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Preface to ”Novel Analysis on Aroma Compounds of
Wine, Vinegar and Derived Products”

Aroma compounds are some of the main compounds responsible for the acceptance of

oenological products such as wine, vinegar and derived products. These kinds of compounds are

produced during the winemaking process and they can be affected by natural, geographical and

human factors: raw material, alcoholic and acetic fermentation, ageing, distillation, technological

processes, etc. Therefore, it is very important to study and characterize the aromatic fraction of these

oenological beverages in order to improve the quality of the final product.

This book is focused on some recent studies related to the study of the volatile composition of

wine, vinegar and derived products, inmany different fields of science: oenology, chemistry, food

science and technology, biochemistry, microbiology, biotechnology, engineering, sensory analysis,

etc., and it is addressed to researchers from all these branches of science. It shows the great importance

of sensory and analytical study of oenological products aroma and how they are influenced by the

different stages and conditions under which they are elaborated.

The following authors have contributed to the scientific contents of the book:

Alexey Dobrydnev (Taras Shevchenko National University of Kyiv, Ukraine)
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Carolina Muñoz-González (CSIC-UAM, Spain)

Celia Criado (CSIC-UAM, Spain)

Christoph Schuessler (Hochschule Geisenheim University, Germany)

Claudio Riponi (University of Bologna, Italy)
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Aroma is one of the main responsible for the acceptance of oenological products
such as wine, vinegar and derived products. Aroma compounds are produced during the
winemaking process, and they can be affected by natural, geographical and human factors:
raw material, alcoholic and acetic fermentation, aging, distillation, technological processes,
etc. Therefore, it is very important the study and characterization of the aromatic fraction
of these oenological beverages, in order to improve the quality of the final product.

Therefore, this special issue “Novel Analysis on Aroma Compounds of Wine, Vinegar
and Derived Products” is focused on the recent research related to the study of the volatile
composition of wine, vinegar and derived products from several different fields of science:
oenology, chemistry, food science and technology, biochemistry, microbiology, biotechnol-
ogy, chemical engineering, sensory analysis, etc. As a result, this special issue includes
12 valuable scientific contributions, 2 reviews and 10 original research works, which deal
with the latest advances in both sensory and analytical tools to evaluate the effect of
different techniques or winemaking stages on the oenological products’ aroma.

In this sense, Pérez-Jiménez et al. employed the in-mouth headspace sorptive extrac-
tion (HSSE) technique, which is based on the application of a polydimethylsiloxane (PDMS)
coated bar in the mouth, after the sample intake, to perform the headspace intra-oral aroma
extraction [1]. In this way, twenty-two wine aroma compounds were identified at three
times: immediately after spitting out the sample, after 60 s, and finally, after 120 s. The
different volatile compounds exhibited different release times, with low persistence for
esters and linear alcohols. Muñoz-González et al. also used this methodology to evaluate
the wine esters release and their perception under the influence of grape seed tannin
extracts [2]. The authors concluded that the addition of this type of extract to wines could
modify their aroma perception in a compound-dependent manner.

On the other hand, Tarasov et al. determined three sensory thresholds (detection,
recognition, and rejection thresholds) for 1,1,6-Trimethyl-1,2-dihydronaphthalene (TDN)
in Riesling wine using sensory analysis [3]. This volatile compound is related to kerosene
aroma, and its recognition seems to be modulated by the wine serving temperature, with
low temperatures facilitating it. Studying the winemaking of sweet wines by means of
sensory analysis, Ruiz-Bejarano et al. established that the use of climate chambers in the
elaboration of sweet wines seems to be an adequate alternative to the traditional method,
allowing a total control of the process and producing very well-valued sweet wines [4].

From a sensory and instrumental point of view, Úbeda et al. studied the influence of
bentonite added at different stages on traditional sparkling wines by solid-phase microex-
traction coupled to gas chromatography with mass spectrometric detection (SPME-GC-
MS) [5]. Two times were considered, before and during tirage. The results showed that
the addition of bentonite before this phase, in the base wine, had a lower effect on volatile
compounds, with wines treated with 50% of the bentonite dosage in tirage with poor
foam and aromatic characteristics. Also working on these type of wines (sparkling wines),
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and using solid-phase extraction-gas chromatography-mass spectrometry (SPE-GC-MS),
Castro et al. established that the use of chitosan, a polysaccharide with fining, antimicro-
bial, antioxidant, and chelating properties, during the second fermentation, increased the
protein (around 50%) and amino acid (9%) content of wines, without significant changes
in polyphenols and organic acids. Esters increased as a consequence of this addition [6].
Amores-Arrocha, also thanks to the use of SPE-GC-MS, found that low bee pollen doses
(0.1 and 0.25 g/L) before alcoholic fermentation could improve the aromatic profiles to-
gether with the odorant activity values levels in the production of red wines from Tintilla
de Rota grape variety [7].

Ruiz et al., employing stir bar sorptive extraction coupled to gas chromatography and
mass spectrometry (SBSE-GC-MS), studied the use of freezing techniques (ultrafast freezing,
and liquid nitrogen freezing) in the wine-making of Muscat grapes [8]. The wines obtained
using liquid nitrogen freezing exhibited higher levels of terpenoids, as well as higher levels
of hydroxylic compounds and fatty acids than both the wines obtained through traditional
methods and ultrafast freezing wines. In any case, both freezing techniques produced
wines of a more intense aroma compared with those wines obtained by traditional methods.

The aging stage, both in wood and bottle, has also been considered in this special
issue. Guerrero-Chanivet et al. carried out a study about the characterization of the
aromatic profile of different wood chips (American oak, French oak, Spanish oak, Cherry
and Chestnut) used for the aging of spirits and wines [9], whereas Vázquez-Pateiro et al.
studied the evolution of volatile compounds, odor activity value-based aromatic notes, and
sensory perception in Treixadura (Vitis vinifera L.) dry white wines during a 24-month bottle-
aging period [10]. In this last study, most of the volatile compounds exhibited constant
concentrations for 18 months in bottle, and after that significant and sharp decreases
were observed.

In addition to these original research works, two reviews were also considered in
this special issue. In one of them, Durán-Guerrero et al. have compilated all the different
scientific works about the aroma of the Sherry oenological products (dry wines, sweet
wines, vinegars, and brandies), with emphasis on the different analytical methodologies
used [11]. In the other, the main secondary aroma compounds present in wine and the
microorganisms involved in their presence were contemplated by Carpena et al. [12].

In summary, the Special Issue “Novel Analysis on Aroma Compounds of Wine, Vinegar and
Derived Products” shows the great importance of sensory and analytical study of oenological
products aroma and how they are influenced by the different stages and conditions under
which they are elaborated.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Jerez (Sherry) is a well-known wine-producing region located in southern Spain, where
world-renowned oenological products such as wines, vinegars, and brandies are produced. There
are several factors that provide characteristic physical, chemical, and sensory properties to the
oenological products obtained in this Sherry region: the climate in the area with hot summers, mild
winters, and with limited rainfall; the raw material used consisting on Palomino Fino, Moscatel,
and Pedro Ximénez white grape varieties; the special vinification with fortified wines; and aging
techniques such as a dynamic system of biological or oxidative aging. These special organoleptic
characteristics are responsible for, among others, the aromatic profile of the wines, vinegars and
brandies from the area, which explains why this is a subject that has been extensively researched
over the years. This bibliographic review aims to compile the different scientific contributions that
have been found to date, in relation with the aroma of the oenological products from the Sherry area
(dry wines, sweet wines, vinegars, and brandies). We have mainly focused on the different analytical
methodologies used and on the main analytes of interest.

Keywords: Sherry; wine; vinegar; brandy; aroma

1. Introduction

The winemaking tradition in the agricultural areas within the Jerez (Sherry) region
dates far back in time. This is an eminent wine-producing region located in the south of
Spain, surrounded by mountains and coastal lands that condition the climate in the area,
which together with its particular aging methods, are determinant to attain the highly
desirable organoleptic characteristics of its oenological products [1]. Worldwide renowned
oenological products such as wines, vinegars, and brandies are the result of this unique
combination of factors.

Sherry wines are considered among the most highly appreciated products in the world
of oenology [2]. Diversity is undoubtedly one of the distinctive features of Sherry’s identity,
where just three grape varieties (Palomino, Moscatel, and Pedro Ximénez) give rise to
different wines that clearly differ in terms of color, aroma, flavor, and texture depending
on their elaboration process. [3].

Those wines that are subjected exclusively to biological aging—i.e., those which are
protected from any direct contact with the air by the natural flor velum—retain their initial
color, and display a series of distinctive aromatic and gustatory notes derived from the
yeasts that form that essential flor velum [4]. On the other hand, other Sherry wines are
aged by oxidative or physicochemical means, in direct contact with the oxygen in the air.
These gradually acquire a darker hue, and exhibit more complex aromas and flavors [5].

Furthermore, the type of fermentation, which can be either complete or partial allows
the production of highly dry wines (fortified wines) or extraordinarily sweet wines (natural
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sweet wines). By mixing these two types in different proportions, new wines with varying
levels of sweetness (liqueur fortified wines) are also obtained [6,7].

With regard to Sherry vinegars, these are obtained from the grapes grown in the local
vineyards. The authorized grape varieties for the production of Sherry vinegar are the same
that those employed for Sherry wine. The Sherry vinegar production process basically
consists in the acetic fermentation of local wines, as a result of the transformation of alcohol
in acetic acid by acetic bacteria (Mycoderma aceti) and its subsequent aging in wooden casks.
The final product presents a color between old gold and mahogany, with an intense aroma,
lightly alcoholic, with notes of wine and wood predominating, and a pleasant taste, despite
the acidity, with a long aftertaste [8,9].

On the other hand, Sherry Brandy is the product resulting from the distillation of
wines (mainly Airén and Palomino ones) and its subsequent aging to confer the final
product its distinctive organoleptic qualities [10].

All these products share in common a singular and dynamic aging process that is
characteristic of the Sherry area: ‘Criaderas y Solera’. This aging process uses oak casks,
generally American oak (Quercus alba), that may vary between 250 and 600 L volume
depending on the product to be obtained. The porosity of the American oak is ideal to
allow the contact of the aging product with the oxygen in the air, thus facilitating its
oxidation and favoring the aging process. The evolution of all the product physicochemical
parameters is largely due to the impact of wood on the aging process. In fact, wood is a
definite determinant of the organoleptic properties achieved by all the Sherry oenological
products [5,11]. Moreover, the high level of aromatic content of these Sherry products is
also influenced by the high level of aromatic composition of the American oak, compared
to other types of oaks, such as French oak (Quercus petraea, Quercus robur).

During the aging phase in the winemaking process, the capacity of the wood to release
certain compounds is essential and will vary according to the size and age (previous uses)
of the cask. Thus, the smaller the cask size, the greater the wood surface in contact with the
liquid. In this sense, the use of small barrels is not always convenient, since the effect of
the wood on the final product could be greater than desirable [12]. Based on experience,
500–600 L barrels seem to be the most appropriate size for the aging of Sherry products,
since they provide the ideal balance between wood surface and content volume.

Another characteristic of these wines is that they are aged in preconditioned casks, i.e.,
casks that have previously contained sherry wine. They are known as “barricas envinadas”
(casks in which Sherry wine has been aged). This significantly contribute to providing these
products with different nuances depending on the type of preconditioning undergone by
the casks [13].

The aforementioned ‘Criaderas y Solera’ aging method could be defined as a dynamic
aging process, as opposed to the static aging by vintages. In the latter system, the oenologi-
cal product to be aged remains in the same barrel during the entire aging period, while
in the Criaderas y Solera method, however, the oenological product is stored in casks
classified into groups, known as ‘scales’, according to the age of the product that they
contain. The scale that contains the oldest oenological product is called ‘solera’ and it is
located at ground level. This is topped, according to its younger age, by the first criadera,
the second, the third and so on (Figure 1). A small amount of the product, which must
be the same from each of the casks that make up the solera, is extracted for bottling and
distribution. The resulting empty space is replenished with the equivalent volume of the
oenological product from the first criadera. The same procedure is applied to the first
and second criadera, which are refilled with the product from the corresponding topping
criadera. In this way, a uniform product is obtained in terms of flavor, aroma and color.
The same organoleptic characteristics are obtained, since the amount of refilling product
is rather reduced in comparison with the larger amount of product in the receiving cask.
Thus, the small amount of product added to the cask acquires the characteristics of the
predominant older product it is mixed with [14,15].
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Figure 1. Criaderas y Solera aging method.

Because of this peculiar aging process, it is quite difficult to estimate the exact age of
the oenological product, so it is usually referred to as average age. This parameter is defined
as the ratio between the total volume of product in the system and the annual volume
that is taken out for its commercialization. Depending on their average age, they will be
classified into different categories, which will exhibit different characteristics, depending
on the original oenological matrix that was used (wine, vinegar, or Brandy).

All the aforementioned features in the elaboration of Sherry products provide them
with their own qualities that will constitute their seal of quality. Thus, such characteristics
like polyphenolic compounds content [10,16–18], chromatic attributes [17,19,20], organic
acids [13,17], or sugars contents [14] have been suggested to be determinant parameters
regarding the ultimate quality of Sherry wine, vinegar, or brandy.

The aroma of oenological products, in general, represents an important determinant of
their quality, and there are numerous studies that support this point [21–24]. Although not
all volatile compounds contribute to aroma perception [25], the study of aromatic profile is
still of major importance, since the acceptance of the final product by the consumer depends
on them to a great extent [26]. Consequently, in recent years, significant technological
advances have been made in terms of extraction methods and the subsequent analysis of
these compounds [27,28]. In parallel, sensory analysis has been consolidated as an essential
tool to perform a complete investigation that covers all the aspects related to aroma. An
increasing number of studies propose sensory analysis as a crucial tool to determine the
quality of the final product [29]. Moreover, a recent study by Cruces-Montes et al. [30]
presented the perception of the attributes of Sherry wine and its consumption in young
people in the south of Spain. Their results showed that the consumption of Sherry wine
was recognized to different dimensions, and flavor was especially important for some
types of Sherry wine.

Figure 2 shows the growing progression in the number of studies that address the
subject of aroma in the typical products from Jerez (Sherry) area: wine, vinegar, and brandy.
This rising number of studies and publications is explained by the importance of the
content of volatile compounds regarding the aroma of wine products, as well as by the
socioeconomic relevance of these products in the region. Also, the evolution of analytical
technologies and their innovations contribute for the increment of this kind of studies. On
these bases, we have considered the importance of a literature review that would cover the
most prominent aspects associated to this tandem: aroma and Sherry oenological products.

7



Foods 2021, 10, 753

Foods 2021, 10, 753 4 of 32 
 

 

the most prominent aspects associated to this tandem: aroma and Sherry oenological 
products. 

 
Figure 2. Number of publications addressing the aroma of Sherry oenological products. Source: 
Scopus. 

2. Study of the Aroma of Dry Sherry Wines 
The aromatic content of Sherry wines and, in particular, that of Fino wines, has been 

extensively studied by employing the analytical methods previously described. Table 1 
shows the main aromatic compounds detected in Fino, Amontillado, and Oloroso Sherry 
wines, together with the bibliographic references where these compounds are mentioned. 
Sensory descriptors and concentration ranges also appear in Table 1. 

Table 1. Volatile compounds identified in dry Sherry wines, sensory descriptors, concentration ranges, and bibliographic 
references 

Volatile Compounds Sensory Descriptors 
Concentration 

(mg/L) 
References 

Fino 
References 

Amontillado 
References 

Oloroso 
Carbonyls      

Acetaldehyde Overripe apple 85–545 [31–36] [32,37] [32,38] 
Acetoin Butter 0.011–74 [31–36] [32,37] [32] 

Benzaldehyde Bitter almond/cherry 0.013–0.076 [33,36]  [39] 
2,3-Butanedione Butter-cookie 0.170–2.1 [33,34,36] [37] [38] 

Furfural Sweet/woody/almond/baked/bread 0.179–7.14 [32] [32] [32] 
β-Ionone Balsamic/rose/violet/berry/phenolic 0.062 [32,35] [32]  

Neral Sweet/citrus/lemon peel  [33]   
Octanal Herbaceous 0.090–0.390 [32–36] [37]  

Acids      
Butanoic acid Cheese/butter 0.607–14.6 [31–36] [32,37] [32,38] 
Decanoic acid Rancid 0.004–0.370 [31,33,36]  [39] 

Dodecanoic acid Mild fatty/coconut/bay oil  [33,36]   
Hexanoic acid Fatty/sweat/cheese 0.635–2.39 [31–36] [32] [32] 

Isobutanoic acid Acidic/cheese/dairy/buttery/rancid 2.2–22.1 [31,33,36]   
Isobutyric acid Acidic/cheese/dairy/buttery/rancid 0.002–4.58  [32] [32,39] 

3-Methylbutanoic acid Cheese 1.5–679 [31–33,35,36] [32,37] [38] 
Nonanoic acid Waxy/cheesy/dairy 0.003–0.011   [39] 
Octanoic acid Fatty/waxy/rancid/oily/cheesy 0.001–1.6 [31,33,34,36]  [39] 

Alcohols      
Benzyl alcohol Floral/rose/phenolic/balsamic 0.045–3.3 [31–33,36] [32] [32] 

1-Butanol Fusel oil/sweet/balsam/whiskey 0.001–19.9 [31–36] [32] [32,39] 
2-Butanol Sweet/apricot 1.1–4.4 [31–33,35,36] [32] [32] 

2,3-Butanediol Fruity/creamy/buttery  [33,36]   
1-Decanol Fatty/waxy/floral 0.124–1.26 [32,33,35,36] [32] [32] 

3-Ethoxy-1-propanol  0.250–0.490 [31,33,35]   

Figure 2. Number of publications addressing the aroma of Sherry oenological products. Source: Scopus.

2. Study of the Aroma of Dry Sherry Wines

The aromatic content of Sherry wines and, in particular, that of Fino wines, has been
extensively studied by employing the analytical methods previously described. Table 1
shows the main aromatic compounds detected in Fino, Amontillado, and Oloroso Sherry
wines, together with the bibliographic references where these compounds are mentioned.
Sensory descriptors and concentration ranges also appear in Table 1.

Table 1. Volatile compounds identified in dry Sherry wines, sensory descriptors, concentration ranges, and biblio-
graphic references.

Volatile Compounds Sensory Descriptors Concentration
(mg/L)

References
Fino

References
Amontillado

References
Oloroso

Carbonyls
Acetaldehyde Overripe apple 85–545 [31–36] [32,37] [32,38]

Acetoin Butter 0.011–74 [31–36] [32,37] [32]
Benzaldehyde Bitter almond/cherry 0.013–0.076 [33,36] [39]

2,3-Butanedione Butter-cookie 0.170–2.1 [33,34,36] [37] [38]
Furfural Sweet/woody/almond/baked/bread 0.179–7.14 [32] [32] [32]
β-Ionone Balsamic/rose/violet/berry/phenolic 0.062 [32,35] [32]

Neral Sweet/citrus/lemon peel [33]
Octanal Herbaceous 0.090–0.390 [32–36] [37]

Acids
Butanoic acid Cheese/butter 0.607–14.6 [31–36] [32,37] [32,38]
Decanoic acid Rancid 0.004–0.370 [31,33,36] [39]

Dodecanoic acid Mild fatty/coconut/bay oil [33,36]
Hexanoic acid Fatty/sweat/cheese 0.635–2.39 [31–36] [32] [32]

Isobutanoic acid Acidic/cheese/dairy/buttery/rancid 2.2–22.1 [31,33,36]
Isobutyric acid Acidic/cheese/dairy/buttery/rancid 0.002–4.58 [32] [32,39]

3-Methylbutanoic acid Cheese 1.5–679 [31–33,35,36] [32,37] [38]
Nonanoic acid Waxy/cheesy/dairy 0.003–0.011 [39]
Octanoic acid Fatty/waxy/rancid/oily/cheesy 0.001–1.6 [31,33,34,36] [39]

Alcohols
Benzyl alcohol Floral/rose/phenolic/balsamic 0.045–3.3 [31–33,36] [32] [32]

1-Butanol Fusel oil/sweet/balsam/whiskey 0.001–19.9 [31–36] [32] [32,39]
2-Butanol Sweet/apricot 1.1–4.4 [31–33,35,36] [32] [32]

2,3-Butanediol Fruity/creamy/buttery [33,36]
1-Decanol Fatty/waxy/floral 0.124–1.26 [32,33,35,36] [32] [32]

3-Ethoxy-1-propanol 0.250–0.490 [31,33,35]
1-Heptanol Musty/pungent/leafy green/apple/banana 0.300–0.870 [33] [32] [32]

Hexanol Fusel oil/fruity/alcoholic/sweet/green 0.001–2.5 [31–33,35,36] [32] [32,39]
E-3-Hexenol Green/cortex/floral/oily/earthy 0.055–0.085 [31,32,35]
Z-3-Hexenol Green/grassy/melon rind 0.055–0.085 [31–33,35]

Isoamyl alcohols Vinous/solvent 0.020–444 [31–36] [32,37] [32,38]
Isobutanol Vinous/solvent 25.7–102 [31–36] [32,37] [32]

Isopropyl alcohol Alcohol/musty/woody 1.4–2.7 [31]
Methanol Slight alcoholic [33,36]
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Volatile Compounds Sensory Descriptors Concentration
(mg/L)

References
Fino

References
Amontillado

References
Oloroso

2-Methyl-1-butanol Roasted/fruity/fusel
oil/alcoholic/wine/whiskey [39]

2-Methyl-1-pentanol 0.020–0.090 [32] [32] [32]
3-Methyl-1-pentanol Pungent/fusel oil/brandy/wine/cocoa 0.110–18 [31–33,35,36] [32] [32]
4-Methyl-1-pentanol Nutty 0.029–0.135 [31–33,36] [32]

1-Octanol Waxy/green/citrus/aldehydic/floral/coconut [33,36]

1-Pentanol Pungent/fermented/bready/yeasty/fusel
oil/winey/solvent 0.060–102 [32,33] [32] [32]

Phenethyl alcohol Rose 0.003–99 [31–36] [32,37] [32,38,39]
Propanol Alcoholic/fermented/musty/yeasty/apple/pear 12.3–16.3 [31,33,35,36]

Volatile phenols
4-Ethylguaiacol Toasted/clove 0.002–0.740 [32–36] [32,37] [32,39]
4-Ethylphenol Smoke/phenolic/creosote 0.004–0.094 [33,36] [32,39]

Eugenol Cinnamon/clove 0.002–0.477 [31–36] [32,37] [32,39]
Guaiacol Phenolic/smoke/spice/vanilla/woody 0.280–0.434 [39]

Methyleugenol Spicy/cinnamon/clove/musty/waxy/phenolic 0.157 [32]

Esters
Butyl acetate Fruity/solvent/banana 0.091–0.161 [33] [32,39]

Diethyl malate Brown sugar/sweet/wine/fruity/herbal 0.800–23.6 [31–33,35,36] [32] [32]
Diethyl succinate Mild fruity/cooked apple/ylang 0.001–55.4 [31–33,35,36] [32] [32,39]

Ethyl acetate Pineapple/varnish 13.9–260 [31–36] [32,37] [32]
Ethyl benzoate Fruity/dry/musty/sweet/wintergreen 0.180–0.215 [32] [32]
Ethyl butanoate Banana/apple 0.172–3.5 [31–36] [37] [32,38,39]
Ethyl decanoate Sweet/waxy/fruity/apple/grape/oily/brandy 0.22 [32]

Ethyl furoate Balsamic [33,36]
Ethyl heptanoate Fruity/pineapple/brandy/rum/wine 0.021–0.109 [32,35] [32] [32]
Ethyl hexanoate Almond/apple 0.078–0.280 [31,33–36] [37] [38,39]

Ethyl
3-hydroxybutanoate Fruity/green grape/tropical 0.030–0.747 [31,33,35,36]

Ethyl
3-hydroxyhexanoate Rubber [33] [37]

Ethyl isobutanoate Apple/pineapple 0.028–1.660 [31–36] [32,37] [32,38]
Ethyl isovalerate Fruity/sweet/apple/pineapple/tutti frutti 0.001–0.009 [39]

Ethyl lactate Raspberry/milky 12–854 [31–36] [32,37] [32,38]
Ethyl laurate Sweet/waxy/floral/soapy/clean 0.024–0.140 [32,35] [32] [32]

Ethyl myristate Mild waxy/soapy 0.099–0.119 [32,33,35,36] [32]
Ethyl octanoate Pear 0.008–1.3 [31–36] [32,37] [39]

Ethyl propanoate Sweet/fruity/rum/juicy
fruit/grape/pineapple 0.109–1.92 [31–33,35,36] [32] [32]

Ethyl palmitate Mild waxy 0.042–0.070 [32,35] [32]
Ethyl pyruvate Fruity/sweet/rum 0.081–0.201 [31–33,35,36] [32] [32]
Ethyl valerate Sweet/fruity/apple/pineapple/green/tropical 0.001–0.010 [39]
Hexyl acetate Green/fruity/sweet/fatty/fresh/apple/pear 0.001–0.008 [39]

Hexyl hexanoate Green/sweet/waxy/fruity/berry 0.247 [32]
Hexyl lactate Sweet/floral/green/fruity 1.1 [32]

Isoamyl acetate Banana 0.050–0.855 [31,33,34,36] [37] [38,39]

Isoamyl laurate Winey/alcoholic/fatty/creamy/yeasty/fusel
oil 0.357 [32]

Isobutyl acetate Sweet/fruity/banana 0.025–0.137 [31,33] [32,39]

Isobutyl isobutanoate Fruity tropical/fruit pineapple/grape
skin/banana 0.066 [32]

Isobutyl lactate Faint buttery/fruity/caramel 0.034–0.242 [32,33,35,36] [32]
Methyl acetate Solvent/fruity/winey/brandy/rum 6.6 [32]

Methyl butanoate Strawberry/butter 0.486–4.86 [33,34,36] [37] [32,38]
Monoethyl succinate Odorless [33,36]

Phenethyl acetate Flowers 0.100–1.1 [31,33,36] [37] [38]

Phenethyl octanoate Sweet/waxy/slightly
cocoa/caramel/winey/brandy 0.190–0.275 [32,33,36] [32]

Propyl acetate Solvent/fusel oil/sweet/fruity 0.042–0.162 [31–33,36] [32] [32]
Propyl butanoate Pungent/rancid 0.112–0.150 [32,35] [32]

Terpenes
β-Citronellol Rose 0.280–1.33 [31–33,35,36] [32]

Farnesol Sweet/floral 0.282–5.79 [32,35] [32] [32]
Linalool Citrus/orange/floral/terpy/waxy/rose 0.009–0.032 [31] [38]

Nerol Floral/green 0.151–0.176 [32,35] [32]
E-Nerolidol Floral/green/citrus/woody/waxy 0.076–0.213 [32,35] [32] [32]
Z-Nerolidol Waxy/floral 0.696 [32,33,36]
4-Terpineol Pine 0.777 [32]
α-Terpineol Pine/woody/resinous/lemon/citrus 0.006–0.015 [32,33,35] [39]
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Volatile Compounds Sensory Descriptors Concentration
(mg/L)

References
Fino

References
Amontillado

References
Oloroso

Lactones
γ-Butyrolactone Creamy/oily 0.004–40.8 [31–36] [32] [32,39]
γ-Decalactone Peach 0.043 [32–36]
Pantolactone 0.470–5.22 [31–33,35,36] [32] [32]

Sotolon Walnut/cotton candy/curry 0.100–0.670 [33,34,36] [37] [38]
cis-Whiskeylactone Burnt/wood/vanilla/coconut 0.009–0.410 [31,34,36] [37] [38,39]

trans-Whiskeylactone Sweet/spicy/coconut/vanilla [33] [39]

Miscellaneous
Methionol Cooked potato/cut hay 0.063–3.4 [31–36] [32,37] [32,38]
p-Cymene Citrus/terpene/woody/spice [33,36]

1,1-Diethoxyethane Green fruit/liquorice 8.4–58.8 [31–36] [32,37] [32,38]

All types of dry Sherry wines are produced from the same grape, ‘Palomino fino’,
and it is the subsequent elaboration of the product (biological or oxidative aging), the
main responsible of obtaining wines with different organoleptic characteristics. Also, the
extracted wood components induce these changes. Therefore, it is mainly the aging process
that will determine the differences between the three types of dry wines: Fino, Oloroso,
and Amontillado. Thus, the aroma of Fino wines will be conditioned by the flor velum
yeast, which, in addition to shielding the wine from oxygen, will contribute with a series
of compounds derived from its metabolism. At the other end, we have the Oloroso wine
that undergoes oxidative aging and contains higher levels of alcohol, so that during this
aging stage the compounds that were initially present in the wine aroma will evolve due to
oxidation, esterification, and other reactions. Finally, Amontillado wines undergo a first
stage of biological aging and then an oxidative one [5].

A large number of volatile compounds are common to all of them, including acetalde-
hyde, acetoin, eugenol, and 1,1-diethoxyethane, among others. Acetaldehyde may come
from different sources, although it appears particularly as a secondary product resulting
from the aerobic metabolism of the flor velum yeasts responsible for the biological aging
process [40,41]. This compound is also the precursor of a large number of other compounds
that are involved in the aroma of Sherry wines, either as a result of biological or oxidative
aging. In particular, it is the precursor of 1,1-diethoxyethane, one of the main acetals in
Sherry wines, which is formed through chemical and biochemical reaction with ethanol [42].
This compound contributes to the fruity aromas and balsamic notes of these wines.

Acetoin is one of the other acetaldehyde-derived compounds with aromatic signifi-
cance in Sherry wines. This compound is preferentially formed by a condensation reaction
of two acetaldehyde molecules [42]. Acetoin is one of the compounds responsible for the
bitter notes of Fino wines. The reduction of the acetoin gives rise to 2,3-butanediol, another
aromatic compound involved in the aroma of Sherry wines.

The reaction between acetaldehyde and α-ketobutyric acid during the anaerobic
metabolism of the yeasts in the flor velum gives rise to sotolon. This compound has a high
impact on the aroma of these wines, particularly in the nutty, curry, and cotton candy notes
that are present in all the Sherry wines [42].

It should be noted that Sherry wines from exclusively biological aging—i.e., Fino
wines—have a particularly high acetaldehyde content, which is actually attributable to
their biological aging. This compound is not only responsible for the sharp character
of Fino wines’ aroma, but also contributes enriches it with the notes of overripe or ripe
apples [33,35,43] that are inherent to this wine.

According to the bibliography, other major volatile compounds to be found in the
wine are isoamyl alcohols, ethyl lactate, and 1,1-diethoxyethane (Table 1). A certain number
of volatile compounds clearly differentiate Fino wines from other types of Sherry wines,
among them E-3-hexenol, Z-3-hexenol, γ-decalactone, terpinen-4-ol, Z-nerolidol, farnesol,
and octanal. This suggests that their origin may be linked to the biological aging process
that characterizes this wine, and that they do not remain as part of the composition of other
wine types, like Amontillado, which undergoes a subsequent oxidative aging procedure.
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Other aromatic compounds that play a significant role in the aroma of biologically
aged wines are β-citronellol and β-ionone. These compounds are responsible for the citrus
and balsamic notes in the aroma of these wines, although they are present at concentration
levels of µg/L (Table 1). Other compounds that also stand out are phenethyl octanoate,
ethyl palmitate, nerol, propyl butanoate, and ethyl myristate. All of these compounds have
been detected in both Fino and Amontillado wines (Table 1).

Amontillado wines, which are obtained through an initial biological aging stage and a
subsequent oxidative process as above mentioned, exhibit certain characteristics of their
own. For example, they do not contain ethyl benzoate in their composition; they are the
only types of Sherry wines that present detectable concentrations of isobutyl isobutanoate
(0.066 mg/L) and isoamyl laurate (0.357 mg/L), and present lower concentration levels of
1,1-diethoxyethane, isobutanol, and phenethyl alcohol, while their levels of E-nerolidol are
higher with respect to that in Fino or Oloroso wines [32]. The main volatile compounds
that can be found in Amontillado wines are ethyl lactate, acetaldehyde, isoamyl alcohols,
diethyl succinate, and ethyl acetate, all of them at levels of concentration of dozens or
even hundreds of mg/L (Table 1). It has long been known that oxidative aging results in a
higher concentration of esterified compounds in Amontillado wines, since their greater
concentration of ethanol results in evident increment in ethyl lactate and ethyl acetate
concentrations during the aging phase [32]. However, the compound that contributes the
most to the aroma of Amontillado wines is ethyl octanoate, that is usually present at con-
centrations below 1 mg/L [37], followed by ethyl butanoate, eugenol, ethyl isobutanoate,
and sotolon, which maintain their relative contributions to the wine aroma throughout
the period of oxidative aging, even though their concentrations increase with time. It is
precisely this second aging stage, the oxidative one, which confers Amontillado wines their
main odorant characteristics.

Considerable levels of acetaldehyde are also found in Oloroso and Amontillado wines,
although in lower concentrations than in Fino wines (around five times lower) [42]. The
most abundant compounds in Oloroso wines are isoamyl alcohols, ethyl lactate, ethyl
acetate, acetaldehyde, and diethyl succinate. Other compounds such as ethyl butyrate,
ethyl caproate, ethyl decanoate, ethyl isovalerate, ethyl valerate, guaiacol, hexyl acetate,
hexyl hexanoate, hexyl lactate, methyl acetate, 2-methylbutan-1-ol, methyleugenol, β-
methyl-γ-octalactone, nonanoic acid, 2-phenylethanol, and 2-phenylethanol acetate tend
to be more characteristic of Oloroso wines, and are not found either in Amontillado or
Fino wines.

