ethyl hexanoate, decanoic acid, ethyl-3-hydroxybutanoate, 3-ethoxy-1-propanol,
isovaleric acid, diethyl succinate, ethyl decanoate, butanol, and propanol. The aforementioned wines
were negatively correlated with ethyl acetate.

The Sc2 wines show a positive correlation with methanol, propionic acid, pentanol, and ethyl
phenylacetate, and a negative correlation with isoamyl acetate, 2-phenyl ethanol, isoamyl alcohol,
octanoic acid, isobutyric acid, and ethyl butanoate.

All wines produced with Hu + Sc1 show a positive correlation with isoamyl acetate, 2-phenyl
ethanol, isoamyl alcohol, and butyric acid, and a negative correlation with propionic acid, methanol,
and acetic acid. Octanoic acid, ethyl butanoate, isobutyric acid, valeric acid, and ethyl octanoate show
a positive correlation with wines produced with Sc1 only and those produced with H. uvarum in
combination with Sc1.

The Hu + Sc2 wines show a positive correlation with ethyl acetate and are negatively correlated
with ethyl decanoate, butanol, propanol, diethyl succinate, isovaleric acid, decanoic acid, and
ethyl-3-hydroxybutanoate. Isobutanol and hexanoic acid show a positive correlation with wines
produced with H. uvarum in combination with Sc1 and Sc2. This indicates that these compounds are
linked to the growth and metabolism of the H. uvarum strain.

3.6. Sensory Evaluation

Sensory evaluation results indicate how yeast selection, LAB combination, and MLF strategy can
impact the volatile composition and sensory profiles of wines. ANOVA of the sensory data show
that the interactions among the selected yeast combinations, LAB strains and even MLF strategies
had a significant (p ≤ 0.05) impact on fresh vegetative, cooked vegetative, spicy, and floral aromas
(Table 3). Yeast treatment had a significant effect on fresh vegetative and spicy aroma, as well as body
and astringency of the wines. Wines produced with the selected LAB strains and MLF strategies
were significantly different with regard to berry, fruity, sweet associated, and spicy aroma, as well as
acidity and body. Only the sensory attributes that showed significant differences for at least two of the
treatment interactions will be discussed in detail (Table 3).

Table 3. Probability (p) values 1 of shiraz wines produced with different yeast treatments and malolactic
fermentation (MLF) strategies. Probability (p) values 1 of the sensory descriptors of shiraz wines
produced with Saccharomyces cerevisiae (Sc1 or Sc2) only, or in combination with Hanseniaspora uvarum
(Hu), two lactic acid bacteria strains (LAB 1 or LAB2), and two MLF strategies (simultaneous or
sequential inoculation).

Descriptor
Treatment

Yeast LAB Strain ×MLF Strategy Yeast × LAB Strain ×MLF Strategy

Berry 0.3042 0.0004 0.8400
Fruity 0.7647 0.0191 0.9095

Sweet associated 0.4417 0.0023 0.5761
Fresh vegetative 0.0001 0.1245 0.0418

Cooked vegetative 0.5094 0.2079 0.0420
Spicy 0.0165 0.0009 0.0548
Floral 0.0602 0.5104 0.0159

Acid balance 0.0905 0.0001 0.3488
Body 0.0001 0.0020 0.1454

Astringency 0.0010 0.0876 0.1182
Bitterness 0.7069 0.2683 0.0800

1 Probability (p) values ≤0.05 indicate significant differences between treatments.
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3.6.1. Fresh Vegetative Aroma

Non-MLF wines produced with S. cerevisiae only (Sc1 and Sc2) scored lower for fresh vegetative
aroma than non-MLF wines produced with H. uvarum in combination with the two S. cerevisiae strains
(Figure 6). Sequential MLF wines scored higher for fresh vegetative aroma than simultaneous MLF and
non-MLF wines. Of all the different treatments, Hu + Sc1 + LAB2 seq MLF wines scored the highest
(35.27%) for fresh vegetative aroma (Table S3). The Hu + Sc1 combination consistently produced wines
with high fresh vegetative aroma scores and this was observed for non-MLF and MLF. The opposite
trend was found for wines produced with Sc2. These results indicate that this Hu + Sc1 combination
can be used to enhance the fresh vegetative character in wines where this attribute is lacking or to
produce a wine style with a predominant fresh vegetative flavor profile. On the other hand, if a wine
with low fresh vegetative character is preferred, the use of a yeast strain, such as Sc2 is recommended.

Figure 6. Percentage (%) of fresh vegetative aroma of shiraz wines produced with Saccharomyces
cerevisiae (Sc1 and Sc2) in combination with Hanseniaspora uvarum, two lactic bacteria strains (LAB1
and LAB2), and two malolactic fermentation (MLF) strategies (simultaneous or sequential inoculation).
Abbreviations: LAB1 = Oenococcus oeni, LAB2 = Lactobacillus plantarum, sim = simultaneous MLF,
and seq = sequential MLF. The letters inside the bars refer to differences among the treatments and
treatments that have the same letter/s do not differ significantly (p ≤ 0.05).

Differences in fresh vegetative aroma scores were observed for wines produced with the two
LAB strains, and were also affected by MLF strategy applied. In most cases, wines inoculated with
LAB1 scored higher for vegetative aroma than wines inoculated with LAB2. Therefore to increase
fresh vegetative flavor in Shiraz wines O. oeni should be used to induce MLF, but to reduce the fresh
vegetative flavor, L. plantarum is recommended.
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3.6.2. Spicy

Non-MLF wines produced with Sc2 scored the highest for spicy aroma (32.71%; Figure 7 and
Table S3). Overall, sequential MLF wines scored higher for spicy aroma than simultaneous MLF and
non-MLF wines (Figure 7). Of all the various treatments, sequential MLF wines produced with Hu
+ Sc1 + LAB2 scored the highest for spicy aroma. Differences in spicy aroma scores were found for
wines produced with the two LAB strains, and were affected by yeast combination as well as the MLF
strategy. Therefore to increase spicy flavor in wine MLF should be induced as a sequential inoculation.

Figure 7. Percentage (%) of spicy aroma of shiraz wines produced with Saccharomyces cerevisiae (Sc1
and Sc2) in combination with Hanseniaspora uvarum, two lactic bacteria strains (LAB1 and LAB2), and
two malolactic fermentation (MLF) strategies (simultaneous or sequential inoculation). Abbreviations:
LAB1 = Oenococcus oeni, LAB2 = Lactobacillus plantarum, sim = simultaneous MLF, and seq = sequential
MLF. The letters inside the bars refer to differences among the treatments and treatments that have the
same letter/s do not differ significantly (p ≤ 0.05).

3.6.3. Body

The non-MLF wines produced with Sc1 and Sc2 scored lower for the taste descriptor, body
(mouth-feel) than those where H. uvarum was used (Figure 8). MLF wines scored higher for body
than non-MLF wines. MLF wines produced with Sc1 scored slightly higher for body than those
inoculated with Sc2. MLF wines produced with LAB2 scored higher for body than those inoculated
LAB1. It is noteworthy that the relative scores for body varied according to the yeast combination
used. Winemakers can manipulate the body (mouth-feel) of wines by applying the aforementioned
combinations to achieve the wine style they prefer. To increase the body of a wine, H. uvarum in
combination with S. cerevisiae should be used and MLF should be induced using LAB2 (L. plantarum).
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Figure 8. Percentage (%) of body of shiraz wines produced with Saccharomyces cerevisiae (Sc1 and
Sc2) in combination with Hanseniaspora uvarum, two lactic bacteria strains (LAB1 and LAB2), and two
malolactic fermentation (MLF) strategies (simultaneous or sequential inoculation). Abbreviations:
LAB1 = Oenococcus oeni, LAB2 = Lactobacillus plantarum, sim = simultaneous MLF, and seq = sequential
MLF. The letters inside the bars refer to differences among the treatments and treatments that have the
same letter/s do not differ significantly (p ≤ 0.05).

3.7. Overall Effects

Chemical and sensory results support our opinion that the selected H. uvarum strain contributed
positively to wine flavor. None of the treatment combinations produced off-flavors. Wines produced
with H. uvarum in combination with Sc1 and Sc2 were different to wines produced with the Sc1 or Sc2
on their own. These results show that H. uvarum can be used to reduce the duration of MLF and to
change the style or flavor profile of a wine. Wines where yeast and LAB were added as a simultaneous
inoculation, reduced MLF duration and the flavor profiles differed from those that were sequentially
inoculated. Notable differences were also observed between wines inoculated with LAB1 and LAB2
with regard to their flavor profiles, which supports the concept of L. plantarum playing a greater role
in the future of MLF as envisaged by Du Toit et al. [38]. The yeast treatments, LAB strains and MLF
strategies had a significant effect on the standard chemical parameters and volatile composition of the
wines, and these differences in chemical composition translated to perceivable sensory differences.

4. Conclusions

H. uvarum had a positive effect on the growth of inoculated and naturally occurring LAB, which
resulted in shorter MLF periods for wines. Allowing the naturally occurring yeast population to
develop for at least 24 hours may be beneficial to winemakers that want MLF to proceed quickly and
successfully. Wines produced with the selected yeasts, LAB strains and MLF strategies differed with
regard to fermentation kinetics, chemical composition, and sensory properties. Yeast treatment had a
greater effect on the volatile chemical composition of the wines than LAB strain or MLF strategy, but
LAB strain and MLF strategy also had a significant impact. The sensory differences between non-MLF
and MLF wines were as significant as wines produced with different yeast strains. H. uvarum in
combination with O. oeni as a sequential inoculation can be used to increase vegetative aroma of shiraz
wines. The spicy flavor can be increased by inducing MLF as a sequential inoculation and increased
body can be achieved by using H. uvarum in combination with S. cerevisiae to conduct the alcoholic
fermentation and L. plantarum to induce MLF. The flavor profile of shiraz wines can be enhanced by
using different yeasts, LAB strains, MLF strategies, or a combination of the aforementioned options.
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Abstract: It is well known that high ethanol levels in wines adversely affect the perception of new
wine consumers. Moreover, numerous issues, such as civil restrictions, health risk and trade barriers,
are associated with high ethanol concentrations. Several strategies have been proposed to produce
wines with lower alcoholic content, one simple and inexpensive approach being the use of new wine
native yeasts with less efficiency in sugar to ethanol conversion. Nevertheless, it is also necessary that
these yeasts do not impair the quality of wine. In this work, we tested the effect of sequential culture
between Hanseniaspora uvarum BHu9 and Saccharomyces cerevisiae BSc114 on ethanol production.
Then, the wines produced were analyzed by GC-MS and tested by a sensorial panel. Co-culture
had a positive impact on ethanol reduction and sensory profile when compared to the S. cerevisiae
monoculture. Wines with lower alcohol content were related to fruity aroma; moreover, color intensity
was associated. The wines obtained with S. cerevisiae BSc114 in pure conditions were described by
parameters linked with high ethanol levels, such as hotness and astringency. Moreover, floral profile
was related to this treatment. Based on these findings, this work provides a contribution to answer the
current consumers’ preferences and addresses the main challenges faced by the enological industry.

Keywords: low-ethanol wines; sequential culture; Hanseniaspora uvarum yeast; aromatic/sensorial
profiles

1. Introduction

Well-structured and full-body wines have become the preferences of many new wine consumers.
In order to obtain these characteristics, it is necessary to ensure optimal phenolic maturity of grapes,
which requires longer grape ripening times [1]. However, in the context of global warming, this practice
results in a significant increase in the berry sugar content at the moment of harvesting, and consequently
higher alcohol levels in the wine [2]. Numerous issues are associated with high ethanol levels in wine
such as consumers’ rejection, civil restrictions, health risk, and trade barriers [1,3,4]. The sensorial
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quality of wines is also significantly affected because of an increase in the perception of bitterness,
sweetness, astringency and hotness, and masking of volatile aromatic compounds [5,6]. In this context,
different technological solutions have been evaluated: harvest of unripe berries, increase in crop load,
shading bunches, choosing proper irrigation techniques, and modulation of source–sink relationships
by removing leaves or topping shoots [7–10]. Other authors have tried partial dealcoholization with
physical methods [11–13].

More recently, microbiological solutions have been proposed by using selected non-Saccharomyces
and Saccharomyces cerevisiae yeast strains in simultaneous or sequential fermentations [4,14–16]. The use
of non-Saccharomyces yeasts has become a common trend in the main wine regions, particularly
because of their effects on the composition, flavor and color of the wine [17,18]. In addition to the
aforementioned effects, this yeast group is also known to be less efficient in the production of ethanol
from consumed sugars when compared with S. cerevisiae yeasts [19].

Hanseniaspora genera as a whole and particularly Hanseniaspora uvarum species are
non-Saccharomyces yeasts commonly encountered at high concentrations on the grape surface and
throughout the fermentation process [20]. Recently, 28 H. uvarum isolates were evaluated by our
research group and they demonstrated interesting enological characteristics such us: ability to grow
at high sugar, ethanol and SO2 contents; to produce high concentrations of glycerol; low acetic acid
and hydrogen sulfide levels; and the release of proteolytic enzymes [21]. Moreover, it is important to
highlight that H. uvarum was also found to be a potential candidate to produce less ethanol because it
requires more than 19 g/L of consumed sugar to produce 1% v/v of ethanol [21]. In a more recent study,
a selected H. uvarum yeast strain was assessed in sequential inoculations with S. cerevisiae yeasts under
optimized fermentation conditions [22]. The authors found that the ethanol levels were significantly
reduced compared with fermentations carried out with S. cerevisiae monocultures. Nevertheless,
and in order to achieve holistic knowledge, the aim of the present work was to assess the aromatic
impact of an optimized inoculum of H. uvarum/S. cerevisiae yeasts in fresh must and compare the
findings with a S. cerevisiae monoculture. It is also relevant to establish how ethanol reduction affects
sensorial perception. The results would allow the design of a comprehensive microbiological strategy
in order to answer the current consumers’ preferences and address the main challenges faced by the
enological industry.

2. Materials and Methods

2.1. Microorganisms

Hanseniaspora uvarum BHu9 and Saccharomyces cerevisiae BSc114 were used in the present study.
Both strains of yeasts were previously selected based on their oxidative and fermentative metabolism
in order to obtain reduced ethanol wines [21]. Strains were obtained from the Culture Collection of
Autochthonous Microorganisms (Institute of Biotechnology, School of Engineering—UNSJ, San Juan,
Argentina) and preserved at −80 ◦C until use.

2.2. Yeast Inoculum Preparation

Each strain was grown on YEPD agar for 48 h and the biomasses were transferred to YEPD broth
(130 rpm during 4 h) [22]. Then, strains were transferred to grape must (13◦ Brix, pH 3.8) supplemented
with 0.1% yeast extract and 0.4% peptone, and incubated at 25 ◦C during 24 h under aerobic conditions
(130 rpm). YEPD broth was used for pre-adaptation in order to reduce the lag-stage in the grape must,
which allows strains to grow immediately exponentially in the grape juice [22]. Once the pre-adaptation
process had finished, cells were counted with an improved Neubauer chamber.

2.3. Grapes and Vineyard Location

All experiments were carried out using Vitis vinifera L. cv. Malbec grapes harvested during the
2017 vintage from a vineyard located in Cañada Honda, San Juan, Argentina (31◦58′34′′S 68◦32′52′′W)
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at 610 m altitude. Grapes were manually destemmed and mixed to obtain a homogeneous solution.
The composition of the fresh juice was as follows: sugar (glucose and fructose), 238.2 g/L; pH, 3.8;
titratable acidity, 5.3 g/L; and yeast assimilable nitrogen (YAN), 175 mg/L. Then, 5-L vessels equipped
with a Muller valve were filled with juice (3 L) and supplemented with 50 ppm of free SO2 before
fermentation. The Muller valve was filled with a solution of 50% sulfuric acid and 50% sterile water
distilled. Vinifications were performed in triplicate.

2.4. Inoculation and Winemaking

Lab-scale fermentations were conducted under optimized factors previously determined by
Maturano et al. [22]. Treatment 1 (T1): H. uvarum BHu9 was inoculated (T0) at a concentration of
5 × 106 cells/mL, and 48 h later, 2 × 106 cells/mL of S. cerevisiae BSc114 were sequentially inoculated.
In parallel, a single culture of 2 × 106 cells/mL of S. cerevisiae yeasts was inoculated at T0 as control
treatment (TC). Both fermentations were performed at 25 ± 1 ◦C under static conditions. Musts were
supplemented with nitrogen by adding 20 mg/L of (NH4)2HPO4 twice: after 48 h and in the middle of
the fermentation (when 5% weight loss was verified). Nitrogen supplement was established based
on nitrogen uptake previously determined with selected yeasts (data not shown). Punch down was
carried out every 24 h in order to keep acceptable dissolved oxygen levels throughout the process.
The fermentation progress was evaluated by the weight loss caused by CO2 production and vessels
were weighed every 24 h.

Samples were collected periodically and viable cell counts were determined by plating onto
Wallerstein Laboratory Nutrient (WLN) Agar medium (Oxoid, Hampshire, UK). Dilutions of 10−3,
10−4 and 10−5 were spread onto WLN agar medium and incubated for 7 days at 28 ◦C. Green colonies
(H. uvarum BHu9) and creamy colonies (S. cerevisiae BSc114) were differentiated and counted [23].

After the sugar was completely consumed, 50 mg/L of free SO2 was added. The wines were
chemically stabilized, filtered, bottled, and conserved at 16 ± 1 ◦C until sensorial analysis. Samples of
50 mL were stored at −20 ◦C in order to carry out volatile composition analysis.

2.5. Chemical Analysis

Glycerol, residual sugars, total acidity and acetic, malic, lactic, and tartaric acid were measured
periodically using an ALPHA FT-IR Wine Analyzer (Bruker Optik Gmbh, Ettlingen, Germany). Ethanol
concentration was determined according to the OIV OENO 379-2009 ES official method. The pH was
measured with a multi-parameter Adwa (AD1030 PHM_MES_6362).

2.6. Sensorial Analysis

After 4 months of bottle stabilization, wines were evaluated by descriptive analysis according to
Lawless and Heymann [24]. A well-trained panel carried out the evaluation of 13 sensorial attributes:
three color/appearance descriptors (color intensity, red and brown color), five aroma descriptors
(mineral note, frutal, floral, chili pepper, and toasted) and five taste parameters (acidity, sweetness,
astringency, hotness, and bitterness). The intensity of each attribute was assessed using a structured
scale from 0 to 5, where 0 indicates that the descriptor was not perceived and values between 1 and 5
indicate that the intensity of the descriptors was very low to very high. The panel consisted of seven
individuals (five males and two females between 35 and 50 years old) from the Wine Sensorial Analysis
Department (Instituto Nacional de Vitivinicultura, Mendoza, Argentina). Vinifications were tasted
blindly and in duplicate from a constant volume of 30 mL at room temperature.

2.7. Free aromatic Analyses

2.7.1. Solid Phase Extraction (SPE)

The extraction of aroma compounds was performed by adsorption and the molecules were
separate elutions from an Isolute ENV+ cartridge (IST Ltd., Mid Glamorgan, UK) packed with 1 g of
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the highly cross-linked styrene divinylbenzene (SDVB) polymer according to Boido et al. [25] with
some modifications.

2.7.2. GC-MS Analyses

GC-MS analyses were conducted using a Shimadzu QP 2020 (Shimadzu Corporation, Kyoto,
Japan) mass spectrometer. A Carbowax 20 M capillary column (Agilent Technologies, Walt and Jennings
Scientific, Wilmington, DE, USA) (30m × 0.25mm × 0.25μm film thickness) was used. The experimental
conditions were as follows: The initial column temperature was 40 ◦C (8 min), which was then
increased to 180 ◦C (3 ◦C/min) and then increased again to 250 ◦C (20 min) at 20 ◦C/min; injector
temperature, 250 ◦C; injection mode, split; split ratio, 1:30; volume injected, 1.0 μL; carrier gas H2,
30 kPa; energy 70 eV. The wine aroma components were identified by comparison of their linear
retention indices (LRI) determined with a homologous series of n-alkanes (C9–C26), with those from
pure standards or reported in the literature according to their elution order with Carbowax 20 M [26–28].
Comparison of mass spectral fragmentation patterns with those stored in databases was also performed.
GC-MS instrumental procedures using 1-heptanol as an internal standard were applied for quantitative
purposes. GC-MS analyses were carried out with two samples of each wine.

2.8. Odor Activity Value (OAV) and Relative Odor Contributions (ROCs)

The contribution of each volatile compound was quantitatively evaluated using Odor Activity
Values (OAVs). The OAV was obtained by dividing the mean concentration of each volatile compound
by its odor threshold value in a hydroalcoholic solution [29]. The volatile compounds contribute to
wine aroma when its concentration in wine is above the perception threshold, therefore, the OAV value
is above 1. In this study, the threshold values were obtained from information available in the literature.
Moreover, the identified compounds were classified according to aromatic descriptors and grouped in
seven aromatic series which were classified according to the associated descriptor: 1, solvent; 2, sweet;
3, herbaceous; 4, floral; 5, fruity; 6, fatty; and 7, toasted.

From the volatile compounds that presented OAV > 1, the relative odor contribution (ROC)
was calculated. The relative odor contribution (ROC) represents the percentage of contribution of a
particular aroma compound and this was determined as the ratio between the OAV of the respective
compound and the total OAV of each wine ((individual OAV/

∑
OAV) * 100) [30].

2.9. Statistical Analysis

Chemical data and population analysis were expressed as the means ± standard deviation from
three repetitions and aromatic analysis as the means of two repetitions. One-way ANOVA was used
to evaluate differences between treatments. Statistical analysis was performed using the InfoStat
professional version (Cordoba, Argentina, 2016).

3. Results

The current study assessed the contribution of H. uvarum BHu9 and S. cerevisiae BSc114 yeasts to
the ethanol content and sensorial and aromatic impact on wine.

3.1. Fermentative Kinetics and Population Dynamics

In the present study, fermentative kinetics are represented by sugar consumption and CO2 release
in both fermentations: BHu9/BSc114 (T1) and BSc114 (TC) (Figure 1). Both treatments completed
alcoholic fermentation after 8 days. During the first 24 h, both vinifications showed a similar sugar
consumption, but from day 2 until day 6, T1 exhibited a slower fermentation rate than TC (p < 0.05).
During day 7 and 8, sugar consumption was not significantly different (p > 0.05), and at the end of the
process, both treatments behaved similarly.
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Figure 1. Release of CO2 (g) and sugar consumption in T1 (BHu9/BSc114) and TC (BSc114 control).

Like the sugar consumption, CO2 release showed a similar behavior for both treatments during
the first 24 h. From day 2 until the end, T1 demonstrated a lower rate than TC (BSc114) (p < 0.05). Total
CO2 production was 293.33 ± 17 g and 320 ± 10 g for the BHu9/BSc114 co-culture and S. cerevisiae
monoculture, respectively (Figure 1).

The population dynamics of T1 (H. uvarum BHu9/S. cerevisiae BSc114) and TC (S. cerevisiae BSc114)
are shown in Figure 2. H. uvarum BHu9 population increased during the early stages reaching a
maximum of 8.18 × 107 cells/mL on day three. During the first 48 h, (previous S. cerevisiae inoculation)
BHu9 consumed 102.54 g/L of sugar with an ethanol production of 3.49% v/v. Therefore, when BSc114
was inoculated (after 48 h), the available sugar concentration was 135 g/L. In co-inoculation trials, H.
uvarum BHu9 maintained its population up to day 4, after which the concentrations were undetectable
with the technique applied in this study. Hence, H. uvarum BHu9 and S. cerevisiae BSc114 coexisted only
during 2 days. During this coexistence period, the sugar consumption was 51.74 g/L, which means
that the sugar consumption by both strains was less than the consumption by BHu9 before S. cerevisiae
inoculation, and the ethanol production at this stage was 5.93% v/v. At the final fermentation stage
(day 5 to 8), S. cerevisiae BSc114 consumed 74.67 g/L of sugar, and the average ethanol production was
3.22% v/v. The dynamic population of S. cerevisiae in T1 presented an increase in the number of cells
from 2 × 106 cells/mL to 1.82 × 108 cells/mL on day 7, whereas the maximum population achieved by
BSc114 (TC, control) was 1.9 × 108 cells/mL on day 6.
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Figure 2. Dynamic populations of T1 (BHu9/BSc114) and TC (BSc114). * indicate the inoculation
moment of BSc114 in T1 after 48 h.

3.2. Enological Parameters

The analyses of the main chemical parameters at the end of the fermentations are summarized
in Table 1. Both treatments finished with sugar concentrations below 1.8 g/L, indicating that the
fermentations had been successfully finished. Ethanol concentration in T1 was significantly lower
(12.63 ± 0.05% v/v) than TC (13.15 ± 0.28% v/v), representing an average reduction of 0.52% v/v.
Likewise, pH values were lowest in wines produced with co-cultures, but tartaric acid was higher
compared to control (TC) wines. No significant differences were observed for acetic, malic and lactic
acid, or for glycerol and total acidity under the experimental conditions.

Table 1. Principal chemical parameters in wines obtained from BHu9/Bcs114 co-inoculation and
BSc114 control.

Chemical Compounds T1 TC

Ethanol (%v/v) 12.63 ± 0.05 13.5 ± 0.28 (*)
Acetic acid (g/L) 0.56 ± 0.02 0.49 ± 0.04
Lactic acid (g/L) 0.5 ± 0.01 0.47 ± 0.02
Malic acid (g/L) 2.85 ± 0.21 2.85 ± 0.07

Tartaric acid (g/L) 1.31 ± 0.08 1 ± 0.01 (*)
Glycerol (g/L) 10 ± 0.71 9.3 ± 0.57

pH 3.43 ± 0.00 3.49 ± 0.01 (*)
Total acidity (g/L) 5.95 ± 0.07 5.80 ± 0.14

Residual sugar (g/L) 1.55 ± 0.64 1.70 ± 0.28

REFERENCES: (*) indicate significant differences between treatments at p < 0.05.

3.3. Aromatic Composition

Volatile products of the fermented musts were quantified by SPE-GC-MS according to Boido et al.
(2003). Table 2 shows volatile compounds and their concentrations, odorant descriptors, perception
thresholds, odorant activity values (OAVs), and aromatic series found in the Malbec wines analyzed.
A total of 38 volatile compounds were identified and quantified, and classified into four groups: esters
(ethyl and acetate esters), higher alcohols, fatty acids, and lactones.
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Alcohols formed the most abundant group of volatile compounds, followed by esters, fatty acids
and lactones. Higher alcohols represented 98.14 and 98.45% of the total aroma content in T1 and TC
wines, respectively, while esters and fatty acids constituted 1.77–1.03% and 0.019–0.49% in T1 and TC
wines, respectively (Table 2).

Overall, the total concentration of higher alcohols and fatty acids was higher in control treatment
TC, fermented with S. cerevisiae BSc114, than in wines produced by the sequential fermentation
of H. uvarum BHu9/S. cerevisiae BSc114 (T1). In contrast, esters and lactones (γ-butyrolactone and
γ-valerolactone) content was higher in T1 than in TC. These compounds represented 1.77 and 1.03 %
in esters, in T1 and TC respectively. The lactones proportions were 0.06 % and 0.04 % in T1 and TC
respectively. (Table 2).

Some compounds such as ethyl hexanoate, ethyl decanoate, 3-ethoxy-1-propanol, isoamyl acetate,
and γ-butyrolactone were detected at higher concentrations in T1 than in TC (p < 0.05). In contrast, S.
cerevisiae BSc114 fermentation showed higher concentrations of ethyl octanoate, 3-methyl-1-butanol,
3-(methyl thio)-1-propanol, 2-phenylethanol, and γ-valerolactone compared to wines obtained with
BHu9/BSc114 (p < 0.05) (Table 2).

Compounds such us ethyl hexanoate (fruity, apple), ethyl octanoate (pineapple, pear), isoamyl
acetate (banana), γ-butyrolactone (caramel, coconut), and γ-valerolactone (sweet, coconut) showed
OAVs > 1 in both treatments. Comparing pure with mixed, fermented 3-ethoxy-1-propanol (ripe pear)
exhibited an OAV > 1 only in T1, and 3-(methyl thio)-1-propanol (cooked vegetables) showed an OAV
> 1 in wine fermented by the S. cerevisiae Bc114 monoculture (Table 2).

Table 3 presents compounds with an OAV > 1 and their relative odor contribution (ROC). When
considering the ester contribution to the odorant composition, ethyl octanoate greatly contributed to
wines obtained with BHu9/BSc114 (49.35%), while isoamyl acetate was the main contributor to the
control treatment fermented with pure BSc114 control. The higher alcohols that demonstrated major
contributions to wines in both treatments were 3-methyl-1-butanol and 2-phenylethanol, but their
relative odor contributions were higher in TC wines.

Table 3. Compounds with an OAV > 1 and their relative odor contribution (ROC) in T1 and TC wines.

T1 TC

Compounds OAV ROC (%) OAV ROC (%) Aromatic Serie

Ethyl hexanoate 42.85 12.12 14.28 6.60 5 Fruity
Ethyl octanoate 174.40 49.35 73.8 34.09 5 Fruity
Ethyl decano ate 1.03 0.29 0 0.00 4 Floral
Isoamyl acetate 107.00 30.28 96.40 44.53 5 Fruity

2-Methyl-1-propanol 2.64 3.72 1.85 6.51 1 Solvent
3-Methyl-1-butanol 10.61 3.00 12.36 5.71 1 Solvent

3-Ethoxy-1-propanol 1.50 0.42 <1 - 5 Fruity
3-(Methylthio)-1-propanol <1 - 1.45 0.67 3 Herbaceous

2-Phenylethanol 5.38 1.52 8.61 3.98 4 Floral
gamma-Valerolactone 3.90 1.10 4.90 2.26 2 Sweet
gamma-Butirolactone 6.742 1.91 4.66 2.15 2 Sweet

Figure 3 shows the aromatic profile of the analyzed wines based on the sum of the components with
an OAV > 1 and ROC values according to each descriptor. Wines fermented with BSc114 were related
to the aromatic “floral”, “solvent”, “herbaceous” and “sweet” families, while co-culture fermented
wines were characterized by “frutal” descriptors.
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Figure 3. Aromatic profile of wines produced by BHu9/BSc114 (T1) and BSc114 (TC control).

3.4. Sensorial Analysis

Figure 4 shows the sensorial analyses of the wines obtained. Wines fermented with H. uvarum
BHu9/S. cerevisiae BSc114 (T1) could be defined as fruity (p < 0.05). These results are in agreement with
the aromatic profile obtained with ROC analysis. Another parameter that significantly affected reduced
ethanol wines (T1) was color intensity. Wines produced with S. cerevisiae BSc114 (TC) were more
related to the floral descriptor, which is in agreement with the ROC results due to 2-phenylethanol
concentration; moreover, these wines were associated with astringency and hotness mouthfeel.

Figure 4. Sensory analysis of wines obtained from BHu9/BSc114 (T1) and BSc114 (TC). (*) Difference
significant at 95% confidence level.
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4. Discussion

The current wine market requires wines with lower ethanol concentrations and complex flavor
and color perception. Several microbiological strategies have been proposed in order to obtain these
characteristics. The present study intends to verify the behavior of selected yeasts regarding ethanol
production and the sensorial impact on the wine quality.

Several studies have reported reduced ethanol levels with sequential inoculations of
non-Saccharomyces and Saccharomyces yeasts and under different winemaking conditions [4,16,31].
It is well known that H. uvarum is the most representative yeast species found on grape surfaces
showing prevalence during early stages of spontaneous alcoholic fermentation [32]. This yeast has
several characteristics that could be used to reduce ethanol content in wines [21]. In the current
study, inoculation of H. uvarum BHu9 prior to inoculation of S. cerevisiae BSc114 demonstrated a sugar
consumption of 35.7 g/L for 1% of ethanol produced. In contrast, S. cerevisiae control (TC) used 17.5 g
/L of sugar for 1% of ethanol produced. It is reported that S. cerevisiae yeast uses 16.83 to 17 g/L on
average [1]. The decrease in ethanol production can sometimes be explained by an increase in glycerol
and acetic acid. However, in the present study, both glycerol and acetic acid did not show significant
differences. Sugars were probably partially consumed through the oxidative pathway to produce
biomass and other products.

It must be highlighted that when both strains remained together, sugar consumption was lower
than in the H. uvarum monoculture (prior to S. cerevisiae inoculation). There is evidence that presence
of non-Saccharomyces yeasts in the early stages of fermentation could affect the metabolic activity of S.
cerevisiae, probably encouraging a competition for nutrients [33–35]. For example, Bisson et al. [36]
demonstrated that K. apiculata consumed thiamine and other micronutrients, generating inefficiency in
the metabolic development of S. cerevisiae. Another study established that immobilized Starmerella
bombicola cells in a mixed fermentation affected decarboxylase and alcohol dehydrogenase levels of S.
cerevisiae [37]. Recently, the research of Petitgonnet et al. [38] demonstrated that sequential culture
between Lachaceae thermotholerans and S. cerevisiae provokes a negative interaction between the two
species to the detriment of S. cerevisiae, due to a cell–cell contact mechanism and essential nutrients
uptake. When H. uvarum and S. cerevisiae are mixed inoculated, the cultivability of H. uvarum is
significantly affected; however, the final ethanol concentrations are lower compared to the pure culture
of S. cerevisiae [39]. Nevertheless, to answer the results of this work, further studies should be carried
out to fully understand the interactions between H. uvarum and S. cerevisiae strains employed in the
present study.

With respect to the aromatic composition, many studies have shown that non-Saccharomyces yeasts
such as Candida, Debaryomyces, Pichia, Hansenula, and Hanseniaspora, that display oxidative metabolism
and/or are weakly fermentative produced higher ester levels than a single S. cerevisiae culture [40]. In
accordance, the total ester concentrations in wines produced by H. uvarum/S. cerevisiae co-cultures were
superior to that of wines produced by control treatment. The co-inoculation showed higher levels of
ethyl hexanoate, ethyl octanoate and ethyl decanoate which allowed the “fruity” aromatic profile of
the wines.

Fusel alcohol production was higher in wine fermented with a monoculture of S. cerevisiae.
Fusel alcohol production is related to amino acid production by yeasts, which varies according to
genera, species and strain [41]. S. cerevisiae yeasts have been reported to produce higher quantities of
these compounds compared with certain non-Saccharomyces yeasts [42]. The aromatic series that best
describes the TC profile is “floral”, which is associated with 2-phenylethanol levels. As was expected,
sensorial analysis of TC wine related it to floral descriptors (p < 0.05).

It is well known that ethanol significantly affects the sensorial perception of wines [43]; for
example, it decreases the perception of higher alcohols and aldehydes and shows a similar effect for
ethyl esters [44]. According to our results, wines obtained from a BSc114 (TC) monoculture could
be associated with attributes such us astringency, bitterness, hotness, and sweetness, which is in
agreement with the results by Tilloy et al. [45]. The authors found that high ethanol levels enhanced
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the perception of the abovementioned attributes. In contrast, wines with lower ethanol levels obtained
with H. uvarum/S. cerevisiae in the present study were related to red fruit by the sensorial panel (p < 0.05).
Although the control treatment presented elevated concentrations of chemical compounds which
are commonly related to fruity descriptors, it has been reported that high ethanol contents can mask
certain flavor-related volatile compounds like those related to fruity and floral profiles [46].

To our knowledge, this is the first time that a H. uvarum species, submitted to a previous selection
process, has been proposed to carry out sequential fermentations with S. cerevisiae under optimized
conditions to reduce ethanol in wines. The results obtained in the present study have demonstrated
the impact of this co-culture on the ethanol concentration and the chemical aromatic composition; and,
in addition, it has evidenced that ethanol levels affect sensorial perception. Therefore, the present
study could be considered an additional step to a successful change in the wine industry to face
current consumers’ demands. It is possible, however, that more research is necessary in order to fully
understand the impact of this co-culture on a major production scale.
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Abstract: Yeasts during alcoholic fermentation form a vast number of volatile compounds that
significantly influence wine character and quality. It is well known that the capacity to form aromatic
compounds is dependent on the yeast strain. Thus, the use of native yeast strains, besides promoting
biodiversity, encourages the conservation of regional sensory properties. In this work, we studied the
volatile profile of Malvar wines fermented with 102 Saccharomyces cerevisiae yeast strains, isolated
from vineyards and cellars belonging to the D.O. “Vinos de Madrid”. The wines elaborated with
different S. cerevisiae showed a good classification by cellar of origin. Additionally, seven sensory
descriptors have helped to classify the wines depending on their predominant aromatic character.
Twenty-nine Saccharomyces strains, belonging to five of six cellars in the study, were characterized
by producing wines with a fruity/sweet character. Floral, solvent, and herbaceous descriptors are
more related to wines elaborated with Saccharomyces strains from organic cellars A, E, and F. Based on
these findings, winemakers may use their best native S. cerevisiae strains, which add personality to
their wine. Therefore, this study contributes to promoting the use of native Saccharomyces yeasts
in winemaking.

Keywords: native yeast; Saccharomyces cerevisiae; aroma; Malvar (Vitis vinifera L. cv.); white wine

1. Introduction

Yeasts contribute to wine aroma by several mechanisms: firstly, by alcoholic fermentation of
the grape must; secondly by the de novo biosynthesis of volatile compounds; and lastly, by the
transformation of neutral grape compounds into flavor-active components [1,2]. Among fermentation-
derived volatiles are esters, higher alcohols, and volatile acids, as well as varietal compounds, i.e., thiols
and terpenes; all of these are the most abundant in the total wine aroma composition [3].

Aroma is one of the most influential factors on wine quality and consumers preferences, as well as
the prime contributor to overall flavor perception [4,5]. Since the 90s, wine has been described as
containing around 600 to 800 volatile aroma compounds arising from the grapes, from alcoholic
fermentation, and from the aging process [6]. The particular importance of a specific volatile compound
to wine aroma perception is related to its odor threshold value (OTV), which can be considered as the
lowest concentration detected by smelling [7]. Another parameter extensively used to estimate the
sensory contribution of aromatic compounds to the overall aroma of wine is the odor activity value
(OAV). The OAV is obtained from the ratio between the concentration of an individual compound and
its perception threshold. A volatile compound contributes to overall aroma when its concentration
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in wine is above the perception threshold; therefore, odorants with OAV ≥ 1 can be perceived [8,9].
Nevertheless, some authors presented evidence that compounds with low OAV values may act as
significant impact odorants [10,11]. Therefore, the characterization of wine aroma compounds and
their odorant profiles are currently among the research targets in winemaking [12–14]. In addition,
several works have determined the aromatic series as groups of all volatile compounds with similar
sensory descriptors [15–17], and a generalized OAV for each aromatic series can be calculated by
adding the OAV of each aromatic series component [18].

The monitoring of fermentation is an effective method for modulating the wine aroma [19].
Typically, the use of commercial Saccharomyces cerevisiae starter cultures is widespread to obtain
control and homogeneity of the fermentation process. In fact, their predominance reduces the risk
of wine spoilage, so their dominant growth makes the development of indigenous spoilage species
difficult [3,20,21]. However, the continued use of commercial yeasts has resulted in an excessive
standardization of wines, regardless of their vinicultural region of origin [22]. For this reason, in recent
decades, most studies have focused on using indigenous yeast strains as a way of expressing singular
characters and to encourage the aromatic profiles of wines from a given region or appellation [23–25].
This relationship between wine microbiota and terroir has gained relevance in the wine industry [26–29].
The concept of terroir is linked to the natural environment, the physico-chemical characteristics of the
soil, and climatic conditions in a delimited area that affect grape characteristics, so the obtained wine is
also affected by this territoriality. Thus, the microbiota from a determined terroir is able to confer a
unique quality to the wine [30].

The Denomination of Origin (D.O.) “Vinos de Madrid”, created in 1990, is located in the center
of Spain and covers an area of 8390 ha. This D.O. comprises 46 wineries in three regions: Arganda
(27 wineries), Navalcarnero (5 wineries), and San Martín de Valdeiglesias (14 wineries). Recently,
the new region of El Molar has become part of this D.O. The climate of this region is Mediterranean
continental, with temperatures ranging from −8 ◦C minimum in winter to a maximum of 41 ◦C in
summer [31]. The annual rainfall ranges between 460 and 660 mm. Winemakers in this region base
their production on the cultivation of the vine varieties Airen and Malvar (white), and Garnacha and
Tempranillo (red) (Vitis vinifera L. cv.). Malvar is an autochthonous cultivar for this D.O., while Airen,
Garnacha, and Tempranillo have major extensions all over the Iberian Peninsula.

In the last few years, our research activity has been directed to the exploitation of native microbiota
potential to enhance the quality of regional Malvar wines. In the present investigation, small volume
fermentations were carried out with 101 autochthonous S. cerevisiae strains isolated from vineyards
and cellars of D.O. “Vinos de Madrid” and compared with a control of S. cerevisiae CLI889 previously
isolated and exhibiting good oenological aptitudes [32,33]. This work seeks to study the impact of
S. cerevisiae strains isolated from their oenological region on the volatile composition of Malvar wines,
providing an opportunity for wineries to elaborate products with their own typicity.

2. Materials and Methods

2.1. Yeast Strains, Origin, and Vinification Procedure

A total of 101 native S. cerevisiae yeast strains have been used for wine elaboration in this study.
These strains were isolated from six vineyards and commercial cellars (A-F) belonging to the D.O.
“Vinos de Madrid” as stated by Tello et al. [34]. The location of cellars is shown in Figure 1. As published
by Tello et al. [34] and García et al. [35], four of the wineries (A, D, E, and F) use an organic system
of wine production, in contrast to cellars B and C, that utilize a conventional production system.
In wineries A, E, and F, the fermentation was spontaneous, and different commercial S. cerevisiae
strains induced the fermentation in cellars B, C, and D. One autochthonous strain, S. cerevisiae CLI 889
from the IMIDRA collection, selected by our group for Airen white wine elaboration, was used as a
control [32,33]. This strain has been deposited in the Spanish Type Culture Collection (CECT 13145).
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Figure 1. Map of D.O. “Vinos de Madrid”. Different regions and location of cellars (A-F) included in
this study are given in this figure.

The different genotypes of S. cerevisiae were identified by microsatellite multiplex PCR analysis
using the highly polymorphic loci SC8132X, YOR267C, and SCPTSY7 [36]. The size of the fragments
was determined by automatic electrophoresis with an ABI 3130 Genetic Analyzer (Applied Biosystems,
Tres Cantos, Madrid, Spain), whose results were published by Tello et al. [34].

Grapes from the Malvar cultivar (Vitis vinifera L. cv.) were hand-collected from IMIDRA’s
experimental vineyard located in the Madrid winegrowing region, Spain (40◦31′ N, 3◦17′ W and
610 m altitude) during the 2010 vintage at commercial maturity. The must was clarified at 4 ◦C by
pectolityc enzymes (Enozym Altair, Agrovin, Spain) (0.01 g/L) and stored at −20 ◦C until needed.
In order to carry out the study under the same conditions, the grape must was adjusted to 200 g/L
of reducing sugars; then, the pH value was 3.2, total acidity (as g/L of tartaric acid) was 5.0, and
there was 165 mg/L of yeast assimilable nitrogen (YAN). The fermentations were performed in sterile
flasks with 100 mL of pasteurized Malvar must with constant agitation (150 rpm) under anaerobic
conditions. Each S. cerevisiae strain was inoculated in grape must at a concentration of 106 cells/mL,
from a culture grown for 48 h in YPD liquid medium at 28 ◦C. The fermentation was performed at
20 ◦C in a JP Selecta™ incubator (Abrera, Barcelona, Spain), and the alcoholic fermentation kinetics was
controlled daily by weight loss. When its value was constant for two consecutive days, the fermentation
process was considered complete, and clarified wine samples were frozen in order to carry out volatile
composition analyses. All experiments were performed in duplicate.

2.2. Volatile Fraction Analysis

Quantification of major volatile compounds was undertaken by gas chromatography coupled to
flame ionization detector (GC-FID) (Agilent Technologies, Santa Clara, CA, USA). The column was
DB-Wax column (60 m × 0.32 mm × 0.5 μm film thickness) from J&W Scientific (Folsom, CA, USA).
The oven temperature program was: 40 ◦C for 5 min, then increased at 3 ◦C/min up to 200 ◦C. Helium
was used as carrier gas at 2 mL/min. Two μL of aroma extract were injected at 250 ◦C in splitless
mode. Total run time was 75 min per sample. The extraction and analysis methodologies of volatile
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compounds were done following the procedures proposed by Ortega et al. [37]. Analyses were carried
out in duplicate.

2.3. Statistical Analysis

The odor activity values of all volatile compounds have been statistically analyzed to study how
the use of different S. cerevisiae strains affects the aromatic profile of wines. Thus, a discriminant
analysis was carried out to determine the impact of wine aroma profiles on their classification by
cellar. In addition, a principal component analysis (PCA) was elaborated to link wines produced by
Saccharomyces strains with the seven aromatic descriptors to describe the volatile profiles of Malvar
young wines. Both statistical analyses were performed using SPSS Statistics 25 (SPSS Inc., Chicago,
IL, USA).

3. Results and Discussion

Most of the native strains were capable of completing the vinification (residual sugars below
5 g/L), although there are differences in the time required, ranging between 8 to 18 days. Only 13%
of Saccharomyces strains did not complete the alcoholic fermentation, which stopped at 5−59 g/L
residual sugar.

Volatile acidity expressed as acetic acid (g/L) content affects the wine quality. In general, most of
the elaborated wines contained moderate levels of acetic acid, i.e., between 0.23–0.70 g/L, except for the
wines elaborated with the strains G8 (1.14) and G16 (0.98) from Cellar A, G462 (1.08) and G493 (0.90)
from Cellar E, and G529 (1.37) from Cellar F. The legal limit is 1.2 g/L of acetic acid under European
legislation [38]. However, acetic acid may provide an unpleasant vinegar aroma and an undesirable
acidic taste to wine at concentrations above 0.8 g/L [39].

3.1. Aromatic Profile of Wines Elaborated with Different S. cerevisiae Strains

Table 1 shows the major volatile compounds quantified in Malvar white wines. This table also
contains the odor threshold values and descriptors for each aromatic compound. Moreover, each
compound was attributed to one or more aromatic series depending on its principal sensory description:
solvent, sweet, herbaceous, floral, fruity, microbiological, and fatty. These seven classes of sensory
descriptors were employed to link odorous compounds with similar sensory descriptors into classes
(aromatic series) [16,18,40,41] and give an organoleptic profile of wines elaborated with the different
S. cerevisiae native strains. Moreover, the contribution of each volatile compound to each series can be
determined. This procedure, which is based on more objective criteria than other existing alternatives,
allows for the connection of quantitative information obtained from chemical analysis to sensory
perceptions in order to achieve an aroma profile for the wine [16].

In order to analyze the aroma composition of wines, the OAVs were calculated for each of
the 31 volatile compounds quantified in the wines (Table S1, Supplementary Materials). As can be
seen, only isoamyl alcohol, several esters such as ethyl butyrate, ethyl isovalerate, isoamyl acetate,
ethyl hexanoate, acids, i.e., isobutyric acid, isovaleric acid, hexanoic acid, and octanoic acid, and one
ketone compound, i.e., diacetyl, has OAVs above the unity in all wines. The OAV for β-phenylethyl
alcohol was greater than 1 in all wines elaborated with S. cerevisiae from D.O. “Vinos de Madrid”
cellars, whereas that for the S. cerevisiae CLI 889 (control), this OAV value was lower than unity.
In the case of 2-phenylethyl acetate, only two strains (G12, Cellar A and G507, Cellar F) did not
exceed the unity. In contrast, it should be pointed out that the OAVs of 1-butanol, benzyl alcohol,
ethyl-3-hydroxybutyrate, diethyl succinate, furfural, benzaldehyde, and acetoin, were below 0.1 in
all cases.

Fusel alcohols (isoamyl alcohol, isobutanol, and β-phenylethyl alcohol) contribute to the wine
odor of the analyzed Malvar wines. These alcohols are usually present in wines, formed as the
fermentation products by yeasts. High concentrations of these volatiles (above 300 mg/L) can have a
detrimental effect on wine, whereas concentrations below this value add a desirable level of complexity
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to the wine [2,42]. Esters are one of the most important classes of volatiles, and are responsible for the
fruity and floral character in wines; their synthesis is mainly dependent on yeasts [6]. However, these
compounds in excess can mask varietal aromas; for example, ethyl acetate over 90 mg/L, or 200 mg/L
of total esters, can have a negative effect [42]. In our work, the total esters of samples ranged between
6.42 mg/L and 88.04 mg/L, in no case exceeding 200 mg/L (data not shown).

Table 1. Major aroma compounds quantified in wines. Odor description (ODE), Odor threshold value
(OTV) (in mg/L), and assignation of compounds to different aromatic series.

Compound ODE OTV 1 Aromatic Serie 2

1-Propanol Alcohol, ripe fruit 9 a 1, 5
1-Butanol Soap, fatty, diesel 150 a 1
Isobutanol Bitter, fusel, alcohol 40 b 1

Isoamyl alcohol Harsh, bitter 30 b 1
(Z)-3-Hexen-1-ol Lemon, fresh 0.4 b 3, 5

1-Hexanol Green grass, fresh 8 b 3
Metionol Garlic 1 b 3

Benzyl alcohol Pleasant, soft 200 c 2, 4
β-Phenylethyl alcohol Flowery, roses 14 b 2, 4

Ethyl butyrate Fruity, sweet, apple 0.02 b 2, 5
Ethyl isovalerate Fruity, sweet, banana 0.003 b 2, 5
Isoamyl acetate Banana, sweet, fruity 0.03 b 2, 5
Ethyl hexanoate Pineapple, apple 0.014 b 5

Ethyl-3-hydroxybutyrate Fruity 20 c 5
Hexyl acetate Fruity, green, pear 1 d 5

2-Phenylethyl acetate Flowery, lilac 0.25 b 4
Diethyl succinate Camphor 100 d 5, 6
Ethyl octanoate Fresh, flowery, pineapple 0.58 a 2, 4, 5

Ethyl lactate Lactic 154 a 6
Isobutyric acid Rancid, butter, cheese 0.05 e 7

Butyric acid Butter, cheese, stinky 0.173 b 7
Isovaleric acid Cheese 0.033 b 7
Hexanoic acid Cheese 0.42 b 7
Octanoic acid Sweet, cheesy 0.5 b 7
Decanoic acid Rancid, fatty 1 b 7

Diacetyl Butter 0.1 b 7
Furfural Bread, toasty, candy 15 d 6

Benzaldehyde Sweet, candy, wood 5 b 2, 4
Phenylacetaldehyde Roses 1 f 4

Acetoin Butter 150 a 7
γ-Butyrolactone Coconut 35 c 2

1 References: a, thresholds from Etievant et al. [43]; b, thresholds from Ferreira et al. [15]; c, thresholds from Aznar
et al. [44]; d, thresholds from Chaves et al. [45]; e, thresholds from Van Gemert and Nettenbreijer [46]; f, thresholds
from Culleré et al. [47]. 2 1, solvent; 2, sweet; 3, herbaceous; 4, floral; 5, fruity; 6, microbiological; 7, fatty.

The family of fatty acids has been reported to derive not only from yeasts, but from grapes
as well [48], providing fruity, cheese, fatty, and rancid notes to wines [7]. Among these fatty acids,
we mention the importance of isobutyric, isovaleric, hexanoic, and octanoic acids as active odorants,
whose OAVs were higher than 1 in all the studied wines. A greater fatty acid proportion than other
aromatic descriptors was found in samples G462 and G475 (Cellar E). Finally, we denoted the relevant
content of the ketone diacetyl in the Malvar samples, showing the highest amounts in G7 (1.50 mg/L)
and G502 (1.51 mg/L) from cellars A and E, respectively. Diacetyl concentrations exceeding 5–7 mg/L are
considered undesirable, although depending on the style and type of wine, this compound is recognized
to contribute a desirable buttery and butterscotch-like flavor at amounts around 1–4 mg/L [49].

To determine whether the volatile composition of wines is related to the cellar to which the
yeast strains belong, the OAV data from the 31 compounds were submitted to discriminant statistical
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analysis to find the canonical parameters that explain the maximum variability between the studied
wines (Figure 2). The results of this analysis showed six discriminant functions, where the first two
accounted for 41.3% and 28.5% of the total variance, respectively, so the total variance explained
by these two functions reached 69.8%. The wines elaborated with different S. cerevisiae genotypes
presented a good correlation by cellar of origin. These results are in agreement with those obtained
by Knight et al. [50], who revealed that there is a significant correlation between the region of
isolation of S. cerevisiae and the aroma profile in New Zealand wines. In relation with discriminant
function 1, 1-propanol, (Z)-3-hexen-1-ol, 1-hexanol, and isovaleric acid were the most significant
compounds in the differentiation between wines. In the case of function 2, 1-butanol, 2-phenylethyl
acetate and benzaldehyde contributed most to the discriminant model. The same analysis exhibited
correct classification of 86.7% of the wines elaborated with S. cerevisiae native strains, according to
their cellar of origin (data not shown). Figure 2 shows that the most aromatically-different wines were
those elaborated with strains CLI 889 (control), G113 (Cellar B) and G114 (Cellar C). As previously
indicated, the fermentation process was induced by commercial S. cerevisiae strains in these two cellars,
and these strains were the only ones which were isolated throughout the fermentation from each
winery [34]. The use of these starter yeast cultures for winemaking guarantees that the must ferments
in the expected way [51]. In contrast, some authors have found that native yeasts produced wines with
high concentrations of pleasant aromas and special bouquets not which are available with commercial
yeast strains [23,24,52,53]. In our case, these wines showed a fruity character, highlighting ethyl
isovalerate and ethyl hexanoate concentrations, while acetate ester contents were lower than those in
wines elaborated with the native strains.

Figure 2. Application of discriminant analyses of the OAV data of volatile compounds studied in wines,
classifying the samples by cellar of origin.

3.2. Principal Component Analysis

A PCA analysis was done to cluster yeast fermentations according to the aromatic descriptors
(Figure 3). In reference to the seven defined classes of aromatic descriptors (Figure 3a), a generalized
OAV for each class of sensory descriptor was calculated by adding up the OAVs of all compounds
belonging to that class. Then, this generalized OAV calculated by wine sample was used to calculate
the proportion (% OAV; Table S2, Supplementary Materials) that each aromatic descriptor represents
into wines elaborated with the Saccharomyces strains (Figure 3b). Calculation of the aroma series by the
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accumulation of OAVs cannot be considered as an arithmetical addition of the odorant sensations, and
the assignment of some compounds in a particular series or in several series may be questionable [40,54].
However, several authors have employed the proposed method, which groups the compounds into
odorant series, since it reduces the number of variables to be interpreted and, consequently, is a valid
and simple way to compare a wine’s aroma character [18,41]. It can be particularly useful in many
contexts where a sensorial study is not available or affordable, and a first analysis of wine aroma
peculiarity is outlined [18].

(a) (b) 

Figure 3. Results of the principal component analysis carried out on the aromatic series matrix:
(a) loadings of the variables on the first and second principal components; (b) scores of the % OAV on
each sensory descriptor adding up the different strains by cellar of origin in the plane formed by the
first and second principal components. Values are the mean of two % OAV ratios.

The PCA explained the 96.53% of the total variance. Wine samples closely related with sweet
and fruity descriptors appear in the left bottom corner of the PC plane. These two sensory descriptors
are mainly determined by ester content in wines; specifically, the fruity descriptor represents the
highest proportion of aroma composition in most wines (Table S2, Supplementary Materials). Five of
the six cellars studied are included in this group (Figure 3b); therefore, we have not found a direct
correlation between fruity/sweet descriptors and a determined area or cellar. Wine samples classified
at the top right plane are more associated with compounds related to floral, solvent, microbiological,
and herbaceous descriptors. However, it is worth noting that the volatile compounds comprising
microbiological character (diethyl succinate, ethyl lactate, and furfural) have an OAV lower than unity
(OAV < 1) in all Malvar wines (Table S1, Supplementary Materials). The floral parameter was mainly
constituted by β-phenylethyl alcohol and 2-phenylethyl acetate; solvent is mostly related to isoamyl
alcohol; and herbaceous is determined by metionol. In this quarter, we can find the wines elaborated
with the native strains G3, G9, and G19 from Cellar A, G465 from Cellar F, and G513, G514, G515, and
G518 from Cellar E. In this case, a connection point between the strains named above is that their cellars
of origin utilize spontaneous fermentation and an organic system of wine production. In accordance
with these results, Lorenzo et al. [55] observed that the volatile composition of wines from organic
or non-organic grapes was considerably different. In particular, they concluded that the OAVs of
wines from ecologically-grown grapes had more chemical and floral aromas, while the wines from
conventional practices presented a fruitier character. Finally, the fatty character was nearly correlated
with two samples from Cellar E (G475 and G462), due to the high proportion of fatty acids within these
two samples.

Although compounds with OAV ≥ 1 are called critical compounds essential to total aroma [8],
the statistical treatments of this work also considered the compounds with OAV < 1, in agreement with
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the theory that sub-threshold volatile compounds may contribute to wine aroma through the additive
effects of compounds with a similar odor or structure [56]. In contrast, some compounds can mask the
perception of others, so they remain undetected at supra-threshold concentrations [57,58]. Atanasova
et al. [59] concluded that the fruity character of wine might be masked by woody components when
presented at supra-threshold concentrations.

In a previous work by our group, some of these S. cerevisiae native strains that showed a pleasant
aromatic profile were also recognized for their good fermentation abilities and for resistance to the
stresses inherent to wine fermentation in warm areas [35].

4. Conclusions

The knowledge of the volatile profile of wines elaborated with different S. cerevisiae strains,
together with their fermentation aptitudes and stress resistance, provide important information which
contributes to promoting the use of these autochthonous strains in winemaking. Thus, we suggest
that each winery uses their best native S. cerevisiae strains, which may add personality to their wines.
However, more studies are necessary to know the fermentative behavior of these Saccharomyces strains
at industrial scales. Furthermore, it could be considered an opportunity for some of these S. cerevisiae
strains to become commercially available.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/5/4/94/s1,
Table S1: Odor activity value (OAV) for the aroma compounds studied in Malvar wines, Table S2: Odor activity
value proportion (% OAV) of each aromatic descriptor in wines elaborated with the Saccharomyces cerevisiae
yeast strains.
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Abstract: Vitis vinifera cv. Narince is a Turkish native white grape variety. In this study, volatile and
sensory properties of Narince wines that are produced with autochthonous Saccharomyces cerevisiae
(S. cerevisiae) strains and commercial strain were compared. Autochthonous yeast strains 1044
(MG017575), 1088 (MG017577), and 1281 (MG017581) were previously isolated from spontaneous
fermentations of Narince grapes. Volatile compounds formed in wines were extracted using a
liquid–liquid extraction method and determined by GC-MS-FID. All yeast strains fermented Narince
grape juice to dryness. The differences between the volatile profiles of the yeast strains were
determined. Wines fermented with autochthonous strains 1281 and 1044 produced a higher amount
of acetates and ethyl esters. While the highest concentrations of ethyl hexanoate and hexyl acetate were
found in wine fermented with 1044, the highest concentrations of ethyl octanoate, ethyl decanoate,
isoamyl acetate, and 2-phenylethyl acetate were found in wine fermented with strain 1281. Also,
the highest contents of 2-phenyl ethanol and linalool were found in wine fermented with strain 1281.
According to sensory analysis, the wine fermented with 1281 achieved the best scores in floral and
fruity attributes, as well as balance and global impression. The data obtained in the present study
showed that autochthonous yeast strains affect the final physicochemical composition and sensory
profile of Narince wines.

Keywords: narince; autochthonous; Saccharomyces cerevisiae; aroma; white wine

1. Introduction

Wine quality is influenced, in part, by the composition of the grape juice and by the microbial
communities present during the fermentation process. Aroma is one of the main characteristics that
determine the quality and value of wine, especially white wines. The aroma of wine is a unique
mixture of volatile compounds originating from grapes (varietal compounds), secondary products
formed during the wine fermentation (fermentative compounds), and aging (post-fermentative
compounds) [1–3]. Alcoholic fermentation is carried out by yeasts that convert sugars not only into
ethanol and carbon dioxide but also into different secondary metabolites, such as higher alcohols,
esters, and fatty acids [4,5]. The ability to produce these secondary compounds depends on the
yeast species and yeast strains. Therefore, it is important to determine the dynamics of fermentation
populations during fermentation, since the metabolism of yeasts has an effect on the chemical and
sensory properties of the wine [4,6].