The narrow correlation between the aromatic composition of Sherry wines and the type
of cask wood as well as the degree of toasting of the wood has already been studied [39].
The wines aged in French oak and chestnut casks undergo greater changes in their volatile
compound composition during the oxidative aging process. American and Spanish oak,
on the other hand, modify to a lesser degree the volatile compound profile of these wines
during their aging. In relation to the wood toasting degree, it is the medium-toasted
casks that produces the wines with the greatest volatile composition. These results are
similar to those reported by other authors with regard to fortified and sweet wines aged in
wood [44,45]. Eugenol and guaiacol are compounds derived from the degradation of lignin
and their content increases during the aging in contact with wood. β-methyl-γ-octalactone
was only identified in Oloroso wines aged in contact with oak wood, but not in those aged
with chestnut. High concentrations of γ-butyrolactone were also determined in all the
samples studied, similarly to those already reported by Hevia et al. [44]. Ethyl valerate,
hexyl acetate, or ethyl octanoate (compounds that contribute with floral and fruity notes
to the aroma of the wines) decreased with aging, except for the wines aged in French
oak casks, which saw their concentration increased along with other compounds such as
isobutyl acetate, ethyl valerate or isoamyl acetate.

11



Foods 2021, 10, 753

3. Study of the Aroma of Natural Sweet Wines

According to the specifications in the Protected Denomination of Origin “Jerez-Xérès-
Sherry” [6], Natural Sweet Wines are those produced using musts from very ripe or
sun-dried grapes, generally of the Pedro Ximénez (PX) or Moscatel varieties. These musts,
which are rich in sugars as a result of the raisining process, are only partially fermented
in order to preserve most of their original sweetness. During this sweet vinification, the
musts are fortified with wine alcohol as soon as the fermentation process starts, to reach
a minimum alcohol content of 15% vol. The wines produced through this method are
subsequently aged in direct contact with atmospheric oxygen, which favors a progressive
aromatic concentration and increases their complexity while an intense color and a dense
appearance is acquired, although with no negative impact on the typical freshness of these
varieties. The alcohol content should range between 15◦ and 22◦ vol.

Table 2 presents the different volatile compounds determined in natural sweet
wines, their sensory descriptors as well as the concentration ranges reported in the
bibliographic references.

Table 2. Volatile compounds identified in natural sweet wines, sensory descriptors, and concentration ranges reported in
the bibliographic references

Volatile Compounds Sensory Descriptors Concentration
(mg/L) References

Alcohols
(E)-2-Hexenol Herbaceous/green/green tomato 0.001–0.36 [46–51]

2,3-Butanediol (levo/meso) Ripe fruit/butter 0.001–4015.0 [47,49,52,53]
2-Butanol Vinous/medicinal 0.003–0.12 [46–51]

2-Methylbutanol Roasted/fruity/ alcoholic/fusel oil/ wine/whiskey 1.40–1.66 [45]
2-Phenylethanol Rose/talc/honey 0.12–78.88 [45,47–49,51–55]

2-phenylethyl alcohol Rose/honey 0.002–25.91 [46,50,56,57]
3-Ethoxypropanol Overripe pear 0.30–17.37 [47,49]
3-Hexenol (E/Z) Herbaceous/green/grass 0.001–0.079 [46–49,52,56]

3-Methyl-2-butanol [54]
3-Methylpentanol Pungent/fusel oil/brandy/wine/cocoa 0.022–0.030 [47]

Benzyl alcohol Roasted/toasted/disifectant/fruity/walnut/floral/rose/
phenolic/balsamic 0.001–0.772 [45–52]

Butanol Vinous/medicinal 0.001–1.76 [45–51]
Heptanol Oily 0.006–0.037 [46,57]
Hexanol Cut grass/resinous/herbaceous/wood 0.001–1.02 [45–51,54,55,57]

Isoamyl alcohols Solvent/cake/fusel alcohols/nail polish/ripe fruit 0.003–146.72 [46–53,55–57]
Isobutanol Alcohol/solvent/vinous/nail polish 0.003–40.90 [45–51,53,56,57]
Methanol Solvent/pungent fruity 57.5–163.0 [49,53,57]
Pentanol Bitter almond/synthetic 0.001–0.014 [49,51]
Propanol Fusel alcohol/ripe fruit 8.4–88.0 [49,53,57]

Aldehydes
(E)-2-Hexenal Herbaceous 0.012–0.308 [48,51,55]

2-Hexanal [54]
3-Methylbutanal Ethereal/aldehydic/chocolate/peach/fatty 0.094 [56]

Acetaldehyde Stewed apple/pungent 13.29–347.0 [49,53,56,57]
Benzaldehyde Roasted/bitter almond/nutty/smoky 0.003–0.151 [45–50,54,55]

Decanal Soapy/green lemon [57]
Hexanal Fatty/herbaceous/green apple 0.004–0.444 [46–50,52,54,55]
Nonanal Waxy/aldehydic/rose/orange peel fatty [54,55]
Octanal Herbaceous 0.046–0.127 [47,54,55]

Phenylacetaldehyde 0.068 [56]

Ketones
2,3-Butanedione Buttery/ripe fruit/yogurt/cake 0.004–5.07 [46–51,56,57]
2,3-Pentanedione Buttery/cream/cake 0.004–0.435 [46–48,50,57]

2-Octanone Floral/over ripe fruit 0.002–0.022 [51]
6-Methyl-5-hepten-2-one [54,55]

Acetoin Buttery/cream/sour yogurt/sour milk 0.070–1228.52 [46–51,53,57]

Furans

2-Furaldehyde Fusel alcohol/cake/burnt/almond/ripe fruit/toasted
bread/incense/floral 0.001–5.002 [45–52,54–57]

5-Hydroxymethyl-2-furaldehyde Rancid/toasted 0.003–102.40 [45,51]
5-Methyl-2-furaldehyde Toasted/bitter almond/cake/burnt/caramel 2.4 [45–52,54,55,57]

Ethyl 2-furoate Balsamic [57]
Furfuryl alcohol Varnish 0.005–0.023 [47,49,57]
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Table 2. Cont.

Volatile Compounds Sensory Descriptors Concentration
(mg/L) References

Acids
2-Ethyl-hexanoic acid [54,55]
2-Methylbutanoic acid Rancid 0.003–0.009 [48]
3-Methylbutanoic acid Lactic/rancid/cheese 0.001–2.495 [45–48,50,56,57]

Acetic acid Fatty 3.31–4.08 [52]
Butanoic acid Aged cheese/rancid 0.003–0.627 [46–50,56]
Decanoic acid Rancid/cheese/wax/plasticine 0.005–0.185 [45,47,49,51,52,

54,55,57]
Dodecanoic acid Fatty/coconut/bay [54,55]

Hexadecanoic acid Waxy/fatty [54,55]
Hexanoic acid Cheese/rancid 0.030–0.069 [49]

Isobutanoic acid Cheese/rancid/fat 0.003–5.623 [45,49]
Nonanoic acid Waxy/dirty/cheese/dairy 0.011–0.033 [45,54,55]
Octanoic acid Rancid/cheese/fatty 0.002–0.506 [45,47–

49,51,52,54,55,57]
Propanoic acid Fat 0.080–1.371 [49]

Tetradecanoic acid Waxy [54,55]

Esters
2-Phenylethyl acetate Fruity/honeyed/floral/rose 0.001–0.094 [46–50,52,54–58]

2-Phenylethyl hexanoate 0.007–0.015 [47]
2-Phenylethyl octanoate Cocoa/caramel/winey/brandy [57]
3-Methylpropyl acetate 0.037 [56]

4-Methyl-2-pentyl acetate 0.181 [52,55]
Benzyl acetate Floral/fruity/jasmine/fresh 0.0416 [45]
Butyl acetate Solvent/fruity/banana 0.016–0.154 [45,47,54,55]
Butyl lactate [57]

cis-3-Hexenyl acetate 0.001–0.002 [45]
Diethyl malate Green 0.003–0.531 [47,49,51]

Diethyl pentanedioate [55]
Diethyl succinate Overripe fruit/lavender 0.101–1.76 [45,47,49,52,54,

55,57,58]
Ethyl 2-methylbutanoate 0.0041 [56]

Ethyl 2-methylpentanoate [56]
Ethyl 2-methylpropanoate 0.054 [56]
Ethyl 3-hydroxybutanoate Grape/green apple/marshmallows 0.005–0.062 [47,49,57]
Ethyl 3-methylbutanoate 0.0075 [45,54–56]

Ethyl 3-methylpentanoate 0.001 [56]
Ethyl 4-methylpentanoate 0.001 [56]

Ethyl acetate Pineapple/varnish/balsamic/fruity/solvent/pungent/glue 0.031–113.33 [46–50,52,53,57]
Ethyl benzoate Fruity/medicinal/wintergreen/anise 0.002–0.005 [49,57]
Ethyl butanoate Banana/pineapple/strawberry 0.012–0.386 [45,52,54–58]

Ethyl cyclohexanoate [56]
Ethyl decanoate Synthetic/rancid 0.015–0.162 [52,54,55,57,58]

Ethyl dihydrocinnamate 0.001 [56]
Ethyl dodecanoate Waxy/floral/soapy/clean 0.077–0.106 [54,55,58]

Ethyl furoate Plum/floral 0.0001 [49]
Ethyl heptanoate Strawberry/banana 0.005–0.046 [46,47,58]

Ethyl hexadecanoate 0.008 [54,55,58]
Ethyl hexanoate Banana/green apple 0.005–0.147 [45,47,49,54–58]

Ethyl isobutanoate Apple/pineapple 0.002–3.869 [45,58]
Ethyl lactate Lactic/yogurt/strawberry/raspberry/buttery 0.001–93.8 [46–48,50–52,57]

Ethyl octadecanoate [54,55]
Ethyl octanoate Pineapple/pear/soapy/banana 0.002–0.174 [45,49,52,54–58]

Ethyl pentanoate Fruity/apple/pineapple/green/tropical 0.005–0.071 [45,52]
Ethyl propanoate Banana/apple 0.005–0.152 [46,47,58]
Ethyl succinate Toffee/coffee 0.029–70.0 [47,49]

Ethyl tetradecanoate Mild waxy/soapy 0.002 [54,55,58]
Hexyl acetate Apple/pear/banana/floral 0.001–2.14 [45–48,50,52,57]

Isoamyl acetate Banana 0.008–0.019 [49,54,55]
Isoamyl butanoate Banana/fruity 0.012–0.089 [47,48]

Isobutyl lactate Faint buttery/fruity/caramel [57]
Methyl acetate Solvent/fruity/winey/brandy/rum 0.064–0.085 [58]

Methyl butanoate Strawberry/butter [57]
Methyl octanoate 0.001 [52]
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Table 2. Cont.

Volatile Compounds Sensory Descriptors Concentration
(mg/L) References

Terpenes
4-Terpineol Moldy 0.002 [48,54,55]
Carvacrol Thyme [54,55]
Farnesol Floral/fruity/balsamic/clove 0.002–0.080 [46–48,50,54,57]
Geranial Citrus 0.002–0.078 [46,47,50]
Geraniol Floral/fruity/rose/waxy/citrus [54]

γ-Terpineol 0.034–2.99 [52]
Linalool Muscat/rose/lavender 0.006–1.62 [52,54–57]

Linalool oxide [54,55]
Nerol Citrus/magnolia 0.013 [47,54,55]

Nerol oxide [54,55]
Nerolidol Floral/green/citrus/woody/waxy [54,55]
p-Cymene Fresh/citrus/lemon/woody/spicy 0.23–0.58 [52]

Thymol Herbal/thyme/phenolic/medicinal/camphor [54,55]
α-Terpineol Lily/cake 0.004–0.016 [45,47,48,54,55]
β-Citronellol Rose [54,55]
β-Myrcene [54,55]

Lactones
4-Caprolactone Herbaceous/coconut 0.001–0.005 [49]
γ-Butyrolactone Cake/caramel/fruity/empyreumatic/coconut/toasted 0.003–37.90 [45–51,57]
γ-Decalactone Peach/coconut 0.001–0.129 [46–50,58]
γ-Heptalactone Fruity/coconut/herbaceous/caramel 0.001–0.120 [46–48,50]
γ-Hexalactone Cake/fruity/peach 0.003–0.023 [47,48]
γ-Nonalactone Over-ripe fruit 0.015–0.372 [51,58]
γ-Pentalactone Cut hay 0.002–0.006 [49]
Pantolactone Toasted bread/smoked 0.065–0.190 [47,49,57]

Sotolon walnut/cotton candy/curry 0.176 [56]
cis-Whiskeylactone Burnt/wood/vanilla/coconut 0.011–0.028 [47,56,57]

trans-Whiskeylactone Spicy/coconut/vanilla 0.004–0.049 [45,47,57]

Mercaptans
2-Methyl-3-furanthiol Fried 0.035 [56]

3-Mercaptohexanol Green/lemon [56]
4-Mercapto-4-methyl-2-

pentanone Broom/cat urine/black currant sprout [56]
Dimethyl disulphide (DMDS) 0.0098 [56]

Methional Boiled vegetables/oxidized 0.02 [56]
Methionol Cooked potato/cut hay 0.001–0.070 [46,47]

Methoxypyrazines
3-Isobutyl-2-methoxypyrazine Green pepper/asparagus/potato [56]

3-Isopropyl-2-methoxypyrazine [56]
3-sec-Butyl-2-methoxypyrazine [56]

Miscellaneous
1,1,6-Trimethyl-1,2-

dihydronaphthalene
(TDN)

Gasoline [54,55]

1,1-Diethoxyethane Green fruit/licorice/cake/fruity/over-ripe fruit 0.023–4.795 [46–48,50,51,57]
β-Damascenone Fruity/rose/plum/grape/raspberry 0.01 [56]

The volatile composition of a selection of sweet Andalusian PX and Moscatel wines
was studied by Márquez et al. [52]. The major compounds identified included ethyl acetate,
isoamyl alcohols, ethyl lactate, acetic acid, 2-furaldehyde, linalool, diethyl succinate, α-
terpineol, and 2-phenylethanol. Both varietals presented elevated contents of isoamyl
alcohols, ethyl acetate and ethyl lactate, fatty acids such as hexanoic, octanoic, and decanoic
acids. Norisoprenoid 1,1,6-trimethyl-1 and 2 dihydro naphthalene (TDN) at low levels
were also confirmed. Muscat presented very high concentrations of linalool, α-terpineol
and limonene, and higher ones than PX in TDN. On the other hand, 2-furaldehyde and
5-methyl-2-furaldehyde were detected at significant levels in PX. With respect to PX, and
according to the data provided by Campo et al. [56], who analyzed different types of dessert
wines, PX also contains significant concentrations of 3-methylbutanal, phenylacetaldehyde,
methional, sotolon, and the ethyl esters 2-, 3-, as well as 4-methylpentanoic acids, all of them
with high aromatic activity. Nevertheless, the compounds that best differentiated the PX
from the other wines were 3-methylbutanal, furfural, β-damascenone, ethyl cyclohexanoate,
and sotolon.

The aromatic profile of the natural sweet wines from the Jerez-Xérès-Sherry Protected
Designation of Origin (PDO) are the result of different contributions in the course of their
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production; from the grapes’ cultivation to the aging of the wine. It is necessary to clarify
that, given that the musts obtained from raisined PX grapes fortified with wine alcohol
from the neighboring production area of Montilla-Moriles PDO can be used, we have
included in this bibliographic research the works that have also studied those musts.

While the sugar enrichment of the grapes can be achieved through the overripening
of the grapes on the vines by twisting their stems without cutting them off, the traditional
system in the Jerez (Sherry) region is the so called ‘asoleo’, which consists on drying the
bunches of grapes in the sun for several days in order to partially dry or raisin the grapes
(Figure 3).
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A certain concentration of the compounds is to be expected, but Franco et al. [48],
compared the aromatic profiles of sun-dried raisins and fresh grapes’ musts and were
able to confirm the decrease in concentration of farnesol and of some 6-carbon alcohols
and aldehydes responsible for herbaceous aromas (hexan-1-ol, (E)-hex-3-en-1-ol, (Z)-hex-
3-en-1-ol, (E)-hex-2-en-1-ol, hexanal, and (E)-hex-2-enal). The authors attributed this
reduction in specific compounds to the inactivation by exposure to light of the lipoxygenase
enzymes responsible for the production of C6. They also detected very marked increments
in the content of some other volatiles: isobutanol; benzyl alcohol; 2-phenylethanol; 5-
methylfurfural; γ-butyrolactone, and γ-hexalactone, all of them related to the anaerobic
metabolism of sugar, which encouraged the authors to suggest the promotion of this
mechanism during the ‘asoleo’ traditional overripening system of the grapes, as it is
known to occur in freshly harvested grapes [59]. In addition, high temperatures favor the
formation of products derived from Maillard reactions which are responsible for roasted
coffee or cocoa aroma notes. The complexity of these phenomena that affect the aromaticity
of raisined grape must was analyzed by López de Lerma et al. [51]. They hypothesized that
the criterion for determining the optimum raisining length of time perhaps should not be
determined by aiming at a sugar concentration of around 400 g/L. In fact, they observed
that some of the aromatic families of interest related to fruity and toasted notes started to
decrease in concentration at an earlier stage, so they recommended reducing dehydration,
and opted for rapid response tools such as the electronic nose to control the process. For
Ruiz et al. [50] however, raisining consists of two stages: during the first 4 days, slight
changes occur in the chemical and sensory aromatic profiles, and thereafter the raisins are
substantially enriched in aromas.

During the ‘asoleo’ traditional overripening system a number of risks are faced, such
as the possibility of rain or nighttime moisture, which may result in a loss of quality due to
fungal attacks [60]. Several researchers have studied an alternative of great interest such as
the use of climatic chambers to keep the control on temperature and humidity conditions
(Figure 4). This method would also allow the raisining stage to be shortened.
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Ruiz et al. [50] compared the volatile compositions of raisined grape musts obtained by
“asoleo” traditional overripening system or in a climatic chamber. The data obtained were
processed as aroma values and grouped into aromatic families, according to their contribu-
tion to characteristic olfactory notes. The caramel note was the highest value in both cases
(associated with increases in 3-hydroxy-2-butanone, known as acetoin, γ-butyrolactone,
and 2,3-butanedione) and together with the floral note related to concentration increases in
geranial, phenethyl acetate, phenethyl alcohol and farnesol, were perceived more clearly
in the musts obtained from climatic chamber raisins. The same authors [46] analyzed the
effect of chamber temperature and drying time on the PX grapes and a combination of 40 ◦C
for 96 h was established as ideal to obtain more intense caramel and floral notes (mainly
due to important increases in phenethyl alcohol) together with a characteristic and highly
appreciated milky note associated to an increment in methylbutanoic acid. However, these
results do not agree with those obtained by Serratosa et al. [61], who considered 50 ◦C as a
better option that allowed them to obtain a must that was sensorially very similar to that
produced by traditional raisining methods. Ruiz-Bejarano et al. [62] evaluated the sensory
profile of PX and Muscat grapes, from three different harvests, which had been raisined
either through ‘asoleo’ traditional overripening system or by means of a climatic chamber
under temperature and moisture control. The results were very enlightening with regard
to the considerable possibilities exhibited by the alternative raisining method. Particularly,
the grapes from one of the harvests, which had been affected by rain falls during the
days before their cropping, produced musts marked by more intense fungal or humidity
notes as well as weaker fruity and aroma intensity when the grapes had undergone the
‘asoleo’ traditional overripening system than when the must was produced by means of
a climatic chamber. The analysis of ochratoxin A (OTA) in the musts confirmed a 4-fold
fungal contamination in the raisins obtained by ‘asoleo’ traditional overripening system
(up to 28.8 g/kg) [63].

As already discussed, the sweet wines from the Jerez-Xérès-Sherry PDO require some
degree of fermentation. Fermentation brings complexity and acidity, while balancing
the intense sweet notes (fruit, raisin) that are predominant in wines that are simply the
result of adding wine alcohol to the raisined grape must [58]. This was confirmed by
Ruiz et al. [47], who carried out a study on the aromatic characterization of wines obtained
from raisined PX grape musts as a result of the different degrees of fermentation. In
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another paper, Ruiz-Bejarano et al. [55] studied the volatile composition of sweet wines
obtained from raisined Muscat musts under different vinification conditions, including
as experimental variables the type of yeast (S. cerevisiae vs. S. bayanus), the fermentation
temperature (room vs. chilled), the addition of ammonium phosphate nutrient, and the
prefermentative pellicular maceration with pectolytic enzymes. According to their results,
the concentrations of esters are favored by the addition of nutrients, by the practice of
pellicular maceration with enzymes, and especially by the combination of these practices
with the use of S. bayanus yeast. On the other hand, the concentration of acetates was
encouraged by fermentation with S. cerevisiae at room temperature. Moreover, certain
alcohols and aldehydes (1-hexanol, hexanal, benzaldehyde, 2-phenylethanol) increased
their presence in those assays that included skin maceration with enzymes. From a sensory
point of view [62,63], the sweet Muscat wines fermented at low temperature (< 10 ◦C) with
S. bayanus yeast without nutrients and pectolytic enzymes, were characterized by intense
citrus and floral notes and were the best rated, while the ones obtained using nutrients were
granted the lowest scores. In a follow-up study [64], the same authors observed that the use
of S. bayanus significantly decreased ethyl carbamate content in the wines—a compound
declared to be carcinogenic—while the use of nutrients and pectolytic enzymes increased
its content levels. PX wines, with their characteristic amino acid profile, presented lower
concentrations of this compound than Muscat wines.

The high sugar concentration in raisin musts, as much as 400 g/L, causes some
difficulties to the production of sweet wine. Espejo et al. [65] tested the use of pectolytic
enzymes combined with prefermentative maceration to facilitate the pressing and improve
must extraction yields. They succeeded to obtain wines with improved aromatic and taste
characteristics. The use of osmo-resistant yeasts has been the subject of study of several
researchers [49,53,66,67]. As an example of this, a study with Torulaspora delbrueckii [67],
a yeast of low volatile acidity production capacity with concentrated musts, high aroma
revealing capacity, but low alcohol resistance, produced wines with higher citrus notes,
lower raisin notes, and better overall ratings than those fermented using S. cerevisiae.
The concentrations of isoamyl alcohol, 2-phenylethanol, isobutyl alcohol, benzaldehyde,
2,2-diethoxyethyl benzene, and 2-phenylethyl isobutyrate increased, while those of ethyl
butyrate, some acetates, and certain fatty acids decreased.

No work has been found in the literature on the aromatic evolution of natural sweet
wines from the “Jerez-Xérès-Sherry” PDO during their aging by means of the Criaderas y
Solera method. Only a limited number of related works have been found [57,68,69], but
the production of the wine was carried out in a different way from those established for
the “Jerez-Xérès-Sherry” PDO.

On the other hand, Ruiz-Bejarano et al. [54], analyzed the evolution of 51 volatile
substances during the static aging of sweet wines made from PX and Moscatel grape musts
from two different vintages in 30 L American oak barrels. With respect to aging time,
several ethyl esters (ethyl 3-methylbutanoate, diethyl pentanedioate, and diethyl succinate)
increased significantly, while ethyl decanoate and ethyl dodecanoate decreased, which is ex-
plained by hydrolysis and esterification phenomena. The acetates, n-butyl acetate, isoamyl
acetate and phenylethyl acetate; the terpenes, nerol oxide, linalool, thymol, carvacrol and β-
myrcene; the alcohols, 3-methyl-2-butanol and 1-hexanol; aldehydes such as benzaldehyde,
nonanal, octanal, hexanal and 2-hexenal, 2-furaldehyde (originating from raisining) and
1,1,6-trimethyl-1,2-dihydronaphthale, increased significantly with aging time, probably as a
result of their concentration. Some of the compounds detected and that mainly derive from
contact with oak were eugenol, 4-ethylphenol, and 5-methylfuraldehyde. In a previous
study [55], the same authors had investigated the effect of the type and time aging length
on sweet Moscatel wines, by comparing aging in medium-toasted 30 L American oak
barrels with the aging carried out through contact with chips of the same oak variety at
doses of 4 g/L, as well as in the absence of wood. The levels of most compounds were
affected by the presence or absence of wood and, to a large extent, also by the type of
contact, i.e., barrel or chips. The sensory analyses [63], according to expectations, detected
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greater oak notes as aging time grew longer, although their intensity levels were higher
in the cask-aged wines. It also established a clear preference for cask-aged wines over
those aged in contact with chips, where an aromatic defect could be perceived. Cask-aging
was confirmed as an improving agent and one that was particularly effective with grapes
coming from less optimal harvests from a sensory point of view [62].

Ruiz et al. [47] studied the accelerated aging of sweet wines from raisined PX grapes
in contact with American oak chips at doses of 1 and 2 g/L at 20 ◦C, together with
other alternatives to the traditional method. They confirmed significant increases in 2,3-
butanedione, isoamyl acetate, eugenol, vanillin, furfural, and 5-methylfurfural, and volatile
phenols such as guaiacol, 4-ethylguaiacol, 4-ethylphenol, syringol and isoeugenol, as well
as (E) and (Z) isomers of β-methyl-γ-octalactone.

Herrera et al. [45] monitored the static aging of a natural sweet PX wine in 16 L
casks made of American, French and Spanish oak, as well as of chestnut wood. Some
wood-derived compounds—such as eugenol, trans-whiskeylactone, benzaldehyde, or 5-
methyl-2-furaldehyde among others—increased their concentrations with time, regardless
of the botanical origin of the wood. The same happened with certain other compounds such
as isobutyl acetate and isobutanol, which, as expected, also increased their concentration
as a result of the evaporation of water through the wood pores.

4. Study of the Aroma of Sherry Vinegar

Sherry vinegar is a product resulting from the acetic fermentation of the wines pro-
duced in the Sherry region. It is produced and aged using traditional practices and must
display certain organoleptic and analytical characteristics. Depending on the aging times
to which the vinegars are subjected, the following are distinguished: Sherry Vinegar (six
months minimum aging time), Reserva Sherry Vinegar (two years minimum aging time),
and Gran Reserva Sherry Vinegar (10 years minimum aging time). In addition, there are
also semi-sweet or sweet Sherry vinegars (depending on the amount of sugar), namely
Pedro Ximénez Sherry Vinegar and Moscatel Sherry Vinegar, which have one of these types
of sweet wines added during the aging process [8].

Vinegar aroma has been a subject of study for several decades, and Table 3 shows the
different volatile compounds studied in Sherry vinegar, their sensory descriptors and the
concentration ranges found in the bibliographic references.

Table 3. Volatile compounds identified in Sherry vinegars, sensory descriptors, and concentration ranges reported in the
bibliographic references

Volatile Compounds Sensory Descriptors Concentration (mg/L) References

Acetates
Benzyl acetate Sweet/floral/fruity/jasmine/fresh 0.013–0.224 [70–78]
Bornyl acetate Woody/pine/herbal cedar/spice [79]

2,3-Butanediol diacetate [79,80]
n-Butyl acetate Solvent/fruity/banana 0.1–2.8 [71,73,75,77,80–82]
Ethyl acetate Fruity/sweet/weedy/green 0.1–3.9 [16,72,73,75,79,80,82–88]

Ethyl 2-phenyl acetate Sweet/floral/honey/rose/balsamic/cocoa 25–132 [70,71,73,74,79–82,87,89]
Geranyl acetate Floral/rose/lavender/ green/waxy [79,89]

(E)-2-Hexen-1-ol acetate Green/fruity [79,90]
(Z)-3-Hexen-1-ol acetate Green/fruity/banana/apple/grassy 0.01–0.03 [73,78–80,91]

Hexyl acetate Fruity/green apple/banana/sweet 0.007–0.09 [71–
73,75,78,79,83,87,92,93]

Isoamyl acetate Sweet/fruity/banana 2.7–16.3 [71–75,78–80,82,83,86,93]
Isobutyl acetate Sweet/fruity/banana 1.0–4.3 [71–73,75,78–80,82,83,87]
Methyl acetate Sweet/fruity 0.011–0.05 [71,72,75,82,84–86,88,90]

4-Methyl-2-pentyl acetate Sweet/fruity/banana [79,87,89,93]
2-Methyl-1-propyl acetate Sweet/fruity/apple banana 9.97 [84,89]

Neryl acetate Floral/rose/citrus/pear [79]
3-Oxobutan-2-yl acetate Pungent/sweet/creamy/buttery [90]

Phenylethyl acetate Floral/rose/sweet/honey/fruity/tropical 0.5–4.8 [70–72,74,75,79–83,87,93]

Phenyl methyl acetate Sweet/floral/honey/
spicy/waxy/almond [79,94]

1,2-Propanediol diacetate Fruity/acetic [79]
Propyl acetate Solvent/fruity/fusel/raspberry/pear 0.06–0.2 [71–73,75,78,82,85]
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Esters
Diethyl succinate Mild fruity/cooked apple 0.007–2.44 [70–73,75,78–84,86–

89,92,93]
Dihydroxymethyl jasmonate [79]

Ethyl benzoate Fruity/dry musty/sweet 0.006–0.013 [71,72,75,77,80]
Ethyl butanoate Sweet/fruity/tutti frutti 0.05–0.3 [71–75,78–80,83,84,87,93]

Ethyl ciclohexanoate [80]
Ethyl decanoate Sweet/waxy/fruity/apple/grape/oily 0.008–0.054 [72,73,79,81,83,89,93]

Ethyl dodecanoate Sweet/waxy/floral/soapy/clean [72]
Ethyl-3-ethoxypropanoate [72,90]

Ethyl formate Green/alcohol/rose/cognac 24.3–194 [85,86,88]
Ethyl heptanoate Fruity/pineapple/cognac/rum/wine [80]

Ethyl hexanoate Sweet/fruity/pineapple/waxy/green
banana 0.05–75 [70–73,75,78,79,81,83,87,

92,93]
Ethyl hydrogensuccinate [70,72]

Ethyl isobutyrate Sweet/ethereal/fruity/alcoholic/fusel 0.006–1 [71–75,77,78,82,92]

Ethyl isovalerate Fruity/sweet/apple/pineapple/tutti
frutti 0.03–1.1 [71–75,78–80,82,87,89,92]

Ethyl lactate Sharp/tart/fruity/buttery/butterscotch 0.007–63 [70,71,73,82,85,86,88]

Ethyl levulinate Sweet/fruity/floral/ berry/green
pineapple/rhubarb [79]

Ethyl 2-methyl butanoate Sharp/sweet/green/apple/fruity 0.07–0.15 [71–
75,79,80,82,83,87,89,93]

Ethyl 3-methylpentanoate Pineapple/fruity/tropical [80]
Ethyl nonanoate Fruity/rose/waxy/rum/wine/tropical [80]

Ethyl octanoate Fruity/wine/waxy/sweet/apricot/banana/
brandy/pear 0.02–0.05 [71–73,75,79,80,83,89,92]

Ethyl propanoate Fruity/banana/pineapple 0.6–1.5 [71,72,75,79,80,82,83]
Ethyl vanillate Phenolic/burnt/smoky/powdery/metallic [70,79]
Ethyl valerate Sweet/fruity/apple/pineapple/green 0.002–0.67 [71–

73,75,78,79,81,82,92,93]
Isobutyl isothiocyanate Green [79]

Methyl butyrate Fruity/apple/sweet/ banana/pineapple [80]
Methyl hexadecanoate Oil/waxy/fatty [89,90]

Methyl hexanoate Fruity/pineapple [79]
Methyl nonanoate Sweet/fruity/pear/waxy/tropical/wine [90]

Methyl 9-octadecanoate [90]
Methyl salicylate Mint [70,72,77,79,87]

Acids
Acetic acid Sharp/pungent/sour/vinegar [16,72,79,80,83,87,89,93]

Benzoic acid faint balsam/urine [70,79,80,89]
Butanoic acid Sharp/cheesy/rancid/butter [70,72,77,79,80,83]
Decanoic acid Unpleasant/ rancid/sour/fatty 0.03–0.5 [70–75,78,79,81–

83,87,89,92,93]
Dodecanoic acid Fatty/coconut/bay [90,93]

2-Ethylhexanoic acid [72]
Formic acid Pungent/vinegar [79]

Heptanoic acid Rancid/sour/cheesy/sweat 0.10–0.15 [71,77]
Hexadecanoic acid Waxy/fatty [70,72,79,89]

9-Hexadecenoic acid [79,89]
Hexanoic acid Sour/fatty/sweat/cheese 1.3–2.2 [70–73,75,77,79–83]

(4-Hexyl-2,5-dioxo-2,5-
dihydro-3-furanyl) acetic

acid
[90]

Isobutyric acid Acidic/sour/cheese/dairy/buttery/rancid 0.06–0.15 [72–74,78,80,90,92]
Isopentanoic acid Stinky feet/sweaty/cheese 49–60 [70–75,78–83,87,89,90,92]

Nonanoic acid Waxy/dirty/cheese/dairy 0.01–0.04 [71,72,77–79,87,92,93]
Octadecanoic acid Fatty/waxy [79]

9-Octadecenoic acid [79]
Octanoic acid Fatty/waxy/rancid/oily/vegetable/cheesy 0.7–2.6 [70–73,75,78–83,87,89,92]

Oleic acid Faint fatty/waxy [79]
Pentadecanoic acid Waxy [72,79,89]

Pentanoic acid Acidic/sweaty/rancid [70,72]
Phenylacetic acid Sweet/honey/floral/honeysuckle/sour/waxy/ [70]