At present, commercial S. cerevisiae strains are widely used in winemaking, and in Turkey, most of
them are imported. This practice usually guarantees fermentation control and quality of wines.
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However, in some cases, the commercial inoculated S. cerevisiae strains cannot compete successfully
with indigenous strains, and therefore, cannot dominate the fermentation as expected. Local selected
strains of S. cerevisiae, which are better adapted to micro-area conditions of the wine production region
and easily dominate the natural biota, are rather advisable as starters, and contribute to the regional
characteristics of the wine. Recently, there has been an increase in the use of autochthonous or locally
selected yeasts to carry out must fermentation [4,7–10]. In Turkey, Narince wine production is generally
carried out by commercial S. cerevisiae strains imported from abroad.

Vitis vinifera cv. Narince is one of the most important native white grape varieties grown in the
mid-southern Anatolia Region (Tokat and Cappadocia) of Turkey. Narince makes straw-yellow colored
wines with floral notes, yellow fruit, and citrus aromas on the nose. On the palate, it produces round,
medium to full-bodied wines. Because of their balanced acidity, these wines are suitable for aging and
acquire a rich and complex bouquet over time [11,12].

The aim of this work was to monitor the effect of three selected autochthonous yeast cultures
previously isolated from spontaneous fermentation of Narince grapes on the volatile and sensory
profiles of wine samples and compare these experimental variants with a control sample produced by
a commercial starter strain widely used for the production of Narince wines.

2. Materials and Methods

2.1. Yeast Strains

The autochthonous S. cerevisiae strains 1044, 1088, and 1281 used in this study were previously
isolated from spontaneous fermentations of Narince grapes. These strains were chosen due to their
good technological properties (Table 1). Commercial yeast strain X5 (Laffort, Bordeaux, France) was
used as a control. Among autochthonous yeasts, technological properties of strain 1088 were previously
explained by Çelik et al. [12].

Table 1. Technological properties of autochthonous S. cerevisiae strains previously isolated from
spontaneous fermentations of Narince grapes.

Technological Properties Strain 1044 Strain 1088 Strain 1281

Resistance to 12% (v/v) ethanol ** *** **
Resistance to 200 mg/L SO2 ** *** **
Growth at low temperature 15 ◦C ** ** **
H2S Production 3 4 2
Killer activity + + +
Growth at Brix 30◦ *** *** ***
Foam production (15/20 ◦C) F1/F2 F0/F1 F1/F2
Fermentation rate (g CO2/L.h) 1.27 ± 0.0 0.99 ± 0.0 2.47 ± 0.2
Fermentation vigor (% h/h) 9.9 ± 0.0 10 ± 0.1 10.12 ± 0.1
Volatile acidity (g/L) 0.74 ± 0.0 0.85 ± 0.0 0.58 ± 0.0
Flocculation (%) 98 98 95
Esterase (C4) 2 1 3
Esterase Lipase (C8) 3 3 3
Ethyl acetate (mg/L) 29.9 ± 0.5 27.26 ± 0.1 24.26 ± 0.04 ± 0.2
Acetaldehyde (mg/L) 8.39 ± 0.4 18.4 ± 0.2 12.49 ± 0.05 ± 0.2
Higher alcohols (mg/L) 263.6 ± 0.6 252.96 ± 0.5 241.05 ± 0.5

Note: ** =medium growth rate; *** = high growth rate, F1: 2–4 mm, F2: 4 mm, and higher; 1 = very low activity;
2 = low activity; 3 =medium activity; 4 = high activity; 5 = very high activity, + = positive activity.

2.2. Culture Media and Chemical Standards

Yeast peptone dextrose agar (YPD) and YPD broth were purchased from Sigma Aldrich (St Louis,
MO, USA) and L-lysin agar was purchased from Oxoid (Basingstoke, UK). Dichloromethane
(≥99.9% purity), sodium sulfate anhydrous (99%), internal standard (4-nonanol), and a mixture
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of n-alkane standards ranging from C8–C40 were purchased from Merck (Darmstadt, Germany).
Standard volatile compounds, glucose, fructose, glycerol, tartaric acid, and lactic acid used in the study
were obtained from Sigma Aldrich (St Louis, MO, USA).

2.3. Fermentations

Grapes from Vitis vinifera L. Narince were harvested at optimum maturity during the 2015 vintage
in the commercial vineyard of Kavaklıdere (Cappadocia Region, Nevşehir, Turkey). The grape juice had
the following main analytical composition: pH 3.32; initial sugar content 214 g/L; total acidity 5.62 g/L;
and free amino nitrogen (FAN) content 131 mg/L. Grapes were crushed and pressed, and 50 mg/L of
SO2 were added. After pressing, the juice was allowed to settle at 10 ◦C for 12 h, then separated from
the lees and randomly distributed into twelve 1L glass bottles. The fermentation trials were carried out
in bottles containing 750 mL of Narince grape juice. Each fermentation experiment was performed in
triplicate using standard protocols for white wines. Autochthonous strains 1044, 1088, and 1281 were
previously grown in YPD medium at 28 ◦C for 24 h on an orbital shaker (rotation, 150 rpm); following
this, the cells were recovered by centrifugation and washed with sterile water. Yeasts were counted by
using Thoma counting chamber by light microscopy (Olympus CX22, Olympus Optical Co Ltd., Tokyo,
Japan) before inoculation. The final concentration of each yeast was adjusted to 1 × 106 cells mL/L
and added to the must. Control strain was added as suggested by the manufacturer. The bottles
were locked with a fermentation airlock containing water and sulphuric acid to allow only CO2 to
escape from the system. All fermentations were conducted at 18 ◦C in a temperature-controlled room.
The development of alcoholic fermentation (density and temperature) was monitored daily with a
digital densimeter (Mettler Toledo, Inc., Columbus, OH, USA) until the end of alcoholic fermentation.
The final wines were analyzed for residual sugars (glucose and fructose) using HPLC method, which is
explained below. At the end of the alcoholic fermentation, all wines were racked off lees and 50 mg/L
sulfur dioxide was added. After this, the wines were bottled and stored at 13–15 ◦C for 3 months
until analysis.

2.4. Chemical Analysis and Microbial Enumeration

Density, alcohol, titrable acidity, pH, volatile acidity, reducing sugar, free SO2, and total SO2 were
measured according to the methods outlined by International Organization of Vine and Wine (OIV) [13],
while free amino nitrogen (FAN) was measured according to Ough and Amerine [14]. Glucose, fructose,
tartaric acid, malic acid, and glycerol were quantified using HPLC LC-10A (Shimadzu, Kyoto, Japan)
equipped with a refractive index detector (RID-10A) for the analysis of sugar and glycerol, and a
UV/Vis detector (SPD-20A) for the analysis of organic acids monitored at 210 nm. Sugars, glycerol,
and organic acids were simultaneously analyzed using an Aminex HPX-87H column (300 × 7.8 mm;
Bio-Rad, Hercules, CA, USA). The column was eluted with 0.5 mM sulfuric acid at 50 ◦C at a flow rate
of 0.5 mL/min. Before HPLC, wine samples were filtered through a membrane (0.45 μm) and passed
through a C18 Sep-Pak. Quantification of glucose, fructose, tartaric acid, malic acid, and glycerol were
done by external standard method [13,15].

The enumeration of culturable yeasts was performed during the first day after the initiation
of fermentation, in the middle (when about 50% of total sugar was fermented), and at the end
of fermentation (stabilization of the density). Samples of must and wine (1 mL) diluted in 0.1%
peptone-water (decimal dilutions) were inoculated onto plates of yeast peptone dextrose YPD agar for
total yeast count. Lysine agar was used for non-Saccharomyces yeast count, and modified YPD agar
(% 10 ethanol v/v and 2 g/L potassium metabisulphite) was used for S. cerevisiae count. All agars were
supplemented with chloramphenicol and sodium propionate to inhibit bacteria and filamentous fungi,
respectively, and plates were incubated at 28 ◦C for 48 h [16].
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2.5. Volatile Compounds Analysis

A liquid–liquid extraction method was used for the isolation of volatile compounds [17,18].
The extraction of volatile compounds was performed using dichloromethane. Then, 100 mL wine
samples containing 40 mL of dichloromethane and 34 mg/L of 4-nonanol (5 μL, as an internal standard)
were poured into a 500 mL flask, which was stirred at 4 ◦C, 700 rpm, for 30 min under nitrogen
gas. The mixture was then centrifuged at 4 ◦C (9000 rpm, 15 min). After the dehydration process,
using anhydrous sodium sulfate, the pooled organic extract was concentrated to a volume of 0.5 mL
with a Vigreux distillation column prior to gas chromatography/mass spectrometry (GC/MS) analysis.
Each sample was extracted in triplicate. The concentration of volatile compounds was quantified from
the flame ionization detector FID peaks areas and the internal standard, 4-nonanol. The response
factor was set to 1 for all compounds. The analytical methods for GC/MS-FID were well explained by
Arslan et al. [11].

The determination of acetaldehyde and ethyl acetate was carried out by direct injection into gas
chromatography using Agilent 6890 N equipped with FID. Each sample was prepared and analyzed as
reported by Arslan et al. [11].

2.6. Sensory Analysis

The sensory characteristics of the final wines were evaluated according to Lawless and
Heymann [19]. The sensory panel comprised 6 females and 4 males, 25–55 years of age, all belonging
to the laboratory staff and having substantial experience with sensory analysis. The panelist used a
15-point scale, from 0 (no intensity) to 15 (very strong intensity). Each panelist smelled and then tasted
the wines in a tasting glass to detect the intensity of the 8 attributes (floral, fruity, honey, herbaceous,
acidity, persistence, balance, global impression). Sensory analysis was done in five-booth sensory
panel room at 22 ◦C equipped with white fluorescent lighting. Wines were served (50 mL at 12 ◦C) in a
tulip-shaped wine glasses covered by glass Petri dishes. The tasting glasses were coded with different
three-digit numbers.

2.7. Statistical Analysis

The results were compared by the analysis of variance (ANOVA) using SPSS (for Windows version
16.0). Duncan’s multiple-range tests were used to compare the significant differences of the mean
values with p < 0.05. Principal component analysis (PCA) was used as a tool for screening, extraction,
and compression of volatile compounds using XLStat Pro (Addisonsoft).

3. Results and Discussion

3.1. Yeast Growth and Fermentation Kinetic

The yeast counts (log CFU/mL) are shown in Figure 1. On the lysine agar no count was obtained.
For this reason, only a modified agar count has been given. The initial yeast level was similar in all
of the samples (6.4–6.9 Log CFU/mL). In general, a yeast population ranging from 8.0 Log CFU/mL
to 8.5 Log CFU/mL was found in samples analyzed in the middle of fermentation, while values from
7.0 Log CFU/mL to 8.3 Log CFU/mL were found at the end of the fermentation.
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Figure 1. The growth of yeasts during fermentation. F1 is the beginning of fermentation, F2 is
middle of fermentation, and F3 is end of fermentation. C represents wine inoculated with control
strain, 1044 represents wine inoculated with 1044, 1088 is wine inoculated with 1088, and 1281 is wine
inoculated with 1281.

Alcoholic fermentation of must started one day after inoculation in all Narince musts (Figure 2).
The duration of alcoholic fermentation with control strain, autochthonous 1088, and 1281 strains were
shorter (11 days) compared to the autochthonous 1044 strain (13 days). All musts were fermented
to dryness.

Figure 2. Daily fermentation monitoring in Narince must be fermented with different yeasts.
C represents wine inoculated with control strain, 1044 is wine inoculated with 1044, 1088 is wine
inoculated with 1088, and 1281 is: wine inoculated with 1281.

3.2. General Composition of Wines

The physicochemical compositions of Narince wines are summarized in Table 2. Glycerol and
tartaric acid did not show significant differences among the wines made with autochthonous and
commercial wine strains. Wines obtained by autochthonous strain have slightly higher ethanol strength
compared to control. Acetic acid belongs to the group of volatile acids and is undesirable in wine.
This acid is produced predominantly by oxidation of ethanol. However, it can also be imported
into wine with grapes and small amounts of acetic acid may be produced by yeasts under anaerobic
conditions [20]. Three autochthonous S. cerevisiae strains showed significant differences in volatile acid
production. The 1088 strain produced the lowest amount of volatile acid. The concentration of residual
sugar was lower than 4 g/L in all wines.
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Table 2. General composition of Narince wines.

General Composition Control 1044 1088 1281 F

Alcohol (% v/v) 11.40 ± 0.30 b 11.50 ± 0.50 a,b 11.65 ± 0.25 a 11.63 ± 0.18 a *
Total acidity (g/L) ** 5.95 ± 0.21 c 6.40 ± 0.14 a 6.04 ± 0.06 b 6.71 ± 0.10 a *

pH 3.35 ± 0.22 b 3.35 ± 0.15 b 3.63 ± 0.04 a 3.37 ± 0.12 b *
Volatile acidity (g/L) *** 0.56 ± 0.02 b 0.65 ± 0.06 a 0.41 ± 0.01 c 0.57 ± 0.02 b *

Residual sugar (g/L) 3.10 ± 0.10 a 2.85 ± 0.16 b 2.65 ± 0.07 c 2.45 ± 0.02 d *
Glycerol (g/L) 5.35 ± 0.34 5.40 ± 0.20 5.25 ± 0.26 5.35 ± 0.16 ns

Total SO2 (mg/L) 43.50 ± 0.60 b 39.06 ± 0.65 b 51.00 ± 2.10 a 32.66 ± 1.50 c *
Sugars (g/L)

Glucose 1.10 ± 0.10 b 1.5 ± 0.11 a 1.65 ± 0.02 a 1.6 ± 0.12 a *
Fructose 2.00 ± 1.27 a 1.27 ± 0.11 b 0.95 ± 0.10 c 0.8 ± 0.02 c *

Organic acids (g/L)

Tartaric acid 3.15 ± 0.21 3.05 ± 0.04 3.18 ± 0.20 3.2 ± 0.40 ns
Malic acid 2.75 ± 0.11 a 2.45 ± 0.10 b 2.25 ± 0.04 c 2.45 ± 0.02 b *

Note: ** = as tartaric acid; *** = as acetic acid. Data are means ± standard deviations. Data with different superscript
letters (a,b,c) within each line are significantly different (Duncan test; p < 0.05); ns = not significant; * = p < 0.05 level.

3.3. Volatile Compositions of Wines

GC/MS analysis of Narince wines produced with control strain, autochthonous 1044, 1088, and 1281
strains, which allowed the identification and quantification of 50 volatile compounds belonging to seven
different groups, namely higher alcohols, esters, volatile acids, terpenes, lactones, volatile phenols,
and carbonyl compounds (Table 3). Major volatile compounds of ethyl acetate and acetaldehyde
concentrations were calculated by GC/FID. The volatile compounds detected in higher amounts
in the present study were higher alcohols (isoamyl alcohol, 2-phenyl ethanol), esters (ethy acetate,
isoamyl acetate, ethyl hexanoate, ethyl-4-hydroxybutanoate), volatile acids (hexanoic acid, octanoic acid,
and decanoic acid), as well as acetaldehyde.
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Higher alcohols were found in the quantitatively largest group of volatile compounds in
Narince wines. Major higher alcohols, isobutyl alcohol, 1-butanol, isoamyl alcohol, benzyl alcohol,
and methionol can be distinguished by their strong and pungent odor and taste. During alcoholic
fermentation, the use of different yeast strains significantly contributes to the concentrations and
variations of higher alcohol profiles [21]. In this study, the total amount of higher alcohols showed
differences between autochthonous and commercial strains used and their concentrations ranged
from 135.5 mg/L to 209.9 mg/L in Narince wines. Higher alcohols positively affect the wine aroma
when present in concentrations below 300 mg/L, whereas concentrations that exceed 400 mg/L have
a detrimental effect [1]. The wines produced during this study show the optimal values of these
compounds. Isoamyl alcohol (3-methyl-1-butanol) was the most abundant compound in all of the wines.
Strain 1044 produced the highest amount of total higher alcohols and isoamyl alcohol (165.9 mg/L)
compared to other autochthonous and control strains. In contrast, strain 1088 produced the lowest
amount of total higher alcohols and isoamyl alcohol (111.4 mg/L). Among the alcohols identified,
2- phenyl ethanol, contributing to wine aroma with sweet and flowery notes, was the second most
abundant alcohol. While the strain 1281 (33.5 mg/L) produced the highest amount of 2-phenyl ethanol,
strain 1088 (15.5 mg/L) produced the lowest amount. However, all three autochthonous strains
and commercial strains produced 2-phenyl ethanol, higher than its threshold value of 10 mg/L [1].
Isobutyl alcohol and 1-propanol were also produced by all yeasts. The higher alcohols with six
carbon atoms, which provide “vegetal” and “herbaceous” notes to wine, usually have a negative
effect on wine quality when their concentration is above their odor threshold values [22,23]. However,
these compounds (1-hexanol, Z-3-hexen-1-ol) produced concentrations lower than their threshold
value by autochthonous and commercial strains. Methionol is generally described as an off-flavor with
cauliflower or baked cabbage odor [24]. In Narince wines, strain 1088 produced the highest amount of
methionol, followed by strain 1281. However, it did not exceed its threshold value of 1 mg/L [25] in all
Narince wines. Torrens et al. [24] reported that the amount of methionol in Cava sparkling wines was
influenced by the yeast strain used.

The majority of esters are produced by yeast during alcoholic fermentation and they have an
important effect on the fruity characteristics of the wine. The important contribution of ethyl esters of
fatty acids and acetates of higher alcohols to the sensory composition of young wine has been known
for some time [1,21,26]. In terms of the number of components quantified, esters and acetates represent
the largest group (16 individual compounds) of volatiles in Narince wines. Ethyl acetate was the
main ester produced by autochthonous and commercial strains in the production of Narince wines.
The highest amount of ethyl acetate was produced by control strain (27.7 mg/L), while the lowest was
produced by 1088 (24.2 mg/L). The odor threshold value of ethyl acetate is 7.5 mg/L [1] and all strains
used in this study produced this compound in concentrations higher than its odor threshold value.
This compound may contribute a pleasant, fruity fragrance to the general wine aroma at concentrations
lower than 150 mg/L. Contrary to this, when its concentration is greater than 150–200 mg/L, it may
spoil the character of the wine [1]. Autochthonous strains and commercial strain used during this
study produced ethyl acetate at optimal values. Other important acetate esters are isoamyl acetate
and 2-phenylethyl acetate, which give wine banana and flowery rose aromas, respectively. They were
produced by all yeasts, but strain 1281 produced a higher amount of isoamyl acetate (2.2. mg/L) and
2-phenylethyl acetate (0.42 mg/L) than the others. All strains used in this study produced a higher
amount of isoamyl acetate than the threshold value of 0.03 mg/L. The 2-Phenyl acetate produced in
concentrations higher than its threshold value of 0.25 mg/L by all strains used (except by the strain 1088).
Strain 1044 produced the highest amount of ethyl hexanoate and ethyl octanoate. These compounds
are ethyl esters of C6 and C8 fatty acids and they are responsible for fruity, floral, wine-like aroma [1].
Ethyl hexanoate and ethyl octanoate produced in concentrations higher than their threshold values of
0.05 mg/L and 0.02 mg/L [1] by all yeasts.

Volatile fatty acids are related to negative properties, such as rancid, fatty, cheesy notes, but also
they are important for the aromatic equilibrium and complexity of wine [4]. As seen in Table 3,
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the production of volatile fatty acids in the wine analyzed in the present study was dependant on
the yeast strains inoculated. While autochthonous strain 1044 produced the highest concentration
of isobutyric, butyric, and isovaleric acids, control strain produced the highest concentration of
propionic acid. The strains 1044 and 1281 stand out for their levels of hexanoic acid, while the highest
concentrations of octanoic and decanoic acids were produced by the strain 1088. Hexanoic acid was
produced in concentrations higher than its threshold value of 420 μg/L by all yeast strains used in this
study. All strains (except 1044) produced octanoic acid in concentrations higher than its threshold
value of 500 μg/L. In addition, decanoic acid was produced by all strains but it was only produced in
concentrations higher than its threshold value (1000 μg/L) by autochthonous strains.

Terpenes are responsible for some of the most characteristic and important aromas in grapes and
wines. It has been reported that besides grapes, yeasts are also capable of producing terpenes [24,27].
Two terpene compounds, linalool and cis-farnesol, were produced. Between two terpene compounds,
linalool was produced only by control strain and autochthonous 1281. Strain 1281 produced (37.60 μg/L)
linalool at a higher concentration than its threshold value of 25 μg/L. Linalool has a rose-like floral
aroma and contributes positively to wine aroma. It is generally accepted that linalool, the most
powerful odorant in monoterpene compounds, is an important component in the aroma of many white
wines [26]. Cis-farnesol was produced by all strains, ranging from 26 μg/L to 208 μg/L

Four lactones were identified in Narince wines. The most abundant lactone was -butyrolactone.
This compound is associated with fruity, buttery, and rubbery descriptors [28]. However,
the concentration of -butyrolactone was found to be lower than its threshold value of 35 mg/L [29] in
all Narince wines.

Among the volatile phenols in white wines, vinyl phenols play the most important role [30].
In Narince wines, five volatile phenols were identified. Among them, 4-vinylguaicol and 4-vinylphenol
were produced in highest concentrations by control strain, and 4-vinylphenol exceeded its threshold
value of 180 μg/L in control wine; 4-Vinylguaiacol and 4-vinylphenol produce a pharmaceutical odor,
particularly in white wines [1].

Two carbonyl compounds were detected in Narince wines and acetaldehyde was found to be
the most abundant carbonyl compound in this study. Yeast strains show differences in their ability to
produce acetaldehyde depending on the activity of the enzyme (alcoholic dehydrogenase) involved in
the synthesis [24,31]. In the present study, acetaldehyde showed significant differences related to yeast.
While strain 1044 produced a higher concentration (22 mg/L) of acetaldehyde, control strain produced
a lower amount (4 mg/L). The aroma threshold value of acetaldehyde is 100 mg/L and at low levels,
acetaldehyde contributes fruity flavors, while high levels (200 mg/L) cause flatness in wines [1,11].
In Narince wines it did not exceed its threshold value.

The principal component analysis was carried out to separate wines fermented with different yeasts.
The first two components, PC1 and PC2, explained 81.79% of the variance (Figure 3). The distribution
of samples in the PC1 and PC2 components displayed a clear separation among wines from different
yeast strains. Autochthonous 1088 was characterized by the presence of octanoic acid (V35), decanoic
acid (V36), 9-decenoic acid (V37), and methionol (V10) (Table 3), and plotted on the negative side of
PC1. Wines obtained with autochthonous 1044 and 1281 grouped together in the positive portion of
PC1 and negative portion of PC2. Those yeasts characterized by the highest amount of some important
volatiles (e.g., isoamyl alcohol (V4), 2-phenylethanol (V12), ethyl hexanoate (V17), 2-phenylethyl
acetate (V24) and isovaleric acid (V32), and 2,3-butanediol (V9)). Control strain was plotted on the
positive side of both PC1 and PC2 and was characterized by the highest amounts of 2-hexanol (V5) and
(Z)-3-hexen-1-ol (V8), which provide “vegetal” and “herbaceous” notes to wine, volatile phenols (V45,
V46, V47) which are usually considered as off-flavors, and some volatile acids (such as propionic acid
(V29), hexadecanoic acid (V38)), lactones (pantolactone (V43), 4-ethoxycarbonyl- -butyrolactone (V44)),
and cis-farnesol (V40). Isoamyl acetate (V16) and ethyl octanoate (V20) were negatively correlated
with hexadecanoic acid, 4-vinylguaiacol, propiovanillone, and also control strain. The wine fermented
with control strain presented lower contents of isoamyl acetate and ethyl octanoate.
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Figure 3. Principle component analysis according to yeast strain, based on volatile compositions of
wines. Note: C = wine fermented with control strain; 1044 = wine fermented with autochthonous
1044 yeast; 1088 = wine fermented with autochthonous 1088 yeast; 1281 = wine fermented with
autochthonous 1281 yeast; V = variable—the numbers that correspond to each compound are shown in
Table 3.

The differentiation of volatile profiles of wines according to yeast strain has been widely
reported [4,21,24,32]. The results of this study for Narince wines confirm those findings.
Furthermore, autochthonous yeasts 1044 and 1281 produced the highest levels of important sensory
volatile compounds, such as 2-phenylethanol, ethyl acetate, isoamyl acetate, 2-phenylethyl acetate,
ethyl hexanoate, and ethyl octanoate, compared to control strain. Also, the wines obtained with these
yeasts were clearly separated by PCA. In addition, PC1 allowed us to distinguish between wines made
with autochthonous strains.

3.4. Sensory Evaluations of Wines

The sensory properties of the four experimental wines considered in this study were performed
by a sensory panel using eight attributes: floral, fruity, honey, herbaceous, acidity, persistence, balance,
and global impression (Figure 4). Regarding fruity and floral properties, wine 1281 achieved the
best score for both attributes, followed by 1044 and control, respectively. The wine fermented with
autochthonous 1088 strain achieved the lowest score for those attributes. This result was in agreement
with the aroma composition of this wine, because the wine fermented with 1088 contains the lowest
amount of acetate and ethyl esters (except ethyl octanoate and isoamyl acetate), which contribute fruity
and floral characteristics. Further, 1044 strain achieved the best score for honey attribute, while 1088
achieved the best for the acidity attribute. Wine produced with 1281 also achieved the best score for
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both balance and global impression. These results were in agreement with the differences found at
the chemical level. Wine fermented with autochthonous 1281 and 1044 contain higher amounts of
acetates (isoamyl acetate (fruity), hexyl acetate (sweet, perfume), 2-phenylethyl acetate (floral)) and
most of the ethyl esters (ethyl butyrate (fruity), ethyl hexanoate (green apple), ethyl lactate (lactic,
fruity), ethyl decanoate (floral, soapy)), (Table 3), followed by control strain. However, the chemical
composition of the wine and the interaction between the compounds and their effects on the sensory
properties are still very complex and not well known [4].

Figure 4. Sensory profile of Narince wines made with autochthonous and commercial S. cerevisiae yeasts.
Note: C =wine fermented with control strain; 1044 =wine fermented with autochthonous 1044 yeast;
1088 =wine fermented with autochthonous 1088 yeast; 1281 =wine fermented with autochthonous
1281 yeast.

4. Conclusions

Winemaking is a highly industrialized process and different S. cerevisiae starter cultures are
commercially available for its control. However, several investigations have underlined that using
autochthonous yeasts during fermentation is able to give unique organoleptic properties to the produced
wines. The present study investigated the effects of three different autochthonous yeast strains on the
physicochemical and sensory properties of Narince wines. The autochthonous S. cerevisiae strains used
in this study presented good fermentative ability. From a chemical point of view, certain trends were
detected among strains used, as follows. Aroma compound analyses showed that autochthonous yeast
strains 1044 and 1281 were able to produce a higher concentration of ethyl esters and acetates, which
are responsible for fresh/fruit attributes. Sensory data were in agreement with chemical compositions.
The discrimination analysis allowed the autochthonous strains 1281 and 1044 to be clearly distinguished
by their volatile composition. To our knowledge, this is the first study on the effects of autochthonous
S. cerevisiae yeast strains on the volatile and sensory properties of Narince wines. However, it would be
best to confirm these results with industrial large-scale fermentation.
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Abstract: Eighty-seven yeasts were isolated from Bombino bianco, a white grape variety from Apulian
Region (Southern Italy). The isolates were characterized for the splitting of arbutin, the hydrolysis of
pectins, sulphite production, the resistance to acetic acid, SO2, and ethanol. An enhanced arbutin
splitting (β-glucosidase) and a moderate pectolytic activity were found. Concerning ethanol resistance,
the most of yeast population showed a low-to-moderate resistance, but some isolates, identified
as Saccharomyces cerevisiae, were able to grow in presence of 15% v/v of ethanol. Four isolates were
selected (coded as 43D, 44D, 45D, and 46D), studied for their ability to decarboxylate amino acids and
used in small-scale fermentation trial; for this last experiment a reference strain was used (S. cerevisiae
EC1118). This experiment suggested the existence of an isolate (S. cerevisiae 46D) with interesting
traits and performances, which could be potentially proposed as a starter for Bombino bianco.

Keywords: yeasts; Bombino bianco; technological characterization; enzymatic patterns; amino
acid decarboxylation

1. Introduction

Apulia (Southern Italy) is the second Italian area for wine production. The Apulian wines
detain several peculiarities because of pedologic features, climatic conditions, and technologies, all
contributing to the definition of a unique “terroir” [1]. Among the innovative trends in the wine
sector, the continuous exploration of oenological properties associated with wine microbial resources
represents a cornerstone driver of quality improvement [2]. Autochthonous starter cultures have a
potential important role on wine quality because of their key-role on organoleptic properties [3].

Yeast strains involved in winemaking influence fermentation speed, nature and quantity of
secondary products, and aromatic characters of wine [4]. Yeast microbiota generally comprise oxidative
yeasts, which belong to the genera Rhodotorula, and Hanseniaspora. They comprise up to the 99% of the
yeasts isolated in certain grape samples [5]. Other yeasts usually found on grape are Metschnikowia
pulcherrima, Candida famata, Candida stellata, Pichia membranifaciens, Pichia fermentans, Hansenula anomala,
and, in small proportions, Saccharomyces spp. [5].

Many researchers focused on the oenological performances of indigenous yeasts isolated from
red Apulian grapes, must, and spontaneous fermentation from Primitivo [6], Negroamaro [7], Uva
di Troia [8,9], and Susumaniello, an ancient and recently rediscovered grape cultivar [10]. However,
to the best of our knowledge, little is known on yeast microbiota of Bombino bianco. Vitis vinifera L.
Bombino bianco is a cultivar widespread since ancient times in the Apulia region where is present with
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a surface of 2000 ha, mainly located in Foggia and Bari counties [11]. This variety can be also found
in other regions of Southern Italy, where it is usually referred as Bonvino, Ottenese, Trebbiano d’oro,
Trebbiano d’Abruzzo, Uva d’Oro, or Gold Trauben. The main traits are a high yield, a good resistance
to bad weather conditions as well as to grape diseases, such as Plasmopara or Botrytis [12]. Bombino
bianco grapes are typically blended with grapes of other varieties for the production of many DOC
and IGT wines, but they can be also used alone to produce sparkling wines through the Champenoise
method [13].

This paper represents a first approach for the evaluation of yeast diversity and characteristics on
Bombino bianco grapes, with a special focus on enzymatic patterns, technological characteristics and
safety issues (amino acid decarboxylation), as a prodromal to select and design a wild starter culture
for this grape variety.

2. Materials and Methods

2.1. Yeast Isolation

Wine grapes (Vitis vinifera L.; Bombino bianco variety) were harvested from a local farm in the
Apulian region (Foggia, Italy). Skin and inner part were analyzed. For skins, the sample was treated
as follows: 25 g of grapes were detached from different clusters, immersed in 225 mL sterile isotonic
solution (0.9% NaCl) and shaken for 30 min at 200 rpm. For the inner part, 25 g of grapes were diluted
in 225 mL sterile isotonic solution (0.9% NaCl) and homogenized through a steril-mixer. The serial
dilutions of homogenates (skin and inner part) were spread onto appropriate media and incubated at
25 ◦C for 48 h. The media were the following: Sabouraud Dextrose Agar (Oxoid, Milan, Italy); YPG
Agar (bacteriological peptone 20 g/L, yeast extract 10 g/L, glucose 20 g/L, agar 15 g/L; ingredients were
purchased from Oxoid); YM Agar (bacteriological peptone 5 g/L, malt extract 3 g/L, yeast extract 3 g/L,
dextrose 10 g/L, agar 15 g/L; ingredients were purchased from Oxoid); WL Nutrient Agar (Oxoid). All
media were supplemented with 0.1 g/L of chloramphenicol (C. Erba, Milan, Italy).

From each plate and at each time of analysis, 5 colonies were randomly selected, isolated and stored
on YPG Agar at 4 ◦C until the identification; a preliminary characterization between Saccharomyces
and non-Saccharomyces yeasts was done by streaking the isolates on WL medium.

2.2. Arbutin Splitting Test

β-d-glucosidase activity was evaluated by using the arbutin splitting test. YNB-Agar (Yeast
Nitrogen Base, Oxoid), supplemented with 0.5% arbutin (Sigma-Aldrich, Milan, Italy) and 2% ferric
ammonium citrate (J.T. Baker, Milan, Italy) solution, was used [14]. The plates were incubated at 26 ◦C
for 2 to 4 days. The outcome of the experiment was evaluated by means of color change to brown.
A qualitative code was used to classify the results as follows: no activity (no halo, –); weak activity
(diameter of the halo <17 mm, +); medium/strong activity (diameter of the halo >18 mm, ++) [15].

2.3. Hydrolysis of Pectins

The extracellular pectolytic activity was assessed by measuring the growth zones of yeasts on YM
Agar, without glucose and supplemented with 12.5 g/L of apple pectins (Sigma-Aldrich) and adjusted
to pH 4.0 with HCl 1.0 N. The plates were incubated at 25 ◦C for 10 days [16]. The outcome of the
experiment was evaluated as a function of the diameter of the growth zone, as reported by Hernández
et al. [17]: the activity was classified as weak (+), when the growth zone was <5.5 mm or strong (++),
when the growth zone was >5.5 mm.

2.4. Sulphite Production

The test was done on BiGGY Agar medium (Oxoid), as reported by Barbosa et al. [13]. After yeast
inoculation, the plates were incubated for 2–4 days at 26 ◦C. The different intensity of the color of
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colonies (from white to heavy brown) was used to evaluate the quantitative outcome of the test (white,
no production of H2S; cream, weak production; light and dark brown, medium-to-high production) [15].

2.5. Resistance to Acetic Acid, Ethanol and SO2

The tests were performed by using YPG Agar, supplemented with 3%, 6%, 9%, 12%, and 15% (v/v)
ethanol (C. Erba, Milan, Italy), 0.05%, 0.1%, 0.15%, 0.20%, 0.25%, or 0.3% acetic acid, and 50, 100 and
150 mg/L SO2. After streaking the strains onto the surface of the medium, the plates were incubated at
25 ◦C for 7 days.

2.6. Preliminary Identification

Some selected isolates were identified as reported by Sinigaglia et al. [18].

2.7. Amino Acid Decarboxylation

Yeasts were streaked onto the surface of a laboratory medium containing amino acids as precursors
of amines and a pH indicator (bromocresol purple): an increase of pH due to decarboxylation
of amino acids causes a color turning from green to purple. The composition of the medium,
modified from a substrate proposed by Bover-Cid and Holzapfel [19] for lactic acid bacteria, was the
following: bacteriological peptone, 5 g/L; yeast extract, 5 g/L; glucose, 1 g/L; amino acid, 10 g/L; agar,
12 g/L; bromocresol purple, 0.06 g/L (Sigma-Aldrich); pyridoxal-5-phosphate hydrate (Sigma-Aldrich),
0.05 g/L. The pH of the medium was adjusted to 5.2. Arginine hydrochloride, cysteine, l-histidine,
l-tyrosine, l-phenlalanine, serine, gliycine, l-proline, and l-lysine (Sigma-Aldrich) were used; after
yeast inoculation, the plates were incubated at 25 ◦C for 72 h and checked every day. Laboratory media
without amino acids but inoculated with yeasts were used as controls.

2.8. Lab-Scale Fermentations and Confirmation of the Technological Performances

The assays were done only for the isolates 43D, 44D, 45D, and 46D; the strain S. cerevisiae EC1118
(Lallemand Inc., Castel D’Azzano, VR, Italy) was used as reference. The first experiment was a
confirmation of the technological performances in a model medium, as reported by Petruzzi et al. [15].
A synthetic medium was prepared as follows: 100 g/L of glucose; 100 g/L of fructose (Sigma-Aldrich,
Milan, Italy); 10 g/L of yeast extract; 1 g/L of 21 ammonium sulfate (J. T. Baker, Milan, Italy); 1 g/L of
potassium phosphate (C. Erba); and 1 g/L of magnesium sulfate (J. T. Baker).

Flasks of 150 mL, containing 100 mL of medium, were used for the experiments. After sterilization,
citric acid (10 g/L) was added to the medium to decrease the pH to 3.5; then the medium was inoculated
with yeasts (ca. 6 log cfu/mL), and the surface was covered with a thin layer of sterilized paraffin oil
(10 mL per flask) in order to avoid air contact. The samples were incubated at 25 ◦C without shaking.
Residual sugars, ethanol, glycerol, and volatile acidity were determined by Fourier transform infrared
spectroscopy using a WineScan FT120 instrument (software version 2.2.1, FOSS Analytical, Hillerød,
Denmark) according to the supplier’s instructions.

A second experiment was done in a real must. The fermentation was carried out in duplicate on
two independent batches in 250 mL Erlenmeyer flasks containing 150 mL of pasteurized Bombino
bianco must (sugar content, 15.75 ± 0.17◦ Bx; titrable acidity, 4.09 ± 0.53 g of tartaric acid; pH,
3.76 ± 0.08). Yeasts were grown in YPG broth at 25 ◦C for 72 h, centrifuged at 4 ◦C for 10 min at
1200 × g and suspended in distilled water. The inocula represented 1% of the total fermentation volume
of flasks.

The flasks were stoppered with cotton plugs to allow the CO2 to escape from the system, and the
weight loss of the flasks due to CO2 production was evaluated every day, until the end of fermentation
(constant weight for three consecutive days). The fermentations were carried out under static conditions
at 25 ◦C on two independent batches; weight loss and cell viability (YPG agar plates, incubated at
25 ◦C for 4 days) were assessed.
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2.9. Statistic

The phenotypic tests were performed in triplicate; the results were plotted as frequency histograms.
The outcome of the qualitative test was assessed as positive, if at least 2 replicates were positive. For the
quantitative assays (pectin hydrolysis), for each isolate the average of the growth zone was evaluated.

The results of the analytical determinations in the synthetic must were analyzed by means of
one-way analysis of variance and Tukey’s test (p < 0.05).

The data of weight loss were modelled as weight loss (mg CO2 per ml of must) through the
lag-exponential model by van Gerwen and Zwietering [20] and by Baty and Delignette-Muller [21],
cast in the following form:

Y =

⎧
⎪⎪⎨
⎪⎪⎩

0 t ≤ α
ymax − log

{
1 + (10ymax − 1) × exp [−dmax(t− α)]} t > α

. (1)

where: y and t are the dependent and independent variables, respectively (weight loss and time-day);
α is the time before the beginning of the fermentation (day); dmax is the maximal fermentation rate;
ymax is the maximum level of weight loss.

When the kinetic did not show the parameterα, the lag-exponential model was used as follows [22]:

y = ymax − log{1 + (10ymax − 1) × exp (−dmax t)} (2)

Statistic was performed through the software Statistica for Windows ver. 12.0 (Statsoft, Tulsa,
Oklha).

3. Results

As a result of yeast selection, 87 isolates were recovered; 44 showed a green color on WL medium
(non-Saccharomyces), and 43 were yellow. Figure 1 shows the results for the preliminary phenotyping
(arbutin splitting, sulphite production, and pectolytic activity). Focusing on β-glucosidase activity
(arbutin splitting), 68 strains could perform the splitting of the arbutin; for 43 isolates this ability was
low-to-moderate (weak response) and for 25 isolates strong. Only 19 isolates were negative to the
splitting of the arbutin, all of them belonging to non-Saccharomyces yeasts.
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Figure 1. Arbutin splitting, sulphite production, and pectolytic activity. The numbers on the bars
represent the number of isolates per each class (for the details on the classification see Materials and
Methods).

The production of H2S is a negative property for its strong impact on the sensorial quality of
wine. Yeasts isolated from Bombino Bianco possessed this ability and 77 isolates (ca. 90% of the
population) expressed this ability at the highest level (++); otherwise for three isolates this kind
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of metabolism appeared moderate (yellow colonies on WL), and only seven isolates were negative
(non-Saccharomyces).

Another trait assessed was the pectolytic activity, recovered in all isolates from a weak response
(58 yeasts) to a strong one (29 isolates).

Isolates were also studied in relation to resistance to acetic acid, ethanol, and SO2. Concerning
the resistance to acetic acid, all isolates were able to grow till a maximum concentration of 0.10%.
The results for ethanol resistance are reported in Figure 2, as number of yeasts able to grow for each
ethanol amount; 76 isolates were able to grow in presence of 3% ethanol, while only 13 were able to
grow at 15%. SO2 exerted a strong impact on yeasts and only four isolates were able to grow in the
medium containing 150 ppm of this compound (Figure 3).
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Figure 2. Growth of yeasts on lab media containing ethanol. The results are expressed as number of
isolates able (positive) to grow for each ethanol amount.
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Figure 3. Growth of yeast isolates on lab media SO2. The results are expressed as number of isolates
(positive) able to grow for each amount of SO2.

By using phenotyping, a selection of isolates for the second step was done; ethanol and SO2

tolerance were used as primary criteria and only yeasts able to grow in media containing 15% ethanol
and 150 ppm of SO2 were selected. Thus, four isolates were used for the second step (43D, 44D, 45D,
and 46D); they all possessed a moderate arbutin splitting, a strong pectolytic activity, while sulphite
production was negative for the isolates 43D and 44D and weak for the isolates 45D and 46D (Table 1).
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Table 1. Enzymatic activities of selected isolates. Cat, catalase; Arb, arbutin splitting; Sul, sulphite
production; Pec, pectolytic activity; SO2, resistance to SO2; EtOH, resistance to ethanol; Acetic, resistance
to acetic acid. −, negative; +, moderate; ++, strong.

Yeast Isolates Cat Arb Sul Pec SO2 EtOH Acetic

43D ++ + − ++
150

ppm 15% 0.10%

44D ++ + − ++
150

ppm 15% 0.10%

45D + + + ++
150

ppm 15% 0.10%

46D + + + ++
150

ppm 15% 0.10%

These isolates were identified as S. cerevisiae and studied for the decarboxylation of amino acids;
Table 2 shows the data of decarboxylation. The isolates 43D, 44D, and 45D were negative, whilst the
isolate 46 D was positive to the decarboxylation of arginine, lysine, and tyrosine.

Table 2. Results for the test on the decarboxylation activity. A, arginine; B, cysteine; C, phenylalanine;
D, glycine; E, histidine; F, lysine; G, proline; H, serine; I, tyrosine. −, negative; +, positive to the assay;
+/−, variable.

Yeast Isolates A B C D E F G H I

43D − − − − − − − − −
44D − − − − − − − − −
45D − − − − − − − − −
46D + − − − − +/− − − +

The last experiments focused on the assessment of the technological performances through a
small-scale fermentation trials; the strain EC1118 was used as a reference. A first assay was done in a
synthetic medium for the evaluation of some target compounds (ethanol, glycerol, and volatile acidity).
The isolates showed similar traits, and produced 8.78–11.20 g/L of ethanol, 5.45–6.21 g/L of glycerol
and 0.36–0.45 g/L of acetic acid; sugar was always <2 g/L. The differences were not significant (Table 3).

Table 3. Technological performances. Ethanol, glycerol, and acetic acid produced in a synthetic medium.

Yeast Isolates Ethanol (g/L) Glycerol (g/L)
Volatile Acidity

(Acetic Acid, g/L)

43D 9.76 ± 0.98 5.64 ± 0.89 0.45 ± 0.09
44D 8.78 ± 1.21 5.45 ± 0.63 0.36 ± 0.12
45D 9.89 ± 0.06 6.12 ± 0.65 0.41 ± 0.07
46D 10.25 ± 0.34 6.21 ± 0.09 0.42 ± 0.08

Ec1118 11.20 ± 0.43 6.01 ± 0.11 0.39 ± 0.12

In a second experiment, the fermentation kinetic in a Bombino bianco must was studied; Figure 4
shows the results as standardized weight loss (mg of CO2 per mL of must).

The kinetic followed a logistic-like model; however, two different trends were recovered—the
first one for the isolates 43D and 44D, and the second one for the isolates 45D, 46D, and the reference
strains. The isolates 43D and 44D experienced a logistic-like trend with a lag phase (parameter α),
where no weight loss occurred; the duration of this period was 4.40 days for the isolate 43D and
2.30 day for the isolate 44D. On the other hand, the isolate 45 and 46D showed the same trend of the
reference strain and the fermentation started immediately after the inoculation and no lag phase was
found. All isolates experienced a similar maximum weight loss (ca. 55 mg of CO2 per mL of must) and
fermentation rate (18–20 mg of CO2 per ml of must and per day).
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Figure 4. Fermentation kinetics of isolates 43D, 44D, 44D, and 45D compared to S. cerevisiae EC1118;
the lines represent the best fit through the lag-exponential model.

4. Discussion

The selection of a starter is a complex process, as it involves different steps; however, the interest
towards wild strains and the selection of potential starter microorganisms from the natural occurring
microflora of many foods increased, as it is well known that autochthonous microorganisms could
contribute to quality and safety of final products. Concerning yeasts for oenological use, we focused
on a traditional grape variety of Apulian region (Bombino bianco) and performed the first steps
of strain selection. Some varieties of Apulian region were studied for the qualitative composition
of yeast microbiota [8–10,23]; to the best of our knowledge, little is known on Bombino bianco.
After strain isolation, we characterized yeasts for some enzymatic activities (β-glucosidases, hydrolysis
of pectins, sulphite production) and technological properties (ethanol tolerance, resistance to acetic
acid). Concerning β-glucosidase, the potential applications of this enzyme include the prevention
of sediments in the bottles during storage, as well as the production of volatile compounds [24].
Research on β-glucosidase in yeasts has revealed that most Saccharomyces isolates do not show activity
in a natural substrate and that such activity is more frequent in non-Saccharomyces strains [25], from
a weak to a strong activity as reported by Fia et al. [26] for some strains belonging to Brettanomyces,
Metschnikowia spp. and Hanseniaspora genera. However, some authors found in the past [9,27,28]
that Saccharomyces strains also possessed this activity. The recovery of some isolates able to perform
arbutin splitting is a promising result, for the implication of this metabolism in wine flavour and taste.
Concerning sulphite production, this trait is unfavorable, because it is related to the production of
off-flavours and off-odours; however, it is well known that this metabolic activity is common amongst
wine yeasts [17] and Mendes-Ferreira et al. [29] also reported that production could be strongly affected
by the physiological conditions of yeasts. Therefore, strain selection would focus on the choice of
low-producer strains.

The impact of pectolytic activity is different in relation to yeast use and destination; therefore,
in fermented vegetables, above all in table olives, this activity is negative as it could contribute to
olive softening and spoilage [30]. Otherwise, its role in wine is not clear; many authors consider this
ability not relevant [17], but in some cases, it is a common idea that it could be useful (for example to
produce cider). Pectinolytic enzymes are polysaccharidases that degrade pectins present in middle
lamella and primary cell walls of plants; this ability is widely used in winemaking as pectinases can
help to improve liquefaction, juice yield, clarification, filterability, and to increase the release of color
and flavor compounds entrapped in grape skins. Although this trait was found in some isolates of
Aureobasidium pullulans, Hanseniaspora sp., Metschnikowia sp. [31], some experiments done in the past
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with S. cerevisiae strains from a red grape variety (Uva di Troia) suggest that also isolates from this
species could possess this trait [9].

We also focused on some technological traits of wine yeasts (tolerance to ethanol and resistance to
acetic acid); the results were generally in line with the literature, and only few isolates tolerated up to
15% of ethanol.

After the study of some phenotypic traits, a preliminary selection was done based on two criteria
(ability to grow in presence of 15% ethanol and 150 ppm of SO2). As expected, these criteria were
strongly restrictive only four isolates were selected; the genotyping confirmed their attribution to the
species S. cerevisiae.

The last trait assessed for the technological characterization was the evaluation of the
decarboxylation of amino acids, as this this is the major pathway for the synthesis of biogenic
amines. The production of biogenic amines is of concern, because EFSA and other Regulatory Agencies
require that strains for human use must not possess toxicogenic activity and/or negative effect on
health [32]. The results of this assay confirm the possibility of recovering this trait in yeast microbiota,
as reported by other authors [23,33]; it poses some safety issues for the selection of starter cultures from
the wild microbiota, as biogenic amines could have deleterious effects on the well-being. Moreover, it
also stressed that interesting microorganism (like the isolate 46D, with high ethanol and SO2 tolerance)
could exhibit this property.

The last assay was a small-scale fermentation with the selected isolates and a reference strain was
added (EC1118); the isolates 45D and 46D showed fermentative performances like the reference strain
(high fermentation rate, significant weight loss). The other two isolates (43D and 44D) experienced
a variable time (from two to four days) before the beginning of the fermentation. In a primary
fermentation this trend could be a problem, as the lack of ethanol in the first days could induce the
growth of a competitive microbiota. The technological traits in terms of ethanol, acetic acid, and
glycerol produced were in line with the data recovered for some isolates from grape varieties of
Sourthern Italy [1,3,15].

Therefore, as a final selection only the isolate 45D could be proposed as a potential starter
for Bombino bianco, because of its phenotypic traits (fermentative trend similar to a refence strain,
glucosidase activity, high resistance to ethanol), while the other three isolates should be excluded
for the potential production of biogenic amines (46D) or for the presence of a lag phase before the
beginning of fermentation (isolates 43D and 44D).

5. Conclusions

This paper represents a first approach for the characterization of yeast microbiota of Bombino
grape variety, with a focus on some technological properties (ethanol, resistance to SO2 and acetic acid),
safety issues (biogenic amine production) and enzymatic patterns (pectolytic activity, glucosidase,
catalase). This preliminary survey highlights the existence of yeasts with glucosidase activity and a
medium pectolytic patterns; in addition, the resistance to ethanol is variable, and only few isolates were
able to grow in presence of 15% ethanol. These isolates were all identified as S. cerevisiae, but in a yeast
a decarboxylation activity was found thus suggesting the possibility of recovering amine producing
strains from the natural microbiota. A final fermentation trial suggested the existence of an isolate (S.
cerevisiae 46D) with interesting traits and performances which could be potentially proposed as a starter
for Bombino bianco. Further investigations are required for a better characterization of this isolate in
terms of secondary compounds produced and fermentative performances in real conditions, as well as
typing at strain level and resistance to the common practices of strain storage (e.g., dehydration).
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Abstract: In winemaking processes, there is a current tendency to develop spontaneous fermentations
taking advantage of the metabolic diversity of derived from the great microbial diversity present
in grape musts. This enological practice enhances wine complexity, but undesirable consequences
or deviations could appear on wine quality. Soil is a reservoir of important microorganisms for
different beneficial processes, especially for plant nutrition, but it is also the origin of many of the
phytopathogenic microorganisms that affect vines. In this study, a meta-taxonomic analysis of the
microbial communities inhabiting vineyard soils was realized. A significant impact of the soil type
and climate aspects (seasonal patterns) was observed in terms of alpha and beta bacterial diversity,
but fungal populations appeared as more stable communities in vineyard soils, especially in terms of
alpha diversity. Focusing on the presence and abundance of wine-related microorganisms present
in the studied soils, some seasonal and soil-dependent patterns were observed. The Lactobacillaceae
family, containing species responsible for the malolactic fermentation, was only present in
non-calcareous soils samples and during the summer season. The study of wine-related fungi
indicated that the Debaryomycetaceae family dominates the winter yeast population, whereas the
Saccharomycetaceae family, containing the most important fermentative yeast species for winemaking,
was detected as dominant in summer.

Keywords: meta-taxonomic analysis; vineyard soil; wine-related bacteria; wine-related fungi

1. Introduction

Microorganisms are very successful inhabitants of the soil due to their adaptability and plasticity
to cope with adverse conditions [1]. There is a general assumption that, in many ecosystems, a high
biodiversity enhances stability and productivity, and it is regulated by climate, soil properties and
soil management aspects [1–3]. Since most biodiversity–productivity studies focus on plant diversity,
this relationship requires a better understanding within the microbial populations inhabiting soils,
as microorganisms play a crucial role in many key ecosystem functions involved in soil fertility [4–6].
Plants are dependent on the growth of soil microbes, which possess the metabolic machinery to access
soil nutrients such as N, P, and S that, usually, are minimally bioavailable for them [7]. With hundreds
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to thousands of taxa per gram of soil, it has been demonstrated that functional redundancy within
the soil microbial community is high, indicating that microbial community diversity is dissociated
from functioning [8,9]. Such evidence is considered to be highly relevant to infer the impact of climate
changes and anthropic practices on soil microbial diversity and, in consequence, biogeochemical cycles
in soils [6].

As indicated above, microbial communities are associated with plants, playing a role in soil
productivity but also causing phytopathogenic diseases [10]. Numerous studies concerning soilborne
microorganisms have been carried out, however, taking into consideration the agricultural, industrial,
alimentary and economic implications of soil microorganisms, the development of new tools and
approaches for determining their diversity and functions in soils is a continuous task [11].

The interface between roots and soil is probably the most important interaction between plants
and their environment [12]. Soil microbes that colonize the plant at the root can move through
the plant to colonize the rest of the tissues, promoting plant health or causing different diseases.
To help the plant microbiome fight against pathogens, microorganism inoculation has been used
in several crops, including vineyards, in an attempt to control plant pathogens using biological
agents [11,13,14]. Moreover, the possibility that plant inhabiting microorganisms could influence
the flavor and productivity of grapes, impacting the organoleptic characteristics of wine, has been
reported [12]. On the other hand, one aspect of the relationship between plants and microorganisms
that remains unclear is whether soil microorganisms could be related with postharvest processes,
such as fermentative ones, including those related to the production of wine.

With the current tendency to recover past practices in winemaking, the wine industry is now
frequently producing wines by spontaneous fermentation. This reformulated enology is emerging and
aiming to combine the advantages of spontaneous fermentations with those of monitored fermentations.
In such fermentations, the microbiota coming from the vineyard takes the leading role of the
fermentation process, being the soil the main reservoir of wine-related microorganisms, inhabiting
grape berries and thus the later grape must [15]. In this context, a clear connection has been
demonstrated between winery and vineyard fermentative microbiota, with a transference of yeasts
from the winery to the surrounding vineyards, influencing the native yeast communities [16–21].
As the number of spontaneous fermentation studies increases, the importance of the autochthonous
microbiota of the vineyard studies increases too. Recent studies have indicated that grape and wine
microbiome from different grape-growing regions correlate with wine metabolome, suggesting that
the grape microbiome may influence regional wine characteristics [22].

To date, few studies have analyzed the relationship between the soil microbiota and its
influence on the winemaking processes. Currently, microbiome analyzes start interconnecting
multiple “omics” studies, leading to unprecedented opportunities to comprehensively characterize
microbial communities and their relationships with their environments or subsequent processes [23].
To understand the crucial roles of microorganisms on the entire winemaking process, we should
understand the relationship between vineyard and wine microbiomes, also paying attention to the soil
microbiome [24]. The use of soil microbiota as an early predictor of wine terroir is unprecedented and
poses a potential new challenge for quality control of wine [24].

This study analyzed the microbial, fungal and bacterial communities inhabiting the soils of
different blocks of a unique vineyard, in which a relationship between vineyard and wine microbiota
has been observed [20]. Thus, we aimed to determine the influence of soil properties in the
inhabitant general and fermentative microbiota, and how it changes in a seasonal comparison: summer
against winter.
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2. Materials and Methods

2.1. Site Description and Weather Data

This research was carried out in a vineyard which belongs to Ribera del Duero Geographical
Indication (VCPRD). The entire vineyard covers an area of approximately 1.80 km2 and has
a Mediterranean with Oceanic influence climate, corresponding to Csb on the Köppen–Geiger
climate classification. The annual mean temperature in this region is 12.1 ◦C, and the multi-year
average precipitation is about 434 mm (Spanish Meteorological Agency AEMET, 2166Y station).
The main landform is of hills formed by calcareous deposition and windy sands, with an altitude
ranging from 753 to 900 m. Soil types are comprised of sandy, clayey and calcareous ones. Sandy soils
show a sand percentage of 59.8–75.3%. The clayey ones present a clay content ranging 22.5–24.5% and
the calcareous soils have a limestone active fraction of 9.8–11.7%. Generally, the soils studied were
fairly alkaline, with pH values around 8.58. In some samples, the detected pH values were higher due
to the high percentage of limestone.

2.2. Soil Sampling

This study included 36 vineyard soil samples, collected in vineyard plots with sandy, clay and
limestone soils. Five samples of sandy soils, two of clay soils and two of calcareous soils were taken.
From each sample, a replica was made 30 m away. Soil samples were taken by previously removing
the surface layer of leaves that might be on the ground. The 5–25 cm-depth samples were taken to
collect the maximum cellular density [25]. This sampling process was done in two seasons: summer
and winter.

2.3. DNA Extraction and Sequencing

Soil samples, collected as described, were analyzed following a 16S-ITS metabarcoding strategy
for determining bacterial and fungal populations. Samples were stored at −80 ◦C until DNA extraction
was performed using different bead-beating cycles based on DNA extraction kits such as DNeasy R©
Powerlyzer R© Powersoil R© Kit (Qiagen, Hilden, Germany). Libraries were prepared following the
two-steps PCR Illumina R© protocol and these were subsequently sequenced on Illumina R© MiSeq
instrument (Illumina R©, San Diego, CA, USA) using 2 × 301 paired-end reads.

All PCR reactions were prepared using sterilized materials and negative controls were run
alongside the samples. In addition, PCR conditions such as number of cycles, annealing temperature,
thermocycler and Master-mix composition were done according to the WineSeq R© technology
procedures. The library was performed using a two-step PCR protocol as described by Feld et al. [26]
and Albers et al. [27] and then it was analyzed by amplifying and sequencing the V4 16S rRNA V4
gene region and the ITS1 (ITS) regions using WineSeq R© custom primers (patent WO2017096385 [28]).

2.4. Bioinformatic Analysis

The raw fastq sequences (available at https://data.mendeley.com/datasets/yf5mk58kwz/2) were
analyzed using DADA2 algorithm [29] implemented in R pipeline [30]. DADA2 implements an error
correction model that allows the differentiation of a single nucleotide [31], giving an amplicon sequence
variant (ASV) table as a final output. The reads were truncated at their low-quality ends, forward
and reverse paired, and chimeras removed. The total good quality reads were 1,636,020 for bacteria
and 2,260,792 for fungi. The taxonomic assignment was performed using the naïve Bayesian classifier
implemented in DADA2 using as reference Silva (release 132) reference database [32].

2.5. Functional Profiles Prediction

Functional predictions based on representative genomes are a useful tool for the estimation of
metabolic potential [33]. Although it has limitations regarding strain-specific functional signatures,
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environmental distributions, or real magnitude of a process, the functional simulations allow the
comparison of communities in terms of their predicted functional potential [34]. For that purpose,
we applied an adaptation of the Tax4Fun routine [35] using presence/absence of genes rather than
a normalized weighted value per taxa (https://sourceforge.net/projects/Tax4Fun2/). To obtain the
proportion of each community containing each specific function, we filtered a total of 25 KEGGs
(functional orthologs) within 14 metabolic pathways related to carbon, nitrogen, phosphorus and
sulfur cycles pathways (Table A2). We estimated the distribution of each metabolism and their mean
proportions in the microbial population of each soil sample.

2.6. Statistical Analysis

Statistical analysis was performed on R (version 3.5.1) using the phyloseq package, version
1.26.1 [36] and vegan, version 2.5.5 [37]. Alpha diversity was calculated as estimated community
diversity using Shannon index [38] and ANOVA test was used to calculate significant differences
among sample groups (Figure 1). Beta diversity (differences between samples) was calculated using
Bray–Curtis distance matrix on proportion transformed data [39,40] and permutational multi-variate
analysis of variance (PERMANOVA). Non-Metric Multi-Dimensional Scaling (NMDS) was computed
from the resulting distance matrices to compress dimensionality into two-dimensional plots (Figure 2).
For heat map plots, pheatmap package version 1.0.12 R was used (Figure 3).

Figure 1. Alpha diversity, measured as Shannon index, calculated on bacterial subset of the
dataset (a) showed significant differences (p-value = 0.012) among seasons, but not among soil
types (p-value = 0.056). When alpha diversity was calculated on the fungal subset of the dataset
(b), no statistically significant differences were found for seasons (p-value = 0.716) and for soil type
(p-value = 0.771).
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Figure 2. Beta diversity calculated on bacterial (a) and fungal (b) datasets shown in a non-parametric
multi-dimensional scale (NMDS) using Bray-Curtis distance. The stress parameter used in the bacterial
analysis to define the ordination quality was 0.160. Significant differences were found among different
season samples (p-value = 0.001) and for samples of different soil types (p-value = 0.058). Stress
parameter used in the fungal analysis to define the ordination quality was 0.145. Significant differences
were found among different season samples (p-value = 0.001) and for samples of different soil types
(p-value = 0.052). Seasons (summer (brown) and winter (green)), oil types (calcareous (�), clayey (�)
and sandy (�)). Figure 2a includes information on the contribution of some bacterial-derived
soil-related metabolic functions, inferred from the taxonomical bacterial diversity using the Tax4Fun
routine. The nine vectors showed were calculated from the relative abundance of metabolic enzymes
(KEGG) corresponding to: (1) carbon organic formation; (2) carbon organic use; (3) nitrogen organic
formation; (4) nitrogen organic use; (5) other; (6) phosphorus inorganic transport; (7) phosphorus
organic transport; (8) sulfur organic formation; and (9) sulfur organic use. A detailed list of the
metabolic enzymes (KEGG) included on each group is reported in Table A2.
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Figure 3. Abundance of wine-related bacterial (a) and fungal (b) families in soil samples and classified
according to the soil characteristics (Sandy (1–5), clayey (6–7) and calcareous (8–9)) and the season
(summer and winter).