Propanoic acid Pungent/acidic/cheesy/vinegar [70,72,80]
Sorbic acid [72]

Tetradecanoic acid Waxy [70,72,79,89]
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Alcohols
2-Acetoxy-1-propanol [70]

Benzyl alcohol Floral/rose/phenolic/balsamic 81–1980 [70,71,75,78–83,92,93]
Borneol Balsamic/camphoreous/herbal/woody [79]

2,3-Butanediol Fruity/creamy/buttery 353–95 [80,81,85,88,91]
1-Butanol Fusel/oily/sweet/ balsamic/whiskey [70,93]

Butoxyethoxyethanol [70]
Ethanol Alcoholic/medical/strong 1.03–9000 [72,75,80,82,85,86,88]

3-Ethoxy-1-propanol Fruit [70,79]
4-Ethyl resorcinol [76]

γ-Eudesmol (2-naphthalene methanol) Waxy/sweet [77,93]
Eugenol Sweet/spicy/clove/woody 0.01–0.1 [70,71,73,75,77,78,92]

Fenchyl alcohol Camphoreous/pine/woody/dry/rooty/
sweet/lemon [79,89]

1-Heptanol Musty/leafy/violet/herbal/green/sweet/
woody/peony [90]

2-Heptanol Fresh/lemon/grass/herbal/sweet/floral/
fruity/green [90]

3-Heptanol Herbal [90]

1-Hexanol Ethereal/fusel/oily/fruity/alcoholic/
sweet/green 0.002–0.4 [71–73,78,87,92]

2-Hexanol Chemical/winey/fruity/fatty/cauliflower [89,93]
trans 2-Hexen-1-ol Fresh/green/leafy/fruity/unripe banana [73,90]

cis 3-Hexen-1-ol Fresh/green/grassy/foliage/vegetable/
herbal/oily 0.04–0.05 [71,75,80,82,87]

Methanol Alcoholic 11–67 [16,75,82,85,86,88]

2-Methyl-1-butanol Roasted winey
onion/fruity/fusel/alcoholic/whiskey 560–13,000 [71–75,78,79,81–

86,88,89,92,93]

3-Methyl-1-butanol Fusel/alcoholic/pungent/cognac/
fruity/banana 5000–60,000 [16,70–75,79–86,88–90,93]

2-Methyl-1-hexadecanol [90]
2-Methyl-1-propanol Winey/whiskey 3.5–14.3 [71,73–75,80–

82,85,86,88,93]

1-Nonanol Fresh/clean/fatty/floral/rose/orange/
dusty/wet/oily [89,90]

Phenylethyl alcohol Sweet/floral/fresh/rose 0.013–27.1 [70–72,74,75,78–90,92,93]

1-Propanol Alcoholic/fermented/fusel/tequila/musty/
sweet/fruity/apple/pear 0.66–13.1 [75,80,82,84,86,88]

Propano-1,2,3-triol 3200–21,600 [16]

Vanillyl alcohol Sweet/creamy/vanilla/caramellic/
cracker/milky/ [80]

Phenols
4-Acetyl-2-methylphenol [79]
2/4-Ditertbutyl phenol [79]

4-Ethylguaiacol Spicy/smoky/bacon/phenolic/clove 0.6–2.9 [70–74,78–81,89,92]
4-Ethylphenol Phenolic/smoky 0.02–1.6 [70,71,73–75,78–

82,87,89,90,92,93]
Guaiacol Phenolic/smoky/spicy/vanilla/woody 0.009–0.016 [75,78,80,82,90]

4-Methylguaiacol Spicy/clove/vanilla/phenolic/
medicinal/leathery [80]

Phenol Phenolic/plastic/rubber [79,83]

Terpenes
Camphene Woody/herbal/fir needle/camphor [89,90]

Citronellene Floral/rose/herbal/citrus/ [79]
β-Citronellol Floral/leathery/waxy/ rose/citrus [87,89]

Cymene Fresh/citrus/lemon/woody/spicy [79]
Eucalyptol Eucalyptus/herbal/camphoreous/medicinal [79,90]
Geraniol Sweet/floral/fruity/rose/waxy/citrus [79,89]

Limonene Pine/herbal/peppery [79,87,89]
Linalool Citrus/floral/sweet/bois de

rose/woody/green/blueberry [79,87,89]
trans p-Mentha-2,8-dienol [90]

Nerol Sweet/citrus/magnolia [79,89,93]
Perillaldehyde Fresh/green/oily/grassy/fatty/minty/cherry [79]

Safranal Fresh/herbal/phenolic/metallic/rosemary/
tobacco/spicy [90]

δ-Selinene [79]

γ-Terpinene Oily/woody/lemon/
lime/tropical/herbal [79]

4-Terpineol Peppery/woody/earthy/musty/sweet [79,87,89]
α-Terpineol Pine/lilac/citrus/woody/floral 0.007–0.1 [71,73,77–

79,87,89,90,92,93]
β-Terpineol Pungent/earthy/woody [89]

Thymol Herbal/thyme/phenolic/medicinal/camphor [89]
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Aldehydes
Acetaldehyde Pungent/ethereal/aldehydic/fruity 5–61 [16,75,84,85,88]
Benzaldehyde Strong/sharp/sweet/bitter/almond/cherry 0.05–1070 [70–73,75,77,78,80,81,83,

84,87,89–94]
Butanal Pungent/cocoa/musty/green/malty/bready [94]

2-Butenal Floral [94]
Cuminaldehyde

(4-(1-methylethyl)-benzaldehyde) Spicy/cumin/green/herbal [77]

Decanal Sweet/aldehydic/waxy/orange
peel/citrus/floral [94]

trans 2-Decenal Fatty/orange/rose/aldehydic/floral/green [90]
Dodecanal Soapy/waxy/aldehydic/citrus/green/floral [94]
Heptanal Fresh/aldehydic/fatty/green/herbal/cognac/ [94]
Hexanal Fresh/green/fatty/aldehydic/grassy 0.009–0.05 [71,73,94]

Isobutyraldehyde Fresh/aldehydic/floral/green [94]
Isovaleraldehyde Aldehydic/chocolate/ peach/fatty [79]
2-Methylbutanal Musty/cocoa/coffee/nutty [74,94]
3-Methylbutanal Ethereal/aldehydic/chocolate/peach/fatty [74,94]

3-Methylpropanal [94]
Nonanal Waxy/aldehydic/rose/orange peel/fatty [74,87,89,93,94]

(E)-2-Nonenal Fatty/green/cucumber/aldehydic/citrus [74,80,94]

Octanal Aldehydic/waxy/citrus/orange
peel/green/fatty 0.011–0.014 [74,79,87,90,93,94]

3-Octanal [89]
Pentanal Fermented bready/fruity/nutty/berry [94]

Propanal Earthy/alcoholic/winey/whiskey/
cocoa/nutty [94]

Undecanal Waxy/soapy/floral/aldehydic/citrus/green/
fatty/fresh laundry [94]

Vanillin Sweet/vanilla/cream/chocolate 2.5–4.4 [70,71,75,80]

Furanic componds
5-Acetoxymethyl-2-furaldehyde Baked bread [72,73,79]

2-Acetyl-2,5-dimethylfuran [79]
2-Acetylfuran Sweet/balsamic/almond/cocoa/

caramellic/coffee 0.6 × 10−5–1.7 × 10−5 [70,79,82,90]
2-Acetyl-5-methylfuran Musty/nutty/hay/coconut/milky [70,73,79]
5-Ethoxymethylfurfural [79]

Ethyl furoate 0.03–0.2 [71,72]

Furfural Sweet/woody/almond/fragrant/baked
bread 0.1–2.2 [70–73,75,77–

79,81,83,87,91,92,94]

Furfuryl alcohol Alcoholic/chemical/musty/sweet/caramel/
bread/coffee 0.3–1.04 [70,71,75,80,82]

5-Hydroxymethylfurfural Fatty/buttery/musty/waxy/caramellic [70,72,79]
5-Methylfurfural Sweet/caramellic/bready/coffee 0.005–0.02 [70–72,75,78–80,92]

1-(5-Methyl-2-furyl)-1-propanone [79]

Ketones
Acetoin Sweet/buttery/creamy/dairy/milky/fatty 0.28–708 [16,70–73,75,77,79–81,83–

86,88,90,93]
Benzophenone Balsamic/rose/metallic/geranium [79,90]

2,3-Butanodione Buttery/sweet/creamy/pungent/caramellic 17–42 [71,72,74,75,80,86,90,91]

β-Damascenone Sweet/fruity/rose/plum/grape/
raspberry/sugar [80,90]

3-Heptanone Green/fatty/fruity [90]
2-Heptanone Fruity/spicy/sweet/herbal/coconut/woody [90]

Hydroxyacetone Pungent/sweet/caramellic/ethereal 5.34–70 [86]
3-Hydroxy-3-methyl-2-butanone [70]

α-Ionone Sweet/woody/floral/violet/tropical/fruity 0.018–0.038 [81]

β-Ionone Floral/woody/sweet/
fruity/berry/tropical [80]

Isovalerone Green/fruity/metallic/pineapple/banana [79]
5-Methyl-3-hexanone [79]

3-Nonanone Fresh/sweet/jasmin/spicy/herbal/fruity [72]
1-Octen-3-one Herbal/mushroom/earthy/musty/dirty [74,80]

1-(2,3,6-Trimethylphenyl)-3-buten-2-
one [79]
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Lactones
γ-Butyrolactone Creamy/oily/fatty/caramellic 0.005–0.38 [70,71,75,78,82,84–

86,88,92]

δ-Decalactone Fresh/oily/waxy/peach/coconut/
buttery/sweet [79]

δ-2-Decenolactone [79]
γ-Dodecalactone Fatty/peach/sweet/metallic/fruity [80]
γ-Heptalactone Sweet/coconut/nutty/caramellic/ [79]
δ-Laurolactone [79]

α-Methyl-γ-crotonolactone [79]
Pantolactone Cotton/candy [80]

Solerone [70]

Sotolone Sweet/caramellic/maple/sugar
burnt/sugar/coffee 0.748 [75,80]

cis-Whiskeylactone Coconut/toasted/nutty/burnt 0.1–1.5 [70,71,75,79,80,82]
trans-Whiskeylactone Coconut/toasted/nutty/celery/burnt 0..07–0.3 [70,71,75,78,79,82,92]

Enolic derivatives
Cyclotene Sweet/caramel/maple/sugar/coffee/woody [70,79,90]

2,3-Dihydro-3,5-dihydroxy-6-methyl-
4H-pyran-4-one [79]

3-Ethyl-2-hydroxy-2-cyclopenten-1-
one Sweet/caramellic/maple [70,79]

Cyclotene Sweet/caramel/maple/sugar/coffee/woody [70,79,90]

Miscellaneous
2-Butyl-4-methyl-1,3-dioxolane Nutty/fatty [90]

Cadalene (1,6-dimethyl-4-(1-
methylethyl)-naphthalene) [77]

Cyclotetradecane [79]
Dibutyl formamide [79]

N,N-Dimethylformamide Slight amine [79]
Methyl styrene [79]

N-(3-Methylbutyl) acetamide [79]
Pentadecane Waxy [79]

Styrene Sweet/balsamic/ floral/plastic [79]
Tetradecane Mild waxy [79]

Tridecane [79]
1,1,6-Trimethyl-1,2-

dihydronaphthalene (TDN) Gasoline 4.4 × 10−5–10.5 × 10−5 [72,82,90]

Vitispirane Floral/fruity/earthy/woody [89]

In the 1990s, Blanch et al. [83] found no major differences between the volatile com-
position of the Sherry vinegars studied and other non-aged wine vinegars that were also
considered in the study. However, it was observed in this work that the Sherry vine-
gars generally exhibited higher concentrations of most compounds and particularly of
acetaldehyde, a compound that had already been found in previous studies also in aged
vinegars [95]. Guerrero et al. [96] reached similar conclusions after analyzing Sherry vine-
gars and other unaged vinegars, which in this latter case had been produced by means of
submerged culture acetification methods (quick acetification). This study was conducted
according to the standardized analysis methods of the time. Morales et al. [84] showed that
the use of NaOH or MgO to neutralize the high acetic acid content of vinegars prior to their
analysis by gas chromatography significantly reduced the content of many of the volatile
compounds that were originally present. Natera et al. [81] analyzed Sherry vinegars by
means of solid phase microextraction (SPME) and the volatile compounds found in higher
proportions were 2-methyl-1-propanol, 2- and 3-methyl-1-butanol, 3-hydroxy-2-butanone,
2-phenylethanol, isoamyl acetate, 2,3-butanediol, and isopentanoic acid.

More recently, Guerrero et al. [97,98] were able to identify and successfully quantify
47 volatile compounds by means of stir bar sorptive extraction (SBSE). This extraction
methodology prevented sample interferences and increased the analytical sensitivity
(Figure 5). Callejón et al. [71] analyzed volatiles in Sherry and Rioja vinegars employing
headspace sorptive extraction (HSSE) and observed that the latter allowed to determine
up to 53 volatile compounds, with 5 of them detected for the first time in this matrix:
ethyl 2-methylbutyrate, ethyl heptanoate, ethylfuroate, ethyl benzoate, and acetophe-
none. Even though the volatile profiles of both types of vinegars were qualitatively
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similar, the Sherry vinegars contained greater amounts of some of them, including ethyl
butyrate, ethyl isovalerate, ethyl lactate, isovaleric acid, and 4-ethylphenol.
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When comparing Sherry vinegars to vinegars from other Protected Designation of Ori-
gins (PDO), Ríos-Reina et al. [72] carried out a study for the discrimination of vinegars from
the three vinegar Protected Designation of Origin (PDO)s in Spain (‘Sherry Vinegar’, ‘Vine-
gar of Condado de Huelva’, and ‘Vinegar of Montilla-Moriles’). Other authors evidenced
that the volatile content in vinegar is influenced not only by the production process, which
is similar for Sherry vinegars and vinegars from Huelva, but also by the raw material, in
this case, the grape variety used, Palomino for Sherry PDO and Zalema for Huelva PDO, as
well as by geographical factors associated to each PDO [73]. Other authors [90], compared
Sherry vinegars to vinegars from Huelva PDO and from Montilla-Moriles PDO, and some
of their volatile compounds, namely 1-heptanol, methyl nonanoate, 2-methylbutanoic
acid, 2,2,6-trimethyl-cyclohexanone, trans-2-decenal, eucalyptol, and α-terpineol allowed
the differentiation of Huelva PDO vinegars from those produced under the Sherry PDO
and Montilla-Moriles PDO, while diacetyl, acetoin, ethyl 3-ethoxypropanoate, 2- and
3-heptanone, 2-methyl-1-hexadecanol, 1-octen-3-ol, p-cresol, and camphene allowed to
differentiate the vinegars from the Montilla-Moriles PDO. Moreover, Sherry PDO vine-
gars could be differentiated by their β-damascenone, 5-hydroxymethylfurfural, 3-heptanol,
trans-2-hexen-1-ol, and trans-2-hexen-1-yl acetate contents. All of this not only corroborates
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the conclusions reported by previous studies, but also demonstrates that PDO vinegars
can be classified based on their volatile profiles.

These differences were also observed in the studies carried out by means of Fourier
transform mid-infrared spectroscopy (FTIR) with attenuated total reflectance (ATR) on
Sherry and Huelva vinegars, both PDOs from Andalusia. These vinegars are produced
following similar oenological practices that include different periods of aging in oak wood
using the well-known Criaderas y Solera system. The authors concluded that aging in
oak wood by means of Criaderas y Solera presented a series of bands in the region of
1500–900 cm-1 of the spectrum that enabled their differentiation according to the aging time
of the vinegars from both PDOs. Aging in wood led to significant changes in the ATR-FTIR
spectra due to a greater presence in the vinegars of compounds such as acetic acids, alcohols,
esters, and ethers [99]. This spectroscopic technique has also been successfully applied
to the differentiation of vinegars derived from different raw materials and production
processes, including Sherry vinegars [100]. The percentage of successful classification
achieved was similar to that obtained based on their volatile content.

Casale et al. [91] who observed that the determination of the spectral fingerprint of
17 Sherry vinegars together with other vinegars of different nature or origin (white wine,
red wine, balsamic vinegar, apple vinegar, etc.) by Heaspace mass spectrometry without a
previous chromatographic separation, allowed to differentiate them from the rest of the
vinegars. Other study allowed the differentiation of the Sherry vinegars studied from
other white and red wine vinegars, as well as from apple and balsamic vinegars, based
only on 14 compounds among which eugenol (2-methoxy-4-prop-2-enyl-phenol), furfural
(2-furancarboxaldehyde), several organic acids (isobutyric acid, nonanoic acid, etc.), some
aldehydes, and esters (benzyl acetate, ethyl benzeneacetate, and ethyl benzoate) were the
most relevant [77].

Benito et al. [101] carried out the characterization and differentiation of 66 vinegars
from wines from the PDO “Rioja” and 18 from the Sherry PDO on the basis of different
analytical parameters including glycerol and acetoin content along with other parameters
such as organic acids, pH, acidity, Cu, Fe, etc. For this purpose, they used both classical
statistical techniques (cluster analysis, principal component analysis) and others of later
development, such as neuronal networks. These authors observed that, although a sig-
nificant variability was observed in both groups of vinegars in terms of the parameters
considered, given the wide range of aging times applied to the vinegars, they could be
clearly differentiated by means of either set of chemometric techniques.

However, not only the raw material used which could determine the volatile composi-
tion, but also aging process, environmental conditions, microbiological activity could also
induce different volatile profiles. The differences found between the different types of vine-
gars, including Sherry vinegars, and according to the studies that have been considered,
seem to be due to both the starting raw material and the special and specific circumstances
under which the production processes are carried out. In order to differentiate between
relevant and irrelevant factors in the production of Sherry vinegar, Morales et al. [88]
carried out a study in which they addressed the acetification stage by means of a sub-
merged culture, as a factor that could determine the composition of the vinegar obtained,
as opposed to the raw material used. The results revealed very significant changes in the
volatile profile of the product as a consequence of the acetification process, even though
the polyphenolic compounds content was not altered by this process. Therefore, the raw
material used was considered to be the predominant factor. Durán et al. [102] also studied
the changes that take place in the volatile composition over the acetification process of
Sherry vinegars and succeeded to correlate it with the FTIR signal obtained.

Chinnici et al. [70] studied the possibility of differentiating between Sherry and Mod-
ena vinegars from different categories (traditional Modena balsamic vinegar “extravecchio”,
traditional Modena balsamic vinegar “affinato”, and Modena balsamic vinegar). In their
study they reported 93 volatile compounds detected and identified by Solid Phase Extrac-
tion (SPE). The study revealed the differentiation between the different vinegars on the basis
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of several parameters such as the extent of Maillard reactions, alcoholic, or non-alcoholic
fermentation, or the length of wood aging. In the same line of work, Marrufo et al. [79]
using in this case SBSE-GC-MS, obtained a 100% separation between traditional Modena
balsamic vinegars, Modena balsamic vinegars, and Sherry vinegars on the basis of furanes,
terpenes, acetates, and esters (Figure 6). Durán et al. [94] observed a significant differentia-
tion between Sherry vinegars and Modena balsamic vinegars according to their aldehydic
compounds content.
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VJ: Sherry Vinegar; VR: Reserva Sherry Vinegar.

For an in-depth characterization of the volatile profile of Sherry vinegars and its contri-
bution to the perceived aroma, Aceña et al. [74] conducted a study by Gas Chromatography-
Olfactometry (GC-O) on extracts from commercial Sherry vinegars obtained by HS-SPME.
Among the 37 odorants found, some of them presented OAVs (odor activity values) greater
than 1 (ethyl isovalerate, ethyl isobutyrate, isoamyl acetate, isovaleric acid, 2-phenylethanol,
4-ethylguaiacol, isobutyric acid, 2-phenylethyl acetate, and 4-ethylphenol), which suggests
their significant contribution to the vinegar aroma.

Callejón et al. [75] were able to detect 108 aromatic notes by GC-O in Sherry vinegars,
and identified 64 of them. In addition, they found that the mixture of compounds whose
aroma most resembled the aroma of Sherry vinegar was a combination of diacetyl, ethyl
acetate and sotolon. A more recent study has investigated the olfactometric profile of
Sherry vinegars (dry and sweet Pedro Ximénez), together with vinegars from other Spanish
denominations of origin (Montilla-Moriles and Condado de Huelva) and concluded that
the most abundant aromas in the Sherry vinegars identified by GC-O belonged to the
“grassy vegetal” family, while the “spicy” family of compounds was more characteristic of
the sweet PX vinegars [80]. These authors were able to satisfactorily correlate the values
obtained by GC-MS-O with those obtained by sensory analysis. Therefore, it seems clear
that the volatile compound composition of vinegar is closely related to the aroma perceived
by sensory analysis, which is why the latter discipline has become in recent years a clear
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complement to the analysis of the aromatic profile of oenological products in general, and
of vinegars in particular.

The first methodological approach to sensory analysis applied to Sherry vinegars was
carried out by González-Viñas et al. [103]. These authors conducted a study in which they
determined the taste group thresholds (geometric mean of the individual best-estimate
thresholds (BETs)) in organic acid solutions and in vinegars. This study demonstrated
that the aromatic profile of the sample has an influence on the perception of the different
descriptors, as was the case with the acid descriptors. On the other hand, Tesfaye et al. [104]
developed a methodology for the sensory analysis of vinegars and applied it to the charac-
terization of Sherry vinegar aroma after aging in wood. In that study, they observed that, a
significant improvement in the quality of the vinegar aroma could be perceived after the
first six months of aging. Later, these authors perfected the sensory analysis methodology
applied to Sherry vinegars and succeeded in considerably reducing the deviations between
judgments and the increment in the number of descriptors [105]. To date, the aroma of
sherry vinegar has been characterized in detail from the sensory point of view [82] and the
descriptors “glue”, “wood”, and “pungent” are typical of this type of vinegar, regardless of
the aging method applied. On the other hand, the descriptors “raisin” and “alcohol/liquor”
tend to be more characteristic of longer-aged vinegars (Gran Reserva), while the descriptor
“wine character” at higher values is generally associated to younger Sherry vinegars [82].

As we have established, the aging process has a strong influence on the aromatic
profile of oenological products. In the case of vinegar, it has been proven that there are
numerous chemical and biochemical transformations that take place during the aging
process, and that are similar to those that occur during the aging of Sherry wines either
during their biological or oxidative aging. This fact has made of this stage a target for many
studies on Sherry vinegar, as we have already seen. Thus, Palacios et al. [16] reported
significant increases in acetic acid and other compounds such as acetoin, due to water
loss by evaporation. However, other compounds, such as higher alcohols, decreased as
a consequence of the synthesis of acetates. Similarly, the high concentration level of the
residual alcohol that can be found in Sherry vinegars, together with their high acidity,
favors higher concentrations of ethyl acetate to be developed during the aging process
in comparison with other types of vinegars. This fact has been corroborated by other
authors [86], who described significant rises in ethyl acetate concentrations during the
aging of Sherry vinegars with a residual alcohol content of around 2%. These authors also
described increments in other compounds—such as methyl acetate, methanol, diacetyl or
γ-butyrolactone—that took place during the aging of Sherry vinegars. However, it cannot
be ignored that, as already mentioned, other factors—such as the acetification system
used—may modify, even more than the actual aging process, the volatile content of Sherry
vinegars [85].

The type of wood used for aging also seems to have an impact on the volatile composi-
tion of Sherry vinegars. American oak (Quercus alba) is the most commonly wood used, but
other types of wood such as French oak (Quercus petraea), Spanish oak (Quercus pyrenaica),
or chestnut (Castanea sativa) have also been employed [92]. It has been demonstrated
that chestnut wood provides a significantly different volatile profile with respect to that
obtained from oak woods, and that Spanish oak and French oak woods provide a similar
content of volatile compounds in aged vinegars. Moreover, from the sensory point of
view, it has been observed that French oak wood provides highly favorable organoleptic
characteristics to aged vinegars, while Spanish oak wood generates vinegars that are quite
similar to those traditionally aged in American oak casks [92].

On the other hand, the aging of Sherry vinegar in wood containers is a lengthy
and costly process that is susceptible of shortening. However, in order to preserve the
typicity of this product, it is essential to verify that the volatile profile of the product
obtained by accelerating methods does not differ from that obtained by traditional aging
procedures. Hence, some studies have dealt with the sensory profile of vinegars aged in an
accelerated manner using American and French oak chips [106]. The authors concluded
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that the differences between the samples were mostly due to the pungency of the samples
rather than to the character provided by oak wood. Generally speaking, Sherry vinegars
elaborated in a traditional way showed higher scores for the attributes studied: aromatic
intensity, richness in aroma, ethyl acetate, woody odor, wine character, pungent sensation,
coconut, vanillin, clove odor, and general impression. In addition, woody odor was very
similar for both samples, traditionally aged and infused with oak chips. On the other hand,
Durán Guerrero et al. [107] presented a method to accelerate the aging of Sherry vinegars
by the joint application of micro-oxygenation and wood shavings while trying to resemble
the natural aging process that takes place in wooden casks. Using an oxygen dose of
70 mL/L/month and 5 g/L of American oak chips they were able to obtain, in just 14 days,
vinegars with a volatile profile similar to those aged by traditional methods in 105 days
(86% time reduction). More recently, Jiménez-Sánchez et al. [78] used a combination of
micro-oxygenation, wood shavings and ultrasound energy to further accelerate the aging
process of Sherry vinegars. In this case, different types of wood were used (American,
French, and Spanish oak), and it was observed that Spanish oak provided a greater amount
of volatile compounds. In addition, with the combined use of ultrasound, wood shavings
and micro-oxygenation, the vinegars obtained in just 4 days, had similar volatile profiles to
those of vinegars aged by the traditional method for 6 months.

Finally, it is worth mentioning that, although Sherry vinegar is a product of ancient
tradition, it is also open to innovation and has recently been used in the development of
new products. Aroma is a key factor in the elaboration of such new products derived from
Sherry vinegar, and has therefore been studied in different occasions. For example, the
effect that the maceration with peels from different fruits (orange, lemon, lime, grapefruit,
strawberry) exerts on the aroma of Sherry vinegar has been studied (Figure 7) and a product
with a marked fruity character has been obtained by using peel concentrations at 200 g/L
and 3-day maceration time [89]. From a sensory point of view, descriptors ‘fruity’, ‘sweet’,
and ‘aroma intensity’ were directly correlated with olfactory impression, which means that
the preference of the vinegars was mainly based on these three descriptors. Moreover, the
descriptors that allowed the best discrimination among vinegars macerated with different
fruits were fruity, citric, and sweet.
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In a subsequent study, the maceration time was reduced to a few minutes by applying
accelerating energies, such as microwaves or ultrasound [93]. The aroma of this type of
product obtained by maceration was studied by GC-MS-O, and it was observed that there
was a significant increase mainly in compounds with ‘floral’ aromas. Vinegars macerated
presented high content in alcohols, aldehydes, and terpenoids, and from a sensory point of
view, the lowest values of floral, greasy and citric categories were obtained for vinegars
without maceration [87]. Another example of innovation concerning Sherry vinegar is that
proposed by Marrufo-Curtido et al. [76] where dietary fiber from citrus fruits was added to
the vinegars with an increase in the sensory descriptor ‘citrus’ observed in the final product.
In addition, these fiber-enriched vinegars were very highly valued from a sensory point
of view. Finally, Sherry vinegars have also been used in the development of other novel
products by adding small quantities to fruit juices in order to produce soft drinks [108].
The character provided by the addition of vinegar improved the sensory properties of the
fruit juices, which were favorably rated in a subsequent consumers’ survey. Based on the
olfactory and gustatory impression, and purchase intent, the acetic beverages made from
peach and pineapple juices were the most appreciated, followed by apple juice, while those
obtained from orange juice were the least preferred by consumers.

5. Study of the Aroma of Sherry Brandy

Sherry brandy displays certain characteristics that differentiate it from other aged
spirits. Such characteristics derive from their aging according to the dynamic system
known as Criaderas y Solera, and from the requirement to age in preconditioned 500–600 L
capacity oak casks, mostly American oak [109]. According to their minimum average aging
time, Sherry brandies are classified into three categories: Solera Brandy (6 month minimum
aging time), Solera Reserva Brandy (1 year minimum aging time), and Solera Gran Reserva
Brandy (3 year minimum aging time).

The composition of a Sherry brandy is determined by:

(1) The grape variety from which the initial wine distillate is obtained (mainly Airén,
Palomino, and Pedro Ximénez grapes) [110,111];

(2) The fermentation and production conditions of the base wine [112];
(3) The processing and nature of the initial distillate, a mixture containing varying

quantities of holanda (low-grade spirit), medium-grade spirits and distillates (high-
grade spirit), with at least 50% of the total ethanol content coming from medium and
low grade spirits [19,113,114];

(4) The origin and conditioning of the wood cask, i.e., the type of oak and its toasting
intensity [115,116];

(5) The preconditioning of the cask with wine, i.e., the type of wine that it has previously
contained and for how long [13];

(6) The previous length or frequency of use of the barrel, i.e., whether it is used to produce
brandy for the first time after its preconditioning with wine or it has been used several
times to hold and produce brandy [117].

All of these factors have an impact on the physicochemical and organoleptic charac-
teristics of Sherry brandies and provide them with a rich and varied aroma. However, with
regard to their aromatic profile scarce bibliography is available. Table 4 presents the volatile
compounds determined in Sherry brandy, their sensory descriptors and the concentration
ranges found in the bibliographic references.
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Table 4. Volatile compounds identified in Sherry brandy, sensory descriptors and concentration ranges reported in the
bibliographic references.

Volatile Compounds Sensory Descriptors Concentration (mg/L) References

Alcohols
2-Butanol Vinous/medicinal 1.8 [117]

2-Methylbutanol Roasted/fruity/fusel oil/alcoholic/wine/whiskey 80.9–181.8 [117–119]
2-Phenylethanol Rose/talc/honey 4.99–22.4 [118,119]

2-Phenylethyl alcohol Rose/honey 2.16–2.52 [117]
3-Hexenol (E/Z) Herbaceous/green/grass 0.238–2.245 [118,119]

Butanol Vinous/medicinal 7.92–9.36 [117]
Hexanol Cut grass/resinous/herbaceous/wood 3.99–10.44 [117–119]

Isoamyl alcohols Solvent/cake/fusel alcohols/nail polish/ripe fruit 193–678 [117–119]
Isobutanol Alcohol/solvent/vinous/nail polish 119.88–133.92 [117]
Methanol Solvent/pungent fruity 238.32–245.16 [117]

Aldehydes
Acetaldehyde Stewed apple/pungent/ 78.84–86.76 [117]
Benzaldehyde Roasted/bitter almond/nutty/smoky 2.91–35.3 [118,119]

Furans
2-Furaldehyde Fusel alcohol/cake/almond/toasted bread/incense/floral 0.19–14.54 [10,116,117,120]

5-Hydroxymethyl-2-furaldehyde Rancid/toasted 0.072–87.09 [10,116,117,120]
5-Methyl-2-furaldehyde Toasted/bitter almond/cake/burnt/caramel 0.062–1.94 [10,116,117,120]

Acids
Acetic acid Fatty 210.1–307.6 [116]

Decanoic acid Rancid/cheese/wax/plasticine 5.12–15.1 [118,119]
Dodecanoic acid Fatty/coconut/bay 1.51–7.18 [118,119]

Octanoic acid Rancid/cheese/fatty 0.007–13.4 [118,119]

Esters
2-Phenylethyl acetate Fruity/honeyed/floral/rose 0.013–0.119 [118,119]

Diethyl succinate Overripe fruit/lavender 0.071–5.40 [118,119]
Ethyl 2-methylbutanoate 0.103–0.241 [119]

Ethyl 2-methylpropanoate 0.064–0.454 [118]
Ethyl acetate Pineapple/varnish/balsamic/fruity/solvent/pungent/glue 134.28–236.52 [117]

Ethyl butanoate Banana/pineapple/strawberry 0.327–14.9 [118,119]
Ethyl decanoate Synthetic/rancid 0.64–4.93 [117–119]

Ethyl dodecanoate Sweet/waxy/floral/soapy/clean 0.160–1.08 [117–119]
Ethyl heptanoate Strawberry/banana 0.057–0.104 [118,119]

Ethyl hexadecanoate Mild waxy 1.44 [117]
Ethyl hexanoate Banana/green apple 0.46–1.79 [117–119]

Ethyl isopentanoate Fruity/sweet/apple/pineapple/tutti frutti 0.090–0.443 [118,119]
Ethyl lactate Lactic/yogurt/strawberry/raspberry/buttery 48.24–50.76 [117]

Ethyl nonanoate Fruity/rose/waxy /rum/wine/tropical [118,119]
Ethyl octanoate Pineapple/pear/soapy/banana 0.63–5.4 [117–119]

Ethyl pentanoate Sweet/fruity/apple/pineapple/green 0.041–0.398 [118,119]
Ethyl succinate Toffee/coffee 3.96–7.2 [117]

Ethyl tetradecanoate Mild waxy/soapy 0.36 [117]
Hexyl acetate Apple/pear/banana/floral 0.0004–0.003 [118,119]

Isoamyl octanoate 0.002–0.018 [118,119]
Isoamyl acetate Sweet/fruity/banana 0.101–1.098 [118,119]

(E)-Methyl-2-octenoate 0.0007–0.0027 [118,119]
Methyl decanoate 0.001–0.007 [118,119]

Terpenes
Linalool Muscat/rose/lavender 0.053–0.590 [118,119]

Nerolidol Floral/green/citrus/woody/waxy 0.002–0.004 [118,119]
α-Terpinene 0.0017 [118,119]
α-Terpineol Lily/cake 0.007–0.097 [118,119]

Volatile phenols
4-Ethylguaiacol Spicy/smoky/bacon/phenolic/clove 0.046–0.210 [118,119]

Eugenol Cinnamon/clove 0.007–0.071 [118,119]
Vanillin Vanilla 0.13–5.94 [10,116,117,120]

Miscellaneous
1,1-Diethoxyethane Green fruit/licorice/cake/fruity/overripe fruit 105.84–115.56 [117]
β-Damascenone Fruity/rose/plum/ grape/ raspberry 0.001–0.084 [118,119]

Durán et al. [118,119], after the analysis of 48 Sherry brandies, emphasized the quanti-
tative importance of isoamyl alcohol, 2-methyl-1-butanol, benzaldehyde, diethyl succinate,
2-phenylethanol, octanoic acid, decanoic acid, lauric acid, ethyl decanoate, and ethyl
octanoate, with concentration levels above mg/L. Several of the compounds identified
seemed to increase with aging time, although only ethyl esters, 2-phenylethyl acetate,
linalool and eugenol did so significantly. A number of the compounds identified, such
as ethyl laureate, ethyl myristate, ethyl palmitate, and lauric acid, were derived from the
initial distillate, and their starting acids (lauric acid, myristic acid, caprylic acid, . . . ) may
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also be present, since they are the precursors of the esterification reactions with ethanol
that give place to the appearance of the above mentioned esters. Some of the compounds
may also have their origin in the wood itself (caprylic acid, myristic acid, or palmitic
acid, among others) or in the wine preconditioning process [13] such as ethyl lactate or
ethyl succinate. The furfuryl compounds may also come from two sources, since they are
generated in the thermal processes during the distillation, but also during the toasting
of the cask wood and then transferred to the spirits [10,120]. Other compounds such as
vanillin and certain coumarins have also been identified [121].