Physical-chemical data of the soil were analyzed by Infostat c© statistical program [41], using the
analysis of main components for the classification of different soils (clay, sandy and limestone) and the
subsequent representation of the variables in the two-dimensional principal subspace (Figure A1).

3. Results and Discussion

3.1. General Biodiversity

There is a general assumption which indicates that the larger the environmental heterogeneity is
the larger the diversity of complex organisms is, indicating that more heterogeneous habitats usually
present higher species alpha diversity [42,43]. However, despite the recognized central role of bacteria
in the soils’ fertility, less knowledge has been reported concerning the link between the environmental
heterogeneity and bacterial diversity [44,45]. Several investigations have reported that locations highly
different in their environmental and physicochemical parameters usually tend to be very different
in their bacterial community composition too [46,47], suggesting that soil heterogeneity increases
bacterial beta diversity. Even though the relationship between soil environments and fungal diversity
is less known [48], some meta-analysis studies have indicated that, in addition to bacterial alpha
diversity, fungal alpha diversity is higher in fields with crop rotations [49] or in temperate deciduous
forests [50].

In this study, we analyzed the general microbial diversity (bacterial and fungal population),
with the aim of determining the potential connections between soil and wine-related microbiota from
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different vineyards. The microbial diversity as alpha diversity of the vineyard soils was measured
using the Shannon index (measure of the species richness and abundance), comparing the effect of
two seasons (summer and winter), with very different conditions of temperature and humidity in
the sampled region. The climate conditions in the center of Spain are characterized by cold and
humid winters, while the summers are hot with very little and occasional rainfall. In addition,
the impact of the textural characteristics of the soils (Figure A1) were determined, studying their
impact over microbial biodiversity [51] (Figure 1).

The seasonal effect on bacterial alpha diversity changes significantly between seasons.
The complexity of bacterial communities has been generally described to be lower in winter than
summer [52,53], and our results are in agreement with this observation (Figure 1a). As a result,
we hypothesize about the possibility whether the soil bacterial community can be used as a new
biological parameter to be considered in vineyard soils zoning strategies in viticulture soils or not.
In contrast to bacterial diversity, fungal diversity did not change with the seasons (Figure 1b) and
showed a lower Shannon index and greater dispersion than the bacterial subset. The fungal community
inhabiting soils was more homogeneous during seasons, maintaining the regional homogeneity of
the studied soils. Bacterial populations showed a microscale effect due to their heterogeneity in
summer and winter. Although fungi populations could become an indicator of regional character in
vineyard blocks.

In this study, we analyzed bacterial diversity as a function of the textural characteristics:
calcareous, clayey and sandy soils (Table A1). A lower bacteria diversity was observed in the different
types of soil (Figure 1a). Although the differences in the Shannon index among clayey, calcareous and
sandy soils using ANOVA test were slightly statistically significant (p-value = 0.056), it was observed
that the Shannon index is different between sandy and clayey soils. No differences were observed in
soil types in the fungal subset analyses (Figure 1b).

Beta diversity was calculated as dissimilarity between soil samples, according to the ASVs
extracted from the raw data curation process. In the non-parametric multi-dimensional scale
ordering (NMDS), the ASVs of the group of bacteria (Figure 2a) and the fungi subset (Figure 2b)
show the distances of each soil sample.

The bacterial population separates into two groups defined in the NMDS1 component
(p-value = 0.001). The bacterial subset present in soils in winter was observed for NMDS1 > 0,
approximately. Furthermore, the samples whose bacterial population defined the summer season
were located for NMDS1 < 0 (Figure 2a). The textural characteristics of the soil were also statistically
significant (p-value = 0.001), having NMDS2 > −0.1 for sandy soils, approximately, and NMDS2 < −0.1
for the other two soils (calcareous and clayey).

Sorting based on stress index for the fungi group allowed separation in the NMDS2 component
(p-value = 0.001). The population of fungi linked to winter were found in NMDS2 < 0. In samples
collected in summer, the fungal population was observed in NMDS2 > 0. Statistical analyses of the
textural characteristics were also slightly significant (p-value = 0.052) since this separation was not too
clear to define as a function of the NMDS values.

Based on the genomic sequencing of the V4 16S rRNA gene region, it was possible to estimate
the functional genes that the bacterial population could express in the soil. The estimated metabolic
functions include enzymes involved, among others, in the biogeochemical cycles of carbon, nitrogen,
phosphorus and sulfur (vectors at Figure 2a). Based on that, the metabolic routes involved in organic
carbon formation, organic nitrogen use and others (see Table A2 for a detailed list of the metabolic
routes included) appeared more represented in winter samples. We can hypothesize that this could
be because winter samples were collected in January, and a greater concentration of organic matter
is accumulated in the soil (coming from fall autumn leaves). On the other hand, summer samples
cluster matched the direction of the contribution of metabolic routes involved in sulfur metabolism
(organic formation and use). This can be explained as summer samples were collected in early June
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and some routine sulfur-based treatments were applied in April and May for guaranteeing a healthy
grape ripening.

Nevertheless, contrary to what was observed at taxonomic (alpha and beta diversity) level, there is
not a clear pattern clustering the soils samples coming from different soil types or collected at different
seasons (Figure A2). This can indicate that the taxonomic differences found between vineyard blocks
are buffered at a functional level due to the high functional redundancy commonly found within soil
microbial communities [8,9].

3.2. Wine-Related Microbial Diversity

Since the soil has been reported as the main reservoir of microorganisms in the vineyard, and a
notable co-occurrence of microorganisms exists among vineyard soils, grapes and musts [15,24], it is of
interest to study the presence, diversity and abundance of wine-related bacterial and fungal species
in the studied soils. Soil microbiota has been described as important, not only for the chemical and
nutritional properties of soils, but also for health, yield, and quality of the grapevine. Apart from being
the origin of the fermentative microbiota that will reach the winery as part of the microbial consortia
established in the grapes—which would be responsible for positive flavor compounds production or in
the production of undesirable molecules (off-flavors, biogenic amines, etc.)—the soil microbiome has
been directly co-related with some flavor characteristics of wines (via plant-microbiome interactions),
such as the rotundone concentration found in Shiraz grapes from Australian Cool Climate areas [54].
Thus, in response to the current trend of elaborating “single-vineyard” wines as a way to enhance
the terroir characteristics of each vineyard block, understanding the microbial signature of soils
should be considered in future vineyard zoning works, when trying to define their fermentative
potential. The raw data from the sequencing process were filtered, obtaining the abundances of the
microorganisms previously described to be isolated from wine-related samples (Table A3).

The WRB found in the meta-taxonomic studies of soils were filtered at the taxonomic level
of family due to the limitations showed by the NGS-technique used in this work [55]. The soil
samples collected in winter and summer differ in the presence of the family Lactobacillaceae, being of
greater presence in summer and absent in winter, while Leuconostocaeae appears in more plots in
summer samples. Some examples of species from these families are Oenococcus, Leuconostoc, Weissella
(Leuconostocaceae), Lactobacillus and Pediococcus (Lactobacillaceae), mainly responsible for malolactic
fermentation [56]. In addition, various species of Lactobacillus, Pediococcus and Leuconostoc can cause
spoilage of wine during bulk storage in the cellar and after bottling [57]. No differences were observed
by soil type, although in summer calcareous Samples 8 and 9 showed a similar abundance pattern.
However, it is possible that in Plots 7–9 the absence of the Lactobacillaceae family was due to an
active limestone concentration of more than 5.1% (Table A1). The pronounced prevalence of the
Acetobacteraceae family observed in winter stood out. The ability of acetic acid bacteria to convert
ethanol in acetic acid is one of the main sources of wine spoilage. Both grapes and wine are subject to
spoilage by this bacteria at different stages of the grape ripening and the winemaking processes [58].

The wine-related fungi (WRF) present in the soils were the Cryptococcaceae, Debaryomycetaceae,
Pichiaceae and Saccharomycetaceae families (Figure 4b). However, within some samples, no representatives
of these families were found. In summer soils samples from Plots 2–4 and winter samples from Plots
5, 6, 8 and 9, no WRF families were detected. In the summer season, a clear prevalence of the family
Saccharomycetaceae was observed in Plots 1, 5, 6 and 9. Plot 8 did not present fungi of the family
Cryptococcaceae and Debaryomycetaceae. Is important to highlight that the calcareous soils of Plots 8
and 9 showing the presence of the WRF family Cryptococcaceae were the only ones that presented this
family during summer. In winter, a high frequency of the family Debaryomycetaceae was observed in
Plots 1, 2, 4 and 7. The soil of Plot 3 showed the Pichiaceae and Debaryomycetaceae families, which were
equally represented. Due to the succession of families Saccharomycetaceae and Cryptococcaceae between
summer and winter, WRF seems to be a better indicator for differentiating the seasonal fermentative
potential among plots.
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The beta diversity analyzed in the WRB families shows a clear distinction between winter and
summer (Figure 4). The component NMDS2 allowed good separation between the variations in the
subset of bacteria. The winter samples were mainly arranged in NMDS2 < 0, while variations in
summer samples qwew disposed in NMDS2 > 0.

Figure 4. Beta diversity calculated on bacterial datasets shown in a non-parametric multi-dimensional
scale (NMDS) using Bray–Curtis distance. Wine related family bacteria exhibited significant seasonal
(p-value = 0.001) variations in soil samples, but this variation was not evident between soil types
(p-value = 0.058). Seasons (summer (brown) and winter (green)). Soil types (calcareous (�), clayey (�)
and sandy (�)).

4. Conclusions

The microbial alpha diversity of the vineyard soils determined in this study varied between
seasons (Figure 1), being bacteria a better indicator than fungi in the vineyard zoning and allowing
to differentiate the sandy soils from the clayey ones. Furthermore, beta diversity allowed us to
separate populations between seasons (summer vs. winter) from bacteria and fungi (Figure 2).
The microbial terroir, at a single vineyard scale, could be a tendency in each season, although the
bacterial function remained constant (Figure 3). Wine-related bacteria (WRB) remained constant
between seasons, except for the family Lactobacillaceae. This family, moreover, was not found in soils
with a percentage of limestone higher than 5.1% (Figure 4a). Wine-related fungi (WRF) described
a summer population dominated by the Saccharomycetaceae family and another winter population
represented mainly by the Debaryomycetaceae family (Figure 4b).

Future Perspectives

Although the relationship between the soil microbiome and in fruit-associated microbial
composition is difficult to establish [59], it is possible to indicate that the microorganisms present in
the vineyard influence through many routes the vine development and the quality and fermentative
potential of grapes [60]. Analyzing the microbial particularities of different blocks of a single vineyard,
we here highlight the concept of microbial terroir. Thus, our results can be used as a starting point
for future scientific studies and in-field works considering the microbial aspects of soils in vineyards
zoning works trying to define homogeneous terroir units. Apart from the direct importance of the
microorganisms in soil health and vine yield, in the present work, we tried to establish a parallelism
between the microorganisms that can be detected in the vineyard soils (as the main microbial reservoir
in agricultural environments) and the microorganisms reported in different studies that could be found
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during wine fermentation. The great inter-blocks variability found here highlights the important of
including the biological aspects of terroir for a complete understanding of the enological potential of
vineyards. This study represents an advance in the knowledge of how the microorganisms detected
in the vineyard environment, mainly present in the microbial reservoir of the soil, that could affect
vine and grape development, and, through this, positively or negatively influence the resulting wine.
In addition, taking into account that many of these microorganisms are not only detected but could
play a role during fermentation, in this study, we identified the abundance of these microorganisms in
the soil microbial reservoir. Future studies in this area will go through the analysis of how the presence
of a certain microorganism or a particular microbial consortium present in the soil can influence
the quality of a wine in a certain way and, how, through the precise use of appropriate viticulture
techniques, we can favor or counteract the presence of these microorganisms. Additionally, this type
of studies can contribute to the discovery of undetected microorganisms with optimal fermentation
properties and, therefore, could be used as new microorganisms in oenology. Furthermore, they could
also help to detect microorganisms for the biological control of pests or phytopathogenic fungi that
affect the wood of the vine.
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Appendix A. Soil Compositional Characteristics

For this analysis, the database of physical-chemical parameters of the vineyard soils was used (http:
//dx.doi.org/10.17632/yf5mk58kwz.2#file-0a4b4597-abb7-4df9-96f3-3ea7f44e5cd5). The eigenvectors
that implied a greater explanation in each component were analyzed and then the most relevant
variables were taken. The statistical on PCA test (Figure A1) allowed classifying by means of different
percentages of sand, clay and limestone in the soil (Table A1).
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Figure A1. The two-dimensional principal subspace for the different textural soil percentages
(correlation matrix PCA).

Table A1. Different compositional soils.

Soil Sample Sand (%) Clay (%) Limestone (%)

1 59.8 20.4 3.1
2 62.5 19.8 2.6
3 63.7 16.4 2.8
4 65.9 15.0 3.4
5 75.3 13.7 2.9
6 48.3 22.5 3.7
7 39.5 24.5 5.1
8 58.0 22.4 9.8
9 62.5 19.3 11.7

Appendix B. KEGGs and Metabolism Pathways

From the raw data, a functional estimation of the bacterial population was carried out using
Tax4Fun (https://sourceforge.net/projects/Tax4Fun2/). This process allowed us to estimate the
functional status of the plots studied with respect to winter and summer.

Figure A2. Functional prediction of bacterial populations in different season. Summer (a) and
winter (b).
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Table A2. KEGG’s table.

KEGG Functional Description: Name [EC] (gen) Metabolism

K02274 cytochrome c oxidase subunit I [EC:1.9.3.1] (coxA) Aerobic Respiration
K00174 2-oxoglutarate ferredoxin oxidoreductase subunit alpha [EC:1.2.7.3] (korA) Arnon Carbon Fixation
K00175 2-oxoglutarate ferredoxin oxidoreductase subunit beta [EC:1.2.7.3] (korB) Arnon Carbon Fixation
K00244 fumarate reductase flavoprotein subunit [EC:1.3.5.4] (frdA) Arnon Carbon Fixation
K00860 adenylylsulfate kinase [EC:2.7.1.25] (cysC) Assimilatory Sulfate Reduction
K00957 sulfate adenylyltransferase subunit 2 [EC:2.7.7.4] (cysD) Assimilatory Sulfate Reduction
K00016 L-lactate dehydrogenase [EC:1.1.1.27] (LDH, ldh) Fermentation
K05816 sn-glycerol 3-phosphate transport system ATP-binding protein [EC:3.6.3.20] (ugpC) G3P Transporter
K00400 coenzyme Methyl reductase beta subunit (mrcB) Methanogenesis
K00401 methyl coenzyme M reductase system A2 Methanogenesis
K00265 glutamate synthase (NADPH/NADH) large chain [EC:1.4.1.13, 1.4.1.14] (gltB) Nitrogen Assimilation
K01915 glutamine synthetase [EC:6.3.1.2] (glnA, GLUL) Nitrogen Assimilation
K02588 nitrogenase iron protein NifH [EC:1.18.6.1] (nifH) Nitrogen Fixation
K02591 nitrogenase molybdenum-iron protein beta chain [EC:1.18.6.1] (nifK) Nitrogen Fixation
K00261 glutamate dehydrogenase (NAD(P)+) [EC:1.4.1.3] (GLUD1 2, gdhA) Nitrogen Mineralization
K00262 glutamate dehydrogenase (NADP+) [EC:1.4.1.4] (gdhA) Nitrogen Mineralization
K00260 glutamate dehydrogenase [EC:1.4.1.2] (gudB, rocG) Nitrogen Mineralization
K02567 periplasmic nitrate reductase NapA [EC:1.7.99.4] (napA) Nitrogen Reduction
K02036 phosphate transport system ATP-binding protein [EC:3.6.3.27] (pstB) Phosphate Transport High
K02038 phosphate transport system permease protein (pstA) Phosphate Transport High
K02037 phosphate transport system permease protein (pstC) Phosphate Transport High
K03430 2-aminoethylphosphonate-pyruvate transaminase [EC:2.6.1.37] (phnW) Phosphonate Metabolism
K04750 PhnB protein (phnB) Phosphonate Transport
K02041 phosphonate transport system ATP-binding protein [EC:3.6.3.28] (phnC) Phosphonate Transport
K01011 thiosulfate/3-mercaptopyruvate sulfurtransferase [EC:2.8.1.1, 2.8.1.2] (TST, MPST, sseA) Sulfur Mineralitation

Appendix C. Wine-Related Microorganism

The following families of microorganisms have been used to define WRBs and WRFs.
The presented data were elaborated from the description of these microorganisms in the bibliography.

Table A3. Wine-related microorganisms taxonomy.

Kingdom Phylum Class Order Family

Bacteria Firmicutes Bacilli Bacillales Bacillaceae
Bacteria Firmicutes Bacilli Bacillales Staphylococcaceae
Bacteria Firmicutes Bacilli Lactobacillales Enterococcaceae
Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae
Bacteria Firmicutes Bacilli Lactobacillales Leuconostocaceae
Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae
Bacteria Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae
Fungi Ascomycota Saccharomycetes Saccharomycetales Debaryomycetaceae
Fungi Ascomycota Saccharomycetes Saccharomycetales Metschnikowiaceae
Fungi Ascomycota Saccharomycetes Saccharomycetales Pichiaceae
Fungi Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae
Fungi Basidiomycota Tremellomycetes Tremellales Cryptococcaceae

* The information on the origin, occurrence and potential role of the wine related microorganisms
(bacteria and yeasts) considered in this table can be found in the following references: Fleet (1993) [61];
König et al. (2009) [62]; Capozzi et al. (2011) [63]; and Benavent-Gil et al. (2016) [64].
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Abstract: This research aimed to evaluate the impact of different options for winemaking on
the color composition of Uruguayan Tannat red wines. The techniques evaluated were the
substitution of ripe grape juice with immature grape juice and the heating of the crushed grapes
before fermentation, called must replacement and hot pre-fermentative maceration, respectively.
These procedures were proposed to reduce the alcohol content and increase the phenolic composition
of the wine, according to the expected effects of climate change and current trends in consumer
preferences. The investigation was made over three consecutive years (2016, 2017, and 2018).
Both winemaking techniques allow the enhancement of the chromatic characteristics of wines via the
modification of the phenolic composition. Additionally, such techniques allow the overcoming
of the well-known limitations in the extractability of anthocyanins presented by the Tannat
cultivar. Hot pre-fermentative maceration increases the proportion of the most oxidizable molecules
delphinidin-3-O-glucoside, cyanidin-3-O-glucoside, and petunidin-3-O-glucoside, suggesting heat
inactivation of polyphenoloxidases enzymes. Must replacement and hot pre-fermentative maceration
are technological alternatives that could significantly improve the intensity and chromatic
characteristics of red wines.

Keywords: Tannat; must replacement; hot pre-fermentative maceration; wine color; wine composition

1. Introduction

The color of red wine is generally the first sensory property to be appreciated by consumers [1].
The limpidity and intensity of the wine color are responsible for the consumer’s first opinion, which can
also condition the sensory perception of other wine qualities, such as the aroma, taste, or mouthfeel [1,2].
Wines with little color, the presence of precipitates in the bottle, or with unexpected hue relative to
their age can be a reason for an initial rejection [3].

Anthocyanins are the primary pigment responsible for the color of grapes and young red wines [4].
These compounds are synthesized by the secondary metabolism of the vine and are accumulated
in grape skins during maturation [5]. In Vitis vinifera cultivars, grape anthocyanins are delphinidin,
cyanidin, petunidin, peonidin, and malvidin monoglucosides, as well as acylated derivatives with
acetic, p-coumaric, and caffeic acids. The composition of wine anthocyanins is determined by the
cultivar [6–8], the grape maturity state and the extractability of its components [9,10], and the maceration
procedures used in winemaking [11–13]. The climatic conditions and therefore the year of each harvest
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are factors of great importance [9,10,14,15]. In traditional winemaking, only 40% of the anthocyanins
of the grapes are transferred to the wine [4,16]. The limited extraction of anthocyanins is mainly due to
the lack of permeability of cell walls and cytoplasmic membranes [17,18], because these compounds
are in the skin, in the upper cellular layers of the hypodermis. The composition of cell walls is
genetically determined and modifies the changes in the hardness of skin and seed tissues along with
ripening. The extraction of anthocyanins and proanthocyanidins during winemaking depends on
the grape variety [19,20]. The simultaneous development of maceration and alcoholic fermentation
influence the extraction of polyphenols, because the ethanol content determines the disintegration
of the vacuolar membranes and the walls of the skin cell [15]. Anthocyanins are compounds easily
soluble in water and therefore are dissolved from the beginning of the maceration, independent of the
ethanol concentrations [21].

However, wine color not only depends on the anthocyanin concentration [4,22]. Anthocyanins
undergo structural transformations depending on the pH of the medium. They present a red color in
an acid medium, acquire a violet color when approaching a neutral pH, and decrease the intensity of
the color as the pH increases. Under very high pH conditions, anthocyanins are irreversibly destroyed.
Further, during the making, conservation, and aging of wine, the formation of new compounds and
their polymerization modify the red wine color and determine its stability [23]. These molecules are
partially degraded due to hydrolysis or oxidation reactions [24,25], while other molecules participate in
cyclo-addition reactions with metabolites produced by yeasts [26]. Other anthocyanins are condensed
with catechins [27,28]. A significant fraction of the anthocyanins extracted from grape skins will
be adsorbed by yeasts and will precipitate in the lees [29], whereas there is also a fixation of these
compounds in the solid parts of the grapes [21].

In the last few decades, several alternative techniques of maceration have been proposed that
allow a differentiated extraction of the phenolic and aromatic compounds of the grape to the wine
to improve quality and aging potential [11,13,30]. Most of these techniques have had a substantial
impact on the color of red wines [13,31]. More recently, some research groups have evaluated different
winemaking techniques to regulate the ethanol content and pH of wines in response to the effect of
global warming on the composition of grapes [32–34]. The results obtained with the application of
these procedures have allowed the reduction of the ethanol content and pH of the wines, but the effects
on the sensory characteristics, particularly on the color, have not been conclusive [32,33,35].

In Uruguay, Tannat is the most relevant red cultivar due to its adaptation to the country’s
eco-physiological conditions. The polyphenolic and anthocyanin richness of Tannat wines is related to
the enological potential of their grapes. The grapes have a low extraction capacity of anthocyanins and
lower proportions of malvidin and acetylated glycosides compared with other red cultivars, such as
Cabernet Sauvignon and Merlot [30]. Consequently, the color stability of Tannat wines is lower than
wines of other varieties [3,8], although they maintain the characteristic anthocyanin profile of the
grape of origin for a specified period. Additionally, high interannual climate variability has been
recorded during the ripening period, which strongly affects the composition of the grape. In particular,
high temperatures during the ripening period cause a high accumulation of sugars and degradation of
acidity [36] due to the consumption of malic acid [37] and alter the synthesis of polyphenols [9,38].
Thermal stress during the maturation period causes the degradation and inhibition of the accumulation
of anthocyanins, compounds responsible for the color of grapes and red wines [9]. Currently, there is a
growing concern of winemakers regarding having tools that allow regulation of the contents of ethanol
and pH and the concentrations of phenolic compounds without causing detriment to the color of
Tannat red wines. The intensity and hue of the color of Tannat red wines determine the target market
and commercial value.

This research aims to study the impact of must replacement and hot pre-fermentative maceration
in the color of Uruguayan Tannat red wines produced in three consecutive vintages. Both techniques
have been proposed to obtain red wines with lower alcohol content and pH and higher phenolic
compound concentration [35]. Hot pre-fermentative maceration consists of the degradation of cellular
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structures, mainly of the grape skins, through the heating of the must before alcoholic fermentation
at a temperature and a period variable [39]. These techniques increase the extraction of phenolic
compounds. Moreover, must replacement consists of the substitution of a percentage of grape juice
of very ripe grapes with the grape juice of unripe grapes before alcoholic fermentation to reduce the
alcohol content and the pH of the wines [35].

2. Materials and Methods

2.1. Chemicals and Equipment

Methanol, acetonitrile, formic acid, and acetic acid were of HPLC grade (>99%) and purchased
from Panreac (Barcelona, Spain). Acetaldehyde (>99.5%), ascorbic acid (>99%), and sodium acetate
(>99%) were purchased from Sigma-Aldrich (Madrid, Spain). Absolute ethanol and hydrochloric acid
(37%) were purchased from Panreac. Malvidin-3-O-glucoside chloride (≥95%), was purchased from
Extrasynthese (Genay, France). A Winescan TM Autosampler 79,000 infrared analyzer (Foss, USA)
and Foss Integrator software version 154 (Foss, Denmark) were used to determine the alcohol content,
total acidity, and pH of the wines. The HPLC analyses were performed using an Agilent 1200 series
liquid chromatograph equipped with a G1315D diode array detector (DAD), a G1311A quaternary
pump, a G1316A column oven, and a G1329A autosampler (Agilent Technologies, Santa Clara, CA,
USA). All the spectrophotometric measurements were performed using a Helios Alpha UV–Vis
spectrophotometer (Thermo Fisher Scientific Inc., Waltman, MA, USA).

2.2. Grapes and Wines

This research was carried out with grapes of Tannat Vitis vinifera L., Vitis International Variety
Catalogue (VIVC) number 12,257 [40], in 2016, 2017, and 2018 vintages. The grapes were manually
harvested from a commercial vineyard located in Canelones in the south of Uruguay.

At the beginning of veraison, 100 kg of Tannat grapes were harvested to obtain a must with
high acidity and low sugar concentration. The grapes were crushed (Alfa 60 R crusher, Italcom,
Piazzola Sul Brenta, Italy) and lightly pressed in a manual press to obtain 50 L of an unripe grape must.
The grape must was immediately sulphited with 100 mg/L of K2S2O2, settled overnight, packaged in
a 50-L recipient, and conserved at 4 ◦C until use. When the grapes reached technological maturity,
120 kg of grapes were collected and randomly distributed into 12 lots of 10 kg. The grapes were
destemmed and crushed (Alfa 60 R crusher, Italcom, Piazzola Sul Brenta, Italy), and the must was
sulphited with 100 mg/L of K2S2O2 and distributed in 12 polyethylene containers (each of 10-L capacity).
The must containers were randomly divided into two groups of six containers each. Six containers
were considered to be controls (original must—OM), whereas in the other six containers (must
replacement—MR), 3 L of the original grape must were replaced with 3 L of unripe grapes must with
the aim of decreasing sugar content and pH.

Next, three containers of each experimental group (OM and MR) were traditionally macerated
(TM), whereas the other three were subjected to hot pre-fermentative maceration (HM) for 1 h at a
temperature between 60 and 70 ◦C. The heating was carried out by transferring the pomace to 11-L
stainless-steel tanks that were submerged in a hot water bath (at 80–90 ◦C). During warming, the pomace
was homogenized manually. At the end of the heat treatment, the stainless-steel tanks were submerged
in a cold water bath in order to refrigerate them to ambient temperature (around 26 ◦C). After that,
the must was transferred to the original 10-L polyethylene containers. Thus, four experimental groups
for each cultivar were obtained: control wine with traditional maceration (OM-TM), must replacement
with reduced alcohol and pH in the wine obtained by traditional maceration (MR-TM), control wine
with hot pre-fermentative maceration (OM-HM), and must replacement and hot pre-fermentative
maceration (MR-HM) (Figure 1).
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Figure 1. Diagram of the experimental design.

All the containers were inoculated with 200 mg/L of active dry yeast (Saccharomyces cerevisiae ex
bayanus Natuferm 804; Oenobiotech, Paris, France) and were fermented in contact with the skins and
seeds. During maceration, all the containers were manually pumped over once daily, followed by
a manual punching down of the cap to favor polyphenol extraction. The fermentation temperature
ranged between 26 and 29 ◦C in the 2016 vintage, between 22 and 27 ◦C in the 2017 vintage, and between
25 and 29 ◦C in the 2018 vintage. After 7 days of maceration, the free-run wine was extracted by gravity,
and the resting pomace was lightly pressed in a manual press. The free-run wine and the lightly
pressed wine of each tank were blended and maintained in 5-L vessels at room temperature (18 ± 2 ◦C).
The alcoholic fermentation was completed when the daily measurements of the must density were less
than 998 g/L for three consecutive days. The wines were preserved in polyethylene containers of 5 L of
capacity at laboratory room temperature (18 ± 2 ◦C), and once spontaneous malolactic fermentation
was finished (around 35 days later), all the wines were stabilized with 100 mg/L of K2S2O2 and 300 mg/L
of lysozyme (Delvo®Zyme, Delft, the Netherlands). Finally, the wines were bottled and stored in
a dark cellar at laboratory ambient temperature until analysis. The analyses started 2 months after
bottling and ended 3 weeks later.

2.3. Standard Grape Juice and Wine Analysis

Analytical methods recommended by the International Organization of Vine and Wine [41] were
used to determine the sugar concentration, pH, and titratable acidity of the grape juices. During the
fermentation, the temperature and density of the must were monitored daily. The ethanol content,
titratable acidity, pH, residual sugars, and volatile acidity of the wines were analyzed using an infrared
analyzer Winescan TM Autosampler 79,000 (Foss, USA) and Foss Integrator software version 154
(Foss, Denmark).
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2.4. Color Parameters

The color parameters were determined directly on wine samples placed in a 1-mm pathlength
cuvette. Color intensity (CI) was estimated using the method proposed by Glories [42]. The CIELAB
coordinates, lightness (L*), chroma (C*), hue (h*), red-greenness (a*), and yellow-blueness (b*),
were determined according to the method described by Ayala et al. [43]. Thus, data processing was
performed with MSCV software [44].

2.5. Spectrophotometric Analysis of Anthocyanins and Related Parameters

The total anthocyanin content of the grapes, their extractability, and their total phenolic index
were determined, according to the procedure outlined by González-Neves et al. [45].

The polyphenolic composition was evaluated using classical spectrophotometric indices. The total
polyphenols were determined using the Folin–Ciocalteu method, according to Singleton and Rossi [46],
and their contents in the wines are expressed in mg of gallic acid per liter. The total pigment
and anthocyanin content were analyzed using the technique described by Ribéreau-Gayon and
Stonestreet [47], and they are expressed as mg of malvidin-3-glucoside equivalent (EMG) per liter.
Catechins were quantified using the method proposed by Swain and Hillis [48], and their concentrations
are expressed in mg of D-catechin per liter. Proanthocyanidins were determined according to
Ribéreau-Gayon and Stonestreet [49], and their contents are expressed in mg of cyanidin chloride per liter
of wine. The ionization index (which indicates the proportion of red-colored anthocyanins at wine pH)
and the PVPP index (which indicates the proportion of anthocyanins combined with proanthocyanidins)
were determined in line with the method described by Glories [42]. The copigmentation index was
measured in accordance with the procedure outlined by Boulton [4].

2.6. HPLC Anthocyanidin Analysis

Reversed-phase HPLC analyses of the anthocyanidins were carried out by injecting 40 μL of
wine into an Agilent 1200 series liquid chromatographer (HPLC-DAD) and using an Agilent Zorbax
Eclipse XDBC18, 4.6 × 250 mm, 5-μm column (Agilent Technologies). The solvents used were 10%
aqueous formic acid (solvent A) and a mixture of 45% methanol, 45% water, and 10% formic acid
(solvent B), following the method described by Valls [50]. Chromatograms were recorded at 530 nm,
and anthocyanin standard curves were made using malvidin-3-O-glucoside chloride. Compounds
were identified considering the relative retention times between the compounds and by recording their
UV spectra with a diode array detector and comparing these with the UV spectra reported by Valls [50].
The five anthocyanidin-3-monoglucosides of wine (delphinidin, cyanidin, peonidin, petunidin, and
malvidin) and their respective acetylated and p-coumarylated anthocyanins were quantified.

2.7. Statistical Analysis

All the data are expressed as the arithmetic average ± standard deviation of three replicates.
Multifactorial analysis of variance (MANOVA) was carried out with INFOSTAT [51] (version 2017,
Grupo InfoStat, FCA, Universidad Nacional de Córdoba, Argentina), and multiple comparisons
between samples were performed by using the Hotelling test.

3. Results and Discussion

3.1. Fermentation Kinetics

Figure 2 shows the fermentation kinetics of the treatments evaluated according to the year of
vintage. In the treatments with must replacement (MR-TM and MR-HM), the density was lower due to
lower concentrations of sugars. Therefore, these musts finished alcoholic fermentation before the must
without substitution and traditional maceration (OM-TM). These results were expected, because the
sugar concentrations of the musts were low, and the level of alcohol generated did not affect the
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development of the yeasts, achieving a complete fermentation of the musts. Moreover, the musts
produced by hot pre-fermentative maceration finished alcoholic fermentation before the traditional
maceration musts. When a must is subjected to temperatures above 40 ◦C, the populations of lactic
and acetic bacteria, as well as yeasts, disappear [52]. Additionally, the extraction of growth factors
during warming favors the subsequent development of inoculated yeasts [53], which explains the
results obtained for this treatment. These results are more clearly observed for the wines produced
from the 2016 and 2018 vintages, as the climatic conditions allowed the grape to reach a higher degree
of maturity. On the contrary, in the vintage of 2017, the ripening stopped, so the harvested grapes
were immature.

Figure 2. Fermentation kinetics of the treatments by the year of vintage. Average of three wines. OM-TM:
original must and traditional maceration; MR-TM: must replacement and traditional maceration;
OM-HM: original must and hot pre-fermentative maceration; MR-HM: must replacement and hot
pre-fermentative maceration.

3.2. General Composition of Wines

Table 1 shows the effects of the year of vintage, must composition, and winemaking technique
factors on the contents of ethanol, titratable acidity, pH, residual sugars, and volatile acidity of wines.

Table 1. General composition of the wines.

Factor Analyzed Ethanol (% v/v)
Titratable

Acidity
(gH2SO4/L)

pH
Residual

Sugars (g/L)
Volatile Acidity

(gH2SO4/L)

Year of vintage (*)
2016 14.0 ± 0.1 b 4.30 ± 0.27 a 3.92 ± 0.16 a 1.47 ± 0.41 c 0.36 ± 0.07 b

2017 11.2 ± 0.2 c 2.93 ± 0.05 c 3.86 ± 0.04 c 1.85 ± 0.21 b 0.43 ± 0.09 a

2018 15.4 ± 0.2 a 3.85 ± 0.03 b 3.89 ± 0.09 b 2.44 ± 0.44 a 0.44 ± 0.07 a

Must composition (**) OM 14.0 ± 0.1 a 3.51 ± 0.17 b 3.95 ± 0.09 a 2.07 ± 0.59 a 0.43 ± 0.09 a

MR 13.0 ± 0.1 b 3.88 ± 0.06 a 3.83 ± 0.09 b 1.83 ± 0.39 a 0.39 ± 0.08 b

Maceration technique (***) TM 13.3 ± 0.2 b 3.74 ± 0.19 a 3.87 ± 0.09 a 2.01 ± 0.55 a 0.47 ± 0.06 a

HM 13.7 ± 0.1 a 3.64 ± 0.04 a 3.92 ± 0.09 a 1.89 ± 0.46 a 0.35 ± 0.05 b

Must composition -
Maceration techinque

(****)

OM-TM 14.0 ± 0.2 a 3.61 ± 0.30 b 3.92 ± 0.09 b 2.30 ± 0.56 a 0.50 ± 0.06 a

MR-TM 12.6 ± 0.2 c 3.87 ± 0.09 a 3.81 ± 0.12 d 1.72 ± 0.37 c 0.45 ± 0.06 b

OM-HM 14.0 ± 0.1 a 3.40 ± 0.03 c 3.98 ± 0.08 a 1.84 ± 0.53 bc 0.36 ± 0.05 c

MR-HM 13.4 ± 0.1 b 3.88 ± 0.04 a 3.85 ± 0.09 c 1.95 ± 0.39 b 0.33 ± 0.05 c

(*) Average of 12 wines ± standard deviation regardless of the grape juice composition and the winemaking
technique. (**) Average of the 18 wines ± standard deviation regardless of the year of vintage and the winemaking
technique. (***) Average of 18 wines ± standard deviation regardless of the year of vintage and the grape juice
composition. (****) Average of nine wines ± standard deviation regardless of the year of vintage. Different letters
indicate statistical differences (p < 0.05). OM: original must; MR: must replacement; TM: traditional maceration;
HM: hot pre-fermentative maceration.

The vintage factor expresses the average content of ethanol, titratable acidity, pH, residual
sugars, and volatile acidity of all the wines produced in the same vintage, regardless of the must
composition and winemaking procedure. Wines produced from the 2018 vintage had the highest
ethanol content, and those of the 2017 vintage had the lowest. The highest values of titratable acidity
and pH were recorded in the wines produced in 2016 and the lowest in 2017. During the ripening of the
grapes, the sugar concentration and the pH increased, whereas titratable acidity decreased. However,
climatic conditions during the ripening determine the composition of the grape [14,40]. The ripeness
conditions were different between vintages. The grapes harvested in 2016 and 2018 had better
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maturation conditions, with high concentrations of sugar and an optimum pH. In contrast, in 2017,
grape maturation halted, resulting in lower concentrations of sugars and pH. The wines produced from
the 2016 and 2017 vintages presented residual sugar concentrations lower than 2 g/L [52], whereas the
2018 wines presented a slightly higher value. These results may be related to a higher concentration of
non-fermentable sugars in the 2018 vintage, because the grapes showed a high concentration of sugars.
Another possibility may be that the high levels of alcohol generated during alcoholic fermentation
affected the development of yeasts in the final stages of alcoholic fermentation [52]. The volatile
acidity of the wines elaborated in the different vintages were expected according to the winemaking
system used.

The must composition factor expresses the average contents of ethanol, titratable acidity, pH,
residual sugars, and volatile acidity of all the wines produced with original must (OM) or must
replacement (MR), independent of the vintage or the maceration technique. The MR wines had
lower ethanol content and pH and higher titratable acidity than the OM wines. These results were
expected, because the must replacement of the well-ripened grapes with the must of unripe grapes
implicated a decrease in sugar content and pH and an increase of titratable acidity. These data
agree with those obtained by Kontoudakis et al. [32] and Role et al. [33], who proposed a similar
but different procedure. Kontoudakis et al. [38] proposed the simultaneous reduction of the ethanol
content and the pH of the wine by mixing wines, one of them obtained with green grapes and the
other with ripe grapes [32]. Moreover, Role et al. [33] proposed three alternative procedures to achieve
alcohol reduction: (i) pre-fermentation addition of liquid derived from grape must (reverse osmosis
byproduct); (ii) mixed fermentations with strains of Starmerella bacillaris and Saccharomyces cerevisiae;
and (iii) dealcoholization of wine post-fermentation with a polypropylene membrane. In our research,
the partial replacement of grape juice had a low impact on the chemical composition of the wines. The
concentration of residual sugars in the wine was not affected by the must replacement, whereas the
volatile acidity was slightly lower.

The maceration technique factor expresses the average contents of ethanol, titratable acidity,
pH, residual sugars, and volatile acidity of all the wines produced by traditional maceration or
hot pre-fermentative maceration, without considering the initial must composition and the vintage.
The HM wines presented higher ethanol content than the TM wines, without significant differences in
the total acidity or pH. The highest levels of ethanol were observed in the HM wines. These results
agree with those obtained by other authors [53,54] and could be explained by two factors, the first
of which is due to how the hot pre-fermentation maceration was carried out. Weak evaporation of
water could have occurred during the pre-fermentative stage, which may have contributed to the
small concentration of all the compounds of the must, particularly the sugars. Second, a higher level
of amino acids has been reported in thermovinified musts [53]. This increase in amino acids could
contribute to improving ethanol yields [55]. However, the residual sugar concentrations of the wines
were not affected by the winemaking technique, whereas the volatile acidity was slightly lower.

The must composition x maceration technique factor expresses the average contents of ethanol,
titratable acidity, pH, residual sugars, and volatile acidity of all the wines produced with the original
must and traditional maceration (OM-TM), must replacement and traditional maceration (MR-TM),
original must and pre-fermentative hot pre-fermentative maceration (OM-HM), or must replacement
and hot pre-fermentative maceration (MR-HM), regardless of the vintage. The ethanol content of the
OM-TM and OM-HM wines was significantly higher than that of the MR-TM and MR-HM wines,
which evidenced significant differences due to the maceration techniques used. In contrast, the ethanol
content of the MR-HM wine was significantly higher than that of the MR-TM wine, probably because of
the maceration technique described previously. As expected, the MR-TM and MR-HM wines presented
the highest values of titratable acidity and the lowest pH values in comparison with the OM-TM and
OM-HM wines. When analyzing the combination of both winemaking techniques, changes in pH were
observed, associated with the initial composition of the must and the maceration technique. In this
sense, it has been reported that wines developed via hot pre-fermentative maceration have shown

191



Fermentation 2019, 5, 80

higher pH values, because, during the pre-fermentative heating, the extraction of cations increases,
which results in a rise in the pH mainly given by the salification of tartaric acid [56]. Additionally,
the wines produced with must replacement and/or hot pre-fermentative maceration showed the lowest
concentrations of residual sugars and lower values of volatile acidity.

3.3. Spectrophotometrical Phenolic Composition and Related Parameters

The phenolic composition of the wines was different according to the vintage (Table 2).
Wines produced in 2016 were characterized by the highest concentrations of total polyphenols,
anthocyanins, and proanthocyanidins, whereas the wines produced in 2017 presented the lowest
values. The concentrations of catechins in the wines produced in 2018 were significantly higher
than those in the wines produced in other vintages. The concentration of anthocyanins did not
significantly differ from the wines produced in 2016, whereas the concentrations of total polyphenols
and proanthocyanidins were intermediate (Table 2). These results indicate that the ripening stage
of the grapes strongly determined the wine composition. Fourment et al. [57] reported that for the
conditions of Uruguay, the interannual climate variability strongly modifies the composition of the
grape, especially in the concentration of secondary metabolites.

Table 2. Polyphenolic composition of the wines.

Factor Analyzed
Total Polyphenol

(mg/L)
Anthocyanins

(mg/L)
Catechins

(mg/L)
Proanthocyanidins

(mg/L)

Year of vintage (*)
2016 2479 ± 252 a 1052 ± 156 a 1769 ± 455 b 4172 ± 714 a

2017 1624 ± 68 c 614 ± 68 b 1420 ± 58 c 2690 ± 60 c

2018 2140 ± 43 b 1165 ± 43 a 1883 ± 86 a 3260 ± 80 b

Must composition (**) OM 2045 ± 140 a 960 ± 67 a 1667 ± 239 a 3397 ± 372 a

MR 2117 ± 102 a 994 ± 73 a 1714 ± 160 a 3352 ± 197 a

Maceration technique (***) TM 1784 ± 112 b 838 ± 69 b 1281 ± 215 b 2764 ± 261 b

HM 2379 ± 129 a 1117 ± 71 a 2100 ± 184 a 3985 ± 308 a

Must composition-
Maceration techinque (****)

OM-TM 1821 ± 131 c 832 ± 69 c 1273 ± 268 b 2792 ± 352 b

MR-TM 1747 ± 94 d 843 ± 69 c 1289 ± 161 b 2735 ± 170 b

OM-HM 2345 ± 149 b 1088 ± 66 b 2061 ± 209 a 4001 ± 390 a

MR-HM 2413 ± 109 a 1146 ± 77 a 2141 ± 159 a 3968 ± 225 a

(*) Average of 12 wines ± standard deviation regardless of the grape juice composition and the winemaking
technique. (**) Average of the 18 wines ± standard deviation regardless of the year of vintage and the winemaking
technique. (***) Average of 18 wines ± standard deviation regardless of the year of vintage and the grape juice
composition. (****) Average of nine wines ± standard deviation regardless of the year of vintage. Different letters
indicate statistical differences (p < 0.05). OM: original must; MR: must replacement; TM: traditional maceration;
HM: hot maceration.

Total polyphenols, anthocyanins, catechins, and proanthocyanidins of the MR wines did not
differ significantly from those of the OM wines. The techniques proposed by Role et al. [33] to reduce
the alcohol content of the wines reduced the concentration of highly polymerized flavonols without
substantially modifying the concentration of anthocyanins. According to these authors, the lower
ethanol concentration could be the extraction of high polymerized flavanols from the grapes during
fermentation. Moreover, they suggest that although lower concentration of anthocyanins would be
expected, because a portion of must was eliminated, this does not necessarily imply anthocyanin losses,
because the replacement was done before maceration. With ripe berries, however, these red pigments
are more easily extracted from the skins during the crushing process and the short time of skin contact,
and therefore, the fraction removed could contain a considerable amount of anthocyanin [58]. This was
not observed in our results. Meanwhile, Kontoudakis et al. [32] found that anthocyanins remained
almost unchanged when the ethanol concentration was reduced by 3.0% v/v by replacing a part of the
total volume of the grape juice with the same volume of a low-ethanol wine. These authors reported
that proanthocyanidin was less abundant in the reduced alcohol wines than in the control wines.

In contrast, total polyphenols, anthocyanins, catechins, and proanthocyanidins of the HM wines
were significantly higher than those of the TM wines (Table 2). These results agree with previous
studies [30,39,56,59] and confirm that this technique is useful to improve polyphenol extraction,
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because pre-fermentative heating contributes to degrading the tissues of the skins, releasing these
compounds into the must.

When we analyzed the joint effect of the grape juice composition and the maceration technique,
it was observed that the wines produced by hot pre-fermentative maceration presented the highest
concentrations of the different phenolic families evaluated. In particular, the HM-OM wines presented
lower contents of total polyphenols and anthocyanins than the HM-MR wines, whereas no significant
differences were observed in the concentrations of catechins and proanthocyanidins given by the
initial composition of the must. Similar results were observed between the OM and MR wines made
by traditional maceration. These results indicate that the combination of must replacement and
hot pre-fermentative maceration increased the concentration of anthocyanins in wines, whereas the
concentration of catechins and proanthocyanidins was affected only by this winemaking technique,
as was discussed previously.

Table 3 shows the effects of the vintage, must composition, maceration technique, and the
combination of must composition–maceration technique on the ionization, copigmentation, and PVPP
indices. The ionization index represents the percentage of anthocyanins colored given the standard
pH and free SO2 concentration of the wine [4], the copigmentation index represents the percentage
of color due to the copigmentation process [4], and the PVPP index measures the percentage of
anthocyanins combined with proanthocyanidins [48]. These indices were different according to the
vintage. These results could be explained by the effects of ripening conditions on the concentration
and the relationship between the phenolic compounds that subsequently interact in the wine. Thus,
the highest indices of ionization and PVPP were recorded in the 2016 vintage together with the highest
concentrations of total polyphenols, anthocyanins, and proanthocyanidins, whereas the lowest values
of these indices were recorded in the 2017 harvest. In the 2018 harvest, the highest value of the
copigmentation index was probably associated with a higher concentration of catechins, whereas in
the 2016 harvest, it was the lowest value.

Table 3. Color fractions of the wines.

Factor Analyzed Ionization Index (%)
Copigmentation Index

(%)
PVPP Index (%)

Year of vintage (*)
2016 33.9 ± 2.3 a 16.5 ± 3.7 c 45.2 ± 0.8 a

2017 15.7 ± 2.4 c 17.8 ± 4.2 b 35.9 ± 0.8 c

2018 17.7 ± 0.6 b 31.7 ± 3.1 a 40.0 ± 1.2 b

Must composition (**) OM 20.1 ± 1.8 b 20.9 ± 3.2 b 38.2 ± 0.9 b

MR 24.8 ± 1.7 a 23.1 ± 4.0 a 42.4 ± 0.9 a

Maceration technique (***) TM 18.0 ± 2.1 b 18.4 ± 3.4 b 35.9 ± 0.9 b

HM 26.9 ± 1.4 a 26.6 ± 3.9 a 44.7 ± 0.9 a

Must composition -
Maceration techinque (****)

OM-TM 16.0 ± 2.6 d 15.7 ± 3.0 c 35.2 ± 0.9 c

MR-TM 20.0 ± 1.7 c 21.0 ± 3.9 b 36.6 ± 1.0 c

OM-HM 24.2 ± 1.1 b 26.0 ± 3.4 a 41.3 ± 0.9 b

MR-HM 29.6 ± 1.7 a 25.3 ± 4.3 a 48.2 ± 0.9 a

(*) Average of 12 wines ± standard deviation regardless of the grape juice composition and the winemaking
technique. (**) Average of the 18 wines ± standard deviation regardless of the year of vintage and the winemaking
technique. (***) Average of 18 wines ± standard deviation regardless of the year of vintage and the grape juice
composition. (****) Average of nine wines ± standard deviation regardless of the year of vintage. Different letters
indicate statistical differences (p < 0.05). OM: original must; MR: must replacement; TM: traditional maceration;
HM: hot maceration.

Nevertheless, an effect of the must replacement treatments on the different indices was found.
The MR wines presented higher ionization, copigmentation, and PVPP indices. The color of red wine
is the result of the concentration of ionized free anthocyanins and the interactions between these and
other components of the wine that produce new pigments [22]. During the winemaking, the new
pigment produced when anthocyanins combine with tannins is much less sensitive to bleaching by pH
and SO2, so the percentage of coloring increases [12,27].
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This effect and the result obtained in the pH (Table 1) of the wines could explain the differences
registered in both indices. Further, the HM wines presented higher values of all these indices than
the TM wines (Table 4). This effect could be determined by the increase in the concentrations
of anthocyanins, catechins, and proanthocyanidins registered in the wines produced with hot
pre-fermentative maceration, which could promote their interaction in the wine by increasing
copigmentation and condensation between anthocyanins and tannins [24].

Table 4. Color of the wines.

Factor Analyzed Color Intensity Lightness (L*) Chroma (C*) Hue (hab)

Year of vintage (*)
2016 32.5 ± 1.4 a 31.5 ± 1.2 b 45.0 ± 1.0 b 348.1 ± 1.6 a

2017 16.0 ± 0.5 c 60.5 ± 1.5 a 28.1 ± 1.5 c 10.6 ± 1.3 c

2018 24.2 ± 0.5 b 25.5 ± 0.9 c 53.1 ± 0.8 a 11.8 ± 0.5 b

Must composition (**) OM 23.2 ± 0.9 b 40.2 ± 1.3 a 41.0 ± 1.2 b 3.27 ± 1.0 a

MR 25.1 ± 0.8 a 37.9 ± 1.2 b 43.1 ± 1.4 a 3.74 ± 1.2 a

Maceration technique (***) TM 20.4 ± 0.7 b 44.8 ± 1.2 a 41.4 ± 1.3 b 4.66 ± 0.8 a

HM 27.9 ± 0.9 a 33.3 ± 1.3 b 42.7 ± 1.3 a 2.35 ± 1.4 a

Must composition -
Maceration techinque (****)

OM-TM 19.6 ± 1.0 d 45.9 ± 1.4 a 40.4 ± 1.0 c 5.11 ± 0.6 a

MR-TM 21.2 ± 0.4 c 43.8 ± 0.9 b 42.6 ± 1.7 b 4.21 ± 0.9 a

OM-HM 26.8 ± 0.8 b 34.6 ± 1.2 c 41.6 ± 1.5 bc 1.43 ± 1.4 c

MR-HM 29.0 ± 1.1 a 32.0 ± 1.4 d 43.7 ± 1.0 a 3.27 ± 1.5 b

(*) Average of 12 wines ± standard deviation regardless of the grape juice composition and the winemaking
technique. (**) Average of the 18 wines ± standard deviation regardless of the year of vintage and the winemaking
technique. (***) Average of 18 wines ± standard deviation regardless of the year of vintage and the grape juice
composition. (****) Average of nine wines ± standard deviation regardless of the year of vintage. Different letters
indicate statistical differences (p < 0.05). OM: original must; MR: must replacement; TM: traditional maceration;
HM: hot maceration.

The wines presented significant differences in the evaluated indices given by the initial composition
of the must and the winemaking technique with which they were developed. The OM-HM and
RM-HM wines presented higher ionization, copigmentation, and PVPP indices than the OM-TM and
RM-TM wines, but the highest values recorded were in the wines where pre-fermentative treatment
was carried out on the must replacement. The anthocyanin, catechins, and proanthocyanidin contents
of the HM wines were higher than those of the TM wines (Table 3). These results suggest that hot
pre-fermentation maceration favors the reactions between anthocyanins and tannins, which suggests
greater color stability over time, according to [60]. Moreover, when hot pre-fermentative maceration
was carried out on the replaced grape juice, the values registered in the indices were substantially
higher, suggesting that the combination of both techniques improves the stability of the wine color.

3.4. Wine Anthocyanin Composition

Figure 3a,b shows the average of the levels and profiles of the anthocyanin composition of
the wines elaborated in the 2016, 2017, and 2018 vintages, according to treatment. As observed,
total anthocyanin concentrations determined by HPLC-DAD were lower than the total anthocyanin
concentrations measured by spectrophotometry. It should be considered that spectrophotometric
analysis includes contributions from other pigments in the measurement and therefore overestimates
the total anthocyanin concentration, whereas the HPLC-DAD analysis only detects free anthocyanins.
In general, Tannat wines had a high non-acylated glucosides, delphinidin, and petunidin proportions
and low acylated anthocyanin (acetylated and coumarylated) proportions, as has been previously
reported [1,8].
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Figure 3. Concentration (a) and proportion (b) of anthocyanidin-3-monoglucosides, acetylated
anthocyanins, and p-coumarylated anthocyanins. Average of nine wines ± standard deviation.
Different letters indicate statistical differences (p < 0.05). OM-TM: original must and traditional
maceration; MR-TM: must replacement and traditional maceration; OM-HM: original must and hot
pre-fermentative maceration; MR-HM: must replacement and hot pre-fermentative maceration.

Figure 3a shows the effect of the treatments evaluated on the concentration of monoglucosylated,
acetylated, and coumarylated anthocyanins. Both must replacement and the hot pre-fermentative
maceration contributed to increase the concentrations of monoglucosylated and p-coumarylated
anthocyanins compared with those of the wine produced by original must followed by a traditional
maceration. Instead, the concentration of acetylated anthocyanins was differentiated between
wines only by the maceration technique used. These results confirm those obtained through
spectrophotometric analysis. The must replacement seemed to increase the concentration of
monoglucosides, probably because these wines had a lower pH, whereas the hot pre-fermentation
maceration seemed to generate an increase in the monoglucosylated, acetylated, and p-coumarylated
anthocyanins concentration. However, when analyzing the proportion of different anthocyanins, we
observed that the differences between treatments were attenuated (Figure 3b).

In general, it was observed that in the wines produced from must replacement the percentage
of monoglucocylated anthocyanins was lower, and the percentage of acetylated anthocyanins was
higher compared with the wines produced from the original grape must. In this sense, it could be
said that there was a modification in the proportion of the different anthocyanin forms that was
more affected by the must replacement than by the hot pre-fermentative maceration. In a previous
investigation where must replacement and hot pre-fermentative maceration were evaluated on the
composition of Pinot Noir and Tannat wines produced from the 2016 vintage, a differential behavior
was observed according to the cultivar [35]. The monoglucosylated anthocyanin concentration of
Pinot Noir wines with must replacement was significantly lower in relation to that of the control
wines, especially when they were subjected to hot pre-fermentation maceration. This behavior was
explained because the lower pH caused by the substitution of must could favor the formation of other
pigments at high temperatures. However, in the Tannat wines, the changes in monoglucosylated,
acetylated, and p-coumarylated anthocyanin concentrations caused by the must replacement and the
hot pre-fermentation maceration were different. In general, no significant effect of the must substitution
was observed on the concentration of these anthocyanins, but its concentration was increased when hot
pre-fermentative maceration was carried out. The results obtained in this research help to clarify the
effect of both winemaking techniques, where must replacement and hot pre-fermentation maceration
increase the concentrations of monoglucosylated, acetylated, and p-coumarylated anthocyanins in
Tannat wines without modifying their proportions.

The average concentration of the different anthocyanin forms and the anthocyanin profile of
wines produced in the 2016, 2017, and 2018 vintages are shown in Figure 4a,b, respectively. As can be
observed, the concentrations of the different anthocyanin forms of the wines were increased by the must
replacement and the hot pre-fermentative maceration with the sole exception of petunidin-3-glucoside,
whose concentration in the MR-TM wines did not differ from that in the OM-TM wines.
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Figure 4. Concentration (a) and proportion (b) of different anthocyanidin forms. Average of nine
wines ± standard deviation. Different letters indicate statistical differences (p < 0.05). OM-TM:
original must and traditional maceration; MR-TM: must replacement and traditional maceration;
OM-HM: original must and hot pre-fermentative maceration; MR-HM: must replacement and hot
pre-fermentative maceration.

Wines produced by the combination of both techniques presented the highest concentrations of all
anthocyanin forms independent of the composition of the must. It is known that pH and the ethanol
content of the medium are factors that contribute to the extraction of the phenolic compounds during the
fermentative maceration [24]. As seen in Figure 4b, the anthocyanin profile of the wines was modified
by the winemaking techniques used. In general, must replacement and hot pre-fermentative maceration
increased the percentages of delphinidin-3-glucoside, cyanidin-3-glucoside, petunidin-3-glucoside,
and peonidin-3-glucoside. In particular, the winemaking in which hot pre-fermentation maceration
was carried out presented the highest values. In contrast, the percentage of malvidin-3-glucoside
was lower in the OM-HM and MR-HM wines than in the MR-TM and OM-TM wines. As previously
discussed, hot pre-fermentative maceration allows greater extraction of the anthocyanins by degrading
the cellular structures of the skins [34]. The effect of hot pre-fermentation maceration was also
observed in the anthocyanin profile of the wines where, in the three vintages, the HM wines had higher
percentages of delphinidin, petunidin, and peonidin and a significantly lower percentage of malvidin
than the TM wines. At this point, the results obtained in our research are contradictory, because
it was shown that wines produced by hot pre-fermentation maceration had a higher percentage of
less stable anthocyanidins and a lower percentage of the more stable anthocyanidins. As is known,
malvidin is more resistant to thermal degradation than other anthocyanin forms [39], so the idea
that hot pre-fermentation maceration affects malvidin more than the other anthocyanidins does not
seem to be the correct explanation. On the other hand, it has been shown that pre-fermentative
heating above 60 ◦C degrades polyphenoloxidases enzymes, which are responsible for the oxidation of
phenolic compounds in the early stages of winemaking [24,59]. Because the adjacent hydroxyl groups
of o-diphenols are sensitive to oxidation, the malvidin-3-O-glucoside and peonidin-3-O-glucoside that
do not possess ortho-positioned hydroxyl groups are comparatively more resistant to oxidation than
cyanidin-3-O-glucoside [22]. Therefore, it could be thought that the increase in the proportions of
petunidin, delphinidin, and cyanidin occurred, because these forms were preserved from enzymatic
oxidation during winemaking by hot pre-fermentation maceration.

3.5. Wine Color

Table 4 shows the chromatic parameters of the wines produced. The wines produced from the
2016 vintage were characterized by having the highest coloring intensity and the greatest hue, whereas
those produced from the 2017 harvest presented the highest lightness and the lowest speed of coloring
intensity, chroma, and hue. The wines produced during the 2018 vintage presented the highest chroma
value with intermediate values of coloring intensity and hue. In general, the MR wines had a deeper
red color, because the color intensity, chroma, and hue were significant higher and the lightness was
significant lower than that of the OM wines, while the HM wines also had a deeper color than the
TM wines due to the fact that the color intensity and the chroma were significantly higher and the
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lightness was significantly lower in the HM wines. No significant differences were observed due to the
hot pre-fermentative maceration.

When analyzing the effect of the combination of the initial must composition and the maceration
technique, it was observed that the MR-HM wines presented the highest intensity of color and
chroma and the lowest lightness, whereas the OM-TM wines presented the lowest values. Meanwhile,
the OM-HM wines presented a lower value of hue, which suggests that these wines are more bluish.
For the other chromatic parameters, the RM-HM and OM-TM wines presented intermediate values.