Multivariate statistical techniques have been used to determine the discrimination
accuracy between the three types of Sherry brandies based on their aromas. The results
pointed towards a clear differentiation of Solera from both Solera Reserva and Solera Gran
Reserva [119], where the last ones showed a widely dispersed pattern. These results are
in agreement with those from other works on the polyphenolic composition of brandies
in which the discrimination of the intermediate Solera Reserva only reached 57% [10].
The reason for this characteristic pattern could be the lack of a minimum aging time.
Nevertheless, when an electronic nose that allows the analysis of global aromatic profiles
was used, higher discrimination percentages were achieved for the different categories of
brandies [122].

Although the concentration of some of these polyphenolic compounds over time tends
to increase mainly due to either wood extraction or water losses during the aging process,
it has been demonstrated that the brandies that are aged in old casks—i.e., casks that were
not used for the first time for this purpose—continue to evolve and gradually improve the
complexity of their aroma [117]. This takes place at an evidently slower rate mostly due to
the Criaderas y Solera system which involves a periodic supply of air that favors oxidative
phenomena. We should point out the long aging times for Solera Gran Reserva Sherry
brandies which is generally in the order of 20 years or more in currently commercialized
brandies [123].

As previously mentioned, the aging of Sherry brandy is considered its most charac-
teristic production stage, i.e., the one that provides it with its distinctive character, and
since the associated costs are rather high, as it was seen for other Sherry products above,
considerable interest has been shown to investigate alternative methods to accelerate the
process while preserving the product’s chemical and sensory profile. Among such methods,
those that use wood chips and ultrasound as the accelerating energy, with or without the
addition of air, are the ones that have gained most of the attention [124–126], since they can
shorten aging times by 6 to 18 times (Figure 8).

These are the tools that have been used at laboratory or pilot plant scale to evaluate
the suitability of different varietal spirits to be aged as Sherry brandy [110]. It has been
concluded that the effect of aging is different depending on the grape variety, thus the
aroma profile of the worst rated young brandies improved (as occurred with Ugni Blanc
and Corredera), while the aged Muscat of Alexandria and Garrido brandies were awarded
lower sensory ratings compared to their unaged samples. In the same study, the spirits
that had been made from Jaén Blanco and Zalema grapes were the most appreciated, both
young and aged, which were equally characterized by clear fruity notes and high aromatic
intensities. This accelerated aging system has also been used to determine the potential of
woods from different botanical origin (American, French, and Spanish oak, chestnut and
cherry) for the aging of brandies [127], and to evaluate the use of Colombard, Moscatel,
Palomino fino, Pedro Ximénez, and Zalema varietal holandas distilled by means of a rotary
evaporator [114] to produce brandy. Some of the products obtained were rated high by a
tasting panel.
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6. Final Remarks

As can be seen from all this research, the uniqueness of Sherry oenological products,
in terms of their aromatic composition, is determined both by the raw materials used
and by each and every one of the significantly conditioning factors in their production
processes. This also includes a number of environmental factors and, in particular, the
aging stage. All of these factors contribute to the highly distinctive aroma displayed by
Sherry wines, vinegars, and brandies and make of them the superior oenological products
that are internationally acclaimed. Moreover, although aroma of Sherry products has been
widely studied to date, due to the complexity of these special products, further innovation
in analytical methodologies and advanced instrumentation is still needed. The reliable
analysis of volatile compounds may contribute to a better knowledge and quality control
of Sherry products, and therefore to meet the high levels of consumer demand, in an
increasingly competitive sector.
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Abstract: Aroma profile is one of the main features for the acceptance of wine. Yeasts and bacteria
are the responsible organisms to carry out both, alcoholic and malolactic fermentation. Alcoholic
fermentation is in turn, responsible for transforming grape juice into wine and providing secondary
aromas. Secondary aroma can be influenced by different factors; however, the influence of the
microorganisms is one of the main agents affecting final wine aroma profile. Saccharomyces cerevisiae
has historically been the most used yeast for winemaking process for its specific characteristics: high
fermentative metabolism and kinetics, low acetic acid production, resistance to high levels of sugar,
ethanol, sulfur dioxide and also, the production of pleasant aromatic compounds. Nevertheless, in
the last years, the use of non-saccharomyces yeasts has been progressively growing according to their
capacity to enhance aroma complexity and interact with S. cerevisiae, especially in mixed cultures.
Hence, this review article is aimed at associating the main secondary aroma compounds present in
wine with the microorganisms involved in the spontaneous and guided fermentations, as well as
an approach to the strain variability of species, the genetic modifications that can occur and their
relevance to wine aroma construction.

Keywords: wine secondary aroma; fermentation; non-saccharomyces yeasts; lactic acid bacteria;
volatile compounds; strain variability

1. Introduction
1.1. Secondary Wine Aroma

The combination of two modest substrates such as grapes and microorganisms (those
belonging to the grape microbiota and/or those intentionally added) results in a huge
variability and diversity of wines. However, this apparently simple conjugation hinders
extremely specific chemical reactions that can be modified to obtain a stunning array of
aromas and flavors. The wine aroma comprises a mixture of volatiles that can account up
to 800 compounds, although just few of them are odor-active [1]. This complex chemical
composition can be split in terms of aromas into three different categories that are mostly re-
lated with the three production steps: grape culture, fermentation stage and transformation
process, respectively [2].

Primary or varietal aromas, as this second name indicates, are due to the grape variety.
Primary aromas belonging to the same grape variety may present different features depend-
ing on natural factors derived from weather, type of soil, fertilization, presence/absence of
plagues or even the geographical location, that prompt different cultivation conditions in
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each area and also each year. Besides, the ripening period and the care of the collector when
selecting grapes may have influence in the final primary aroma of wine [1]. Grapes are
known to contain free and sugar-glycosidically-linked terpenes, being the monoterpenes
and sesquiterpenes the ones that contribute with aroma and flavor. Among them, the most
odoriferous monoterpenes alcohols are linalool, geraniol, nerol, citronellol, 3,6-dimethyl-
1,5-octa-dien-1,7-diol, hotrienol and α-terpineol, which provide floral, fruity and citrus
aroma to the wine [3,4]. Even though just few aromas have been directly associated to
specific varieties, each grape variety possesses an aroma fingerprint. Monoterpene glyco-
sides or ethers do not show significant changes in their amount during yeast fermentations.
Therefore, they can be used to classify different varieties, such as Muscat and Riesling
wines, by the study of their analytical composition based on just 12 monoterpene com-
pounds [5–7]. However, the low concentration of these aromas (e.g., hotrienol thresholds
between 18 and 400 µg/L and linalool in 50 µg/L) does not permit their sensorial apprecia-
tion at least their potential gets boosted in later steps by enzymatic reactions thus, having
a major impact in the final wine aroma [8,9]. Wine has been demonstrated to have more
than 800 volatile compounds with wide range of concentration, from ng/L to hundreds
of mg/L [10]. In addition, other precursors that do not possess odoriferous characteristics,
are involved in the development of other aroma substances (e.g., monoterpenes, diols or
terpene, polyols, fatty acids, carotenoids, glycosylated precursors of aroma and volatile
phenols) [1].

In the next aromatic level, yeasts and bacteria carry out the fermentation, this is the
chemical reactions chain responsible for transforming grape juice into wine and providing
secondary aromas to wine. Secondary aromas can be divided into pre-fermentative, those
arisen due to the mechanical treatment of grapes, and fermentative, those boosted during
alcoholic or malolactic fermentation processes [1,2]. The most utilized species for the
alcoholic fermentation is Saccharomyces cerevisiae, although there are about 20 yeast genera
with the same capacity such as Saccharomycodes, Candida, Issatchenkia, Pichia, Hanseniaspora
(Kloeckera) or Brettanomyces (Dekkera) [3]. These non-saccharomyces species drive the aroma
release by the secretion of proteins, mainly enzymes, and the synthesis of new secondary
metabolites. In addition, they contribute to color wine stability and they do not use up
the available sugar in must. Thus, they are strategically utilized for creating multi-starter,
mixed or sequential cultures in combination with S. cerevisiae [8,11,12]. Normally, after the
alcoholic fermentation, wine is submitted to the malolactic fermentation by the inoculation
of lactic acid bacteria (LAB). During this stage, malic acid responsible for the tart taste gets
decarboxylated by the action of Oenococcus oeni or Lactobacillus plantarum, two common
used LAB species [8]. After this fermentation process, wine is microbiologically stabilized.
Along the fermentation, the main created aromas belong to the volatile fatty acids, higher
alcohols, acetate and ethyl ester categories which make evolve the aroma profile of wine [3].
These molecules are usually present at high sensory thresholds (the oxidation products
of linalool possesses a perception threshold of 6000 µg/L) and their combination creates
the matrix of wine aroma [3,13]. In fact, by the end of this fermentative stage, the term
aroma becomes more complex from a chemical and sensorial point of view and thus, it
turns into the term bouquet. Therefore, even though the final wine aroma composition is
highly dependent on fermentative species and strains, the grape microbiome is gaining
attention, since different works point to its relevance in the final sensorial properties of
wines [8,12].

Tertiary aromas are created during the last step, aging of wine, where the storage
of the final product is the main responsible for the transference of aromas and flavors to
wine. The typical aging method is the use of wood barrels mostly built with different
oak species such as Quercus alba, Q. robur or Q. petraea [14]. Wine aged in these barrels
may be transferred with volatiles such as guaiacol-oak lactones or vanillin and even with
furfural, 5-methylfurfural, eugenol, guaiacol, 5-hydroxymethylfurfural, 4-methylguaiacol,
guaiacol and syringol, when applying different toast treatments to wood [15]. The use of
different wood provides different volatiles to aged wine, for instance, brandies aged in
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Quercus-barrels were found to contain higher levels of ethyl-2-methylpropanoate, -butyrate
and -octanoate and lower levels of butanoic acid, cis-β-methyl-γ-octalactone and syringol
than when aged in Castanea-barrels [15]. In fact, apart from Quercus, other kind of woods
such as Acacia, Prunus or Castanea are known to contain high concentrations of tannins,
a kind of polyphenols, that are utilized to age wines since these non-volatile molecules
can be transferred and may contribute to sensory properties such as color, astringency and
bitterness [2,16].

Among the three classes of aroma, achieving an appropriate combination of secondary
aromas represents the most intricate procedure. This stage implies the correct selection of
yeasts and bacteria to perform the fermentation steps while avoiding wine spoiling due
to cross contamination or due to the innate grape microbiota. Moreover, the high sensory
threshold of the volatiles synthesized during this stage will define the wine aroma matrix.
For obtaining a wine with well-defined secondary aromas and flavors, it is essential to
understand how different microbial species interact with each other and which sensorial
properties are capable to provide based on the metabolic pathways they develop.

1.2. Fermentation Implication on Wine Secondary Aroma

As aforementioned, yeasts and bacteria are responsible for the production of the
secondary aroma during the pre-fermentative and fermentation processes. Naturally, in
traditional winemaking, fermentation of grape juice is carried out by different yeast species
following an order. The fermentation is initialized by non-saccharomyces yeasts, which
is called spontaneous fermentation. However, these yeasts do not resist the increase of
ethanol and so, they are commonly replaced by the strongly winery fermentative yeast
Saccharomyces cerevisiae [17]. Nevertheless, it has been suggested that some of the non-
saccharomyces species could persist from one year to another in wine and become dominant
during fermentation like S. cerevisiae [18]. In the past, non-saccharomyces wine yeasts were
considered as undesired microorganisms but in recent years it is well known that they
can enhance the analytical composition and aroma profile of wine [19]. Therefore, wine
fermentation can be defined as a complex process where different microorganisms coexist
and microbial interactions influence the final product [20]. Non-saccharomyces yeasts can
influence both the primary and secondary aroma through the production of enzymes and
metabolites, respectively [19]. In this context, and for the development of the following
sections, it is important to differentiate between the three types of alcoholic fermentations
that can occur. Besides, malolactic fermentation is a process that some type of wines can
also undergo (i.e., wines with high acidity) and consequently, causes an improvement of
the aromatic profile of wines [5]. This process will be explained in the following sections.

Firstly, spontaneous fermentation is a process that naturally takes place on grape
must: at the initial stages, non-saccharomyces species (already present in grapes) dominate
grape juice and are then replaced by winery yeasts, commonly S. cerevisiae, leading to
wines with a complex profile but with lower microbiological control and submitted to
variability and the risk of spoilage depending on the year and the exogenous microbiota
of the grapes [19]. Next, the second type of fermentation is called guided, since wine is
inoculated with selected cultures named as starters which compete and limit the growth of
non-saccharomyces strains [21]. This way, industrial fermentations begun to use starters of
selected wine yeast strains of S. cerevisiae for their fermentative behaviour, their ability to
enhance secondary aroma but also to achieve more uniformity in the quality of wines [19].
However, it is currently accepted that those fermentations that use more than one yeast
strain can produce wine with higher quality and complexity and less content in alcohol,
while microbiological control is ensured. These are called mixed fermentations [20]. Mixed
cultures have shown to exert additive or synergistic effect (e.g., by metabolites exchange
between yeasts) resulting in the enhancement of the chemical and sensory profile of
wines [22,23]. A representation of the types of fermentations is shown in Figure 1.
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It has been also highlighted that the selected inoculation strategy can modulate wine
aroma profile in the case of mixed fermentations. If simultaneous inoculation is chosen, non-
saccharomyces yeast and S. cerevisiae are added together, whereas in the case of sequential
inoculation, non-saccharomyces starter is inoculated before S. cerevisiae, thus delaying
the development of this last one [24,25]. In this sense, both strategies have shown aroma
improvements depending on the utilized species. For instance, the aroma compounds
resulting from the sequential fermentation of Issatchenkia terricola and Pichia kudriavzevii
together with S. cerevisiae where higher than in the case of simultaneous fermentation [24].
In the other hand, a different experiment carried out with Torulaspora delbrueckii and
S. cerevisiae showed an increase in the production of esters (fruity aroma) in the case of
simultaneous fermentation when compared to sequential fermentation [26].

At last, it is worth to mention that other parameters during fermentation can also
influence the wine aroma. These are temperature, molecular oxygen available during
fermentation, maturation or ageing, the nitrogen source also known as yeast assimilable
nitrogen (YAN) and the inoculation rate of yeasts as well as other post-fermentative
parameters, such as yeasts final autolysis [27].

1.3. Microorganisms Implied in Wine Aroma

Wine is a complex matrix where the development of alcoholic fermentation, leaded
by different yeasts coupled to the volatile compounds released during malolactic fermen-
tation, leaded by LAB and acetic acid bacteria (AAB), defines wine secondary aroma [8].
Yeasts are responsible for alcoholic fermentation, and particularly, the unicellular fungi
Saccharomyces cerevisiae governs the process, which can occur spontaneously or guided
by the use of starter cultures [17]. Yeast domain counts up to more than 2000 species,
among which Saccharomyces has traditionally been the most studied and important genus
for industrial fermentation [8]. Within Saccharomyces species, S. cerevisiae is the most
known since the first inoculation processes with a pure yeast culture were carried out
with this species. This trend continued for many decades and resulted in the generalized
use of S. cerevisiae as starter yeasts inmost wine fermentations [28]. However, as afore-
mentioned, non-saccharomyces species also play an important role during fermentation.
Among this group, the genera most commonly present and studied are Hanseniaspora,
Hansenula, Metschnikowia, Candida, Pichia, Lachancea, Brettanomyces, Kluyveromyces, Schizosac-
charomyces, Torulaspora, Zygosaccharomyces and Saccharomycodes [5,8]. In respect of bacteria,
most abundant LAB belongs to genera Lactobacillus, Oenococcus, Pediococcus and Leuconostoc
whereas most predominant AAB during winemaking are Acetobacter, Gluconobacter or
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Gluconacetobacter [29]. Figure 2 represents the main groups and taxonomy of the microor-
ganisms implied in wine aroma. The challenge of winemakers and researches lies on the
detection, characterization and quantification of all these microorganisms populations
during fermentation to assess their participation on the development of wine secondary
aroma [29].
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Therefore, this review presents an overview of the main secondary aromas present
in wine, the microorganisms involved in the spontaneous and guided (simultaneous or
mixed) fermentations as well as an approach to the aroma variation that wine can suffer
when different strains and genetic modifications have occurred.

2. Compounds Involved in Secondary or Fermentative Aroma

The quality of wine is derived from its aroma which is, in turn, characterized by
its volatile composition, mainly created during the fermentation stages. Fermentation is
highly dependent on the species and strains selected but also on the components of the
wine matrix. Among the main volatiles that define wine, higher alcohols, esters and fatty
acids play a key role in the creation of secondary aromas (Table 1 and Figure 3).

2.1. Volatile Fatty Acids

In the category of aliphatic fatty acids, apart from the most abundant volatile acid,
i.e., the acetic acid, the major medium chain fatty acids are hexanoic, octanoic or decanoic.
Besides, in the group of the unsaturated fatty acids is worthy to mention 9-decenoic acid
which possesses preservative properties and is relevant from an aroma point of view when
transformed into ethyl ester [31].
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Table 1. Compounds involved in secondary aroma, classes of volatile aroma, main representative, desirable concentration,
sensorial properties and producer microorganisms.

Aromatic Class Main Compounds Desirable
Concentration

Sensorial
Properties

Producer
Organism Ref.

Fatty acids

Acetic acid, pentanoic
acid, hexanoic acid,

octanoic acid, decanoic
acid, 9-Decenoic acid,

3-methylbutanoic acid,
sobutyric acid

200–700 mg/L

In excessive
amount: rancid,

greasy, and cheesy
notes

S. cerevisiae,
P. fermentas,

C. zemplinina,
H. guilliermondii,

H. vineae,
H. uvarum

[3,19,31]

Higher alcohols

1-Propanol-isobutanol,
isoamyl alcohol,

2-Phenylethanol, tyrosol,
tryptophol,

2-methylbutanol-1,
3-methyl-1-butanol-1

<300 mg/L

Floral, honey, and
fruity notes

(<300 mg/L).
Pungent aroma

(>400 mg/L)

S. cerevisiae,
C. zemplinin,
H. uvarum,

H. osmophila,
H. guilliermondii,

P. anomala,
P. membranifaciens

[2,3,5,8,19]

Esters

Ethyl hexanoate, ethyl
octanoate, ethyl

decanoate, ethyl acetate,
isobutyl acetate, amyl
acetate, hexyl acetate,
2PA, isoamyl acetate

150–200 mg/L

Fruity aroma,
including banana
or apple, honey,
and floral tones

S. cerevisiae,
Candida, Hansenula,

Pichia
[2,3,7,19]

Phenolics 4-Vinyl guajacol,
4-Vinylphenol - Sweet vanillin

aroma LAB [1,7,31]Foods 2021, 10, x FOR PEER REVIEW 7 of 27 
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Yeasts are the primary producers of these fatty acids which are the initial substrate for
the final formation of ethyl esters. Among yeasts, S. cerevisiae is capable of synthesizing
mainly hexanoic and octanoic acids in high amounts, but also pentanoic, decanoic and
3-methylbutanoic acids. Other non-saccharomyces species such as the genus Hanseniaspora
has been described to produce acetic acid (in very variable ranges, from 0.6 up to 3.4 g/L)
and species such as Hanseniaspora vineae, H. uvarum, H. guilliermondii or Candida zemplinina
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displayed higher synthesis rates for isobutyric acid [3,19]. However, it has been stated
that this group of yeasts does not present a distinct biosynthesis of fatty acids. In fact, the
use of mixed fermentations including S. cerevisiae and non-saccharomyces can modify the
chemical profile of the single S. cerevisiae model. In general terms, this combination shows
a reduction in the amount of medium-chain fatty acids, as it happens when inoculating
S. cerevisiae with H. osmophila. Even though, the utilization of a mixture of C. stellata and
S. cerevisiae could increase the amount of hexanoic and octanoic acids, followed Pichia
fermentas. Similarly, the application of sequential inoculations based on S. cerevisiae and
non-saccharomyces usually provides wines with lower concentrations of fatty acids [3].
The use of mixed or sequential fermentations can have benefits to regulate the content
of these medium chain fatty acids, since their excessive presence may provide negative
aromas with greasy, rancid and cheesy notes [3,32].

2.2. Higher Alcohols

The most abundant alcohols in wine, apart from ethanol and glycerol, are diols, higher
alcohols and esters. Ethanol provides viscosity, balance taste and fix odors while higher
alcohols and glycerol strongly contribute to the aroma complexity of wine and to the
overall mouthfeel of wine. Higher alcohols are the result of the catabolism of amino
acids by a process known as Ehrlich reaction, which affect directly or indirectly to the
synthesis of aroma compounds. Higher alcohols are also involved as ester precursors which
are important compounds in wine aroma [5,19]. Major higher alcohols are 1-propanol,
isobutanol and isoamyl alcohol. Other important volatiles are the precursors of aromatic
alcohols such as 2-phenylethanol, tyrosol or tryptophol and other higher alcohols but
present in lower amounts, like 2-methylbutanol-1, 3-or methyl-1-butanol-1. Moderate
concentrations of some of the volatiles considered to have high odor intensity, such as
3-methyl-1-butanol, 2-phenylethanol or isoamyl alcohol, can provide positive impact in
the wine providing flower, honey and fruit aroma notes. However, the higher alcohol
concentration plays a key role in the complexity of the aroma composition. Optimal
alcohol values under 300 mg/L provide fruity and flowery notes, whereas alcohol values
above 400 mg/L become negative by adding pungent and unpleasant aromas [2,3,8,19].
Among the different fermentation parameters that affect the final concentration of alcohol
in wine, yeast strain is one of the key parameters followed by temperature, pH or oxygen,
apart from grape ripeness and variety [33]. Higher alcohol synthesis has been widely
studied and related to different species and/or inoculation protocols to obtain wines
with an equilibrated higher alcohol composition. Different works have evaluated the
efficiency of S. cerevisiae in terms of higher alcohol production [34,35]. Generally, no
significant differences have been observed for 1-propanol while isobutanol, isoamyl alcohol,
3-methyl-1-butanol or 2-phenylethanol production seems to be strain-dependent and
related to the presence of S. cerevisiae, both as pure or mixed cultures. In general terms,
H. uvarum, C. zemplinina or P. anomala are considered as high alcohol producers, used
both as single and mixed (with S. cerevisiae) fermentation agents [3,8,19]. Nevertheless,
the single application of non-saccharomyces yeasts has been stated to produce lower
amounts of total alcohols than S. cerevisiae and so, a reduction of the final amount of
higher alcohols when using mixed cultures [36]. Indeed, H. osmophila, H. guilliermondii
and P. membranifaciens were demonstrated to produce lower amounts of higher alcohols
when tested against S. cerevisiae, even though H. osmophila provided high levels of 2-
phenylethanol and isoamyl alcohol. Similarly, for the genus Candida, C. zemplinina has been
described to synthesize 2-phenylethyl, glycerol and low amounts of ethanol and acetic acid.
This combination has prompted its classification as fructophilic species, whereas C. stellata
is classified as low producer. Another study with H. uvarum strains displayed variability in
all produced higher alcohols except for isobutanol whose production seems to be boosted
by Hanseniaspora. Indeed, another species, H. guilliermondii, also has a higher production
rate of isobutanol than S. cerevisiae. Besides, same species synthesized very low amounts of
1-propanol [3,8,19].
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2.3. Esters

Esters are another relevant group, also responsible for the aroma complexity of wines
with more than 160 representatives already identified. From a chemical point of view, they
can be classified into ethyl fatty acid esters or acetate esters. In the first category, ethyl
hexanoate, ethyl octanoate, and ethyl decanoate are the most abundant ones. In these
molecules, ethanol represents an important contribution to their structure. In the second
class, higher alcohols are essential for the formation of these esters. The major acetate esters
are isobutyl acetate, amyl acetate, hexyl acetate, ethyl acetate (fruity aroma), isoamyl acetate
(banana aroma) and 2-phenylethyl acetate (2PA), which has been described to provide
honey, fruity and floral aromas to the wine [2,3,7]. In white wine, the main fatty acid ethyl
esters include ethyl butanoate, caproate, caprylate, caprate and laurate. As other esters,
they can also provide fruity tones that become softer with the increasing number of carbons
in their chemical structure of the formation of these esters depends on the selection of yeast
species and other fermentation parameters such as low temperatures, are [7]. Different
yeasts have been used to give complexity to wines through ester production including
S. cerevisiae but also non-saccharomyces species such as Candida, Hansenula and Pichia since
their differential enzymatic mechanisms allow the introduction of novel aromas in wines [3].
In general terms, esters have positive effects on the aroma of young wines, especially in
those with neutral flavors. Nevertheless, as it happens in the case of higher alcohols,
excessive amounts of esters may induce negative effects on the quality of wine. A high
concentration of esters can hidden varietal aromas and simplify the composition of aroma
of the final product or spoil wine, for instance, if ethyl acetate exceeds 150–200 mg/L [2,19].

2.4. Volatile Phenols

The positive aroma notes of this group of molecules have been mainly related to
the aging process where the main volatile phenols are guaiacol, 4-methyIguaiacol, 4-
ethylguaiacol, phenol, o-cresol or vanillin. The enzymes involved in these metabolic steps
are mainly associated with LAB, such as β-glucosidases, proteases, esterases, citrate lyases
and phenolic acid decarboxylases. In fact, many malolactic fermentations take place in oak
barrels even though LAB can synthesize oak-like derived compounds from non-volatile
phenols present in wine. Among the non-volatile phenols present in grapes it is common
to find phenolic acids (caffeic, ferulic and p-coumaric) or their tartaric esters (caftaric acid,
feruloyl tartaric acid, p-coumaroyl tartaric). LAB have the capacity to metabolize cinnamic
acids, such as p-coumaric or ferulic, that through a decarboxylation step can be transformed
into 4-vinyl guajacol and 4-vinylphenol. Thus, the use of LAB to obtain these compounds
before the aging step has gained attention since it can help to modify the aroma complexity
of wine. LAB can transform non-volatile phenols that contribute with unpleasant aromas
such as pharmacy, smoke, forest, leather or pepper, into volatile pleasant ones, such as
those related to vanillin, methyl vanilla or homovainyl alcohol. Apart from those that can
be synthesized during fermentation stages due to their presence in grapes, another volatile
phenols not present in grapes can be found in wines, i.e., acetovanillone [1,7,31].

3. Saccharomyces Cerevisiae

Saccharomyces cerevisiae is the most known yeast regarding the winemaking process.
The historical importance of this yeast comes from far below as it was the first yeast
observed by Antoine van Leeuwenhoek using a primitive microscope and it was then
described as a living agent of transformation by Louis Pasteur [37]. As “agent of transfor-
mation”, S. cerevisiae was domesticated from the production of food and beverages such as
bread and wine or beer, respectively [38,39]. Apart from its traditional application in food
and alcoholic beverages, S. cerevisiae has been also used for fuel production, for the expres-
sion of engineered designed proteins and as genetic model organism [40]. Particularly, in
wine production, S. cerevisiae was selected and has been used for centuries due to its specific
characteristics: high fermentative metabolism, suitable fermentation kinetics, low acetic
acid production, resistant character against higher concentrations of sugar, ethanol and
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sulfur dioxide and also, the production of pleasant aromatic compounds [38,41]. Therefore,
in 1890, S. cerevisiae cultures started to be inoculated to wine and commercial starters
were introduced into the market [39]. Since this moment, different approaches have been
followed up such as guided or mixed fermentations for optimizing wine production and
its organoleptic characteristics [19].

S. cerevisiae possesses a specific metabolism that regulates the production of volatile
and aroma molecules. As it can be seen in Table 1, this yeast contributes to many of
the aroma compounds classes present in wine (fatty acids, higher alcohols and esters),
although varietal compounds and pre-fermentative compounds also contribute to the
final wine complex aroma [2,3]. Some of these groups have been intensively studied
using S. cerevisiae fermentations and also, different enzymes have demonstrated a key
role in their formation, such as alcohol acetyltransferases (Atf1p and Atf2p), isoamyl
alcohol acetyltransferase or ethanol acetyltransferase (implied in the formation of acetate
esters) or the acyl-CoA:ethanol O-acyltransferase, related with the production of the ethyl
esters [5]. In general terms, S. cerevisiae produce lower amounts of higher alcohols and
poorer extracellular enzymes involved in the hydrolysis of structural components when
compared to other non-saccharomyces species. However, it produced higher quantities
of esters or acetaldehyde [42]. Ethanol content also influences sensory characteristics,
providing fruity, flowery or acid aromas to wine, in specific concentrations [5]. On the
other hand, sulfur compounds have been associated with negative or unpleasant aromas
thus, poorer producers of sulfur dioxide S. cerevisiae strains are frequently selected. Besides,
terpenoids, can be de novo produced by S. cerevisiae through the mevalonic acid pathway,
constituting an alternative pathway [43].

Apart from those desirable characteristics of yeasts, there are other variables that can
affect or have consequences on the aroma profile [43]. For instance, in the case of sparkling
wines, a recent study showed that depending on the employed strain of S. cerevisiae and
the period of aging, different aroma profiles were obtained. The study evaluated the
production of ethyl esters (sour and apple aromas) and alcohols (herbaceous, rose, sweet
aromas). It was demonstrated that flocculent yeasts produced higher amounts of these
volatile compounds after 3 months whereas yeasts with higher autolytic ability produced
more elevated amount of esters and alcohols after 6 months [44]. Other aspect that in-
fluences different aromatic profiles is geographical origin of indigenous yeasts. Some
authors have pointed out that aroma or terroir includes a microbial aspect, since its sen-
sory profile varies depending on the microorganisms implied. Particularly, the specific
“signature” of some S. cerevisiae indigenous populations is linked to certain regions and
environment conditions [45,46]. In this sense, it has been found that different genotypes
(original from a specific region) are related to changes in the released compounds and
thus, in the aroma profile. For instance, different genotypes from New Zealand were
compared and it was found that depending on the area, some genotypes produced higher
amounts of β-damascenone (apple, honey and floral aromas), higher concentrations of
ethyl isobutyrate and ethyl-2-methyl butanoate (apple and sweet fruit aromas) or ethyl
butanoate (peach, apple and sweet aromas) [47]. Another work reported that, indepen-
dently from the substrate characteristics, the production of specific aromatic compounds
is related with yeast origin, showing differences in the amounts of acetic acid, acetoin,
acetaldehyde, n-butanol and 2,3-butanediols, 2-methyl-1-butanol and 3-methyl-1-butanol,
among others [45]. Therefore, the current thinking is that origin, genotype and phenotype
of S. cerevisiae strains affect quality parameters of wine and has prompted the interest on
selecting autochthonous yeasts over commercial ones [46].

Nutrients (e.g., initial nitrogen and lipids) concentration and temperature are other
parameters that can influence aroma. A recent study evaluated how specific environmental
conditions affect the production of volatile compounds and found that their effects de-
pended on the target compounds. However, authors found that the strain was determinant
for the effects of environmental parameters [48]. Regarding higher alcohols, initial nitrogen
content played a fundamental role exerting a negative quadratic effect for 2-phenylethanol
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and it positively affected propanol production. In general, temperature and lipid content
were positively correlated with the synthesis of isobutanol and isoamyl alcohol. Interactive
effects were also found between parameters. Therefore, it has been suggested that the
disposal of nitrogen sources (e.g., amino acids) and the production of aroma compounds
by S. cerevisiae do not follows linear relationships [48,49].

4. Non-Saccharomyces Species
4.1. Yeasts
4.1.1. Major Yeasts
Hanseniaspora/Kloeckera

Hanseniaspora is a genus of apiculate yeasts whereas the name Kloeckera is applied to its
anamorph form. Nowadays, the Hanseniaspora/Kloeckera group, which is naturally present
in grapes, comprises ten species: H. valbyensis, H. guilliermondii, H. uvarum, H. opuntiae,
H. thailandica, H. meyeri, H. clermontiae; H. vineae, H. osmophila and H. occidentalis [50]. This
genus is widely found in grape must and is characterized by its low fermentative power but
also for its production of wine volatile compounds and its contribution to wine complexity [51].
Although several groups of volatile molecules are produced in wines during their fermentation
with Hanseniaspora spp., this genus has been characterized as high producer of volatile fatty acids,
esters, aldehydes and sulfur compounds but low producer of higher alcohols [19]. The most
characteristic compounds produced by Hanseniaspora spp. that confer positive aroma to wines
are acetate esters (isoamyl acetate, ethyl hexanoate, ethyl caprylate, phenylethyl propionate,
ethyl caprate, ethyl 9-decenoeate, ethyl acetate, phenethyl acetate, beta-phenylethyl acetate,
benzyl acetate and 2PA) [50,52–54] and aldehydes, such as acetaldehyde, benzaldehyde,
4-ethylbenzaldehyde and benzene acetaldehyde [50]. In addition, some alcohols (glycerol,
1-pentanol, phenethyl alcohol, benzyl alcohol), carboxylic acids (hexanoic acid, octanoic
acid) and terpenes (limonene) are implicated in the wine flavors [50,52].

At industrial scale, H uvarum, H. vineae and H. guilliermondii are the most appropriate
species to achieve an intense wine flavor and aroma complexity [55]. As previously stated,
these microorganisms can naturally appear and develop spontaneous fermentation or they
can be inoculated in mixed fermentations with S. cerevisiae. These strains contribute with
positive oenological properties to wines conferring mainly floral and fruity notes such as
chocolate, fig and tobacco (H. uvarum) [56], fruity-sweet coconut and woody or vanilla
aromas (H. vineae) [57] and rose and honey sensory markers (H. guilliermondii) [53]. In
mixed cultures, they can contribute with an enhancement of the production of volatile
compounds. For instance, H. guilliermondii contributed with higher levels of 2PA to wine
and H. uvarum could increase their isoamyl acetate content, when inoculated respectively
alone. On the other side, an increase of the content of other compounds such as methionol,
acetic acid-3-(methylthio) propyl ester or 4-(methylthio)-1-butanol, among others, occurred
when they were inoculated with S. cerevisiae [58]. Further, 2PA is one of the compounds
more studied in terms of aroma implications within species of Hanseniaspora. Different
researchers have found that the mixed culture of both, H. vineae and H. uvarum with
S. cerevisiae, provoke a synergistic effect on the production of 2PA, enhancing their floral,
fruity (banana, pear, apple or citric fruits, among others) and honey aromas [23,59]. In
addition, mixed cultures of H. guilliermondii with S. cerevisiae, have shown an increase of
higher alcohols, acetate esters and acetaldehyde, while a reduction of ethanol, hydrogen
sulphide and ethyl esters, when S. cerevisiae was used alone [60]. Another species of this
genus, in this case, H. opuntiae was evaluated in mixed culture and the sensory analysis of
the resulting wine, showed a higher floral and sweet aroma. This increment was related to
the major production of some compounds such as phenylethanol or 3-methyl-1-bu-tanol
and minor levels of decanoic and octanoic acid [61]. Apiculate yeasts have sometimes
been related with the release of unpleasant flavour compounds but as previously stated,
they can positively influence aroma profile in certain cases [51]. Therefore, authors are
cautious when considering this genus as high intra-strain variability is found regarding
their production of aroma compounds [21,51].
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Likewise, other parameters can influence aroma. Regarding the time of inoculation, a
recent study tried to elucidate the differences in the volatile aroma compounds when oc-
curring a sequential or a simultaneous fermentation of H. uvarum and S. cerevisiae. Kai et al.
(2018) observed that volatile phenols and acetate ester levels were higher in sequential fer-
mentation, suggesting that this could be linked to a population ratio H. uvarum/S. cerevisiae
higher than 1 [62]. Another study proved that the simultaneous inoculation of H. uvarum
and S. cerevisiae caused an increase of medium-chain fatty acid ethyl ester content, im-
proving floral, berry, tropical and temperate fruity aromas whereas sequential inoculation
also improved floral and tropical fruity traits but produced an unpleasant “nail polish”
odor [63]. Furthermore, must or wine composition also influences aroma profile. In this
sense, low initial levels of YAN in the case of Ecolly wine were related to higher levels
of ethyl esters and fatty acids whereas elevated content of YAN in the case of Cabernet
Sauvignon must, motivated the expression of ATF1 gene and thus, an increment of the
acetate ester production [62].

Table 2 describes the influence of different Hanseniaspora strains in the wine aroma
profile. In general and from a chemistry point of view, the aroma improvements are
explained by the production of higher concentrations of acetate esters like 2PA and isoamyl
acetate, terpenes, medium-chain fatty acid-ethyl esters, benzenoids and decrease of higher
alcohols [55].

Table 2. Different aroma compounds produced by yeast which confers good characteristics and pleasant aromatic properties
to wine.

Yeast Compounds Matrix Aroma (Odour Descriptor) Ref.

H. uvarum and
C. stellata Benzyl alcohol Cabernet sauvignon

wine Chocolate, fig and tobacco [56]

H. vineae Beta-phenylethyl acetate
Red wine from

Uruguay (Tannat
cultivar)

Intense fruity [54,56]

H. vineae P-hydroxybenzyl Wine Fruity, coconut, woody,
vanilla [56]

H. guilliermondii Beta-phenylethyl acetate ester, 2PA Wine Rose, honey, fruity and
flowery [53]

H. uvarum and
H. guilliermondii 2-phenylethanol Grape must from

Douro, Portugal Fruity and flowery [58]

H. uvarum Ethyl acetate Wine Fruity [64]

H. uvaum
Terpenes, C13-norisoprenoids,
volatile phenols, terpineol and

linalool oxide

Ecolly and Cabernet
Sauvignon wine Tropical fruity and floral [62]

H. vinae 2PA, isoamyl acetate and esters Chardonnay wine Banana, pear, apple, citric
fruits, guava [65]

H. vinae Phenyl ethyl acetate Macabeo must Fruity, floral and honey [66]

C. pulcherrima Ethyl acetate, Iso-amyl acetate Wine Fruity, sweet and banana-like [17]

C. zemplinina
Hexyl acetate, ethyl hexanoate, ethyl
heptanoate, ethyl dodecanoate and

ethyl butanoate
Barbera wines Apple, fruit, herb, sweet

or waxy [67]

M. pulcherrima Phenol,2,6-dimethoxy White wine Smoky notes [68]
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Table 2. Cont.

Yeast Compounds Matrix Aroma (Odour Descriptor) Ref.

R. mucillaginosa
Terpenic compounds

(b-damascenone, geraniol,
citronellol, linalool, b-terpineol)

Irpinian wines
(Aglianico and Fiano

wines)

Floral, sweet and ripened
fruit [69]

R. mucillaginosa Terpenols Chinese wine Fruity and floral [70]

R. mucillaginosa C6 compounds (1-hexanol) and faty
acids Chinese wine Grass and unpleasant fatty [70]

R. mucillaginosa 3-hexene-1-ol, neroloxide, acetates
and ethyl groups Ecolly dry white wine Citrus, sweet/acid fruit,

berry, floral [71]

P. anomala Isoamyl acetate Wine Banana [53]

P. kluyveri 2PA, ethyl octanoate Sparkling wine
Fruity, rose, sweet, honey

flavors and pineapple, pear,
soapy

[55,72]

T. delbrueckii Ethyl butyrate, ethyl acetate, ethyl
hexanoate and ethyl hexanoate Sparkling wine

Fruity, sweet, pineapple,
green apple, brandy,

wine-like, strawberry
[22]

T. delbrueckii

Ethyl propanoate, ethyl
isobutanoate, ethyl

dihydrocinnamate and isobutyl
acetate

Sauvignon blanc and
Merlot must Fruitiness and complexity [26]

T. delbrueckii Isoamyl acetate, hexyl acetate, ethyl
hexanoate and ethyl octanoate Juice from Syrah grapes Fresh and fruity [73]

T. delbrueckii 3-sulfanylhexan-1-ol Sauvignon Blanc grape
must Grapefruit/passion fruit [74]

Candida

The genus Candida is a collection of approximately 150 asporogenus yeast species from
which 11% are agents of human infection since when they are ingested, they can enter to
the bloodstream and cause fungaemia [75]. Besides, several studies show the significant
impact of Candida spp. on the production of metabolites that affects the flavor and aroma
of wines during fermentation on its own and together with S. cerevisiae [17,76]. Generally,
it has been related to high production of esters, sulfur compounds and higher alcohols and
low production of volatile fatty acids, aldehydes and volatile phenols [19].

Among this genus, the most known and studied Candida species could be C. albicans,
C. stellata (reclassified as C. zemplinina) or C. pulcherrima (telemorphic form of Metschnikowia
pulcherrima), among others [21,51]. All these species have been studied in different times.
C. albicans was able to produce higher levels of farnesol and farnesene (gardenia/perfume
aroma) [21]. C. stellata was found to intensify the apricot, honey and sauerkraut aromas
when used alone in monoculture and increase the production of ethyl-acetate in sequential
fermentation with S. cerevisiae on Chardonnay wine [77]. In addition, in a recent experiment,
C. zemplinina was used in mixed cultures with S. cerevisiae and produce more aliphatic
alcohols, certain aldehydes and ketones and esters (hexyl acetate, ethyl hexanoate, ethyl
heptanoate, ethyl dodecanoate and ethyl butanoate) providing apple, fruit, herb, sweet or
waxy aromas to wine [67].

C. pulcherrima/M. pulcherrima are commercial starters able to induce changes in wine’s
profile, especially in terpenes, volatile thiols and esters [51]. For example, it was observed
that C. pulcherrima in mixed cultures produced higher levels of ethyl acetate and less
undesirable volatile compounds [17], being ethyl acetate strongly linked to a fruity flavor
in wines at levels of 0.2 g/L [78]. The quantity of isoamyl acetate formed by C. pulcherrima
was significantly higher than that produced by non-saccharomyces yeasts in pure cultures
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exhibiting a sweet, fruity and banana-like aroma at levels upper 0.001 g/L [17]. In another
study, M. pulcherrima non-flocculant strain AWRI305 was tested in mixed culture with
S. cerevisiae. The study showed an increment in the concentration of esters (especially,
ethyl acetate and 2-methylbutyl acetate) and sulfur compounds. In this case, compared
with S. cerevisiae alone, these wines showed lower content in brown tint and higher in
red fruit aroma [79]. Likewise, another study showed that M. pulcherrima (sequential
culture with S. cerevisiae) produced higher content in higher alcohols (specially 3-methyl-
1-butanol and 2-methylpropanol), lower amounts of acetaldehyde, a severe decrease of
butyl acetate and quite higher production of volatile phenols. These changes motivated
the perception of smoky and flowery notes by tasters [68]. In addition, M. pulcherrima has
been related to the production of low-alcohol wines, a desirable characteristic for the wine
industry [80]. In this context, other authors have proposed this species and C. zeylanoides
for this purpose, as they were poorer sugar consumers and effectively reduced ethanol
content. M. pulcherrima has shown high production of higher alcohols (isobutanol and
2-phenylathanol), ethyl propionate, ethyl acetate and diacetyle, when compared to other
species thus, being potentially suitable as inoculum [81]. Other strains like C. molischiana
could produce terpenols and alcohols from a glycoside matrix. It has been also described
the production of aldehydes by Candida krusei and volatile phenols and sulfur compounds
by other species of Candida genus [82].

4.1.2. Minor Yeasts

Spontaneous grape-must fermentation can also begin with the growth of other minor
species belonging to genera such as Rhodotorula or Pichia, among others. These yeasts
with low fermentative capacity can confer wine flavor and aroma complexity by increasing
the amounts of the volatile compounds responsible for the fruity aroma, through hydrolysis
of aroma precursors caused by enzymatic activity [83]. Studies reported that glycosidases
from minor yeast have also remarkable potential to improve aroma complexity and regional
characteristics of wine [70]. Table 2 shows various examples of non-saccharomyces yeasts
and their implication in wine aroma.

Rhodotorula

Rhodotorula spp. has been referred by some authors as high producer of esters and
isoamyl acetate [19]. One of the most studied species is Rhodotorula mucillaginosa [21]. R. mu-
cillaginosa possesses high extra-cellular glycosidase activity able to convert the glycosylated
form of terpenes into aromatic compounds. For example, a general increase of terpene
compounds (β-damascenone, geraniol, citronellol, linalool, β-terpineol) was observed in
Aglianico and Fiano wines from Italy (Irpinian wines) [69]. The application potential of
a Chinese strain of R. mucillaginosa to wine aroma enhancement was also reported [70].
In other case, an increase in the concentration of volatile compounds (neroloxide, alpha-
terpineol, farnesol, limonene, linalool, citronellol, geraniol, geranyl acetone and nerolidol)
was observed in samples treated with glycosidase extracts from R. mucilaginosa. More-
over, the enzyme treatments improved the content of volatile phenols, C6 compounds
(1-hexanol) and fatty acids. Terpenic compounds and benzene compounds are positive
aromatic compounds, while C6 compound, volatile phenols and fatty acids could release
unpleasant aromas, depending on their concentration on the final wines [70]. A recent
study also assessed the glycosidase activity and the main compounds related with the
fermentative aroma produced by R. mucillaginosa which were 1-butanol, isoamyl alcohol,
ethyl acetate, ethyl lactate and phenyl ethyl alcohol [71].

Pichia

The genus Pichia has been described as producer of esters, especially ethyl acetate
and isoamyl acetate [19]. The yeast Pichia kluyveri is usually co-inoculated together with
S. cerevisiae since it is unable to ferment to dryness on their own [84]. The use of P. kluyveri to
increase the levels of terpenic compounds in sequential fermentations with S. cerevisiae had
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been previously reported [55]. This study also described that this yeast was able to produce
high levels of esters, specially 2PA and ethyl octanoate [55]. The characteristic fruity, rose,
sweet, honey flavors of wine and other grape-derived alcoholic beverages are primarily
due to 2PA and ethyl octanoate, thus they provide pineapple, pear, soapy odors [72]. It has
been also reported that P. anomala wine yeasts produce increased concentrations of esters
with a fruity aroma. The yeast was found to be a potent isoamyl acetate producer and the
characteristic banana-like aroma of wine was primarily due to this compound [53]. Other
study showed that P. kudriavzevii in mixed cultures exhibit a chemical profile with higher
levels of glycerol, ethyl acetate and isoamyl acetate and less content in fatty acids, higher
alcohols and phenyl ethanol. These profile resulted in a floral, sweet and fruity aromas [61].
Similarly, a recent study showed that wines produced in simultaneous fermentation with
P. kudriavzevii and S. cerevisiae had lower volatile acidity, higher amounts of esters and
lower higher alcohols, fatty acids, benzene derivatives and C6 compounds concentration.
In addition, the aroma profile and whole flavor and quality were improved and wines
obtained higher scores in fruity and floral aromas, appearance and mouthfeel [24].

Torulaspora

As aforementioned, other genera and species have been also widely studied for
their implication in the aroma profile of wine. This is the case of Torulaspora delbrueckii
which has shown positive impact on wine’s aroma and increasingly importance [85].
T. delbrueckii (anamorph Candida colliculosa, synonym Saccharomyces rosei) [19] has shown
strain variability regarding aroma profile and some of them exhibited low production of
acetaldehyde and acetoin, both positive attributes. However, it produced small amounts
of higher alcohols (being isoamyl alcohol and β-phenylethanol, the major compounds),
acetate esters and ethyl esters of fatty acids. This way, it has been suggested that they
slightly contribute to aroma complexity when compared to other non-saccharomyces
organisms [85]. Nevertheless, a recent study investigated the effects of T. delbrueckii alone
or in mixed culture with S. cerevisiae and their volatile compounds profile. In general, the
presence of T. delbrueckii was associated with an increase of the fruity, sweet, pineapple,
green apple, brandy, wine-like and strawberry sensory descriptors [22]. Other studies
have related it to high production of isovaleric acid, ethyl propionate, 1-butanol and low
production of acetic acid [81]. Also other authors confirm the low acetic acid production,
while an increase in higher alcohols concentration (1-butanol) was observed [68]. Another
study demonstrated that T. delbrueckii was related with higher concentrations of esters and
differences were observed between mixed and sequential fermentation, promoting polyols
synthesis (2,3-butanediol and 1,2-propanediol) and 1-butanol, 3-ethoxy-1-propanol and
furaneol production, respectively [73]. At last, combinations of more than one species of
non-saccharomyces yeasts have been also researched [19].

4.2. Bacteria
4.2.1. Lactic Acid Bacteria

Given the specific fermentation conditions, high ethanol production, presence of
sulfur dioxide and low pH and nutrients concentrations, the environment turns out to
be inhospitable for most bacteria genera. Nevertheless, lactic acid bacteria (LAB) and
acetic acid bacteria (AAB) have managed to survive. LAB are in charge of the malolactic
fermentation (MLF), also known as secondary fermentation which takes place in most of
red wines and some white wines, performing the enzymatic decarboxylation of L-malic acid
to L-lactic acid and carbon dioxide. This deacidification of wine reduces the sour taste that
an excess of malic acid could give [5,86]. Simultaneously, as a result of LAB activity, volatile
compounds are released enhancing aroma complexity with fruity or buttery notes, and
reducing others such as vegetal or grass aroma. MLF also contributes to the microbiological
stability of wine, decreasing the possibilities of spoilage by unwanted microbiota [5,87].
Within the LAB group, researchers have identified four main genera, the bacilli Lactobacillus
and three cocci, Oenococcus, Pediococcus and Leuconostoc [87,88].
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Among these genera, Oenococcus oeni is species most usually linked to MLF due to
its resistance to fermentation conditions in red and white wines. [89]. It shows a well-
adapted response to highly acidic wine conditions and better enzymatic activity than other
selected starters [90]. Within this genus barely three have been isolated in must, O. oenis, O.
alcoholitolerans [91] and O. kitaharae [92]. Several examples of the implications of Oenococcus
and other LAB species is compiled in Table 3.

Table 3. Different aroma compounds produced by lactic and acetic acid bacteria strains.

Bacteria Compounds Matrix Aroma Ref.
Lactic Acid Bacteria

Lactobacillus brevis Methanethiol
Merlot wine

Unpleasant sulfur aroma
[93]

3-(methylsulfanyl) propan-1-ol Meaty aroma (<10 µM)

Lactobacillus plantarum Linalool, 2 phenyl-ethanol,
2,3-butanediol, 4-terpineol and geraniol Fiano wine Floral, fruity and spicy

aroma [94]

Lactobacillus plantarum
Terpenes, limonene and linalool

Synthetic wine
Flowery-citric aroma

[95]Benzyl alcohol and
b-phenyl-ethyl-alcohol Rose-like odor

Oenococcus oeni and
Lactobacillus spp.

Terpenes, norisoprenoids, phenols and
vanillins Synthetic wine Alcohol and dried sensory

descriptors. Fruity aroma [96]

Oenococcus oeni and
Lactobacillus plantarum

2 phenyl-ethanol, 2,3-butanediol,
ethyl-lactate, terpenes and vanillate

derivatives
Shiraz wine Fruity, floral, earthy/nutty

aromas [97]

Oenococcus oeni Ethyl esters Wine Fruit-like [98]

Oenococcus oeni
2-phenylethanol, terpenes, lactic acid

ethyl-ester and succinic acid,
diethyl-ester

Riesling wine Rose notes, fruity and
floral notes

[99]

Oenococcus oeni Hexanol, 3-methylbutylester, acid esters Chardonnay wine
Green and herbaceous,
banana notes and fruity

aroma

Oenococcus oeni Substituted ethyl esters: i.e.,
(2S)-2-hydroxy-n-me-thylpentanoic acid Merlot wine Black-berry and

jammy-fruit notes [100]

Oenococcus oeni Fruity esters and lower production of
alcohols and terpenes

Black raspberry
wine

Strong fruity and slight
notes of solvent and

herbaceous
[101]

Leuconostoc Phenyl-ethyl acetate Black glutinous rice
wine

Sweet, floral aroma
[102]

Leuconostoc 2,3-butanediol Buttery aroma

LAB commercial starter Diacetyl, ethyl acetate, ethyl lactate,
mono-ethyl and diethyl succinate

Single-varietal red
wines Fruity, smoked/toasted. [103]

Acetic Acid Bacteria

Acetobacter
Ethyl esters Highland barley

wine

Fruity, grape-like aroma
[104]

Acetic acid Vinegar

Acetobacter aceti 2PA, 3-methyl butanol, ethyl acetate Pineapple wine Floral-fruity aroma [105]

Gluconobacter Tartaric and citric acid, ethyl esters Black glutinous rice
wine Acid and fruity aroma [106]

Lactobacillus genus is represented by approximately 30 species. Among them, L. plan-
tarum, L. brevis, L. buchneri, L. hilgardii and L. fructivorans are the most found in must and
wine. Also, other species such as L. bobalius, L. casei, L. collinoides, L. fermentum, L. kunkeei,
L. lindneri, L. mali, L. nagelii, L. oeni, L. paracasei, L. paraplantarum, L. uvarum and L. vini
have been also found [88,107]. Among them, L. plantarum is the most-liked by winemakers,
due to its particular qualities: less nutrition requirements, lower inoculum concentration,
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tolerance to ethanol, high pH and sulfur dioxide and also, their diverse collection of en-
zymes able to enhance aroma profile in wines, such as glycosidases or esterases, among
others [107–109]. For instance, the esterase activity of some LAB strains has been related to
the increase of red- and black-berry fruit-like aroma and jam-fruit aroma as well [100].

In addition, research has been focused on the leverage of co-culture between O. oeni
and L. plantarum, reporting more aroma complexity in mixed cultures [97]. For instance,
a work evaluated the use of O. oeni and Lactobacillus strains and found that terpenes,
norisoprenoids, phenols and vanillins were released in association, in general, with alcohol
and dried sensory descriptors whereas oxidize notes were linked to phenyl-acetaldehyde
and phenyl-acetic acid concentrations [96]. Furthermore, other studies have researched
the application of LAB (i.e., O. oeni) together with mixed cultures (i.e., S. cerevisiae with
T. delbrueckii). Results showed that volatile composition was quite different and scored
better for global aroma than spontaneous MLF, which enhanced both pleasant and off-
flavors [101]. Another study stated that T. delbrueckii together with S. cerevisiae (sequential
fermentation) created more MLF favorable conditions, since lower levels of sulfur dioxide
and medium chain fatty acids, promoting the development of O. oeni [110].

Regarding the aroma compounds related to LAB, diacetyl is the most important
one. This compound is produced as a result of citric acid metabolism and can be further
metabolized to 2,3-butanediol [5,88]. Therefore, citrate lyase enzyme plays an important
role regulating the production of diacetyl. At low concentrations, it is related to yeasty,
nutty and toasty aromas, whereas at high levels it produces sweet, buttery, creamy or milky
aroma, sometimes linked to off-flavors. In this regard, some strains of L. plantarum do not
present citrate lyase complex genes, and thus it is feasible to obtain wines with low diacetyl
concentrations [5,109]. In addition, the perception of diacetyl is influenced by several
factors such as the chemical composition of wines, the strain of LAB and the presence of
sulfur dioxide, which can interact with diacetyl, decreasing wine’s volatility [103,109].

Apart from Oenococcus and Lactobacillus, different pediococci species including
P. damnosus, P. inopinatus, P. parvulus and P. pentosaceus have been isolated from wines.
Among them, P. parvulus and P. damnosus are more commonly found in must and wine,
due to its undesirable effects in wine, being associated with unpleasant aromas, bitterness
and ropiness [88]. For instance, a study performed in pinot noir wine with P. inopinatus,
P. parvulus and P. pentosaceus reported floral and fruit-like aromas [111]. It has also been
reported the existence of other species, such as the recombinant strain, P. acidiltactici BD16,
which could improve the aroma of wine due to the production of phenolics derived from
MLF [112].

Leuconostoc strains are known by dominating the initial fermentation stages, conduct-
ing the MLF alongside with Lactobacillus and Oenococcus. Nonetheless, as acids levels raise,
Leuconostoc is overcome by more acid tolerant Lactobacillus [113]. Further, its enzymatic
activity involved in flavor and aroma has been barely studied; it has been reported protease
and also citrate lyase activity [114,115]. In addition, L. paramesenteroides was renamed as
Weissella paramesenteroides [88]. L. mesenteroides is the current dominant Leuconostoc strain
in grape juice and must. More recent studies have positively correlated the presence of
Leuconostoc sp. with floral and buttery-like aromas [102].

4.2.2. Acetic Acid Bacteria

Acetic acid bacteria (AAB) belong to the family Acetobacteraceae. They are classified
as aerobic strict gram-negative bacteria, well adapted to sugar and high ethanol environ-
ments and able to oxidize ethanol to acetic acid. AAB have been spotted on grapes and
red wine; being notably higher in damage and rotten grapes and they are mainly classified
in Acetobacter or Gluconobacter [116]. In contrast to LAB, AAB presence is less desirable
in winemaking; they are considered as spoilage organisms due to the formation of ac-
etaldehyde and acetic acid, among other spoilage compounds [117]. In general, low acetic
acid concentration provides vinegar-like sourness, nutty and sherry-like aroma to wine,
associated with a reduction in fruity characters, but as the concentration raises, the effect
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is replaced by an unpleasant smell [117]. The sensory threshold for acetic acid becoming
undesirable depends on the wine type, e.g., in Canadian sweet wines is 1.0–1.5 g/L with
an allowed maximum of 2.1 g/L [118], while in dry wine, the concentration must not
exceed 1.0 g/L [119]. Another compound related to AAB metabolism that could affect wine
quality is ethyl acetate, which can positively contribute to wine with floral or fruity-like
aroma, though when it exceeds a specific threshold, it is also considered an undesirable
compound. However, researchers have not reach an agreement about the establishment of
that threshold [8].

Acetobacter are gram negative rods with an over-oxidative capacity, being able to
oxidize ethanol to acetic acid to CO2 and water [119]. Generally, A. aceti and A. pasteurianus
are the most often species isolated in wine [120,121]. Further, other related species are
A. cerevisiae, A. malorum, A. tropicalis [121] or A. rancens and A. suboxydans found in Indian
palm wine [122]. Acetobacter appearance is related to a bitter aroma and acid flavor, due to
the excessive acetic acid concentration. Other aroma compounds as hexa- and octadecanoic
acid ethyl esters, acetaldehyde, propionic and succinic acid have been correlated with
Acetobacter metabolism [104].

Gluconobacter are also gram-negative rods, strictly aerobes, but unlike Acetobacter
they are not able to oxidize acetate and lactate to carbon dioxide. Gluconobacter strains
are frequently detected in grapes and can persist during the fermentation despite being
relatively weak acetic acid resistant and less ethanol tolerant, since, they can be even
inhibited by high levels of alcohol [106,123,124]. The presence of Gluconobacter has been
positively correlated with the appearance of butanoic, lactic, citric and tartaric acids and
other compounds such as benzyl alcohol, octanoic acid ethyl ester or ethyl 9-decenoate,
among others [106]. However, it is worth mentioned that all these species together with
Acetobacter species are majorly considered as spoilage microorganisms in wine, not used as
starters and so, few investigation has been developed on their aroma implications beyond
their acetic acid production.

5. Strain Dependent Variability and Genetics Influence on Aroma Profile

Variability on aroma profile has been related to different factors such as soil, grapes,
climate, type of fermentation, medium and involved microorganisms, among others [1].
Focusing on the microorganisms and their implication in secondary aroma, genetics helps
to understand the origin of these changes based on strains genotypes and phenotypes. In
this regard, it is essential to mentioned S. cerevisiae, as it is considered as the best understood
genetic model organism and the first eukaryote genome completely sequenced, the best
annotated and also likely to be genetically manipulated and analyzed [40]. S. cerevisiae has
shown genetic divergence, as the phenotypes that are currently used have demonstrated
different characteristics related to wine production, such as resistance to sulfites [125]. This
fact is also explained in aroma terms, as it has been shown that wild strains of S. cerevisiae
and other Saccharomyces species produced earthy and sulfurous characteristics, whereas
wine domesticated strains produced fruity and floral notes [125]. In this sense, the devel-
opment of “omics” technologies and the improvement of high throughput sequencing has
deeply contributed to further study the microbial community of wines and thus, its impli-
cation in wine aroma [126]. These advances have been mostly directed towards different
objectives: (1) mapping yeasts and bacteria genomes to identify new genetic variants that
are responsible for desirable aroma characteristics, (2) using analytical techniques to isolate,
identify and quantify volatile compounds involved in aroma profile and (3) modifying
yeast and bacteria strains to obtain a specific character or ability. Further, progress is aimed
at transcriptomics, proteomics, exometabolomics, etc. studies [126,127].

As previously stated, yeasts have been historically selected according to different
characteristics: ethanol tolerance, low residual sugars levels, low volatile acids production,
low nitrogen consumption or high growth rate. Frequently, these features come deter-
mined by multiple quantitative trait loci (QTL), i.e., regions linked to certain phenotypic
traits [128,129]. For instance, a recent study, found in S. cerevisiae 51 potential QTLs related
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to the production of monoterpenes and found that three of them (UDV060, VLG19-I-1
and VLG3-A-1) on three different chromosomes were placed closely to genes connected to
the production of aroma compounds [130]. In addition, other studies have investigated
different genetic mechanisms that affect wine aroma: changes in transcription levels of
ALD6 gene (involved in the conversion of acetaldehyde into acetic acid), haploinsufficiency
effects on YFL040W related to acetic acid and glycerol and succinic acid production or
the epistatic gene-gene interactions resulting in heterosis of FLX1 and MDH2, two genes
associated to succinic acid production [128]. Other studies have tried to integrate different
omics, thus identifying new genes related to wine aroma and flavor in different strains of
S. cerevisiae and confirming the production of fatty acids and ethyl and acetate esters by
using high performance liquid chromatography (HPLC), gas chromatography-mass spec-
trometry (GC-MS) and microarray techniques [131]. Besides, research has been performed
on the influence of nitrogen availability and related gene expression of S. cerevisiae. It was
found that depending on nitrogen levels, a total of 46 genes were up-or down-regulated,
proposing some of them to be used as molecular markers. In this sense, potentially different
strains could be used to obtain different aromas [27,132]. In the same context, other au-
thors have investigated the effects on volatile compounds production and gene expression
of S. cerevisiae when adding branched-chain amino acids to must. Different genes were
identified and associated to yeast growth and amino acids transport; also 25 metabolites
(higher alcohols, esters, fatty acids and branched-chain amino acid) were detected, among
which 2,3-butanediol and ethyl lactate levels were highly increased. Therefore, it was
suggested that the addition of branched chain amino acids was able to enhance aroma
complexity [133]. All these techniques and studies have been developed to characterise
different strains of S. cerevisiae that are tightly connected to differences in aroma compounds
production, such in the case of a Gewürztraminer wine where a specific strain was able to
produce increased amounts of 2-phenylethanol and cis-rose oxide and the most complex
aroma profile [134].

On the other hand, transcriptional analyses have been also carried out on non-
saccharomyces species mixed cultures with S. cerevisiae. It has been shown that culture
in consortium of S. cerevisiae with other species can modify the genome transcriptional
response of S. cerevisiae and differently express specific genes that encode for enzymes
linked to the production of aroma compounds [60]. For instance, several studies have inves-
tigated T. delbrueckii. It has been demonstrated that the mixed cultures of these two species
stimulates the transcription of some genes, such as those implied in the glucofermentative
pathway, thus producing higher amounts of CO2 [135]. More recently, a transcriptome
analysis of the same species revealed that the T. delbrueckii lower production of higher
alcohols and acetate esters was explained by the absence of transcripts of key enzymes
in those pathways whereas low levels of ethyl esters were related to down-regulation of
fatty acids biosynthesis genes [136]. At last, a study bared that the presence of T. delbrueckii
affect the transcriptional and phenotypic response of S. cerevisiae to ammonium nutrition
by reducing its global effects. This way, mixed cultures produced higher concentrations
of esters (i.e., acetic acid ethyl ester and lactic acid ethyl ester), providing fruity aroma to
wine [137].