The differences in the chromatic parameters of the wines were associated with the differences in
the concentrations of phenolic compounds found, in particular, those of the anthocyanins; the pH of the
wine and the percentage of ionized, copigmented, and polymerized anthocyanins were also different
among the wines produced in different vintages and from different treatments, as was previously
discussed. Furthermore, hot pre-fermentative maceration increasing the extraction of anthocyanins
explains the differences in the color parameters. Other authors have previously described similar
results [31]. Moreover, in this sense, the increase in the extraction of anthocyanins from the first stages
of the maceration and the increase in the extraction of tannins allowed a greater association of these
molecules, which has been reported as a determining factor to improve the color stabilization [12].
The results obtained in this investigation in the ionization, copigmentation, and PVPP indices support
this theory.

While it is true that in a sensory evaluation, the chromatic characteristics of these wines can be
challenging to differentiate, even for a panel of experts, it must be considered that the wines were
evaluated two months after bottling. As is known, the color of the wine evolves during conservation,
decreasing its coloring intensity and increasing its angle. The results obtained in this research suggest
that wines made by both winemaking techniques could have a more stable color over time and,
consequently, a greater potential for aging.

3.6. Multifactorial Analysis of Variance

Multifactorial analysis of the variance shows the effect of each factor and its interaction on the
different components of the wines (Table 5). In general, it was verified that the year of vintage (Y),
the composition of the grape must (M), the maceration techniques (T), and their interactions (YxM,
YxT, MxT, YxMxT) influenced differently the color and the concentration of the phenolic composition
of the wine.

The results obtained in the ethanol content, pH, and titratable acidity of the wines seem logical,
because the initial composition of the grape must (concentration of sugars, pH, and titratable acidity)
at harvest was very different in the vintages due to the climatic conditions of maturation. In this
sense, in the treatments where a must replacement for immature grape must was produced, the initial
composition of the must, and therefore the wine, was also affected. Moreover, the maceration technique
strongly influenced the ethanol content and the pH of the wines. The results obtained regarding the
concentration of residual sugars and the volatile acid content of the wines corresponded to the initial
composition of the grape and the conditions in which the alcoholic fermentation took place. The vintage
and the maceration technique strongly influenced all the phenolic compounds and the ionization,
copigmentation, and PVPP indices. Several authors have shown that the phenolic composition of a
grape and a wine is determined by the maturation conditions of each year in particular [15]. Moreover,
hot pre-fermentative maceration strongly degrades the cellular structures of the skins, extracting
their content toward the grape juice and favoring the interaction between them, as mentioned above.
The composition of the grape must influences significantly the concentrations of total polyphenols and
anthocyanins and the ionization, copigmentation, and PVPP indices.
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Table 5. Multifactorial analysis of variance.

Year of
Vintage (Y)

Must
Composition (M)

Vinification
Technique (V)

Y ×M Y × V M × V Y ×M × V

Ethanol 5152.9 *** 939.6 *** 137.5 *** 61.8 *** 52.5 *** 131.1 *** 120.2 ***
Titratable acidity 185.5 *** 38.8 *** 2.93 * 25.1 *** 6.9 *** 3.3 * 3.9 **
pH 10.6 *** 101.0 *** 18.3 *** 41.9 *** 10.8 *** 0.4 21.9 ***
Reducing sugars 80.9 *** 9.1 ** 2.2 8.0 ** 4.6 ** 43.4 *** 9.4 ***
Volatile acidity 21.5 *** 11.7 *** 193.1 *** 7.2 ** 10.1 *** 0.2 17.8 ***
Total polyphenols 574.8 *** 11.7 *** 824.7 *** 11.9 *** 25.8 *** 0.1 2.9
Anthocyanins 1232.6 *** 10.8 *** 728.2 *** 14.4 *** 89.5 *** 5.11 ** 10.1 ***
Catechins 92.4 *** 2.7 800.3 *** 9.5 *** 12.0 *** 1.2 3.0 *
Proanthocyanidins 193.6 *** 0.5 387.0 *** 2.2 0.2 0.1 0.4
Ionization index 248.7 *** 41.6 *** 149.9 *** 4.1 ** 28.2 *** 0.9 3.6 **
Copigmentation index 690.4 *** 36.8 *** 385.1 *** 3.8 ** 12.9 *** 66.1 *** 3.6 **
PVPP index 15.4 *** 9.33 *** 41.4 *** 1.6 28.8 *** 4.0 * 6.6 ***
Color intensity 1526.4 *** 60.9 *** 966.5 *** 7.6 * 29.5 *** 2.6 2.7
Lightness (L*) 5272.7 *** 65.0 *** 1519.0 *** 10.8 *** 9.6 *** 0.8 5.5 ***
Chroma (C*) 1180.2 *** 25.3 *** 8.0 *** 6.4 *** 94.7 *** 0.1 5.8 ***
Hue (hab) 2160.5 *** 2.0 48.3 *** 5.8 *** 37.0 *** 17.0 *** 7.4 ***
Anthocyanidin-3-monoglucosides 566.1 *** 25.3 *** 364.3 *** 15.5 *** 53.6 *** 1.4 4.6 **
Acetylated anthocyanins 138.1 *** 1.2 231.5 *** 1.2 25.1 *** 1.3 0.1
p-Coumarylated anthocyanins 439.0 *** 16.3 *** 91.2 *** 22.7 *** 1.7 41.9 *** 3.8 **
Delphinidin-3-glucoside 219.3 *** 31.1 *** 531.8 *** 4.9 * 85.2 *** 3.6 * 11.3 ***
Cyanidin-3-glucoside 58.1 *** 2.4 71.2 *** 1.5 20.0 *** 3.7 * 2.6 *
Petunidin-3-glucoside 117.1 *** 3.3 * 158.0 *** 4.9 ** 16.6 *** 0.1 0.6
Peonidin-3-glucoside 208.5 *** 12.9 *** 209.2 *** 0.5 12.3 *** 3.2 * 1.6
Malvidin-3-glucoside 623.8 *** 1.6 207.5 *** 8.4 *** 33.6 *** 7.7 *** 1.6

F values and statistical significance (p < 0.001 = ***; p < 0.01 = **; p < 0.1 = *). OM: original must; MR: must
replacement; TM: traditional maceration; HM: hot maceration.

As discussed above, the ethanol content and pH are factors that contribute to the extraction
during fermentative maceration, but this effect was only observed in the concentrations of total
polyphenols and anthocyanins. A strong interaction between YxT was detected for the phenolic
compounds and the indices analyzed, except for the concentration of proanthocyanidins, which was
not significant. The YxM interaction was not significant for the concentration of proanthocyanidins
or for the PVPP index, whereas the MxT interaction was highly significant only for the anthocyanin
concentration and the copigmentation index. The year of harvest and the technique of maceration
strongly influenced the concentrations of the different anthocyanin forms, while the initial composition
of the grape must only affected the concentrations of monoglucosylated anthocyanins, p-coumarylated,
delphinidin-3-glucoside, and petunidin-3-glucoside. Again, a strong interaction was detected in the
anthocyanin composition of the wines between the harvest year and the maceration technique (YxT),
while the other interactions were significant in the concentrations of some anthocyanin forms.

As discussed earlier, the color of red wine results from the concentration of anthocyanins,
their interactions with other phenolic compounds or metabolites of alcoholic fermentation, and
the physical–chemical conditions of the medium in which these pigments are found. Therefore,
any modification of these factors determines a change in the wine color. The year of vintage, the
composition of the grape must, and the maceration technique had a strong impact on all the color
parameters, with the only exception being the effect of the composition of the grape must on the
hue (hab), which showed a lower significance. All the interactions were significant with respect to
the chromatic parameters, except for the MxT interaction, which was only significant for the hue of
the wine.

4. Conclusions

The must replacement of mature grape juice for immature grape juice and hot pre-fermentative
maceration are technological alternatives to improve the color of Tannat red wines.

The effect of MR on the color and the general composition of wines is highly dependent on
the composition of the grape. In contrast, HM improved the intensity and quality of the wine
color by increasing the extraction of phenolic compounds and promoting condensation between
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anthocyanins and tannins, suggesting greater color stability. The results obtained in our research are
relevant, because this winemaking technique allows us to mitigate the limitations in the extractability
of anthocyanins presented by the Tannat cultivar. Moreover, this winemaking technique modified
the anthocyanin profile of the wines in which a relative increase of the most oxidizable forms was
obtained. Further studies should be focused on determining the effect of pre-fermentation heating on
the degradation of oxidation enzymes and how that influences the phenolic profile of wines.
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Abstract: Biological itaconic acid production can by catalyzed by Aspergillus terreus (a filamentous
fungi) where the fermentation medium pH is of prominent importance. Therefore, in this work, we
investigated what benefits the different pH regulation options might offer in enhancing the process.
The batch itaconic acid fermentation data underwent a kinetic analysis and the pH control alternatives
were ranked subsequently. It would appear that the pH-shift strategy (initial adjustment of pH to 3
and its maintenance at 2.5 after 48 h) resulted in the most attractive fermentation pattern and could
hence be recommended to achieve itaconic acid production with an improved performance using
A. terreus from carbohydrate, such as glucose. Under this condition, the itaconic acid titer potential,
the maximal itaconic acid (titer) production rate, the length of lag-phase and itaconic acid yield were
87.32 g/L, 0.22 g/L/h, 56.04 h and 0.35 g/g glucose, respectively.

Keywords: itaconic acid; A. terreus; pH control; glucose; kinetic analysis; Gompertz-model

1. Introduction

Microbial fermentation has been demonstrated as an efficient technology to produce a variety
of organic acids such as malic acid, succinic acid, propionic acid, itaconic acid, etc. [1–4]. The latter,
itaconic acid, is taken into account as an important compound since it can serve as a platform molecule
for the synthesis of industrially-relevant chemicals, such as plastics, etc. [5,6]. Nowadays, itaconic acid
is mainly generated through biological pathways by the assistance of filamentous fungi, particularly
Aspergillus terreus [7]. The fermentation of itaconic acid can be carried out on numerous feedstocks,
including complex agro-industrial wastes such as lignocelluloses as well as simple (monomeric) sugars,
e.g., glucose [8]. Certainly, the properties of the actual starting material will influence the achievable
itaconic acid formation efficiency [9–11], and besides that, process control via the maintenance of
adequate environmental conditions will play a key role. As a matter of fact, ensuring suitable aeration,
broth composition, mixing, temperature and pH are crucial criteria for the improved formation of
itaconic acid by A. terreus [12–15].

For the recovery of itaconic acid from the fermentation liquor, membrane electrodialysis (MED)
has been proven to be a plausible solution [16–18]. Furthermore, MED (depending on the trait of the
membrane) was found to be an approach that provides additional process benefits, such as in the case
of citric acid downstreaming [19]. It was concluded by scientists such as Tongwen and Waihua [20],
as well as Pinacci and Radaelli [21], studying the separation of fermentatively-generated citric acid,
that MED equipped with a bipolar membrane enabled the production of caustic soda. This chemical,
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NaOH, can be recycled to the bioreactor unit in order to adjust and keep the pH at the desired level
during the fermentation [12].

From the viewpoint of itaconic acid biosynthesis catalyzed by A. terreus strains, the pH is usually set
to the acidic range. However, the appropriate pH adjustment strategy leading to a better fermentation
efficiency could be worthy for investigation, since in the literature there is no clear justification of
whether pH should be controlled or not and what pH value is the most appropriate. Actually, various
studies have come to different conclusions regarding this aspect [8,12,22], implying the need for further
(case-specific) examination. Therefore, in this work, we aimed to study how different acidic pH values
(2.5–4) and the pH regulation strategy (only initial pH setting vs. continuous pH control; one-step vs.
stepwise pH setting) might make any difference in governing the itaconic acid fermentation towards a
higher efficacy.

In this respect, analogously to the case of citric acid [20,21], the NaOH—obtainable by a bipolar
MED process [23]—may be employed for the regulation of pH during itaconic acid production.
To evaluate and rank the various pH regulation scenarios, the progress curves of batch itaconic
acid fermentations by A. terreus on a glucose substrate were kinetically analyzed to deliver process
performance indicators (lag-phase time, itaconic acid production rate and titer potential).

The importance of this work can be explained by the inconsistencies regarding the effect of the pH
on itaconic acid production by A. terreus and, hence, the findings could demonstrate an added-value to
this segment of the literature.

2. Materials and Methods

2.1. Microbial Catalyst

A. terreus NRRL 1960 strain [13] was employed for itaconic acid fermentation in this study. The
fungus was sustained on Petri-dishes at 37 ◦C using a solid medium comprising of (g/L): glucose–10;
NaCl–20, potato dextrose agar–40; pH = 5. For the inoculation of the fermenter (Section 2.2.), liquid
cultures of A. terreus (grown under pH= 3 and a 150 rpm agitation rate on (g/L): glucose–10, KH2PO4–0.1,
NH4NO3–3, MgSO4 × 7 H2O–1, CaCl2 × 2 H2O–5, FeCl3 × 6 H2O–1.67 × 10−3, ZnSO4 × 7 H2O–8 × 10−3

and CuSO4 × 7 H2O–15 × 10−3) were harvested after 72 h.

2.2. Bioreactor System for Itaconic Acid Production

To aerobically produce itaconic acid under batch conditions, a Lambda Minifor bioreactor system
(available online: https://www.lambda-instruments.com/fileadmin/user_upload/PDF/MINIFOR/
Operation_manual_of_LAMBDA_MINIFOR_laboratory_Fermentor_and_Bioreactor.pdf; accessed on
07.01.2019) was applied. The bioreactor with a 1.8 L working volume was filled with a medium (similar
to the one used for preparing the inoculum) and autoclaved before commencing the actual experiment.
The fermentation conditions tested in this investigation can be seen in Table 1. The concentration of the
glucose substrate was fixed at 120 g/L thoroughly, and the temperature was controlled at 37 ◦C. The
inoculation rate was 5% in all cases. The pH (Table 1) was adjusted using NaOH and HCl solutions.
The term “STP” in Table 1 refer to the standard temperature and pressure conditions.

Table 1. The pH setting strategies tested in this study.

Experimental
pH

Aeration Agitation
Substrate

Setting (L (STP)/min) (Hz)

A Initial pH set to 3 and left uncontrolled 1.5 2 glucose
B Initial pH set to 3 and maintained 1.5 2 glucose
C Initial pH set to 2.5 and maintained 1.5 2 glucose
D Initial pH set to 4 and maintained 1.5 2 glucose
E Initial pH set to 3 and, after 48 h, maintained at 2.5 1.5 2 glucose
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2.3. Analytical Procedure

In this study, the itaconic acid production was monitored by the High Performance Liquid
Chromatography (HPLC) technique on a Young Lin Instrument Co., Ltd. (YL9100-type) device. The
unit contained a Hamilton × 300 HPLC column (length: 15 cm, inner diameter: 4.6 mm, particle size:
5 μm) as well as a UV/VIS detector. The analytical method employed a gradient elution (2 mL/min
flow rate) where the moving phase was comprised of A (0.01 M H2SO4) and B (methanol) solutions
(2 min–100% A; 5 min–50% A, 50% B; 8 min–20% A, 80% B). The samples taken at various spots of
the fermentation were treated by membrane filtration (0.22 μm PVDF) and thereafter diluted 1000×
using 0.01 M sulfuric acid. The itaconic acid yield (as seen in the Results and Discussion section) was
estimated on the grounds of the substrate that was added initially. Fermentation metabolites that
were possibly competitive to itaconic acid (e.g., itatartaric acid, gluconic acid, oxalic acid, etc.) were
not assessed.

3. Results and Discussion

The pH is one of the most crucial among the fermentation variables, therefore requiring special
attention for submerged fungal cultures producing organic acids, such as itaconic acid, with a sufficient
performance. Basically, the impact of the pH is associated with the (i) activity of enzymes taking part
in the biosynthesis of itaconic acid, and additionally with (ii) the subsequent transfer mechanism to the
extracellular space/out of the cell. As could be deduced from the literature, itaconic acid generation
by filamentous fungi such as A. terreus favors lower pH conditions, mostly around pH = 2–3 [8]. It
has been argued that besides enabling the appropriate growth of A. terreus [24], such a fermentation
environment can be useful for suppressing the formation of by-products that would lower the final
itaconic acid yield and productivity [25]. Typical by-products of fungal itaconic acid fermentation can
be itatartaric acid, gluconic acid and oxalic acid, depending on the pH conditions, due to mechanisms
reviewed by Mondala [10]. The advantages of a low pH can also originate from the (i) limited threat of
microbiological contamination, (ii) the avoidance of an extreme mycelial network expansion facilitating
itaconic acid conversion because of an improved carbon flux as well as (iii) the proper morphology of
the strain, (iv) the increased transfer of oxygen gas and (v) aided downstream [10,25]. Although it
seems to be established that an adequate pH adjustment is a key-step, the results obtained by various
studies that apply the same strain of A. terreus are still frequently divergent [12,22]. In fact, although
the optimum pH is basically a strain-specific feature, various studies suggest that the pH should be
optimized by taking into account other process parameters characterizing the particular bioreactor unit.
For instance, Riscaldati et al. [26] demonstrated that the pH and stirring rate together govern itaconic
acid fermentation, while Vassilev et al. [27] found by a response surface methodology that itaconic
acid production was notably influenced by the complex relationship of the pH, substrate concentration
and nitrogen source (e.g., ammonium nitrate). These examples and observations imply the need for
investigating the impact of the pH under the actual circumstances of a particular study.

Accordingly, as can be seen in Table 1, the effect of various pH setting strategies was sought.
The experiments were planned on the grounds of relevant concepts reported in the literature: one
common practice considers only the setting of the initial pH, where afterwards it is allowed to
decrease automatically [13,27,28] (Table 1A), while others propose a well-controlled pH throughout
the fermentation to prevent the depression of the itaconic acid production efficiency [29] (Table 1B–D).
Apart from that, researchers such as Hevekerl et al. [12] found potential in the pH-shift approach,
where the pH is initially set, runs freely for a certain period of time and is controlled only from a
given point of the biological conversion, e.g., when itaconic acid production begins (Table 1E). In
accordance with the previous argument, the pH was varied between 2.5 and 4 (Table 1). To characterize
the batch itaconic acid fermentation kinetics, under the conditions listed in Table 1, the modified
Gompertz-model (Equation (1)) was adopted [30]:
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IA(t) = P exp {− exp [
Rme

P
(λ− t) + 1]} (1)

This approach enables the user to determine important process parameters (Table 2) from the
evaluation of fermentation time profiles (Figure 1), where IA(t) is the actual itaconic acid titer (g/L)
at time t (h); P is the itaconic acid titer potential (g/L); Rm denotes the maximal itaconic acid (titer)
production rate (g/L/h), λ is the length of the lag-phase time (h); and e is 2.718. To obtain the best fitting
of the model and experimental curves, this work relied on the least-squares regression method using
the Solver tool in MS Excel. The basic statistical assessment of the results in Table 2 is shown in Table 3.

Table 2. Experimental itaconic acid production data.

Time (h)

Experimental Setting

A B C D E

Itaconic Acid Titer (g/L)

0 0 0 0 0 0
24 0 1.63 0 0.80 0
48 2.88 3.99 0.94 0
72 5.63 5.07 17.17
96 8.32 6.07 9.20
120 12.18 0.90
144 18.48 1.79 17.84
168 18.69 8.94 20.37 1.98 24.40
192 21.01 12.48 19.81 3.39 29.47
216 24.24 14.12 3.43
240 26.28 13.87 41.4
264 13.99 19.98
288 5.10

Table 3. Descriptive statistics for the experimental data presented in Table 2.

Statistical Data
Experimental Setting

A B C D E

Valid number of data 9 10 8 9 8
Mean 11.89 8.02 12.5 2.04 16.29

Minimum 0 0 0 0 0
Maximum 26.28 14.12 20.37 5.1 41.4

Standard deviation 10.63 5.39 8.71 1.63 15.44

The experimental itaconic acid production data as a function of time for each test condition (whose
corresponding graphs are displayed in Figure 1A–E) are listed in Table 2, and were subjected to a kinetic
analysis using the modified Gompertz-formula (Equation (1)) to determine the lag/adaptation-phase
time, itaconic acid titer potential and maximal titer production rate (Table 4).
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Figure 1. The time profiles of itaconic acid production experiments. Notations (A–E) are as explained
in Table 1. Blue diamonds: Measured data (Table 2); Red lines: Fitted curves derived from the modified
Gompertz-model in Equation (1).
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Table 4. Results of the kinetic process evaluation based on the data from Table 2.

Kinetic Data
Experimental Setting

A B C D E

P (g/L) 32.70 17.17 20.75 12.98 87.32
Rm (g/L/h) 0.15 0.07 0.26 0.02 0.22

λ (h) 41.61 4.51 63.70 72.44 56.04

Based on these process factors, a ranking was performed, considering that the shorter λ, higher P
and Rm are preferred. Bearing this in mind, points (1–5) were assigned in a parameter (λ, P, Rm)-wise
manner to demonstrate how they were affected by the 5 different fermentation conditions (Table 5).
The final assessment was made by summarizing the given scores. Accordingly, the various pH setting
strategies could be ordered, as follows: (E) > (A) > (C) > (B) > (D).

Table 5. Ranking of the various pH setting strategies.

Experimental Setting
Score

Sum of Scores Final Rank
P Rm λ

A 4 3 4 11 2
B 2 2 5 9 4
C 3 5 2 10 3
D 1 1 1 3 5
E 5 4 3 12 1

This outcome signifies that the pH-switch strategy (E) was the only one that led to a better
itaconic acid formation characteristic than measurement (A), which is the widely-applied approach
in the literature and can thus be viewed as the reference setting. In this respect, the findings of
Hevekerl et al. [12] are supportive, as it turned out that the best itaconic acid concentration (146 g/L)
was attained when the regulation of the pH to 3 began slightly after 2 days of cultivation in the
bioreactor. The positive impact was believed to be ascribed to the lower degree of stress on the fungal
cells. Actually, this strategy led to a nearly 70% improvement in comparison to the fermentation with
the uncontrolled pH [12].

Under the best fermentation condition (E) of this work, the experimental itaconic acid
yield—considering the quantity of substrate added—was 0.35 g/g glucose. This seems to relate
well with the literature data, where yields in the range of 0.21–0.62 g itaconic acid/g glucose can be
found with A. terreus strains [22,26,31].

Furthermore, from settings (B) and (C), on can infer that even if the pH is kept constant during
the entire biological transformation, the (initial) pH value plays an important role. Accordingly,
pH = 2.5 resulted in preferable fermentation kinetic features than pH = 3. This is in agreement with the
superiority of setting (E), where the pH was consistently 2.5 from the second day onwards. Besides, it
can be concluded that the experimental setting (D) with a pH maintained at 4 was the least attractive by
far. Hence, the use of NaOH—recoverable with MED [20–22], as elaborated above—in relatively larger
quantities for adjusting the pH to the less acidic range could have an adverse effect. This can make
sense in light of the above statement that most studies regarding itaconic acid generation proposed a
pH of around 2–3 [8].

4. Conclusions

In this study, itaconic acid fermentation from glucose by A. terreus was investigated in relation
to the effect of the pH and its regulation strategy. It was found that the initial pH value played a
significant role and, additionally, that it did make a difference if the pH was initially adjusted or
controlled. Ranking the various pH setting alternatives based on the analysis of fermentation kinetics

208



Fermentation 2019, 5, 31

showed that (under the conditions of the experiments, e.g., bioreactor type, aeration, stirring rate, and
substrate concentration), the initial adjustment of the pH to 3 and its adjustment to 2.5 after 2 days was
the most promising alternative and should therefore be applied.
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Abstract: Cashew apples are by-products in the production of cashew nuts, which are mostly left to
rot in the fields. Cashew apple juice (CAJ), a highly nutritious beverage, can be produced from them.
It is rich in sugars and ascorbic acid, but its high polyphenol content makes it bitter and astringent,
and therefore difficult to commercialize. The kingdom of fungi contains more than 2000 yeast
species, of which only a few species have been studied in relation to their potential to produce aroma
compounds. The aim of this research was to develop a new low-alcoholic fermented beverage to
valorize cashew apples. For this purpose, a screening was carried out employing non-conventional
yeast species and some species of the genus Saccharomyces for comparison, followed by a more detailed
study with four selected strains cultured at different conditions. The production of volatile aroma
compounds as a function of the presence of oxygen, temperature, and yeast species was investigated.
The results showed that the more diverse aroma profiles appeared at 25 ◦C under anaerobic cultivation
conditions, where Saccharomyces cerevisiae WUR 102 and Hanseniaspora guilliermondii CBS 2567 excelled
in the synthesis of certain aroma compounds, such as β-phenylethanol and its acetate ester (rose
aroma). Further studies are needed to test consumer acceptance of these new products.

Keywords: cashew apple juice; non-conventional yeasts; alcoholic beverages; aroma profile;
Hanseniaspora guilliermondii; Torulaspora microellipsoides; Saccharomyces cerevisiae

1. Introduction

Cashew (Anacardium occidentale L.) is a native crop from tropical America, widely available in
several countries of Asia, Africa, and Central America [1]. The most important product from Anacardium
occidentale L. is the cashew nut. However, the tree also yields a pseudo-fruit called cashew apple to
which the nut is attached, which can be either yellow, orange, or bright red [1]. It is a fleshy, fibrous
and highly juicy fruit with a soft peel [2], which can be consumed raw or in the form of fresh juice, jam,
syrups, candied fruit, jelly, pectin, soft drinks, or other beverages. However, the cashew apple is very
bitter and astringent due to its high polyphenol content and therefore, not as palatable as other fruits.
For this reason, the cashew apple is almost neglected in commercial terms as compared to the nut. Its
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industrialization represents not even 10% of the annual Brazilian production [2]. According to official
data, 90% of the annual production of about two million tons of cashew apples in Northeast Brazil are
lost or underutilized [3]. In 2006, the world production was estimated to be 30 million tons [4,5]. Being
considered as an agriculture residue, it leads to a large amount of waste. New products and processes
are needed to reduce this high wastage.

Peeling of cashew apples and clarification of cashew apple juice (CAJ) are strategies that can be
used to reduce polyphenol content and therefore the bitterness and astringency of the product. The
skin of cashew apple contains much higher tannin concentration (516–802 mg/100 g) than the flesh
(149–155 mg/100 g) [5] and among several clarification methods, the use of gelatin showed the highest
rate of success, being cheap and easily available in Benin [6,7]. However, other innovative strategies,
such as the use of microorganisms to decrease polyphenols, could be considered. For instance, yeasts
have been demonstrated to be able to metabolize these compounds [8–10].

The most attractive property of cashew apple is its extremely high ascorbic acid content, which is
about three to six times that of orange juice and about 10-fold the content in pineapple juice [1]. It also
contains thiamine, niacin, and riboflavin in addition to significant concentrations of minerals, such
as copper, zinc, sodium, potassium, calcium, iron, phosphorous, and magnesium [1]. Furthermore,
its capabilityin reducing sugars (glucose and fructose) makes the substrate appropriate for alcoholic
fermentation [11]. In this way, cashew apple would be an excellent, highly available, and low-cost
substrate for the production of fermented beverages. In addition, cashew apple juice (CAJ) is believed
to have several beneficial properties, such as antibacterial, antifungal, antitumoral, antioxidant, and
antimutagenic actions [12–14].

CAJ has been previously used to produce metabolites of interest such as lactic acid, oxalic acid,
dextran, mannitol, oligosaccharides, and a biosurfactant in fermentations mediated by bacteria of the
genera Lactobacillus, Leuconostoc, Pseudomonas or Bacillus [3,11,15–18]. Moreover, yeast species of the
genera Saccharomyces and Hanseniaspora have been demonstrated to have the capacity of producing
bioethanol when growing in this substrate [19–21]. Finally, CAJ has been used to produce probiotic
beverages employing lactic acid bacteria [22–26] and alcoholic beverages using the yeasts Saccharomyces
cerevisiae and S. bayanus [2,27,28].

Non-conventional yeasts are those that are not used commonly in industrial processes, although
some of them present interesting properties, thereby making them an untapped potential for food
applications [29]. There is evidence that these species are able to carry out fermentations of sugary
substrates producing very diverse aroma profiles [30–33].

The main objective of the current study is to develop a locally feasible process for the exploitation
and valorization of cashew apples employing Saccharomyces and non-conventional yeasts to develop
an innovative low-alcoholic fermented beverage rich in vitamin C.

2. Materials and Methods

2.1. Production and Characterization of Cashew Apple Juice

2.1.1. Plant Materials

Twenty kilograms of yellow cashew apples and twenty kilograms of red cashew apples were
harvested at the mature stage in Benin, immediately frozen, and sent to the laboratory in Wageningen,
The Netherlands. Ten frozen cashew apples of each batch were randomly chosen and rapidly peeled by
grating the epidermis with a razor blade. Next, the frozen flesh was quickly cut into bits, immediately
dipped in liquid nitrogen to prevent oxidation, and homogenized to a very fine powder with a blender.
Part of the flesh powder was freeze-dried at −20 ◦C, while the rest was kept at room temperature for
juice extraction.
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2.1.2. Juice Extraction and Clarification

CAJ was obtained through a mechanical process and clarified by adding gelatin to remove
polyphenols and suspended solids [3]. The extraction process was modified according to a local
method used in Benin, which is based on direct pressing of the fruits [34]. Peeled cashew apples were
cut and ground by a mixer. Then, 1% (w/v) gelatin was added to CAJ, stirred for 15 min, and left to
settle for 10–15 min at 4 ◦C. Next, CAJ was filtered through a cheese cloth.

The clarified CAJ was physicochemically characterized and stored frozen (−20 ◦C) for further
analytical studies. Dimethyl dicarbonate (DMDC) was added to CAJ for sterilization and to prevent
vitamin loss.

2.1.3. Sugar Determination

Glucose, fructose, and sucrose were determined by HPLC (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with a P-2000 pump and ELSD-2100 polymer labs detector. Separations were carried
out in a 250 mm × 4.6 mm Alltech prevail carbohydrates column, with an evaporator temperature of
80 ◦C and nebulizer temperature of 60 ◦C. The running time was 14 min with a flow rate 1 mL/min on
isocratic 75%/25% acetonitrile/water. In brief, 1 mL of sample was mixed with distilled water of about
80 ◦C, after which the solution was incubated at 80 ◦C in a water bath for 5 min, then homogenized
with an Ultra Turrax T20B for 1 min and centrifuged (ALC PK131R) for 5 min at 2255× g at 20 ◦C. The
extract was diluted up to eighty times with distilled water. For the external standard, sucrose, glucose,
and fructose with the range 45–680 μg/mL were used. Subsequently, 2 mL of samples or standards
were filtered through 0.45 μm filter and used for HPLC analysis.