At last, it is also worth mention that according to the previously mention objective 3,
other approaches have been explored for modifying yeasts to achieve a specific characteris-
tic. In this sense, genetic modified organisms (GMOs) have been developed to fulfil those
requirements but also other methodologies have been used to generate enhanced wine
organisms not considered as GMO, such as clonal selection, random mutagenesis or sexual
hybridization [129]. Further, research has been focused on grapes and its genetic base
regarding the synthesis of aroma compounds during fermentation [138]. Therefore, the de-
velopment of new “omics” technologies and related sciences is necessary for the elucidation
of the transcriptional and genetic mechanisms involved in wine aroma formation.
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6. Future Perspectives and New Approaches

The fermentation of grape must and the production of premium quality wines is a
complex biochemical process that involves the interactions of enzymes from many different
microbial species, but mainly yeasts and LAB [139]. In recent years, the oenological industry
has undergone an important transformation, becoming a sector with constant changes and
innovations. As it is described before, non-saccharomyces yeasts can positively influence
aroma [17,55,76]. This quality improvement allows the production of innovative and
differentiated wines. These yeasts can be introduced into the winemaking process to obtain
differentiated wines that reflect the characteristics of a specific region. In this context,
the study of the use of non-saccharomyces autochthonous cultures to produce wines
with particular oenological and sensory characteristics, would allow to choose suitable
candidates to be included in commercial mixed cultures [82]. The presence of the non-
saccharomyces species during the alcoholic fermentation might be of technological interest,
but further studies on these yeasts for their biotechnological applications in winemaking are
needed since the commercial assortment of non-saccharomyces cultures is still reduced [82].
It is yet possible to acquire some interesting species like Torulaspora delbrueckii, Lachancea
thermotolerans, Metschnikowia pulcherrima, Schizosaccharomyces pombe and Pichia kluyveri.
Other strains like Starmerella bacillaris, Meyerozyma guilliermondii and Hanseniospora spp.,
will probably be on market in coming years [55]. The use of non-saccharomyces yeasts
can be also remarkable in regions where grape harvesting is put forward due to excessive
rainfall and where the grape may contain insufficient amounts of aromatic compounds [70].
Bibliography shows big differences, depending on the non-saccharomyces strain employed
due to the genomic diversity of those species and the importance of performing selective
processes, such as those that were conducted for S. cerevisiae strains in the past [55]. In
this sense, one parameter to consider is to identify yeast strains with a high level of
β-glucosidase activity and to evaluate the hydrolysis characteristics of its enzyme extract.

Futures perspectives in the use of non-saccharomyces yeasts also aim to produce
wines with lower alcohol content than those from pure Saccharomyces spp. starters [140].
Nowadays, consumers demand wine with low level of alcohol. Following this trend,
winemakers search alternative methodologies to reduce the final content of ethanol in
wine, especially in vineyards from warm climates where the grape over-ripening can
occur giving an increase of sugar levels [140]. Inoculation of different non-saccharomyces
yeast strains have been proposed for lowering alcohol levels in wine (<2%, depending
on the yeast species and fermentation conditions) [55,141]. Different yeast species like
Hanseniaspora/Kloeckera spp., Pichia spp. or Candida spp., which are predominant in the
first stages of fermentation (up to 6% of alcohol content), consume sugars by respiration
rather than fermentation. In this sense, non-saccharomyces species allow to reduce the
initial ethanol content and would produce desirable levels of secondary metabolites, which
will affect aroma profile [141]. Enzyme or osmotic filtration is another alternative strategy
which can be used to reduce the content of ethanol in wine [140].

Nowadays, the production of efficient malolactic starter cultures has become another
main challenge for oenological research [142]. There are several parameters to address when
selecting LAB for possible use in a starter culture, such us their tolerance to acid conditions,
high ethanol and SO2 concentrations, their compatibility with the selected yeast strains,
adequate growth characteristics under winemaking conditions, the inability to produce
biogenic amines and the lack of off-flavor or off-odor production [142]. Recent research
highlights the importance of choosing specific LAB strains to obtain the desired wine, as
specific flavors such as ethyl ester, volatile sulfides and glycosidic aroma compounds have
been associated with specific strains. Since GMOs are not widely accepted by consumers,
research is focused on identifying strains that can be used to modulate the aroma and
flavor compounds of wine [88]. Finally, it is important to highlight that wine aroma is
complex and contain an enormous chemical diversity. In this context, research should
be also focused in developing simpler and non-targeted LC-MS methodology to study
the entire volatile fraction of wine metabolome as well as other approaches such 2D GC,
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which has previously helped to solve the aroma on many complex matrices, including
wine [8,143].

7. Conclusions

Wine secondary aroma is complex and comes determined from the diversity of dif-
ferent chemical compounds. In the process of aroma formation, different factors play an
important role. Different types of fermentation (single or mixed culture) and different
strategies of inoculation (simultaneous or sequential) have shown differences on the final
aroma profile. Further, other factors such as YAN, temperature, oxygen or time affect
the sensory characteristics of wine. Regarding the whole chemical diversity found in
wine and in particular, in volatile aroma compounds, those related with secondary or
fermentative aroma are mainly higher alcohols and esters, together with volatile fatty
acid and volatile phenols, and thus, they are the compounds mostly studied in research
articles regarding wine aroma. In the last years, winemaking industry has undergone
important transformations and despite S. cerevisiae is still used in production purposes for
its desirable characteristics, non-saccharomyces yeasts have been highlighted as organisms
that can positively influence aroma profile. According to provided data, there is a huge
diversity of non-saccharomyces yeasts that can enhance or decrease the production of some
aroma compounds, resulting in specific aroma attributes that are evaluated from a sensory
point of view. Besides, MLF can affect wine aroma since LAB are tightly connected to the
production of higher alcohols, esters and terpenes, together with norisoprenoids, phenols
and vanillate derivatives in minor quantities. The main challenge still is to characterize
their enzymatic activities and related genes. AAB are also revised since as spoilage microor-
ganisms, they can negatively alter the aroma profile, although it has also been suggested
that they can contribute with positive traits such as floral or fruity. Therefore, taking into
account the diversity of yeasts and bacteria species and the necessities of the winemaking
sector, genetics, transcriptomics and other sciences, aimed at decoding the strain dependent
variability of species and its implications on wine aroma, are fundamental for the focused
use of microorganisms and the achievement of wines with higher aroma complexity and
pleasant characteristics that can fulfil the requirements of the consumers.
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Abstract: The oral release behavior of wine aroma compounds was determined by using an in-mouth
headspace sorptive extraction (HSSE) procedure. For this, 32 volunteers rinsed their mouths with
a red wine. Aroma release was monitored at three time points (immediately, 60 s, and 120 s) after
wine expectoration. Twenty-two aroma compounds belonging to different chemical classes were
identified in the mouth. Despite the large inter-individual differences, some interesting trends in
oral release behavior were observed depending on the chemical family. In general, esters and linear
alcohols showed rapid losses in the mouth over the three sampling times and therefore showed a
low oral aroma persistence. On the contrary, terpenes, lactones, and C13 norisoprenoids showed
lower variations in oral aroma release over time, thus showing a higher oral aroma persistence.
Additionally, and despite their low polarity, furanic acids and guaiacol showed the highest oral
aroma persistence. This work represents the first large study regarding in-mouth aroma release
behavior after wine tasting, using real wines, and it confirmed that oral release behavior does not only
depend on the physicochemical properties of aroma compounds but also on other features, such as
the molecular structure and probably, on the characteristics and composition of the oral environment.

Keywords: wine aroma; oral release; aroma persistence; in-mouth headspace sorptive extraction

1. Introduction

Wine odorant molecules belong to very different chemical classes (esters, alcohols,
aldehydes, terpenes, phenols, etc.) in which their physicochemical properties such as
volatility, boiling point, polarity, hydrophobicity, and/or molecular structure all differ.

The different physicochemical properties of odorant molecules also determine their
release from the wine matrix and therefore their transfer to the surrounding air that will
carry these volatile chemical molecules to the olfactory receptors when breathing. This
is the orthonasal route and it is the main reason for the perceived odor when we smell a
wine. However, during wine tasting, odorant molecules are released in the oropharyngeal
cavities, and the expiration flows carry them to the olfactory receptors by the so-called
retronasal pathway. In this case, as well as the physicochemical characteristics of the
odorant molecules and wine matrix composition, factors related to the individual oral
physiology (breathing flow, dilution with saliva, interaction of odorants with salivary
proteins, biochemical transformation by salivary enzymes, etc.) can also affect aroma
release [1–5]. Moreover, the formation of wine residues or the adsorption of odorant
molecules in the oral mucosa might be the origin of aroma reservoirs ready to be released in
the successive swallowing–exhalation episodes of the remaining saliva in the mouth once
the wine has been swallowed [6]. This is the origin of the long lasting aroma perception,
also known as after-odor or aroma persistence [7].

The immediate and prolonged retronasal aroma perception is of great importance,
since it is a key factor in determining wine quality and ultimately consumer preferences [8].
Because of this, in the last couple of decades, the study of the retronasal aroma of wine has
gained popularity and the number of scientific works dealing with this topic has increased.
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Most of these studies have been carried out using sensory analysis [9] and using in vitro
headspace experiments simulating wine oral conditions [10–13]. More recently, the use of
in vivo approaches to monitor retronasal aroma release in more realistic wine consumption
situations have been used, although these works are still scarce [7,14–20].

Both types of approaches can provide us with information about the behavior of wine
odorant compounds during real or simulated wine consumption conditions that might
better correlate to wine aroma perception than when only using the volatile profile analysis
of a wine. In this sense, previous works have attempted to study this behavior by using
static or dynamic headspace analysis [10,11,21] to simulate oral conditions. From these
studies, it was shown that saliva differently affected the rate of aroma release depending
on the type of aroma compound and on the wine matrix composition. More recently,
Piombino and co-workers (2019) [13] showed that the release of volatile compounds from
wine was strongly related to hydrophobicity. While aroma compounds with logP < 0
increased their retronasal release, odorants with 2 < logP < 5 showed an opposite trend,
and aroma compounds with 0 < logP < 2 were the most affected compounds by the wine
matrix components as residual sugars.

Although very valuable, in vitro oral conditions do not perfectly represent the phys-
iological conditions of the oral cavity. Different works have found that saliva enzymes
and oral microbiota can affect aroma compounds in the mouth in a different way depend-
ing on the individual, which in turn could be difficult to mimic by only using in vitro
conditions. For instance, salivary enzymes are able to hydrolyze odorless glycosylated
precursors [22,23] or metabolize odorants into their degradation products [4,24–29]—both
cases give rise to different volatile odorant metabolites depending on individual differences
in saliva composition.

In this sense, in vivo aroma analysis should be better suited to determine the retronasal
release behavior of aroma compounds in the mouth during wine tasting. For instance,
Esteban-Fernández et al. (2016) [15] used in vivo intraoral Solid Phase Microextraction
(SPME) to compare the retronasal release behavior of six aroma compounds (isoamyl
acetate, ethyl hexanoate, linalool, guaiacol, β-phenylethanol, and β-ionone) in the mouth of
three individuals after tasting aromatised wines. They confirmed the impact of compound
hydrophobicity on the degree of adsorption to oral mucosa, which provoked differences in
in-mouth aroma release kinetics in the post-ingestion phase.

These works have a great scientific value since they represent the first analytical
studies performed in real wine consumption conditions to monitor retronasal aroma release.
However, because of the relatively low number of individuals employed to perform these
assays, it would be interesting to set up new studies using a representative number of
volunteers and using real wines, which will allow us to obtain more straightforward
conclusions on the behavior of wine odorants in the mouth.

To do so, we utilized the in-mouth headspace sorptive extraction (HSSE) technique,
which has been proven to be a reliable and feasible tool that allows for the monitoring of
oral aroma release of a great number of different odorant chemical classes at real wine
concentrations [18]. This methodology is based on the application of a polydimethyl
siloxane (PDMS) twister in the mouth to perform the headspace intra-oral aroma extraction
after wine intake. The twisters are further desorbed and analyzed by Gas Chromatography-
Mass Spectrometry (GC-MS). One of the main advantages of this technique is that the
twisters with the breathing aroma extract can be automatically desorbed in the thermal
desorption unit (TDU) of the GC–MS, allowing for the analysis of a higher number of wine
breath extracts and thus increasing the possibility of working with a greater number of
individuals. Additionally, the lower in-mouth extraction times (30 s) compared to other
in vivo methods [15] will allow us to perform more in-mouth aroma samplings in a shorter
period of time (80 s) once the wine has been ingested.

In this frame, the aim of this work was to assess the oral release behavior of the
naturally occurring wine aroma compounds, composed of different volatile chemical
families at different concentrations, by using the in-mouth HSSE procedure. To do this, we
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instigated 32 volunteers to rinse their mouths with a red wine for 30 s. Subsequently, a
glass device provided with a PDMS twister was placed in the mouth in order to monitor
the aroma released at three different times (immediately, 60 s, and 120 s) after the wine
was expectorated.

2. Materials and Methods
2.1. Wine Chemical Composition

A commercial red wine (Marqués de Murrieta, 2017) from the Tempranillo grape
variety was employed in this study. The non-volatile composition of the wine: pH
(4.0 ± 0.3), total polyphenol content (1917.3 ± 10.3 mg of gallic acid/L), free amino acids
(561.2 ± 72.2 mg Leu/L), free amino acids plus peptides (328.9 ± 11.0 mg Leu/L), neu-
tral polysaccharides (4014.1 ± 741.4 mg mannose/L), and procyanidins (1365.9 ± 42.0 mg
catechin/L) was previously determined.

The volatile composition of the red wine was assessed using a headspace sorptive
extraction method and gas chromatography analysis (HSSE-GC–MS) using a 20 mm length
× 0.5 mm PDMS twister (Gerstel, Mülheim an der Ruhr Germany) as previously de-
scribed [18]. For the quantification, a calibration curve for each aroma compound was
carried out (Table S1) using the same conditions already described [18].

2.2. In-Mouth Aroma Analysis
2.2.1. Subjects

Thirty-two subjects—15 females (47%) and 17 males (53%) between the ages of 18 and
72 years old—participated in this study. Fifty percent of the participants were younger than
35 years old and the other 50% were older than 50 years old. They did not have any known
illnesses and they all had normal olfactory and gustatory functions. The participants
were informed about the purpose of this study and they all gave their written consent to
participate in this study. The project in which this study was enclosed was also approved
by the Bioethical Committee of the Spanish Council of Research (CSIC).

2.2.2. In-Mouth HSSE Procedure

To determine both the immediate and the prolonged oral aroma release, we applied
the previously published in-mouth HSSE method [18]. Briefly, the volunteers performed
gentle rinses with the wine (15 mL) and 30 s after, they spat out the wine. During these
rinses, swallowing episodes were not allowed and the lips and the velum tongue had to stay
closed. For the intra-oral aroma extraction, a customized glass holder device (Segainvex-
UAM, Madrid, Spain) provided with a 20 mm × 0.5 mm (length × film thickness) PDMS
twister inside was employed. The volunteers placed the glass device in their mouths
5 s after spitting out the wines. To avoid any contact between the twister and the oral
surfaces, we ensured that aroma sampling was performed in the headspace of the mouth.
This procedure was repeated 3 times in order to determine the intra-oral aroma release
at 3 different times after the wine expectoration. These sampling times were performed
immediately (T1), 60 (T2) seconds, and 120 (T3) seconds after the wine rinses. For this,
3 different in-mouth devices with 3 different twisters were employed. Between each aroma
monitoring, the subjects kept their lips closed, breathed normally through their nose, and
were told to only swallow twice: immediately before introducing the twister into the mouth
and immediately after removing it. Figure 1 shows a schematic representation of the main
steps of the sampling procedure. Volunteers were previously trained in the in-mouth HSSE
procedure before the wine sampling evaluation.

The twisters were removed from the glass device with a magnet bar and desorbed in
a thermal desorption unit (TDU) (Gerstel) after the oral aroma sampling. Twenty different
PDMS twisters were used for the whole experiment. In order to check their variability,
we previously tested them all using a synthetic aromatized wine. Differences among the
PDMS twisters in their aroma extraction were always lower than 5%.
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Figure 1. Sampling procedure followed for in-mouth HSSE aroma monitoring.

Each analysis was performed 3 times for each volunteer (n = 32). Before the in-mouth
aroma extraction and between wine replicates, volunteers washed their mouths by rinsing
with a pectin-water solution (1 g/L). After rinses, they waited 15 min before starting a new
in-mouth HSSE analysis.

2.2.3. Thermal Desorption

The PDMS twisters were desorbed in the thermal desorption unit (TDU) coupled to a
cooled injection system (CIS-4) (Gerstel). The TDU was configured in splitless mode. The
TDU ramp temperature was first 40 ◦C, then increased at 60 ◦C/min to 240 ◦C and then
held for 5 min. The CIS was employed for analyte cryofocusing by using liquid nitrogen.
The CIS ramp temperature started at −100 ◦C, then heated to 240 ◦C at 12 ◦C/min, and
held for 5 min. The injection was configured in solvent vent mode.

2.2.4. GC–MS Analysis

Aroma analysis was carried out in a 6890 N GC coupled to a 5973 N mass spectrometer
(Agilent). The stationary phase was a DB-WAX polar capillary column with dimensions of
30 m × 0.25 mm and film thickness of 0.50 µm (Agilent, J&W Scientific, Folsom, CA, USA),
while the mobile phase was helium gas at a flow rate of 1 mL/min. The oven temperature
conditions were the same as those previously described [18,30]. The oven started at 40 ◦C,
then it raised to 130 ◦C at 4 ◦C/min, and finally it rose to 240 ◦C at 8 ◦C/min and kept for 5
min.

The temperatures of the MS system were configured in the following way: 270 ◦C for
the transfer line, 150 ◦C for the quadrupole, and 230 ◦C for the ion source. The electron
impact was fixed at 70 eV and the ionization current was fixed at 10 µA. Both selected
ion mass monitoring (SIM) and full scan mode (mass range of 35–350 m/z) were used for
data acquisition. The detected peaks were identified by comparing the mass spectra and
the retention times with those of the same reference compounds analyzed with the same
chromatographic conditions and by using the NIST 2.0 database.

As a result, the absolute peak areas (APAs) of the volatile compounds released in the mouth
were obtained. APAs (3 repetitions) were used to compare the 3 in-mouth sampling points.

2.3. Statistical Analysis

For the statistical analysis, the XLSTAT 2020.4 software (Addinsoft, Paris, France) was
employed. One-way ANOVA and Tukey test were applied to check for significant differences
among APAs from the 3 in-mouth sampling points (T1, T2, and T3) and to check for mean
comparison. A principal component analysis (PCA) was applied in order to examine how
the physicochemical properties of the aroma compounds influenced their oral release in each
sampling time. A significance level of α = 0.05 was fixed in all the statistical analyses.

3. Results and Discussion
3.1. Oral Aroma Release Behavior after Wine Tasting

To determine the oral aroma release behavior after wine consumption, we applied
the in-mouth HSSE procedure [18]. For this, 32 volunteers rinsed their mouths with a red
wine for 30 s and then spat it out. A PDMS twister was then placed inside the mouth to
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monitor aroma release for 30 s (T1). This procedure was also repeated for 60 s and 120 s
(T2 and T3, respectively) after wine expectoration, as shown in Figure 1. Despite the large
dilution of the aroma compounds in the mouth due to the exhalation flows following wine
expectoration [31,32], all the aroma compounds detected in the headspace of the wine
(Table S1) were also identified in the mouth of the volunteers (Table 1 and Figure S1). In
order to check if there were significant differences (p < 0.05) in aroma release through the
three monitoring times, we performed one-way ANOVA. Table 1 shows these results.

Table 1. Retention times, physicochemical properties, and oral release (average values of three repetitions of absolute peak
areas) of the 22 aroma compounds detected in the mouth at three different sampling points: 0 (T1), 60 (T2), and 120 (T3)
seconds after wine expectoration. The table also shows the results from one-way ANOVA to check for significant differences
(p < 0.05) between the three extraction times.

No.
Com-

pound

Aroma
Com-

pound

Retention
Time
(min)

Physicochemical Properties of Aroma Compounds Oral Aroma Release (APAs) Over the Three
Sampling Points

MW a logP a BP a VP a WS a OT b T1 T2 T3 Pr > F

Esters
1 Isoamyl

acetate 7.46 130.19 2.26 142.5 5.67 1100 30 1 2,495,178 963,196 524,939 <0.0001

2 Ethyl
butanoate 5.53 116.16 1.85 121.5 14.6 2745 125 1 317,302 301,709 258,753 0.681

3 Ethyl
pentanoate 7.83 130.19 2.34 146.1 4.8 925.5 >200 1 96,840 152,040 141,734 0.369

4 Ethyl
hexanoate 10.52 144.22 2.83 167 1.8 308.7 62 1 599,957 260,843 166,670 <0.0001

5 Ethyl
octanoate 17.07 172.27 3.81 208.5 0.235 33.39 5 1 492,678 226,935 151,675 <0.0001

6 Ethyl
decanoate 23.23 200.32 4.79 241.5 0.0428 3517 200 1 115,138 60,170 49,934 <0.0001

7 Hexyl
acetate 11.97 144.22 2.83 171.5 1.45 308.7 1.5 3 62,829 42,389 32,037 0.002

8 Diethyl
succinate 24.09 174.2 1.39 217.7 0.147 5547 200,000 4 257,106 112,972 66,785 <0.0001

9 Ethyl
cinnamate 31.05 176.22 2.99 271 0.00874 160.6 5.1 1 509,575 30,132 16,649 0.012

Alcohols -
10 1-Pentanol 10.01 88.15 1.33 137.9 2.65 20,890 - 7,468,430 5,012,622 3,629,045 <0.0001
11 1-Hexanol 14.58 102.17 2.03 157.6 0.881 6885 8000 4 522,716 308,090 210,761 <0.0001

12 Phenylethyl
ethanol 28.54 122.17 1.57 218.2 0.0243 21,990 14,000 1 2,289,276 1,332,593 994,164 0.000

13 Z-3-Hexen-
1-ol 15.52 100.16 1.61 156.5 0.937 15,475 400 1 59,232 117,719 116,501 0.163

Furanic
acids

14 Furfural 17.78 96.09 0.83 161.7 2.32 53,580 14,100 1 626,770 596,750 639,977 0.877

15 5-Methyl
furfural 20.42 110.11 0.67 187 0.644 29,110 20,000 4 111,669 103,936 103,787 0.821

16 Furfuryl
alcohol 23.68 98.1 0.45 171 0.409 221,000 2000 4 596,677 568,836 744,321 0.524

Terpenes
17 α-Pinene 5.25 136.24 4.27 155.5 4.02 34,834 - 278,068 244,054 248,766 0.961
18 Limonene 9.49 136.24 4.83 178 1.45 4.581 15 2 435,510 347,603 387,864 0.721

C13 noriso-
prenoids

19 β-Ionone 29.3 192.3 4.42 127 0.0227 25.16 0.09 1 783,236 83,581 33,204 0.017
Lactones

20 γ-
Butyrolactone 22.3 86.09 -0.31 204 0.295 447,500 35,000 4 128,301 104,228 101,701 0.304

21 γ-
Nonalactone 30.1 156.23 2.08 136 0.0118 228.66 30 1 98,120 65,455 56,939 0.039

Volatile
phenols

22 Guaiacol 27.67 124.14 1.34 205 0.113 28,462 10 1 91,729 74,640 78,168 0.106

a MW: molecular weight; logP: hydrophobic constant; BP: boiling point; VP: vapor pressure; WS: water solubility. Parameters estimated
using the software EPI Suite 4.11-Estimation Program Interface (U.S. EPA 2012). b OT: odor threshold calculated in hydroalcoholic and/or
synthetic wines. 1 [33]; 2 [34]; 3 [35]; 4 [36].

As it can be seen in Table 1, from the 22 compounds identified in the mouth, 12 of
them showed significant variations (p < 0.05) depending on the sampling point (T1, T2, T3).
Esters and alcohols were the most affected chemical groups by the sampling time. All of
them, except ethyl butanoate, ethyl pentanoate, and Z-3-Hexen-1-ol, showed significant
differences (p < 0.05) in the amount released depending on the sampling point. The fast
decrease of esters and alcohols in the oral cavity as a function of time revealed that both
groups of compounds showed a relatively low oral persistence. In addition to them, the
compounds β-ionone and γ-nonalactone also showed significant differences (p < 0.05)
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depending on the sampling point. Contrarily, other volatile compounds belonging to
other chemical families, such as furanic acids, terpenes, or the volatile phenol guaiacol,
did not show significant differences depending on the sampling point, suggesting that
they remained in the oral cavity for longer times. Both the chemical structure of the
aroma compounds and their physicochemical properties (also reported in Table 1) might
be responsible for the differences in the aroma release behavior.

Therefore, in order to further investigate the in-mouth aroma release behavior of the
different chemical groups, we calculated the percentage of oral aroma release (%OAR) at
each sampling point. For this, the amount of aroma released in the first sampling point,
immediately after wine expectoration (T1), was considered as 100% (%OARt1). From this,
the percentage of aroma release after 60 s (%OARt2) and 120 s (%OARt3) was also calculated.
Figure 2 shows these results together with the chemical structure of each aroma compound.
It also depicts the average, minimum, and maximum %OAR values corresponding to three
repetitions of the same wine tested for the 32 volunteers for each sampling point (n = 96).

1 
 

 

 

Figure 2. Oral aroma release profiles (%OAR) of 22 wine aroma compounds at 0 (T1), 60 (T2), and 120 (T3) seconds after of
wine expectoration. The solid line shows the average value, while the dotted lines show the maximum and minimum values
from three repetitions from the same wine and 32 volunteers (n = 96). Different letters above the points denote different
significance level (p < 0.05) from the Tukey test.

As it can be seen (Figure 2), very wide minimum and maximum %OAR intervals
were observed for most wine volatile compounds. This was expected considering the large
in-mouth aroma release variations that can be explained by differences in oral (breathing
flows, saliva composition, oral cavity volumes) or other physiological features (age, gen-
der), which have been related to significant differences in aroma release during food and
beverage consumption [2,37,38]. Other factors related to variations from the instrumental
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methodology would be unlikely since all the participants were previously trained in the
in-mouth HSSE procedure and the repeatability of this procedure was previously proven
to be lower than 18% for a large number of different types of wine volatiles [18].

As can be seen in Figure 2, except for ethyl pentanoate, the rest of the esters showed
a similar oral release behavior. This was characterized by a progressive reduction in
oral aroma release over time, with the largest aroma losses (between 50 to 80%) in the
third sampling time (T3) (Figure 2), which was 120 s after wine rinsing. Isoamyl acetate
and ethyl hexanoate showed the lowest oral release in the third sampling point (T3),
with %OAR of 19% and 22%, respectively (Figure 2). Thus, these esters exhibited the
lowest oral persistence. These results are in agreement with the results from a previous
work using intra-oral SPME approach and aromatized wines [15] and also confirmed
the congruence between both in-mouth extraction procedures. Some reasons, such as
the weaker interactions of these compounds to oral components (salivary proteins, oral
mucosa cells) or the degradation of esters by salivary esterase enzymes might contribute
to explaining the rapid loss of these compounds in the mouth [24,27,29,39]. However,
as shown in Figure 2, some differences in the oral release behavior among the different
esters were also found. For instance, in the case of ethyl decanoate (logP = 4.79), the most
hydrophobic assayed linear ester, the %OARt3 was 41%, while in the case of shorter and
less hydrophobic linear esters such as ethyl octanoate (logP = 3.81) and ethyl hexanoate
(logP = 2.83), the percentages of %OARt3 were 29% and 22%, respectively. These results
showed that 120 s after wine expectoration, the oral amount of ethyl decanoate was almost
double that determined by the other two esters. These results are in agreement with those
reported by Muñoz-González and co-authors (2019) [20], who also observed a higher
persistence of ethyl decanoate compared to ethyl hexanoate and isoamyl acetate by using
in-nose Proton Transfer Reaction-Mass spectrometry (PTR–MS). On the contrary, some
esters with lower molecular weight, such as ethyl butanoate and ethyl pentanoate, did
not significantly decrease over time. This could be mostly due to the large individual
variations observed among volunteers. Thus, while some volunteers showed a decrease in
the oral release of these esters over time, others showed an increase in their oral release.
This dissimilar behavior among volunteers deserves further attention.

The linear alcohols (pentanol and hexanol) showed a similar behavior to that pre-
viously found for esters (Figure 2), which was characterized by a progressive decrease
in their oral release over the three in-mouth aroma extractions (Figure 2). As shown in
Figure 2, up to 40–50% of the initial aroma content remained 120 s after wine expectora-
tion (%OARt3) (Figure 2). On the basis of these results, we can consider these alcohols
as compounds with a relatively low-medium oral persistence. Although alcohols have
not been reported to be metabolized by salivary enzymes [4,25], their low-medium oral
persistence could be due to their weak interaction with oral physiology [15]. Interestingly,
the linear alcohol cis-hexen-1-ol did not follow the same trend as the other alcohols. Not
only did the release of this compound not decrease, but it increased in the second and
third sampling points (Figure 2). This atypical behavior could be linked to the de novo
formation of this metabolite from wine aroma precursors by oral microbiota or salivary
enzymes. In fact, previous in vitro studies have proven the formation of cis-3-hexen-1-ol
from glycosylated wine aroma precursors by isolated oral bacteria from saliva [23]. How-
ever, new experiments should be addressed in order to confirm these results. Regarding
the cyclic alcohol phenylethanol, although a decrease in %OAR over time was observed,
there were no differences between the percentage of aroma released 60 and 120 s after wine
expectoration. This percentage was about 50% of the initial amount of this compound in
the mouth, confirming its higher oral persistence compared to the linear alcohols, which
was in agreement with results from a previous work using intra-oral SPME [15].

On the other hand, furanic acids (furfural logP = 0.83, 5-methyl furfural logP = 0.67,
and furfuryl alcohol logP = 0.45) and the volatile phenol guaiacol (logP = 1.34) showed
very little changes (<5%) in their release over the three sampling times (Figure 2). Thus,
these compounds were still present in the mouth 120 s after wine expectoration, indicat-
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ing a relatively high oral persistence. These results are in agreement with the high oral
adsorption determined for guaiacol after the application of the spit off odorant measure-
ment procedure [15]. The existence of interactions between the galloyl ring of the wine
polyphenols that might be adsorbed onto the oral mucosa with the aromatic ring of the
aroma molecules through π–π interactions could explain these results [12,17]. Results from
the present study also confirm this explanation for other polar volatile molecules from
the furanic chemical group (furfural, methyl furfural, and furfuryl alcohol), all of them
characterized by the presence of an aromatic ring in their structure.

Regarding terpenes (limonene and α-pinene), which are characterized for being com-
pounds with a high hydrophobicity (logP = 4.27 and 4.83, respectively) (Table 1), they
showed very similar %OAR over the three sampling points, and therefore a high oral
persistence. Only about 12% of the initial aroma amount was lost in the third in-mouth
extraction (T3), and then 120 s after wine expectoration (Figure 2). As previously explained
for the larger and more hydrophobic esters, stronger interactions between the most hy-
drophobic aroma compounds and the hydrophobic domains of the salivary mucins from
the mucosal pellicle that covers the oral surface can be expected [28]. This might explain
the higher oral aroma persistence observed for these wine aroma compounds.

On the other hand, the C13 norisoprenoid β-ionone, which also presented a high
hydrophobicity (logP = 4.42) (Table 1), showed minor changes in the %OARt2 (10% of
aroma loss compared to the first sampling point), but its oral release decreased almost 50%
in the third sampling point (Figure 2). In previous works and using different methodologies
such as intra-oral SPME [15] and in-nose PTR–MS [20], this compound showed a high oral
persistence exhibiting relatively low oral aroma losses (around 40%) even at 4 min after the
oral exposure to the wine.

Finally, in the case of the wine lactones (γ-butyrolactone and γ-nonalactone), they also
showed minor changes in their oral release over the three sampling points with discrete
aroma losses lower than 20% in both T2 and T3 sampling points (Figure 2). Despite the
very different polarities of both lactones, γ-butyrolactone logP = −0.31 and γ-nonalactone
logP = 2.08, their behavior was quite similar in the mouth, characterized by a high in-mouth
persistence (Figure 2). The formation of Schiff bases between ketones and oral proteins
(mucins, α-amylase) [2] might favor the higher adsorption of these compounds to the oral
mucosa, thus being responsible for their higher oral persistence. However, this behavior
should be confirmed in new in-vivo studies using synthetic wines supplemented with
different types of ketone compounds with linear and cyclic structures.

3.2. Relationship between Oral Aroma Release and the Physicochemical Properties of Aroma
Compounds

To further understand the relationship between the physicochemical properties of
aroma compounds and the oral release behavior, we performed a principal component
analysis (PCA). For this, some physicochemical properties such as hydrophobicity (logP)
and boiling point, as well as other features such as the odor thresholds of the 22 wine
aroma compounds identified in the mouth after wine rinsing (Table 1), were selected as
independent variables. Additionally, the %OAR calculated after 60 (%OARt2) and 120 s
(%OARt3) were used. The compound cis-3-hexen-1-ol was removed from this treatment,
since, as previously shown, it showed atypical oral release behavior that deserves additional
studies. Figure 3 shows the representation of this PCA.

As can be seen in Figure 3, the PCA biplot explained 70.43% of the total data varia-
tion. The first principal component (PC1) explained 43.49%, while the second one (PC2)
explained 26.94% of the total variability. PC1 was positively correlated to the percentage of
oral aroma release from both the second (%OARt2) and third (%OARt3) in-mouth sampling
points. As can be seen, PC1 mainly separated the compounds according to their chemical
family. The furanic group, guaiacol, the two lactones, and the two terpenes exhibited posi-
tive values for PC1, with the furanic group showing the highest factor loadings (0.8–0.9).
On the contrary, the ester group (except ethyl pentanoate and hexyl acetate) and the alcohol
group (βphenylethanol, hexanol, pentanol) were negatively related to this component.
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This confirms that the functional group is one of the main determinants of the oral release
behavior, as previously suggested [4].

1 
 

 

 Figure 3. Principal component analysis (PCA) performed with some physicochemical features of the aroma compounds
(boiling point (BP), hydrophobic constant (logP), odor threshold (OT)) and %OARt2 and %OARt3. logP: hydrophobic
constant; BP: boiling point; OT: odor threshold; α-Pin: α-pinene; β-ion: β-ionone; γ-But: γ-butyrolactone; γ-Non: γ-
nonalactone; Die.Suc: diethyl succinate; E.But: ethyl butanoate; E.Cin: ethyl cinnamate; E. Dec: ethyl decanoate; E.Hex:
ethyl hexanoate; E. Oct: ethyl octanoate; E.Pen: ethyl pentanoate; Fur: furfural; Fur.Alc: furfuryl alcohol; Gua: guaiacol;
Hex.Ace: hexyl acetate; Hxol: hexanol; Iso.Ace: isoamyl acetate; Lim: limonene; Methfur: 5-methyl furfural; Phethol:
phenylethanol; Pntol: pentanol.

Additionally, PC1 was negatively correlated to the boiling point (BP) and hydropho-
bicity (logP) values. These results suggest that compounds with lower hydrophobicity
(lower logP values), such as the furanic group, would show a higher oral aroma persistence
compared to higher hydrophobic compounds. This could be because polar compounds are
more easily dissolved in the water phase that covers the mucosal pellicle, which would
produce an increase in their oral persistence, as recently suggested by Ployon and cowork-
ers [28] using an ex vivo model. Thus, furanic acids (furfural, methyl furfural, and furfuryl
alcohol), which were more polar in terms of logP (logP = 0.83, 0.67, and 0.45, respectively)
(Table 1), were the compounds that showed the highest oral release in T2 and T3, exhibit-
ing %OAR values higher than 95% in both sampling points (T2 and T3). However, this
explanation does not seem valid for other polar compounds, such as the alcohols (with
lower polarities compared to furanic compounds), in which the oral aroma persistence
was relatively low (above 60% in both sampling points) compared to the furanic group.
However, as previously shown, compound structure and the presence of aromatic rings
in their molecule, as it is the case for some polar compounds (guaicol and furanic group),
strongly determined their oral release behavior. In the same sense, the two compounds
belonging to the terpene group, which have the highest logP values (4.27 and 4.83 for
α-pinene and limonene, respectively), also showed higher oral aroma persistence compared
to the alcohol group. This seems to corroborate the strong effect of the chemical structure
on oral aroma persistence.
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In the case of PC2, as shown in Figure 3, it practically did not show any correlation to
the %OAR t2 and %OAR t3.

Nonetheless, it is also worth mentioning that the PCA results did not explain 100%
of the data variation, which means that the physicochemical properties of the aroma
compounds considered in this study were not the unique factor when explaining the oral
aroma behavior of wine odorants after wine tasting. Other physicochemical features related
to the molecular structure and the characteristics and composition of the oral environment
might help explain the differences in oral aroma persistence among wine volatiles.

4. Conclusions

For the first time, using a large group of volunteers (n = 32) and a real wine, we
determined the oral release behavior of 22 wine aroma compounds in the mouth at three
different points after wine tasting (immediate, 60 s, and 120 s) by using a previously
validated in-mouth HSSE procedure. Even considering the large inter-individual variations
as a consequence of physiological features, some interesting trends in oral release behavior
were observed depending on the chemical compound. In general, esters and linear alcohols
showed the highest variations (large decrease) in oral aroma release, and therefore a low
oral aroma persistence. On the contrary, terpenes, lactones, and C13 norisoprenoids showed
lower variations in oral aroma release over the three sampling points, and therefore a higher
oral aroma persistence. Additionally, and despite their low polarity, furanic acids and
guaiacol showed the highest oral persistence. The oral release behavior was not only
dependent on the physicochemical properties of the aroma compounds but also because
of other features such as the molecular structure and probably on the characteristics and
composition of the oral environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-8
158/10/2/415/s1: Table S1: Volatile composition (average ± standard deviation in µg/L) of the
red wine determined by HSSE-GC–MS and regression lines used for the quantification of aroma
compounds in the wine. Figure S1. Chromatograms corresponding to the aroma profile of the wine
(a) using HSSE and from the headspace of the mouth after spitting of the same wine using in-mouth
HSSE (b). Numbers correspond to the compounds described in Table 1.
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Abstract: This study aimed to systematically evaluate the effect of a commercial grape seed tannin
extract (GSE) fully characterized (53% monomers, 47% procyanidins) on wine ester release and
perception using a global approach. The behavior of two esters (ethyl hexanoate, ethyl decanoate)
was studied in a control wine or in the same wine supplemented with the GSE in preconsumption
(in vitro headspace-stir bar sorptive extraction-gas chromatography mass spectrometry (HS-SBSE-
GC/MS) and orthonasal perception) and consumption (intraoral-HS-SBSE-GC/MS and dynamic
retronasal perception) conditions. For the compound ethyl hexanoate, no significant differences
(p > 0.05) among wines were observed in the in vitro analyses while they were observed in the
three in vivo experiments (p < 0.05). Thus, the wine supplemented with the GSE showed lower
(35%) in vivo release and ortho (36%) and retronasal (16%) perception scores than the control wine.
Overall, this suggests that components of the GSE could interact with this compound, directly and/or
through complexes with oral components, affecting its release and conditioning its perception.
However, perceptual interactions and effects of polyphenols on oral esterases cannot be discarded.
On the contrary, the compound ethyl decanoate was not significantly affected by the addition of
GSE. In conclusion, the addition of tannin extracts to wines can modulate aroma perception in a
compound-dependent manner.

Keywords: wine; tannins; volatile compounds; polyphenol-aroma interactions; saliva; in vitro
release; in vivo release; retronasal aroma; time-intensity; HS-GC/MS

1. Introduction

Grape polyphenols can be naturally present in wines, or they can be added as oeno-
logical extracts. Grape tannin extracts usually contain condensed tannins (or proantho-
cyanidins) and other components, depending on their purity [1]. Their addition to wines
was related to providing color stabilization, contributing to wine structure and mouth-
feel [1,2] or to wine flavor [3], among others. Apart from their effects on astringency and
bitterness [3], recent studies have suggested that grape tannin extracts could modulate
wine aroma [4,5], which is one of the main drivers for wine preferences [6].

The mechanisms behind the modulator effect of grape tannin extracts on wine aroma
are unknown, but different hypotheses were proposed in the literature. On the one hand,
the capacity of components present on the tannin extracts to interact with some volatile
compounds was proven using in vitro conditions in model wines [7–9]. In 1999, Dufour
and Bayonove [7] observed that the addition of a condensed tannin fraction (0–14 g/L) to
a hydroalcoholic solution provoked a small reduction of benzaldehyde volatility and an
increase of limonene volatility while had no effect on two esters (isoamyl acetate, ethyl
hexanoate). Accordingly, Mitropoulou and coworkers [8] observed that the addition of
a condensed tannin extract (0–12 g/L) to a model wine had almost no influence on the
volatility of some esters (isoamyl acetate and ethyl hexanoate) while others (ethyl octanoate,
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ethyl decanoate, ethyl dodecanoate) suffer a salting-out or retention effect depending on
the tannin concentration assayed. In 2013, Villamor and coworkers [9] found that increasing
tannin addition (500 mg/L–1500 mg/L) to a model wine increased the release of high
molecular weight compounds to the headspace (1-octen-3-one, 2-methoxyphenyl, eugenol)
but decreased the release of alcohols (3-methyl-1-butanol, 1-hexanol). From these studies,
it could be presumed that these interactions could affect the availability of the aroma
compounds to reach the olfactory receptors through the orthonasal pathway, affecting most
likely wine odor [9]. However, olfaction is a complex phenomenon that can also be affected
by several biases, such as the way sniffing is performed ([10]), and therefore, studies are
needed to verify this point.

During consumption, wine is introduced in the oral cavity and components of the
tannin extracts can interact with salivary proteins in the mouth (free or bound to the
mucosal pellicle) [11–14] or directly to the epithelial mucosa cells [15]. As side effects, these
interactions may influence the oral retention of volatiles and their transfer to the olfactory
receptors through the retronasal pathway. Thus, it was suggested that some polyphenols
already adsorbed onto the mucosal pellicle might bind certain aroma molecules with
aromatic rings, such as guaiacol [16], increasing their retention in the mouth. Apart from
physicochemical interactions, polyphenols present in the tannin extracts could affect the
activity of salivary enzymes [17]. This would be of special relevance in the case of enzymes
involved in the metabolization of aroma compounds [18]. In this regard, inhibition of
esterases by grape seed tannin extracts was recently suggested [4,17]. Thus, the influence
of tannin extracts on salivary enzymes deserves more research. Finally, aroma perception
during wine consumption is a complex phenomenon produced as a result of the integration
in the brain of multiple sensory signals [19,20]. Therefore, to understand the meaning of
the polyphenol-volatile interactions in a real consumption context, wine retronasal aroma
perception must be assessed.

Additionally, it is important to notice that the technical effects provided by the tannin
extracts will be dependent upon their composition. In this regard, there is a wide range of
oenological extracts in the market, although, in general, there is a lack of information about
their composition [1]. This makes it a challenge to attribute the effects of these extracts to
specific components, making it difficult the comparison across studies. The aim of this work
was to systematically evaluate the effect of a grape seed tannin extract (GSE) previously
characterized [21] on the release and perception of two target volatile compounds using
in vitro and in vivo instrumental and sensory approaches. To do this, a wine with a
low-aroma profile was enriched with two esters (20 mg/L), which are typical ubiquitous
volatile compounds from alcoholic fermentation and relevant compounds contributing
to the wine aroma profile. The aromatized rosé wine (control wine) was supplemented
with the GSE (at 500 mg/L). Ester release was studied in vitro, through headspace-stir
bar sorptive extraction-gas chromatography mass spectrometry (HS-SBSE-GC/MS), and
in vivo, through intra-oral-HS-SBSE-GC/MS (n = 10). Additionally, orthonasal and the
dynamics of retronasal aroma perception during wine tasting were evaluated through
sensory evaluation (n = 10). The same panelists participated in all the experiments. To our
knowledge, this is the first time that such a global approach was applied to understand the
effect of oenological tannins on wine aroma.

2. Materials and Methods
2.1. Wine Samples

A commercial rosé wine (D.O. Navarra) (pH of 3.03, 13% v/v ethanol, total polyphenol
content of 355.88 ± 1.74 mg Eq Gallic acid/L and procyanidin content of 66.37 ± 0.01 mg/L)
was selected for this study by its low polyphenol content. A commercial tannin extract
from grape seeds (GSE) (Vitaflavan®) (D.R.T. Les Dèrives Resiniques and Terpéniques,
Vielle-Saint-Girons, France) mainly composed of 53% monomers and 47% procyanidins
was added to this control wine (CW) at a concentration of 500 mg/L, to obtain another
wine with a higher polyphenol content (PW). The individual phenolic composition of this
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extract was previously published [21]. The GSE was deodorized under an N2 current for
30 min in order to remove endogenous aromas.

Two food-grade linear esters (Sigma-Aldrich, Steinheim, Germany) with different
physicochemical properties (Table 1) were added to the wine glasses to obtain a final
concentration of 20 mg/L. The technique HS-HSSE-GC/MS [22] was used to evaluate
the presence of endogenous aroma compounds in the original wine that was insignificant
compared to the concentration of the aroma added (ethyl hexanoate: 0.37 ± 0.02 mg/L;
ethyl decanoate: not detected).

Table 1. Characteristics of the esters added to the wines.

Compounds CAS Number
Physicochemical Characteristics

Sensory Descriptor d

Chemical Formula Mw a log P b BP c

Ethyl hexanoate 123-66-0 C8H16O2 144 2.83 167 Fruity
Ethyl decanoate 110-38-3 C12H24O2 200 4.79 248 Grape

a Molecular weight (g/mol). b Hydrophobic constant estimated with EPI suite (US EPA 2000–2007). c Boiling point (◦C) estimated with EPI
Suite (US EPA 2000–2007). d Flavornet (http://www.flavornet.org) database.

2.2. Panel

For this study, ten young individuals (8 females, 2 males) were recruited. A triangular
test with aromatized hydroalcoholic solutions was performed to evaluate their absence of
anosmia. All the individuals received information on the nature of the study and provided
written consent form before their participation. They were instructed not to eat or drink
one hour before the instrumental or sensory experiments. The CSIC Bioethics Committee
for Research approved the experimental protocol.

2.3. Instrumental Evaluation
2.3.1. In Vitro Ester Release

A previous method [22] was followed with slight modifications. Briefly, wine samples
(1-mL) were placed in headspace vials (20-mL) containing a glass insert with a precon-
ditioned PDMS (polydimethylsiloxane) stir bar (Twister) (Gerstel, Mülheim, Germany).
Extraction was performed for 15 min, and then, the twisters were removed for thermal
desorption. The experiments were done in triplicate.

2.3.2. In Vivo Ester Release

An instrumental procedure developed by Pérez-Jimenez and Pozo-Bayón [22] was
used. Briefly, each individual introduced the wine samples (15 mL) into their mouths, kept
them for 30 s and then expectorated them. Two aroma extractions were performed. The
first one, five seconds after expectoration, and the second one, sixty seconds later. The
extractions were performed for 30 s with a PDMS twister (Gerstel, Mülheim, Germany)
introduced in the oral cavity using glass made twister holders. Once the extraction was fin-
ished, the twisters were removed for thermal desorption. Each wine sample was analyzed
in triplicate by each individual. Controls of the oral cavity before wine rinsing were also
performed to ensure the absence of the esters under study.

2.3.3. Thermal Desorption and Gas Chromatography Mass Spectrometry
(GC–MS) Analyses

The twisters were desorbed using a TDU, and a CIS-4 injector (Gerstel, Mülheim,
Germany) coupled to a 6890 N GC—5973 N mass spectrometers (Agilent). Compounds
were separated in a DB-WAX column (30 m × 0.25 mm i.d. × 0.50 µm film thickness) (J&W
Scientific, Folsom, CA, USA) using the following oven temperatures: 40 ◦C, held 1 min,
10 ◦C/min to 240 ◦C and 240 ◦C held 1 min (run time: 18 min). The acquisitions were
performed in the scan (from m/z 35 to 350) and SIM modes. For specific details on the
GC–MS conditions, see Pérez-Jimenez and Pozo-Bayón [22].
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Aroma identification was done by using retention times and mass spectra provided
by the NIST 2.0 database. The aroma release between wine samples was done on the basis
of absolute peak areas (APAs).

2.4. Sensory Evaluation
2.4.1. Training Sessions

First, individuals were trained to recognize orthonasally and retronasally the two
aroma descriptors of the study (fruity and grape) in a wine matrix containing the respective
chemical references (ethyl hexanoate and ethyl decanoate). Second, they received specific
training on the use of the intensity scale (15 cm unstructured scale delimited at the ends)
and on the discrimination between different aroma intensities (corresponding to 1, 3, 9 and
27 mg/L of each aroma compound). Third, individuals were trained in the protocol for
wine consumption to evaluate retronasal aroma perception and in the use of tablet devices
using the Compusense software for time-intensity (TI) measurements. Six training sessions
were performed by all the individuals, while three of them received 2 additional sessions to
be fully trained. The serving temperature of the samples was 18 ◦C. Samples were served
in wine glasses covered with plastic Petri dishes to prevent volatile loss. Water (Nestle
Aquarel, Barcelona, Spain) and unflavored unsalted crackers (ARO, Madrid, Spain) were
provided to the individuals among samples.

2.4.2. Orthonasal Evaluation

Wine samples were equilibrated for 15 min. Then, individuals were instructed to
remove the plastic Petri dishes over the wine glasses, to smell them and to evaluate the
intensity of the two descriptors (fruity and grape) using an unstructured scale. Samples
were evaluated in triplicate and in randomized order.

2.4.3. Retronasal Evaluation by Time-Intensity (TI)

Individuals were trained to follow the instructions: introduce the wine samples (15 mL)
into their mouths and expectorated them after 5 s. After this time, individuals started the TI
evaluation of the two aroma descriptors (fruity and grape) using the Compusense software
(version 19.0.7236.30304, Guelph, Canada) that lasted 60 s. To do so, they had to move
the cursor along the unstructured scale (15 cm) to note the intensity of aroma descriptors
perceived. Data were recorded at a frequency of 1 s. Samples were evaluated in triplicate
and in randomized order.

Mean curves of dynamic intensity scores for each wine were determined by averaging
the data of all the individuals at each time point.

2.5. Statistical Analyses

One-way analysis of variance (ANOVA) and Tukey’s test for mean comparison were
used to check the influence of the GSE on the in vitro and in vivo ester release and on the
orthonasal and retronasal ester perception. The significance level was p < 0.05, α < 0.05
throughout the study. The XLSTAT program (v.19.01) (Addinsoft, Paris, France) was used
for data processing.

3. Results
3.1. Effects of a Grape Seed Tannin Extract (GSE) on the In Vitro Ester Release from Wine

To determine the effect of the GSE in preconsumption (in vitro) conditions, the APAs
of esters recovered in the headspace above the CW and PW were submitted to a one-way
ANOVA. The results are shown in Figure 1. As can be seen, no significant differences were
observed between wines for any of the two esters assayed (p > 0.05). Although the release
of both esters was slightly higher in the CW compared to the PW, these differences were
not statistically significant (p > 0.05).
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Figure 1. Comparison of the absolute peak areas (APAs) of esters released to the headspace in the
control wine (CW) and in the wine with grape seed tannin extract (GSE) added (PW) using in vitro
conditions (NS: no significant differences (p > 0.05) between wine samples).

3.2. Effects of a Grape Seed Tannin Extract (GSE) on the In Vivo Oral Ester Release from Wine

To check the influence of the GSE in consumption conditions, the esters released into
the oral cavity of ten individuals after they rinsed their mouths with the two wines (CW
and PW) was followed at two sampling points (0 and 60 s). The APAs of esters recovered
intra-orally were submitted to a one-way ANOVA. The results can be observed in Figure 2.
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Figure 2. Comparison of the absolute peak areas (APAs) of ethyl hexanoate (#a) and ethyl decanoate
(#b) released in the mouth after oral rinsing with the control wine (CW) and with the wine with the
GSE added (PW) using in vivo conditions. Different letters across the different time points indicate
significant differences between wines (p < 0.05, α < 0.05).

As expected, a decrease in ester release was observed over time in the oral cavity,
although the rate of the decrease seemed faster for the CW than for the PW. Moreover,
large interindividual differences on the intra-oral ester release were observed for both
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compounds, mostly on the first monitoring time. The presence of the GSE seemed to
decrease the intra-oral release of both esters. Although a similar trend was observed for
both esters (Figure 2), results of the ANOVA test only showed a significant effect (p < 0.05)
of the GSE for the compound ethyl hexanoate on the first monitoring time (0 s) (being a 35%
less released in PW compared to CW). In the second monitoring time (60 s), no significant
differences between wines were observed for any of the esters assayed.

3.3. Effects of a Grape Seed Tannin Extract (GSE) on the Orthonasal Perception of Wine Esters

A one-way ANOVA was performed to evaluate the effect of the GSE addition on the
orthonasal perception of the two aroma descriptors (fruity and grape) by 10 individuals
(Figure 3). The evaluation of the two aroma descriptors was done independently of
one another.
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Figure 3. Intensity scores of the aroma descriptors determined orthonasally by the trained panel (n = 10) in the control wine
(CW) and in the wine supplemented with the GSE (PW). Different letters across the different time points indicate significant
differences between wines (p < 0.05, α < 0.05); NS: no significant differences between wines (p > 0.05).

As it can be seen, significant differences were observed in the perception of fruity note
(from ethyl hexanoate) between wines, with PW showing a significantly lower score (36%)
for fruity intensity than CW. In contrast, no significant differences were observed for the
perception of grape note (ethyl decanoate) between wines.

3.4. Effects of a Grape Seed Tannin Extract (GSE) on the Retronasal Perception of Wine Esters

A one-way ANOVA was carried out to check the effect of the GSE addition on the
perception of the aroma descriptors elicited by the two esters through a dynamic sensory
TI evaluation. The evaluation of the two aroma descriptors was done independently of
one another. As it can be seen (Figure 4), a decrease in the intensity notation of both
attributes was observed over time. The GSE seemed to suppress the perception of the
fruity attribute (ethyl hexanoate), while no effect was observed for the grape note (ethyl
decanoate). However, the differences observed for the fruity note were only significant in
the monitoring time of 10 s (Figure 4), with a difference in the intensity score between PW
and CW of 16%.

82



Foods 2021, 10, 93Foods 2021, 10, x FOR PEER REVIEW  8 of 12 
 

 

 

 

Figure 4. Intensity scores of the fruity (#a) and grape (#b) descriptors determined retronasally by 

the trained panel (n = 10) in the control wine (CW) and in the wine supplemented with the GSE 

(PW). Different letters across the different time points indicate significant differences between 

wines (p < 0.05, α < 0.05). 

4. Discussion 

The effects of  tannin extracts on wine aroma are hardly understood, among other 

reasons, because the comparison across studies is difficult. Usually, studies on this topic 

have employed commercial extracts of unknown/not specified composition, which gener‐

ates complications to compare the results and to extract conclusions. Apart from that, the 

fact that the studies on this topic are made with different experimental protocols and/or 

techniques or with wines with a different chemical composition (volatile and matrix) adds 

a degree of uncertainty to this topic. For these reasons, a global and systematic approach 

was followed in this study. A grape seed tannin extract (GSE) (53% monomers, 47% pro‐

cyanidins), fully characterized previously [21], was used to evaluate its influence on wine 

aroma release and perception. A rosé wine with (PW) or without (CW) the GSE was sys‐

tematically assayed using a wide array of instrumental and sensory techniques. The wine 

was aromatized with two esters, ethyl hexanoate (fruity note) and ethyl decanoate (grape 

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60

"F
ru

it
y"

 in
te

n
s

it
y 

p
er

ce
iv

ed
 r

e
tr

o
n

as
al

ly

Time (seconds)

CW

PW

(#a)

a

b

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60

"G
ra

p
e"

 in
te

n
s

it
y

 p
er

c
e

iv
e

d
 r

et
ro

n
as

al
ly

Time (seconds)

CW

PW

(#b)

Figure 4. Intensity scores of the fruity (#a) and grape (#b) descriptors determined retronasally by
the trained panel (n = 10) in the control wine (CW) and in the wine supplemented with the GSE
(PW). Different letters across the different time points indicate significant differences between wines
(p < 0.05, α < 0.05).

4. Discussion

The effects of tannin extracts on wine aroma are hardly understood, among other
reasons, because the comparison across studies is difficult. Usually, studies on this topic
have employed commercial extracts of unknown/not specified composition, which gener-
ates complications to compare the results and to extract conclusions. Apart from that, the
fact that the studies on this topic are made with different experimental protocols and/or
techniques or with wines with a different chemical composition (volatile and matrix) adds
a degree of uncertainty to this topic. For these reasons, a global and systematic approach
was followed in this study. A grape seed tannin extract (GSE) (53% monomers, 47% pro-
cyanidins), fully characterized previously [21], was used to evaluate its influence on wine
aroma release and perception. A rosé wine with (PW) or without (CW) the GSE was sys-
tematically assayed using a wide array of instrumental and sensory techniques. The wine
was aromatized with two esters, ethyl hexanoate (fruity note) and ethyl decanoate (grape
note), that were selected for being compounds from the same chemical family (esters)
presenting different physicochemical properties (Table 1) and because they are associated
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with pleasant aroma notes easily recognizable (ortho and retronasally) by consumers. The
same individuals (n = 10) participated in all in vivo (instrumental and sensory) experi-
ments, and they were previously trained to follow specific tasting protocols. Before the
experimentation, the absence of anosmia was checked for all the individuals in preliminary
triangular tests.

The effects of the GSE on wine esters were firstly evaluated in pre-consumption
conditions, that is, before the wine is introduced in the mouth. One of the first sensory
signals perceived by wine consumers is related to its odor, produced when volatiles are
released from the wine matrix and reach the olfactory receptors by the orthonasal pathway.
This phenomenon was evaluated through two approaches: one instrumental by measuring
the esters released to the headspace above the wines (CW, PW) in in vitro conditions, and
one sensory approach by measuring the orthonasal perception of the individuals (n = 10)
when smelling the wines. Results from the in vitro static headspace analyses did not show
a significant effect (p > 0.05) of the GSE on the release of esters to the headspace (Figure 1).
These results are in agreement with those from Dufour and Bayonove and Mitropoulou
et al. [7,8], who found that the addition of a tannin extract to model wines did not affect
the release of ethyl hexanoate at any of the assayed tannin extract concentrations. On
the contrary, Mitroupoulu and collaborators [8] did observe a salting-out effect on ethyl
decanoate upon tannin addition, which was not observed in the present study. Divergences
among studies could be due to compositional differences among the extracts assayed
and/or the concentrations employed (0.5 g/L vs. 0–12 g/L), although no direct comparison
can be made since in work from Mitropoulou et al. [8] the composition of the tannin
extract was not specified. Regarding the results of the orthonasal experiment (Figure 3),
significant differences were observed between wines (CW and PW) for the fruity note
provided by the compound ethyl hexanoate, while no effects were observed for the grape
descriptor associated with the compound ethyl decanoate. Thus, the fruity note was less
(36%) intensely rated by the individuals in the PW compared to the CW. Although to the
authors’ knowledge, the effects of procyanidins on the orthonasal perception of wine esters
has not been elucidated to date, the effects of monomers and, in particular, of catechin and
gallic acid (also constituents of the grape seed extract) on the suppression of perception
of esters was confirmed in several works [23–25]. Thus, this suppressed perception could
be due to the monomers present in the extract, although the role of procyanidins cannot
be discarded.

These apparently contradictory results between the instrumental and sensory ex-
periment performed in preconsumption conditions were also observed by Lorrain and
colleagues [23] when studying the effects of phenolic compounds on the volatility and
sensory perception of red wine esters in model solutions. In that article, the authors found
a significant effect of the compound catechin on the orthonasal perception of specific esters,
although the same effects were much less clear on the headspace experiments. They related
this contradiction to a conflict on sensitivity between mass spectrometry and the human
nose, being the latter more sensitive than the former. Moreover, they stated that the weak-
ness of the polyphenol-volatile hydrophobic interactions (also suggested by Dufour and
Bayonove [7]) could have produced that small changes between instrumental and sensory
approaches (volumes, temperatures, extraction times) would lead to a disruption of the
interactions between polyphenols and volatiles. Overall, this could also have occurred in
the present work.

During consumption, wine is introduced into the oral cavity. From here, aroma
compounds interact with oral components before traveling to the olfactory receptors
located in the nose to be perceived. In an attempt to decipher the effects of the GSE on
wine aroma in a consumption situation, two complementary instrumental and sensory
approaches were used. First, the esters released in the oral cavity of the individuals after
wine rinsing were monitored through a previously developed technique called intraoral-
HS-SBSE-GC/MS [22]. Figure 2 shows that the intra-oral ester release decreased over
time, which means that esters disappeared from the oral cavity after wine rinsing, as was
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expected. Interestingly, the decrease rate seemed faster in CW than in PW, which could
indicate that the GSE addition could have an effect on aroma persistence. This could be
related to an inhibitory effect of polyphenols (present in the GSE) on salivary enzymes
as it was recently suggested [17], which will deserve more research. Another interesting
finding was related to the fact that the intra-oral release was significantly different among
wines during the first monitoring time, with PW releasing less ethyl hexanoate to the oral
headspace than CW (35% difference). This could be the consequence of the polyphenol-
volatile interaction observed in the orthonasal analyses and would indicate that a lower
amount of ethyl hexanoate molecules could be available to reach the olfactory receptors
immediately after wine rinsing in PW than in CW. In addition, it could not be discarded
that interactions between components of the GSE and oral components (salivary proteins,
buccal cells) [8,9,16] could have affected, as side effects, ethyl hexanoate volatility. In this
regard, a negative relationship between flavan-3-ol content in wines and intra-oral aroma
release of esters, and especially of ethyl hexanoate, was previously observed [16]. In that
study, it was suggested that this phenomenon could be due to the formation of salivary
proteins-polyphenol-carbohydrate complexes able to encapsulate aroma compounds in the
oral cavity. On the contrary, for the compound ethyl decanoate, no differences between
wines were found for any of the time points assayed. This result differed from that found
by Muñoz-Gonzalez and coworkers [4], who observed an increase in the oral volatility of
this compound after drinking wine with a similar extract added. Nevertheless, it should be
noticed that the monitoring times and the concentration of the extract assayed were very
different in both experiments, which confirms that the experimental conditions employed
are determinant to compare the effects of GSE on wine aroma.

Second, the retronasal perception of the individuals after rinsing their mouths with
the two wines was evaluated using the dynamic TI approach. In this case (Figure 4),
the individuals rated with lower scores the fruity descriptor (ethyl hexanoate) in the PW
compared to the CW, although significant differences were only observed at one evaluation
time (10 s) (16% difference), maybe due to the high inter-individual differences observed.
As in the case of the in vivo release experiments, no significant differences between wines
were observed for the compound ethyl decanoate. These results are in agreement with
those of Cliff et al. [26] that found suppression of fruity aroma in wine in the presence of a
GSE (0–5 g/L). Similarly, Pérez-Jimenez and colleagues [5] observed a lower score of fruity
notes (derived from esters) in wines with a GSE added (150 mg/L). The lower intensity
of fruity perception observed for PW in comparison to CW could be related to the lower
intra-oral release observed for this wine, derived from polyphenol-volatile or polyphenol-
oral components-volatile interactions. However, it is important to highlight that during
wine drinking, many senses are activated at a time which would inevitably modulate the
perceived intensities of each other through cross-modal sensory interactions. Taking into
account the taste-aroma interactions in the process of drinking wine [27], the bitterness
and astringency brought by polyphenols contained in the GSE may have influenced the
perception of aroma. Thus, it could not be discarded that this phenomenon could have had
an effect on the suppression of the fruity descriptor when it was retronasally perceived.

5. Conclusions

This research work has demonstrated that the addition of a GSE to a rosé wine
influenced the release and perception of esters in a compound- dependent manner. For the
compound ethyl hexanoate, the addition of the GSE did not significantly affect its release
from wine measured in in vitro (headspace) conditions. However, the addition of the GSE
decreased the in vivo release of ethyl hexanoate after wine rinsing measured intra-orally.
Moreover, the addition of the GSE affected the orthonasal and retronasal fruity perception
associated with this compound. Thus, participants scored with a lower fruity intensity the
wine with the GSE added compared to the control wine. This suppression observed by
using instrumental and sensory approaches suggests that some components of the extract
(procyanidins and/or monomers of catechin, epicatechin, . . . ) can interact directly and/or
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through complexes with oral components with the compound ethyl hexanoate. Apart from
the physicochemical nature of these interactions, the existence of other phenomena such
as perceptual interactions or some effects of polyphenols on esterase activity cannot be
discarded. For the compound ethyl decanoate, no effects were observed due to the GSE
addition.
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Abstract: 1,1,6-Trimethyl-1,2-dihydronaphthalene (TDN) is an aroma compound responsible for the
kerosene/petrol notes in Riesling wines. In the current article, three sensory thresholds for TDN were
determined in young Riesling wine: detection threshold (about 4 µg/L), recognition threshold (10–12 µg/L),
and rejection threshold (71–82 µg/L). It was demonstrated that an elevated content of free SO2 in wine
may have a certain masking effect on the TDN aroma perception. In addition, the influence of wine
serving temperature on the recognition of kerosene/petrol notes was studied. It was found, that a
lower wine serving temperature (about 11 ◦C) facilitated identification of the TDN aroma compared
to the same wine samples at room temperature.

Keywords: 1,1,6-Trimethyl-1,2-dihydronaphthalene (TDN); wine; sensory threshold; serving temperature

1. Introduction

1,1,6-Trimethyl-1,2-dihydronaphthalene (TDN) is one of the key wine aroma components in
Riesling wines, and it belongs to the C13-norisoprenoids. With the kerosene/petrol aroma, TDN
is considered controversial from the consumers’ preference perspective. Low and medium TDN
concentrations contribute to the complexity of the wine bouquet, while high TDN content often evokes
negative impressions caused by the strong kerosene/petrol odor dominance.

The level of TDN in wine increases during bottle aging due to the transformations of
carotenoid-derived precursors originating from grapes [1–3]. The quantity of TDN precursors
depends on the viticulture practices such as grape clusters defoliation [4,5], soil fertilization [6], water
irrigation [7,8], and the selection of vine clones [9]. Global climate change, warmer temperatures,
and higher sun exposure of the grapes may intensify formation of TDN in the succeeding Riesling
wines [10,11]. The option of yeast strains can also affect the formation of TDN in wine, probably due
to the pathways of the precursors’ conversion [9,12]. The TDN level in wine can also be managed
by the selection of bottle closures, which are able to absorb a significant amount of TDN from the
wine [13–16]. Finally, it was demonstrated that wine storage conditions, e.g., elevated temperature,
can accelerate the formation of TDN [17,18].

The typical content of TDN in European Riesling wines is usually between 1 and 50 µg/L, while
in Australian wines it can reach up to 250 µg/L and more [19–22]. The sensory threshold of TDN in
wine was defined in several studies as being in a range of values between 2 and 20.6 µg/L (Table 1).
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In the first publication, Simpson (1978) reported the flavor threshold in Riesling at 20 µg/L, however,
no details regarding the panel were described. Several decades later, the TDN odor detection threshold
(ODT) was determined at a significantly lower level, 2 µg/L [20]. Trained panelists evaluated model
and Chardonnay spiked wines in a series of 3-AFC tests. The succeeding work also utilized 3-AFC
tests but with an untrained panel of consumers using spiked Riesling wines. As a result, the defined
ODT values were close to the initial one, about 20 µg/L [23]. In addition, the consumer rejection threshold
(CRejT) in this research was also determined to be 157 µg/L and 82.4 µg/L depending on the wine
vintage (2010 and 2011) and the country in which the tests were conducted (New Zealand and the
USA), respectively. A recent study revealed the following values of TDN perception thresholds in
Riesling wine: 3.1 µg/L for ODT by trained panellists and 14.7 µg/L for consumer detection threshold
(CDT) [24]. In the same work the CRejT was found to be 60 µg/L and 91 µg/L for young and aged
Riesling wines, respectively.