2.1.4. Total Polyphenol Determination

Total phenolic content was determined using the Folin–Ciocalteu method as described by Georgé et
al. [35], with some modifications. A volume of 0.25 mL clarified CAJ was diluted 1:4 with distilled water.
A calibration curve was made, employing tannic acid with a concentration range from 0.03125 mg/mL
to 1 mg/mL. The reaction mixture was composed of 1 mL of the sample or standard, 30 mL of distilled
water, and 1 mL of Folin–Ciocalteu reagent. After 15 min, the intensity of the blue color that had
developed was measured spectrophotometrically (Cary 50-UV visible, Varian, Palo Alto, CA, USA) at
725 nm. The total phenolic content was expressed as Gallic acid equivalents (GAE) per ml of sample.

2.1.5. Ascorbic Acid Determination

The method used for the determination of ascorbic acid (AA) content was described by
Hernández et al. [36], with some modifications. An amount of 2.5 mL of sample was mixed
with 2.5 mL of the extracting solution containing 3% MPA (metaphosphoric acid) and 1 mM TBHQ
(tert-butylhydroquinone) in 10 mL tubes. After homogenizing, the mixture was centrifuged for 5 min
at 2255× g at 4 ◦C. The extract was diluted up to 8 times with distilled water. All extractions were
carried out employing ice and under reduced light. For the calibration, commercial L-ascorbic acid
was prepared with a concentration range of 1.56–200 μg/mL. Subsequently, 2 mL of the sample or
standard were filtered through 0.45 μm filter paper and used for HPLC analysis.

The HPLC system was from Thermo Fisher Scientific P-2000 (USA), equipped with a binary
gradient pump and UV 2000 detector. Separations were carried out on a 150 mm × 4.6 mm Varian
Polaris C18-A column, with 5.5 min running time and 20 μL injection volumes using an autosampler.
The mobile phase employed was 0.2% orthophosphoric acid in distilled water. The flow rate of the
mobile phase was 1 mL/min. A UVdetector at a wavelength of 245 nm was employed. The AA
peak was identified by comparing its UV-visible spectral characteristics and retention time with the
commercial standard of AA.

213



Fermentation 2019, 5, 71

2.2. Fermentation of Cashew Apple Juice

2.2.1. Yeast Strains

The yeast strains employed in this study are listed in Table 1. The three Saccharomyces cerevisiae
strains were from the culture collection of the Laboratory of Food Microbiology of Wageningen
University, whereas one S. bayanus and 21 non-saccharomyces yeasts were supplied by Westerdijk Fungal
Biodiversity Institute-CBS-KNAW, Utrecht, The Netherlands.

Table 1. Yeast strains employed in this study.

Strain Genus Isolation Source/Origin

CBS 77 Dekkera anomala Stout beer, England
CBS 772.71 Galactomyces geotrichum Soil, Puerto Rico
CBS 1545 Saccharomyces bayanus Beer, The Netherlands
CBS 1671 Zygosaccharomyces rouxii Urine, The Netherlands
CBS 1711 Wickerhamomyces subpelliculosus Fermenting cucumber brine, USA
CBS 2499 Dekkera bruxellensis Wine, France
CBS 2567 Hanseniaspora guilliermondii Grape must, Israel
CBS 2568 Hanseniaspora vineae Fruit fly
CBS 2734 Torulaspora microellipsoides Black currants, Denmark

CBS 2796 Dekkera bruxellensis Sparkling Mosselle wine,
Germany

CBS 4806 Brettanomyces custersianus Bantu-beer brewery, South Africa
CBS 5552 Wickerhamomyces subpelliculosus Molasses
CBS 5681 Zygosaccharomyces bailii var. bailii Moselle wine
CBS 6619 Hanseniaspora guilliermondii Unknown
CBS 6625 Zygosaccharomyces bailii var. bailii Myoporum sp., Japan
CBS 6641 Torulaspora microellipsoides Sandalwood tree, Hawaii (USA)
CBS 7692 Starmera caribaea Pricklypear cactus, Bahamas
CBS 8344 Wickerhamomyces subpelliculosus Unknown
CBS 8849 Zygosaccharomyces kombuchaensis Kombucha tea, Russia
CBS 8860 Barnettozyma californica Berries, Russia
CBS 9716 Zygosaccharomyces rouxii Honey pot, Germany

CBS 10396 Kazachstania zonata Japan
CBS 10399 Kazachstania zonata Japan
CBS 10400 Kazachstania gamospora Japan
CBS 10404 Kazachstania gamospora Japan

WUR 102 Saccharomyces cerevisiae Masau fruits, Muzarabani
(Zimbabwe)

WUR 131 Saccharomyces cerevisiae Masau fruits, Muzarabani
(Zimbabwe)

WUR 153 Saccharomyces cerevisiae Masau fruits, Muzarabani
(Zimbabwe)

2.2.2. Yeast Screening

Prior to fermentation, CAJ was treated with dimethyl dicarbonate (DMDC) (1ml/L) and stored
overnight at 4 ◦C to inhibit the growth of undesirable microorganisms. Then, juice was inoculated with
the chosen strains that had been precultured overnight in GPY medium (2% glucose, 1% bacteriological
peptone, 0.5% yeast extract) at optical density at 600 nm (OD600 nm) of 0.1. The 25 yeast cultures were
inoculated in 5 mL of yellow CAJ employing microplates. The fermentations were carried out at 25 ◦C
during 7 days in microaerophilic conditions. Out of the 25, four strains were selected to carry out further
research. The selection criteria were the following: Growth kinetics and fermentation performance
(ethanol content). The fermentations were repeated with the four selected strains, however not only at
25 ◦C but also at 30 ◦C and 37 ◦C under strictly anaerobic conditions employing anaerobic jars. In
addition, experiments were carried out at 25 ◦C under aerobic conditions shaking the microplates.
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The first screening was carried out without taking care of creating an anaerobic environment for
the fermentations in order to simplify and make a fast selection. The fermentations with the selected
yeasts were carried out employing two extreme conditions (strictly anaerobic and aerobic) in order to
compare the effect of the oxygen in fermentation performance and aroma profile.

2.2.3. Growth Kinetics

A spectrophotometer (Bio-screen, Los Angeles, CA, USA) was used to determine the growth
kinetics by automatically measuring the OD600 nm at 25 ◦C during 70 h at 15 min intervals. The data
generated were then converted into Microsoft Excel format (Microsoft, Redmond, WA, USA) and
processed into growth curves to calculate the specific growth rates of the yeast cultures.

2.2.4. Ethanol Determination

The ethanol content in CAJ was determined by HPLC. Samples were deproteinized using Carrez
reagents, which precipitated proteins and colloidal compounds. After 5 min centrifugation, the clear
supernatant was diluted 1:1 and transferred to an HPLC vial. The HPLC system used was a Thermo
Fisher Scientific (Waltham, MA, USA) equipped with Ultimate 3000 (Dionex), using a 300 mm × 7.8 mm
Aminex HPX-87H column (Bio-rad, Hercules, CA, USA) with pre-column. A 5 mM H2SO4 was used
as eluent at a flow rate of 0.6 mL/min at 40 ◦C. Detection was by refractive index (Shodex RI 101).
Ethanol in the range 1%–10% was used as external standard. Subsequently about 200 μL of samples
or standards were used for HPLC analysis. The ethanol peaks were identified and quantified by
comparing retention times with those of the external standards.

2.2.5. Aroma Analysis

Aroma compounds were determined by headspace solid-phase dynamic extraction gas
chromatography–mass spectrometry (HS-SPDE-GC-MS) employing a 2.5 mL HS syringe with a
polydimethylsiloxane active charcoal (PDMS/AC) coated needle (Chromtech, Bad Camberg, Germany).
The incubation of the samples was at 60 ◦C during 15 min at 500 rpm. Afterwards, the sampling was
carried out by taking 1 mL of the headspace at 200 μL/s five times. The needle was then desorbed
and the headspace injected into the GC column at 25 μL/s. GC–MS employed was a Finnigan Trace
GC ultra (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a 20 cm pre-column (CP-Sil
5CB 0.53 mm; df = 1 μm), a VF-1ms (30 m × 0.25 mm; df = 1 μm) capillary column (Varian) and a
Combi PAL autosampler (CTC Analytics, Zwingen, Switzerland) in combination with a split injector
in splitless mode (1 min) at 250 ◦C. The carrier gas was helium at a constant flow rate of 1.5 mL/min.
The GC oven was initially set at 40 ◦C for 2 min, raised to 250 ◦C (10 ◦C/min) and then kept at 250 ◦C
for 5 min. The total runtime was 28 min. Mass spectral data werecollected over a range of m/z 35–300
in full scan mode (scan time 0.25 s).

2.2.6. Other Analytical Determinations

Residual sugars, total polyphenols, and ascorbic acid were determined in the fermented
products with the four selected strains following the same methodology as described in
Sections 2.1.3–2.1.5, respectively.

2.3. Statistical Analysis

One-way ANOVA at a 95% confidence level and a Tukey test were employed to compare the
composition of the fermented products, whereas multifactorial ANOVA was carried out to determine
which factors were significantly affecting the composition of fermented products and the aroma profiles.
Finally, principal component analysis (PCA) was used to group the different CAJ and fermented
products at the different conditions. All tests were done using XLSTAT (Microsoft, Redmond, WA, USA).

215



Fermentation 2019, 5, 71

3. Results and Discussion

3.1. Composition of Clarified Cashew Apple Juice

The yellow juice presented several advantages over the red juice, namely a lower polyphenol
content and higher ascorbic acid and sugar concentration (Table 2). Consequently, yellow juice was
selected to perform the fermentations.

Table 2. Composition of cashew apple juice (CAJ) from yellow and red varieties of cashew apples.

Compound Yellow CAJ Red CAJ

Glucose (g/L) 60 ± 3 52 ± 2.5
Fructose (g/L) 52 ± 3 48 ± 1

Total polyphenols (mg/mL) 1.6 ± 0.13 2.3 ± 0.25
Ascorbic acid (mg/mL) 1.1 ± 0.4 0.45 ± 0.2

3.1.1. Sugar Content

The major sugars in the CAJ were glucose and fructose. The obtained quantities were slightly
higher than the values reported by Azevedo and Rodrigues [37], who found around 40 g/L for each of
these sugars. Usually, fruits such as orange, apple, and pineapple contain more sucrose, which leads to
a sweeter taste. This fruit only contains a small amount of sucrose (around 0.8 g/L), resulting in less
masking of bitterness. On the other hand, the fact that monosaccharides are the major sugars in CAJ is
an advantage for the fermentation since yeasts can directly consume them.

3.1.2. Total Polyphenol

The total phenolic content of fresh yellow CAJ was 1.6 mg/mL, whereas red CAJ contained
2.3 mg/mL (Table 2). These values were in the range of 1.7 to 2.4 mg/mL reported by Adou et al. [34],
who also found that the yellow juice had a lower polyphenol concentration than the red one.

3.1.3. Ascorbic Acid

There was a large difference in the concentration of AA between red and yellow CAJ. The ascorbic
acid concentration in yellow juice was 1.1 mg/mL whereas red juice only contained 0.45 mg/mL (Table 2).
Assunçao et al. [38] reported slightly higher AA levels in yellow CAJ when compared to red CAJ.
However, our results showed large differences. According to the same authors, several environmental
factors can account for AA levels, such as geographic location, solar intensity, temperature, and
soil type.

3.2. Yeast Screening

Twenty-five yeast strains (Table 1) were used to ferment yellow CAJ at 25 ◦C during seven days
under microaerophilic conditions. Four of them were selected for further studies on the basis of their
growth kinetics and sugar conversion to ethanol. The selected strains were Hanseniaspora guilliermondii
CBS 2567, Torulaspora microellipsoides CBS 2734 and CBS 6641, and Saccharomyces cerevisiae WUR 102.

3.2.1. Growth Kinetics

The growth kinetics of cultures of all strains were tracked by OD measurements over time at
25 ◦C for 70 h. The strains could be separated into two groups based on their maximum OD values.
The strains of the group with the highest maximum OD values (over 1.2) were considered as good
growers whereas those with lower maximum OD values apparently could not make proper use of
the carbon source in CAJ and were therefore not selected for further research. The specific growth
rate was another important criterion for selection. Cultures of strains with higher specific growth
rates reproduce faster, which could save time in the fermentation process. The specific growth rates of
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non-Saccharomyces strains ranged from 0.05 to 0.13 h−1, whereas Saccharomyces strains presented values
of at least 0.18 h−1. Specific growth rates of all cultures are presented in Figure 1.

Figure 1. Growth rates of the strains employed in the screening (yellow CAJ, 25◦C). Striped bars
indicate non-conventional yeasts; dark bars, Saccharomyces strains.

Interestingly, some strains showed diauxic growth, such as Hanseniaspora guilliermondii CBS 2567.
Diauxic growth is observed when an organism is grown in a medium containing two carbon sources
and there is a preferential utilization of one carbon source before utilizing the other. This preferred
carbon source is consumed first, which leads to rapid growth, followed by a lag phase. After that,
the microorganism experiences a slower growth phase, during which the second carbon source is
metabolized [39]. The presence of this behavior was taken into account for the yeast selection.

3.2.2. Sugar Conversion to Ethanol

Yellow CAJ contained 112 g/L of sugars (glucose + fructose) prior to fermentation. Most of the
strains were able to ferment all the sugars whereas a few strains were not (CBS 772.71, CBS 7692, CBS
8344, and CBS 8860). All of the latter strains belonged to the group with low maximum OD values
and low specific growth rates. The conversion of sugars to ethanol reflects the alcoholic fermentation
performance of the strains. The strains could be divided into three groups based on their ethanol yield:
High, intermediate, and low producers (Figure 2). However, there was an interesting strain, Torulaspora
microellipsoides CBS 6641, in the low ethanol producing group. Unlike the other strains in this group,
CBS 6641 did grow well and consumed all the sugar in the juice but produced alow ethanol amount
during fermentation. There might be two reasons. Firstly, because the conditions were not strictly
anaerobic, oxygen might have affected the ethanol production by some yeasts while others produced
ethanol even with oxygen in the medium due to the “Crabtree effect” [40]. Secondly, it might be due
to the redirection of the metabolic flux towards the production of other metabolites, such as organic
acids (acetic acid) or glycerol [41–43]. Consequently, CBS 6641 was considered an interesting strain for
further research.
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Figure 2. Production during yeast fermentation in yellow cashew apple juice at 25 ◦C during 7 days.
Striped bars depict low ethanol producers; bricked bars, intermediate ethanol producers; dark bars,
high ethanol producers.

3.2.3. Yeast Selection

Based on the combined results, four strains were selected for further research. The selected strains
were three non-conventional strains and one Saccharomyces strain. Table 3 shows the criteria taken into
account for the selection and Figure 3 depicts their growth curves. Among the non-conventional yeast
strains, the selected yeasts were Torulaspora microellipsoides CBS 2734 and CBS 6641 and Hanseniaspora
guilliermondii CBS 2567, which showed good growth and high, low, and medium ethanol production,
respectively. In addition, CBS 2567 was selected for its diauxic growth. Finally, the selected Saccharomyces
cerevisiae WUR 102 showed a high growth and fermentation performance, thus representing the high
ethanol producers.

Table 3. Yeast strains from the screening.

Strain Species
Ethanol

(%)
Optical Density

(ODmax)
μmax Diauxic Growth

CBS 2567 Hanseniaspora
guilliermondii 2.3 1.1 0.11 yes

CBS 2734 Torulaspora
microellipsoides 3.2 1.3 0.12 no

CBS 6641 Torulaspora
microellipsoides 0.6 1.1 0.09 no

WUR 102 Saccharomyces
cerevisiae 3.2 1.7 0.23 no
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Figure 3. Kinetics of the selected strains at 25 ◦C employing yellow cashew apple juice.

3.3. Cashew Apple Juice Fermentation with the Selected Strains

Fermentation of yellow CAJ as substrate using the four selected strains was carried out at different
temperatures, namely 25 ◦C, 30 ◦C, and 37 ◦C, under strictly anaerobic conditions. In addition, the
four strains were grown in yellow CAJ at 25 ◦C under aerobic conditions.

3.3.1. Sugar Conversion to Ethanol

Analysis of the conversion of sugar into ethanol revealed remarkable differences among the
strains (Figure 4). According to multifactorial ANOVA, all three factors studied (i.e., strain, oxygen,
and temperature) were significantly affecting ethanol yield. Furthermore, we observed an interaction
between the “strain” and “temperature” factors.

Figure 4. Ethanol production in yellow cashew apple juice during incubation at diferent temperatures
employing the selected strains CBS 2567, CBS 2734, CBS 6641, and WUR 102. Letters above bars indicate
grouping according to ANOVA.

On the other hand, one-way ANOVA showed three clear groups among the different conditions:
(1) Significantly higher ethanol production at 25 ◦C and 30 ◦C in anaerobic conditions; (2) significantly
lower ethanol production at 37 ◦C in anaerobic conditions as well as for the strain CBS 6641 at 30 ◦C
in anaerobic conditions; (3) no ethanol production at 25 ◦C in aerobic conditions. Consequently, in

219



Fermentation 2019, 5, 71

anaerobic conditions, higher incubation temperatures lead to lower ethanol concentrations. This might
be due to a reduction in yeast growth and a lower fermentation performance, which is supported by the
presence of residual sugars in the juice after fermentation. All four strains produced 2.7%–3% of ethanol
at 25 ◦C. However, ethanol production was reduced to around 2.5% when the temperature reached
30 ◦C, except in the case of CBS 6641, whose ethanol yield was reduced to only 1.5%, suggesting a poor
fermentation performance of this strain at 30 ◦C. Finally, at 37 ◦C, the ethanol production was reduced
up to 1.5%–1.7%, except in the case of CBS 6641, where ethanol synthesis was only 1.3%. Therefore,
strain CBS 6641 proved to be the least robust strain, not being able to ferment efficiently above 25 ◦C.

Furthermore, CAJ incubated aerobically showed no ethanol formation despite the fact that no
residual sugars could be detected at the end of the incubation period. This observation might be
explained by either redirection of the metabolic flux towards organic acids instead of ethanol, pointing
to the Crabtree negative nature of those strains or by full oxidation of the produced ethanol into CO2

and H2O by aerobic respiration.
It is worth mentioning that strain CBS 6641 produced much less ethanol at 25 ◦C during the

screening. This could be explained by the presence of residual oxygen that allowed this strain to
produce other compounds instead of ethanol, such as organic acids or glycerol [41–43]. This would
mean that this strain is Crabtree negative, since Crabtree positive strains are able to produce ethanol
even in the presence of oxygen and when at the same time high levels of glucose are present in the
medium as previously commented [40]. During the fermentations of the selected strains, strictly
anaerobic conditions were provided, so CBS 6641 and the other selected strains were forced to ferment
the sugars.

3.3.2. Ascorbic Acid Content in Fermented Cashew Apple Juice

Multifactorial ANOVA showed that temperature and strain were significant factors determining
final ascorbic acid content. In the case of the factor “strain”, there was an interaction with the oxygen
levels. For instance, under anaerobic cultivation conditions, a reduction in ascorbic acid was observed,
which seems to be linked to an increase in temperature (Figure 5).

Figure 5. Ascorbic acid content in fermented cashew apple juice employing the selected strains. Letters
above bars indicate grouping according to ANOVA.

Furthermore, the factor “strain” significantly affected the ascorbic acid content in aerobic conditions,
since strains CBS 2567 and CBS 2734 were even able to increase the levels of this vitamin with respect to
the initial CAJ content (1100 ± 350 μg/L). We hypothesize that these strains are capable of synthesizing
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ascorbic acid, since it has been demonstrated that some yeasts are able to produce this compound under
certain circumstances [44]. This production could compensate for ascorbic acid losses due to oxidation.

3.3.3. Total Polyphenol Content in the Fermented Cashew Apple Juice

ANOVA showed no significant differences among the strains regarding the total polyphenol content
in the fermented products. In this way, polyphenols were not significantly affected by fermentation
with any of the selected strains, temperatures, or oxygen levels tested (Figure 6). However, polyphenol
levels in the fermented products were, in most cases, lower than the initial content in yellow CAJ
(1.6 mg/L), indicating a possible degradation or bioconversion of polyphenols by the tested strains,
which could decrease bitterness and astringency of the final products. The changes in polyphenol
content caused by yeasts have been already reported by several authors [8–10]. Another hypothesis to
explain the drop in polyphenols could be that part of them were adsorbed to yeast lees and therefore
removed prior analysis, as already seen in other alcoholic fermentations [45,46].

Figure 6. Total polyphenol content in fermented cashew apple juice employing the selected strains.

3.3.4. Aroma Profiles of the Fermented Cashew Apple Juice

The concentrations of the major aroma compounds in fermented CAJ samples were compared.
These compounds and their odor descriptions appear in Table 4 and can be divided into five groups:
(1) Aldehydes: Acetaldehyde, benzeneacetaldehyde; 3-hydroxybutanal, 3-methylbutanal; (2) alcohols:
2-butanol, isobutanol, 2-methyl-1-butanol, 3-methyl-1-butanol, 1-pentanol, 4-methyl-1-pentanol,
3-methyl-1-pentanol, β-phenylethyl alcohol; (3) acids: Acetic acid; (4) acetate esters: Isoamyl acetate,
n-amyl acetate, β-phenylethyl acetate; and (5) ethyl esters: Ethyl butyrate, ethyl lactate, ethyl caproate.
According to Garruti et al. [2], the major compounds of fermented CAJ were 3-methyl butanol, isoamyl
acetate, isobutanol, and several ethyl esters—ethyl hexanoate, ethyl decanoate, ethyl 3-methyl butyrate,
ethyl lactate, and ethyl butyrate. Most of them were found in our study and they are, among others,
related to sweet and fruity aromas [2].
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Table 4. Aroma compounds found in fermented cashew apple juice.

Compound Odour Description

A Acetaldehyde Pungent, fruity
B 2-Butanol Sweet, cashew, fermented, oily, wine, alcoholic
C 3-Hydroxybutanal Pungent
D Isobutanol Sweet, sweaty-chemical, whiskey, fermented, stinky
E 3-Methylbutanal Fruity, almond, toasted, malty
F Acetic acid Vinegar, fermented fruit
G 3-Methyl-1-butanol Smoky, overripe cashew
H 2-Methyl-1-butanol Sour
I 1-Pentanol Alcoholic, burnt
J Ethyl butyrate Ethereal, fruity, buttery, ripe fruit
K Ethyl lactate Ethereal, rum-buttery, milky, acid, plastic
L 4-Methyl-1-pentanol Oily green-fruity, herbaceous, yeasty-fermented
M 3-Methyl-1-pentanol Mild alcoholic
N Isoamyl acetate Sweet, fruity, banana, pear
O n-Amyl acetate Banana, ethereal, fruity
P Ethyl caproate Fruity, wine, apple, banana, pineapple
Q Benzeneacetaldehyde Bitter almonds, wild cherry, vanilla
R Phenylethyl alcohol Sweet, dried fruit, tea, tobacco
S β-Phenylethyl acetate Sweet, fresh, floral, rose, hyacinth

In our study, CAJ was fermented by four different strains (CBS 2567, CBS 2734, CBS 6641, and WUR
102) at three temperatures (25 ◦C, 30 ◦C and 37 ◦C) and employing two levels of oxygen (anaerobic and
aerobic) in the case of the fermentations at 25 ◦C. In order to investigate the differences in the resulting
aroma profiles, principal component analysis (PCA) was carried out (Figure 7). The first observation
that stood out, was that the condition that yielded less aromatic products was incubation at 25 ◦C in the
presence of oxygen. This was specifically the case of the unfermented CAJ and of the juice fermented
with strain CBS 6641. At 25 ◦C under aerobic conditions, just a few aroma compounds appeared at
high concentrations (i.e., benzeneacetaldehyde, phenylethyl alcohol, 3-methylbutanal and 2-butanol).
On the contrary, the fermentation condition that yielded more diverse aroma profiles was anaerobiosis
at 25 ◦C, especially for the fermentations carried out by CBS 2567 and WUR 102, followed by the other
strains, the unfermented CAJ, and the fermentations at 30 ◦C. Unfermented CAJ at 30 ◦C and 37 ◦C
and the fermentations at 37 ◦C presented intermediate aroma profiles in terms of compound diversity.

Figure 7. Principal Component Analysis of the aroma profiles of the different fermentations employing
the four selected strains. Blue dots: CAJ: cashew apple juice; 1: CBS 2567; 2: CBS 2734; 3: CBS 6641; 4:
WUR 102; 25A: 25 ◦C, aerobic; 25An: 25 ◦C anaerobic; 30An: 30 ◦C, anaerobic; 37An: 37 ◦C, anaerobic;
Red dots: Capital letters from A to S indicate the aroma compounds according to the notation in Table 4.
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Moreover, multifactorial ANOVA was carried out in order to assess which factors (oxygen,
temperature and/or strain) were affecting the aroma profiles. In the case of unfermented CAJ, just
two factors (i.e., oxygen and temperature) were taken into account. The results show that both
factors affected most of the aroma compounds studied. Exceptions were: 3-methylbutanal, 2-butanol,
β-phenylethyl alcohol, acetic acid, and ethyl lactate. In case of the fermented CAJ, the three factors
were investigated. The results indicate that oxygen affected the synthesis of almost all the aromas. In
addition, a significant interaction between oxygen and strain factors was observed in β-phenylethyl
acetate and acetic acid production. The second factor studied was temperature, which affected the
production of approximately half of the aroma compounds. Finally, strain type significantly influenced
the synthesis of all the ethyl esters, acetic acid, and almost all the aldehydes, with the exception of
3-hydroxybutanal. In addition, it was possible to find interaction among factors. An interaction
between strain and temperature in case of 4-methyl pentanol and several esters, ethyl caproate, n-amyl
acetate, and β-phenylethyl acetate; and an interaction between strain and oxygen in case of all the
ethyl esters, almost all aldehydes (except acetaldehyde), half of alcohols, acetic acid, and almost all the
acetate esters (except isoamyl acetate).

Certain aroma compounds were only synthesized under anaerobic conditions, such as ethyl
butyrate, 4-methyl-1-pentanol, and n-amyl acetate, whereas the production of 2-butanol by CBS 2567
and CBS 2734 was exclusively under aerobic conditions. In fact, under aerobic conditions, most of
the qualitative differences in the aroma profiles were observed. In particular, strain CBS 2567, which
was not able to produce 3-hydroxybutanal and ethyl lactate as the other strains, was the only one
able to synthesize 3-methyl-1-pentanol. In the anaerobic group, alcohols and esters were the major
components. Acetate esters were derived from the condensation of higher alcohols and acetyl CoA,
whereas ethyl esters came from condensation of ethanol and acyl-CoA. Temperature, the secondary
factor, imposed restrictions on most aromas, especially at 37 ◦C, except for 3-methylbutanal and
acetaldehyde, which appeared at higher levels at this temperature. Regarding the effect of the strains on
the aroma profiles in anaerobic fermentations, a result that stands out is the high production of certain
aroma compounds by strains WUR 102 and CBS 2567. Strain WUR 102 synthesized higher quantities
of benzeneacetaldehyde, 3-methylbutanol, β-phenylethyl alcohol, amyl acetate, ethyl butyrate, and
ethyl caproate at 25 ◦C. In addition, this strain synthesized high levels of phenylethyl acetate at 37 ◦C.
The levels of all these aroma compounds were on average two to four-fold higher than those found in
juices fermented by the other strains. On the other hand, the non-conventional yeast CBS 2567 excelled
in the production of β-phenylethyl alcohol at 25 ◦C and its corresponding acetate ester (phenylethyl
acetate) at all three temperatures, showing a huge production of up to 35-fold the level found for the
other strains. Finally, the non-conventional yeast CBS 2734 yielded high β-phenylethyl alcohol as well.
The so-called “fusel or higher alcohols”, such as β-phenylethyl alcohol, are either derived from the
conversion of amino acids via the Ehrlich pathway or synthesized from sugars [27,47]. They contribute
positively to the aroma profile by themselves and because they serve as precursors for the formation of
acetate esters [27]. CAJ is rich in amino acids such as alanine, serine, leucine, phenylalanine, proline,
glutamic acid, tyrosine, and aspartic acid. The aromatic β-phenylethyl alcohol is derived from the
amino acid phenylalanine, whereas phenylethyl acetate is synthesized from β-phenylethyl alcohol.
The presence of both compounds is remarkable for the global aroma as they are known to impart
herbaceous and rose nuances in the fermented beverages [27].

The odour descriptions were obtained from Garruti et al. [2] and Leffingwell and Associates,
Flavor-base 10th edition [48].

4. Conclusions

The aim of this study was to investigate the use of CAJ as a low-cost substrate for developing a
fermentation process for the production of a novel alcoholic beverage. Although the clarification step
of the CAJ did not help to reduce the levels of total polyphenols in the juice, it cleared the juice without
affecting other properties, such as the concentration of ascorbic acid.
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Yellow CAJ proved to have better properties than the red juice, such as higher ascorbic acid and
sugar contents and lower total polyphenols, making it the preferred substrate for the production of a
fermented beverage. However, initial quality control of the raw materials should be included as the
composition of cashew apples can vary due to the type of soil, climatic conditions, stage of maturation
and seasonality besides type of cultivar [1].

Non-conventional yeasts showed, in general, a poor fermentation performance when compared to
Saccharomyces strains. However, some of them were able to grow and ferment CAJ efficiently, especially
at the lowest temperatures tested (25 ◦C and 30 ◦C).

The selected yeast strains were evaluated at different temperature and oxygen conditions. The
best condition in terms of aroma production was 25 ◦C under anaerobic conditions, where the aroma
profiles showed the highest diversity. S. cerevisiae WUR 102 and H. guilliermondii CBS 2567 excelled
in the synthesis of certain aroma compounds, especially in this condition, giving a high production
of interesting aroma compounds such as β-phenylethanol and its corresponding acetate ester (rose
aroma). In addition, the strains showed the potential to metabolize polyphenols while maintaining
high ascorbic acid levels.

In conclusion, the optimal fermentation conditions for the production of a fermented alcoholic
beverage from CAJ proved to be 25 ◦C in the absence of oxygen. The final products were slightly
yellowish, acidic in taste, low in alcohol (around 3% v/v), contained relatively lower total polyphenols,
and maintained high levels of ascorbic acid. Further studies are needed to test consumer acceptance of
these new products.
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