Table 1. Summary of the studies devoted to the 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) sensory
thresholds determination.

References Panel Base Wine Wine
Temperature

Sensory
Method Sensory Thresholds, µg/L

[18] n/a Riesling n/a triangle tests Flavor threshold: 20

[20] Trained Model wine;
Chardonnay n/a 3-AFC tests ODT: 2

[23] Untrained
consumers

Riesling,
1-year-old wine 23 ◦C 3-AFC tests

ODT:
20.6 (2010 vintage, NZ),
18.2 (2011 vintage, USA)

CRejT 1:
157 (2010 vintage, NZ),

82.4 (2011 vintage, USA)

[24] Trained
consumers

Riesling,
1-year-old wine
(2015 vintage)

15 ◦C 3-AFC tests

ODT, Trained panel: 3.1
CDT, Consumers: 14.7

CRejT 1 1-year-old wine: 60
CRejT 1 8-year-old wine: 91

1 CRejT was determined by the preference tests.

The variability of the reported TDN sensory thresholds values can be related to both diverse
concepts of sensory thresholds and variations in sensory evaluation methods. In the current work, we
aimed to define and study detection and recognition thresholds of TDN:

• detection threshold (DT) implies the lowest level at which a stimulus can be detected, but not
necessarily recognized;

• recognition threshold (RT) corresponds to the level when a stimulus can be recognized and identified;
it is usually higher than DT [25].

In addition our goal was to determine a TDN rejection threshold (RejT) and to compare it with the
previously reported CRejT values. This issue was of interest since various approaches to the evaluation
of rejection thresholds are still under discussion [26].

Finally, this study investigated the influence of free SO2 levels and wine serving temperature on
the perception of TDN aroma. These factors can vary significantly in reality and, to our knowledge,
have not been previously studied. Earlier, it was demonstrated that ethanol levels and carbonation can
enhance the odor detection threshold of TDN in certain matrices [24].
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2. Materials and Methods

2.1. Chemicals and Materials

The following chemicals were used for the experiment and analyses: ethanol absolute AnalaR
NORMAPUR® ACS, ≥99.5% (VWR Chemicals); sodium chloride (Carl Roth GmbH, Germany);
β-ionone-d3, ≥95% (aromaLAB GmbH, Germany); and 1,1,6-trimethyl-1,2-dihydronaphthalene ≥ 95%
(own synthesis [27]). Parafilm “M”® was purchased from Carl Roth GmbH, Germany.

Transparent green glass bottles (1 L volume) with MCA finish type were supplied by Richard
Wagner GmbH + Co. KG, Alzey (Germany). Screw caps of MCA type were supplied by Rheingauer
Winzerbedarf GmbH. The base wine, Riesling Villa Monrepos from the Rheingau region (Germany)
of 2016 vintage, was bottled in April 2017 in the winery of the Hochschule Geisenheim University.
Analysis of the wine after the bottling revealed the following: alcohol content 12.3% (v/v), titratable
acidity 7.3 g/L, sugar content 7.5 g/L, and pH 3.2. The TDN concentration in the wine was 2.2 µg/L
(analysis before the sensory sessions). The adjustment of the SO2 content in the wine resulted in free/total
SO2 concentrations of 40/120 mg/L for Sensory Session 1 (high free SO2 content) and 10/65 mg/L for
Sensory Session 2 (low free SO2 content). The high free SO2 content of 40 mg/L is relatively elevated
compared to many wines globally, but is typical for many Riesling wine producers in the Rheingau
region. This particularity is explained by the local practices and expectations of a longer aging time of
these wines.

Young Riesling wine, 2016, was selected as the base wine for all the sensory tests in order to avoid
an elevated initial level of TDN. Wines produced from other international grape varieties were not
used since they typically do not possess noticeable amounts of TDN [20] and kerosene/petrol aroma.
Furthermore, the composition of other wine matrices may affect the TDN perception thresholds values,
which makes them inapplicable for Riesling wines.

The free SO2 content in wine is one of the parameters that can have an impact on the wine aroma
perception. The influence of low and high free SO2 content on TDN recognition in Riesling wine was
studied in the current research, since no information on this issue was found in previous publications.
The same Riesling wine with high (40 mg/L) and low (10 mg/L) content of free SO2 was used in the tests
of Sensory Sessions 1 and 2, respectively.

2.2. Preparation of TDN Stock Solutions

The TDN stock solution was prepared by the addition of 9.1 mg of TDN into a 50 mL volumetric
flask, which was then filled with ethanol to the 50 mL mark, resulting in a TDN concentration of about
0.182 mg/mL. The stock solution was stored in a refrigerator at 4 ◦C with a ground glass stopper,
additionally sealed with Parafilm®. Before the wine spiking procedures, the TDN stock solution was
kept for about 15–30 min outside the refrigerator at room temperature.

2.3. Panels for Sensory Sessions

Two panels participated in the sensory sessions. Panel 1 (Sensory Session 1) consisted of 20 tasters:
11 male and 9 female. Panel 2 (Sensory Session 2) comprised 22 tasters: 13 male and 9 female. The age
of the tasters was in the range between 21 and 45 years. All the panelists, employees or students
of the Hochschule Geisenheim University (Germany), were regular wine consumers. Both panels
were international (more than 15 nationalities from European, Asian, and the American countries).
All the tasters were familiar with Riesling wines and their typical aromas, therefore, no special
training or panelists selection was done. The sensory evaluations were conducted in June 2017 in the
specialized well-lit (white light) and odor-free sensory analysis room in the Department of Enology
of the Hochschule Geisenheim University (Germany). There were 30 separated booths, specialized
individual places for panelists. The room temperature was about 22 ◦C.
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Each sensory session consisted of two parts: thresholds determination test (for DT, RT, and RejT)
and a series of 3-AFC tests (Figure 1). The structure and content of both sensory sessions were identical
except for the level of free SO2 in the wine samples. The evaluation of the wine samples in all the tests
was orthonasal.
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2.4. Thresholds Determination Tests

The thresholds determination test [28] was preferred to the 3-AFC test methods (according to ISO
13301:2018 [29] and ASTM (American Society for Testing and Materials) E679-19 [30]) for two reasons.
First, we aimed to compare our sensory thresholds outcomes with the previously reported values
defined by the 3-AFC test methods (Table 1). Second, the offered approach allowed a convenient
determination of the three sensory thresholds in a single test.

2.4.1. Preparation of Wine Samples

Twenty bottles (1 L) of Riesling wine samples with various concentrations of TDN were prepared
in the morning before each sensory session. The wine was preliminarily homogenized in a stainless
steel container and transferred back to the bottles. Wine samples were spiked with the TDN stock
solution and mixed in order to reach the target TDN concentrations of 4–202 µg/L according to the
design of the experiment (Figure 1). The prepared wine samples were kept in 1 L bottles not more than
2–3 h at room temperature before pouring into the glasses.

The highest TDN concentration was limited to 202 µg/L. This value was chosen on the basis of the
maximal reported CRejT being 157 µg/L [23] and included a necessary margin. The TDN content was
increased in small steps between 2 and 22 µg/L in the first ten glasses since DT and RT were expected
to be around these values and required a precise determination (Figure 1). For the last ten glasses,
the difference of TDN concentration between the wine samples was larger. This was a compromise
in order to cover a bigger range of values (22–202 µg/L) for the determination of RejT and to keep a
reasonable number of glasses in the test.
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2.4.2. Performance of Thresholds Determination Test

The method of DT and RT thresholds determination described by Busch-Stockfisch (2002) [28]
was reviewed and approved in the Department of Enology, Hochschule Geisenheim University. As a
modification to this method, the determination of RejT was added and the questionnaire was redesigned
(Figure 2). Twenty wine tasting glasses (ISO 3591) containing the corresponding wine samples were
placed on the table in front of each panelist. Each glass contained about 35 mL of one of the wine
samples poured 30–45 min before the start of the test and immediately covered with a plastic lid.
The wine temperature during the sensory evaluation was 22 ± 1 ◦C. The glasses with serial numbers
on the plastic lids were presented in the order of increasing TDN concentration. The panelists were
informed that the wine sample in glass #1 was a control sample and each following glass contained the
same base wine with the content of TDN equal or higher compared to the previous one ([TDN] “glass
n+1” ≥ [TDN] “glass n”). The concepts of DT, RT, and RejT were clarified to the panelists. The task of
the test was to evaluate the wine samples orthonasaly one-by-one, starting from the 2nd glass using
the paper questionnaire. If the wine in the glass was perceived to be the same as the control (glass
#1), an indication should be made in the column “Cont.”. If the following wine sample was different
from the control, but no TDN related aromas were recognized, the column “Det.” should be chosen
(detection threshold). The “Recognition threshold” column was provided for the wine samples in which
TDN aroma could be identified (Descriptor) and evaluated by intensity. The last column “Rejection”
was introduced for the rejection threshold. It was explained as a concentration of TDN, at which aroma
intensity was not acceptable (too high and unpleasant) in the bouquet of the wine. The first markings
in the “Det.” and “Recognition Threshold” columns were considered as panelist’s personal DT and RT,
respectively. Once judge reached the last column “Rejection”, the test was finished.
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During the test, panelists were not allowed to return to the previous glasses. This measure was
applied due to the possibility of a panelists’ adaptation to a higher TDN content and changes in the
assessment of preceding samples. In addition, it was recommended to do not more than 3–4 sniffs
per glass and to agitate the wine sample only after the first sniff. The panelists evaluated the wine
samples at an individually convenient pace with pauses between samples, if necessary. No specific
training was carried out prior to the sensory sessions. However, after the explanation of the test rules,
the panelists were asked to do a trial test run, which was followed by a 15 min break. Later, the main
test was performed. According to the method [28], the threshold values were determined in two ways:
by the lowest value found by 50% of tasters and by the geometric mean value based on the answers of
all panelists (Table 2).

Table 2. Results of the thresholds determination tests.

Sensory Sessions
(Accepted Questionnaires) Thresholds

Calculation Approaches

Geometric Mean 50% Panelists Median

Session 1 Detection (DT) 4 µg/L 4 µg/L 5 µg/L
high free SO2, Recognition (RT) 12 µg/L 12 µg/L 12 µg/L

(n = 16) Rejection (RejT) 79 µg/L 82 µg/L 82 µg/L

Session 2 Detection (DT) 3 µg/L 4 µg/L 4 µg/L
low free SO2, Recognition (RT) 11 µg/L 10 µg/L 10 µg/L

(n = 20) Rejection (RejT) 71 µg/L 82 µg/L 82 µg/L

2.5. 3-AFC Tests

2.5.1. Preparation of Wine Samples

The wine samples preparation for the 3-AFC tests was based on the RT values defined in the
thresholds determination tests. Each 3-AFC test comprised two control samples (base wine) and one
spiked wine (Figure 1). Four levels of TDN spiking were applied for each sensory session in order to
reach the following concentrations: “RT-5 µg/L”, “RT”, “RT+5 µg/L”, and “RT+10 µg/L”. Two sets
of 1 L bottles with the wine samples were prepared in the morning 2–3 h before each sensory session.
One set of the bottles was kept at room temperature, while the other set was cooled in the refrigerator
in order to reach the wine serving temperature of 11 ± 1 ◦C.

2.5.2. Performance of 3-AFC Tests

Eight 3-AFC tests were performed with the same panel within each sensory session. Wine samples
for the first four tests were served at room temperature (22 ± 1 ◦C) in order to re-check the RT found in
the thresholds determination test. The last four tests contained the same wine samples as the first ones
but at a serving temperature of 11 ± 1 ◦C. Each glass contained about 35 mL of the wine, which was
served immediately before each 3-AFC test. The panelists were asked the following question: “Which
sample has a more intense kerosene/TDN aroma?”.

2.6. Processing of the Data

Only the completely filled out questionnaires were accepted and subsequently statistically
analyzed. Therefore, their number in the sensory tests can differ from the total number of panelists
(Table 2, Figures 3 and 4). Questionnaires were prepared and processed using Fizz software 2.51a 86
(2016, Biosystemes, Couternon, France). The same software was used for the statistical analysis of
data of the 3-AFC tests. Text, calculations and figures for the thresholds determination tests and 3-AFC
tests were done using Microsoft Office Standard 2013 programs (Version 15.0.5153.1000, Microsoft
Corporation, Redmond, Washington, DC, USA).
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The whiskers represent the minimum and maximum values.
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2.7. Analysis of TDN Content in Wine

The level of TDN was analyzed in the base wine and validated in the selected spiked wine samples
by GC-MS (SBSE) analysis according to the standard operation procedure at the Hochschule Geisenheim
University [16]. In particular, the selected samples with TDN content close to the determined recognition
threshold had the following TDN concentrations (expected/validated): thresholds determination test
Sample #6 (10 µg/L/9.9 µg/L), Sample #7 (12 µg/L/12.0 µg/L).

3. Results and Discussion

3.1. Thresholds Determination Tests (DT, RT, and RejT)

According to the methodology, the TDN sensory thresholds values were determined as the lowest
ones reported by 50% of the panelists and by the geometric means. Both methods in the current study
revealed close results (Table 2). The box plots are presented for the demonstration of the panelists’
answers distributions (Figure 3). The calculated medians were equal to the 50% panelists values, except
for the DT (high free SO2): 5 µg/L and 4 µg/L, respectively.

In general, the sensory thresholds for Riesling wine with high and low free SO2 content were
similar. At the same time, a trend towards smaller values was observed in the distribution of panelists’
responses for the wine samples with the low free SO2 content (Figure 3).

The determined detection thresholds at about 4 µg/L were close to the ODT found by the trained
panelists at 3.1 µg/L in Riesling wine [24] and somewhat higher than the reported ODT in neutral
Chardonnay or model wines at 2 µg/L [20]. The latter difference was predictable since Riesling was the
base wine in the current study and it initially possessed 2.2 µg/L of TDN. In general, many Riesling
wines contain about 4 µg/L of TDN, however, according to the concept of DT, it does not mean that
these wines have a noticeable kerosene/petrol aroma. In addition, the comparison of TDN sensory
thresholds in Chardonnay and Riesling wines is not relevant, since the latter wines are usually much
more aromatic. Therefore, the TDN thresholds in Riesling wines are expected to be higher due to the
wine matrix effects.

The recognition thresholds for the wines with high and low free SO2 content were identified at
12 µg/L and 10–11 µg/L, respectively. These values are almost two times lower compared to the initially
reported flavor threshold of 20 µg/L [18] or ODT at about 18–21 µg/L [23] and slightly lower than the
14.7 µg/L CDT defined by consumers in Riesling wines [24]. The minimal and maximal RT values
indicated by the panelists were similar for both wines with the high and low free SO2 content: 8–22 µg/L
and 6–22 µg/L, respectively. At the same time, the distribution of the panelists’ answers within the 1st
and 3rd quartiles comprised somewhat smaller values for the low free SO2 wines compared to the high
free SO2 counterparts: 8–13 µg/L vs. 10–16 µg/L, respectively. An excessive free SO2 content in wine
may partially mask TDN aroma, especially when the typical smell of sulfur dioxide is perceivable, as it
was on the Sensory Session 1.

The rejection thresholds of the individual panelists varied significantly between 22 and 202 µg/L in
both sessions. Both calculation approaches revealed similar results, about 80 µg/L for the high free SO2

wine and around 70–80 µg/L for the low free SO2 samples. These results were comparable with the
CRejT values found in two 1-year-old Riesling wines at 60 µg/L [24] and 82.4 µg/L, but about two times
lower than the other reported CRejT value of 157 µg/L [23] (Table 1). The variation of the presented
values is not surprising, since the optimal approaches of rejection threshold determination remain under
discussion. For example, in the recent comment regarding the preference tests for CRejT evaluation, it
was remarked that even if one sample is not preferred sensorially over another, this does not always
mean that a non-preferred sample is rejected [26]. Instead of preference tests, the panelists of the
current research were asked to identify when the Riesling wine starts to possess a not acceptable (too
high and unpleasant) level of TDN aroma. It is noteworthy that at high TDN concentrations, close
to the individual RejT, some of the panelists switched from the kerosene/petrol aroma descriptors to
those of solvent, glue, varnish, rubber, and pharmacy (Figure 2).
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The influence of TDN content on the evaluation of Riesling wines remains to be demonstrated.
Among the factors that can affect the acceptance/rejection of elevated TDN content in Riesling wine
are different TDN aroma tolerances in various groups of people, regional consumers’ habits, and
variability of wine matrices (vintages, young, and aged wines). The vivid demonstration of these
effects is the almost twofold difference of CRejT values for 1-year-old Riesling wines (157 µg/L and
82.4 µg/L) depending on the vintage (2010 and 2011) and the country in which the sensory tests took
place (New Zealand and the USA), respectively, [23]. Another example is the Australian Riesling wine,
which despite the great TDN content of 246 µg/L received a high sensory quality score [19]. In addition,
it is not excluded that there are other volatile compounds in wine apart from TDN, which can be
associated with the kerosene/petrol aroma.

3.2. 3-AFC Tests, Confirmation of the Recognition Threshold, and Influence of Wine Serving Temperature on the
TDN Aroma Recognition

Since the recognition threshold is essential in terms of the wine aroma composition, it was decided to
confirm the determined RT values with an alternative sensory method. The utilized 3-AFC tests implied
comparison of the spiked wines with the control samples according to the intensity of the kerosene/TDN
aroma perception. The wine samples spiking was designed to reach the TDN concentrations below,
above, and equal to the defined RT (Figures 1 and 4). The serving temperature of the wine was the
same as for the thresholds determination tests, i.e., 22 ± 1 ◦C. Additionally, the identical 3-AFC tests were
conducted at a lower serving temperature, 11 ± 1 ◦C, in order to check whether the TDN recognition
is temperature-dependent.

The results of the 3-AFC tests demonstrated that all the spiked samples at the level of RT (12
µg/L with high and 10 µg/L with low free SO2 content) were statistically significantly different from
the control samples (Figure 4). At the same time, the panelists were not able to distinguish the “RT-5”
spiked samples from the control wines at high free SO2 level, which confirms that the RT was higher
than 7 µg/L. In the case of low free SO2 wine, the tasters identified the spiked wine “RT-5” at room
temperature (99.9% significance). However, it does not mean that the RT for the wine with low free SO2

was 5 µg/L. The panelists were able to identify the spiked sample, but not necessarily recognized that it
had the kerosene/petrol aroma, i.e., the effect of detection threshold. This suggestion is supported by the
results of the 3-AFC test at low temperature, whereby the “RT-5” spiked wine was not distinguished
from the control samples at both levels of free SO2 contents.

The panelists’ ability to distinguish TDN aroma at concentrations ≥ RT at lower temperature was
always highly significant, 99.9%. At the same time, the recognition of the spiked wine samples at
room temperature dropped down in the sequence of tests with the TDN concentrations “RT”, “RT+5”,
and “RT+10”. This phenomenon can be related to olfactory fatigue (sensory adaptation), but not
exclusively, since the same effect was not observed at the lower wine serving temperature. The other
possible reason is the particularity of wine aromas’ volatility at different temperatures. Thus, the air
in the glass at a lower temperature should be enriched with hydrophobic molecules such as TDN,
which are more volatile compared to hydrophilic compounds of similar molecular weight. Hence,
this should facilitate the sensorial recognition of the TDN aroma. In the case of a higher temperature,
the volatility of all wine aroma components rises, but not proportionally. Therefore, the fraction of TDN
with regard to other volatile compounds in the air inside the glass can decrease, which complicates the
sensorial identification of the TDN aroma. The results of this phenomena were also observed during
the scalping process of TDN by wine stoppers, whereby TDN was absorbed noticeably faster at lower
temperatures in the vertical bottle position [16]. In addition, some aroma compounds that become
sensorially noticeable only at higher temperatures can also cause certain masking effects.

4. Conclusions

The modified thresholds determination method demonstrated a convenient approach to define three
sensory thresholds of TDN in the Riesling wine in one run: detection threshold (DT), about 4 µg/L,
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recognition threshold (RT), 10–12 µg/L, and rejection threshold (RejT), 71–82 µg/L. The RT values were
additionally confirmed by the series of 3-AFC tests. In comparison with the earlier defined TDN
sensory thresholds, the current RT was somewhat lower than the previously reported consumer detection
threshold, while the determined RejT values were close to some of the recently published CRejT
values (Table 1). Nevertheless, no direct comparison of the latter values can be done since the wine
acceptance/rejection concepts were diverse in different studies.

Variation of free SO2 content in the wine did not affect substantially the TDN sensory thresholds,
however, the noticeable smell of sulfur dioxide at high level of free SO2 tended to mask the perception
of the kerosene/petrol aroma. Finally, it was shown that the TDN aroma recognition was easier in
cooled wine, about 11 ◦C, which is likely related to the particularities of odorants’ volatility depending
on temperature.
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Abstract: In this study, a climate chamber, as an alternative method, has been used to dry raisins and
the sensory profiles of the sweet sherry wines obtained have been evaluated. Other important factors,
namely grape variety, vintage, vinification conditions, as well as the ageing method and its length
of time, have also been considered. When heavy rainfall had been registered, the musts extracted
from grapes dried under controlled conditions in a climate chamber showed a lower intensity of
the musty off-odor compared to those elaborated with sun-dried grapes. The wine fermented at
low temperature with Saccharomyces bayanus scored the highest in citric and floral notes, and this
was preferred over all the other wines that were evaluated. The wines aged in oak barrels were
preferred to both, wines aged in the presence of oak chips as well as those aged without any wood
contact. The use of climate chambers to dry the grapes that are going to be used for the elaboration of
sweet wines appears to be an advantageous alternative to the traditional method, since it allows a
more precise control of the process and highly valued sweet wines from a sensory point of view are
obtained thereby.

Keywords: sensory analysis; sweet wine; raisining; climate chamber

1. Introduction

The production of sweet wines is commonly carried out with dehydrated grapes and there are three
different processes to perform the water loss of the grapes: dehydration at a controlled temperature,
humidity and ventilation; drying with non-controlled conditions and withering with eventual control
of temperature and humidity and natural ventilation [1]. The sweet wines elaborated in Andalusia,
Spain, are made from different white grape varieties, mainly Muscat and Pedro Ximénez, which are
subjected to an ancient traditional method with non-controlled conditions: harvested grapes are dried
in the open air, exposed to direct sunlight. This process is known as “asoleo” or sunning, where
bunches of grapes are spread out on “redores”—esparto grass mats. During this sun-drying phase,
which may take between seven and twenty days depending on the specific weather conditions [2,3],
the bunches are turned over on a regular basis and covered at night. When the grapes are exposed to
hours of intense sunshine, they gradually lose water and attain sugar concentration levels over 300 g/L;
this process has an impact on their flavor profiles [4].

When this traditional procedure is applied, grapes may suffer undesired alterations that would
have an impact on the quality of the final product; rainfalls particularly may contribute to the growth
of certain fungi, which would lead to the loss of a considerable proportion of the treated grapes.
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In a worse scenario, highly toxic metabolites might appear in the wines that have been elaborated
using such grapes [5–8]. For that reason, novel and more advanced techniques to be employed in the
sweet wine industry should be sought.

There are several alternatives for a controlled dehydration of the grape, which would bring about
a number of considerable advantages. On the one hand, withering methods with natural ventilation
have been widely employed for the production of sweet wines in Italy, where the use of artificially
heated air is not allowed [9–14]. On the other hand, climate chambers with forced convection of hot
air have also been used for the raisining of grapes and other fruits [6,7,15–20]. Regardless of external
weather conditions, both alternatives (with or without forced ventilation) could allow the adjustment
of temperature and humidity over the drying process, thus reducing the length of time required for the
desired raisining stage.

Research studies on Pedro Ximénez and Muscat sweet musts and wines made from grapes
dried both under sunlight and within climate chambers with forced ventilation can be found in the
literature [21–26], however, no studies have been found to comprise the subsequent optimization of the
whole process, namely, fermentation conditions, ageing method and evolution of the product under
wood contact.

With a view to proposing the use of climate chambers as an alternative to the traditional sun-drying
method, we have evaluated the sensory profiles of sweet sherry wines elaborated from grapes dried in
climatic chambers. Some important factors, such as grape variety, vintage, fermentation conditions,
as well as the ageing method and time, have been considered in this study.

2. Materials and Methods

2.1. Production of the Wines

2.1.1. Raisining

Two grape varieties (Muscat, M, and Pedro Ximénez, PX) from three consecutive vintages (V01, V02
and V03) were used for this research. The grapes were subjected to two different drying procedures: the
traditional natural sun-drying method (T, either on a terrace in our research centre or at the vineyard)
and controlled drying in a climate chamber (C).

For chamber drying, about 2000 kg of ripe grape bunches of each grape variety and vintage
were collected from a local winery in the Jerez-Xérès-Sherry D.O. (Denomination of Origin) region.
The grapes were dried in a climate chamber (Ibercex A.S.L., S.A., La Poveda, Spain) for about 5 days
at 40 ◦C and 10% relative humidity. The bunches were uniformly distributed in a single layer inside
the chamber. For the sun drying method, the grapes were spread out also in a single layer on
“esparto” grass mats to dry under sunlight for about 10–15 days. They were turned over every day
and covered at night. Grape weight loss was periodically monitored for both methods and the drying
process was considered as completed when such weight loss reached about 35% of the original weight,
at 20–21◦ Baume.

After this, grapes were separately destemmed, crushed and pressed by means of a vertical press
(300 bars maximum). The initial pH of the must ranged between 3.6 and 3.8 and it was different for
each experience, so it was adjusted to 3.5 by adding tartaric acid (Agrovin, Alcázar de San Juan, Spain).
The concentration of total sulphur dioxide was also set at 120 mg/L by adding potassium metabisulfite
(Agrovin).

2.1.2. Fermentation

Five different conditions were tested for the partial fermentation of the musts obtained from
vintage 01 Muscat grapes dried in the climate chamber (experiments E1 to E5, Table 1). In experiment
E1, a Saccharomyces cerevisiae yeast inoculum (40 g/hL, Lalvin D254, Lallemand, Montreal, Canada)
was employed. The fermentation was carried out at room temperature (less than 30 ◦C). In order to
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evaluate the effect of the addition of nitrogen, the conditions for experiment E2 were the same as for
experiment E1 with the addition of some yeast nutrients (diammonium phosphate, 10 g/hL; Actimax
Plus, Agrovin). For the evaluation of the employment of pellicular maceration, in experiment E3
the conditions were the same as for experiment E1 but the grapes were crushed without previous
destemming and submitted to prefermentative pellicular maceration for 24 h at 4 ◦C using 3 g/hL
of pectolytic enzymes (Enozym Arome, Agrovin), and then pressed. In order to check the influence
of the type of yeast in the fermentation, the must from experiment E5 was fermented under the
same conditions as for experiment E3 but employing Saccharomyces bayanus (40 g/hL, Uvaferm 43,
Lallemand). Finally, to investigate the effect of the temperature in the fermentation, in experiment E4,
the must was fermented at low temperature (less than 10 ◦C) with S. bayanus. Taking into account the
recommendations from the supplier, this yeast was more suitable than S. cerevisiae to carry out the
fermentation at lower temperatures.

Table 1. Experimental conditions of the 5 fermentation assays carried out with Muscat must extracted
from grapes dried in a climatic chamber in vintage 01.

Assay Yeast Nitrogen Pellicular Maceration with
Pectolytic Enzymes

Fermentation
Temperature

E1 S. cerevisiae No No Room
E2 S. cerevisiae Yes No Room
E3 S. cerevisiae No Yes Room
E4 S. bayanus No No Low
E5 S. bayanus No Yes Room

The fermentations processes were carried out in duplicate. For vintages 02 and 03 the fermentation
conditions were the same as those previously selected for vintage 01, that is, low temperature (about
10 ◦C) with S. Bayanus yeast. When the wine sugar content was around 90–100 g/L, alcohol up to
17–18◦ alc. was added to prevent any further fermentation. Alcohol content was determined by a
distillation procedure and subsequent measurement of the density of the distillate.

2.1.3. Ageing

After that, the selected Muscat wine from vintage 01 was subjected to ageing for 1 year using
the following 3 parallel methods: For the first method, the wine was poured into 30 L medium toast
American oak barrels (samples B); for the second method, the wine was put in contact with oak chips
(Roblemor T, medium toast, Agrovin) at a dose of 4 g/L (samples identified by Ch) and for the third
method, ageing took place without any contact with oak, in stainless steel tanks (samples S).

The sweet wines (Muscat and Pedro Ximénez) produced from vintages 02 and 03 were all aged in
30 L medium toasted American oak barrels (B). During this phase, all the wines were maintained in
the same room at about 20 ◦C.

During each ageing phase, the samples were taken once every month over a whole year (S0 to
S12). All of the samples were stored at 4 ◦C until their analysis.

2.2. Sensory Evaluation Methodology

The exclusively orthonasal sensory evaluation of the musts and wines was carried out in duplicate
by a panel of between 13 and 17 members depending on the test. The samples were not tasted with
the mouth, so the retronasal sensory evaluation was not performed. All the panel members had a
medium level of experience in sensory analysis of sweet wines [27]. In addition, in order to validate the
reproducibility of the judges’ assessment, the descriptive profiles of 2 reference samples were obtained;
for each descriptor, a two-factor ANOVA (judges × samples) of the descriptive data was performed to
determine the consistency of the assessments. The tasting sessions were held in a standard tasting
room equipped with separate booths [28] at 22 ◦C.
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Quantitative descriptive analysis [29], and in some cases triangle discrimination [30] or ranking
tests [31], were performed.

Twenty-milliliter samples were presented in blue glasses (typically used for olive oil sensory
analysis [32]), so that color would not influence the panel members’ assessments. The sample containers
were topped with a watch-glass to minimize any possible aroma losses. The samples were identified
by numerical codes composed by three random figures, and different for each judge. For triangle
discrimination, samples were presented in order to let appear each possible disposition of the samples
an equal number of times, but for descriptive analysis and ranking tests a randomized presentation
was employed.

After performing the triangle test, the judges were also asked to provide a quantitative assessment
of the detected differences. The following 5-point scale was used to rate such differences: not present
(0), low (1), medium (2), strong (3) and very strong (4).

In respect to descriptive profile tests, as a preliminary stage to determine the appropriate
descriptors that would better define the samples, a representative number of must and wine samples
from the whole set were presented to the judges for them to provide qualitative descriptions for each
one. The descriptors with a mention frequency over 5 were selected; i.e., fruity, citric, ripe fruit, raisin,
floral, honey, herbaceous, vinous, lactic, musty, chemical character and oak. The final worksheet also
included aromatic intensity and olfactory quality as descriptors. Each descriptor was scored according
to a nine-point scale (0: absent; 2: light; 4: medium; 6: intense; 8: very intense), and also the olfactory
quality of each sample was evaluated according to a structured nine-point scale (0: bad; 2: mediocre;
4: acceptable; 6: good; 8: very good) [33]. Table 2 presents the definitions agreed by all the judges for
each descriptor as well as the standard used to recognize and quantify intensity (8) for each one of
them. Both citric and floral were connected to a Muscat grape distillate as a standard because these
were the two main descriptors of this cultivar. Therefore, the same standard could be perfectly used
for the recognition of both descriptors.

Table 2. Aroma descriptors used for sample assessment.

Descriptor Definition Standard

Aromatic intensity Intensity of overall olfactory perception by
the orthonasal route Commercial Muscat

Fruity Raw material (grapes) Muscat and PX grapes

Citric Reminiscence of the common note in
citrus fruits Muscat grape distillate, 30% alc. (v/v)

Ripe fruit Reminiscence of white stone fruit in an
advanced state of ripeness

Hydroalcoholic solution 30% alc. (v/v) with
pieces of ripe apple and pear

Raisin Reminiscence of the dried raw material Raisins Muscat and PX

Floral Common note in flowers, whatever
the species Muscat grape distillate, 30% alc. (v/v)

Honey Reminiscence of honey Flower honey
Herbaceous Sharp green note Commercial herbaceous pomace

Vinous Reminiscence of recently fermented
sherry wine

Freshly fermented sherry wine (and frozen
until tasting)

Lactic Characteristic note of wines that undergo
malolactic fermentation

White wine that has recently undergone
lactic fermentation (and frozen until tasting)

Musty Olfactory defect with earthy or
mushroomy notes

Hydroalcoholic mixture 15% alc. (v/v) with
addition of mushroomy extract from Le nez
du Vin *

Chemical character Olfactory defect with notes of solvent, glue
or medicinal

Hydroalcoholic mixture 15% alc. (v/v) with
addition of aromatic glue and medicinal
extracts from Le nez du Vin *

Oak Reminiscence of American oak wood Hydroalcoholic solution 15% alc. (v/v) with
American oak chips

Olfactory quality
Overall measurement by the orthonasal
route of aromatic complexity and intensity
and the absence of defects

Commercial Muscat and PX wines

* Le nez du Vin, Jean Lenoir Ed., 2006.
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2.3. Statistical Analysis

The statistical analyses were carried out using Statistica 8.0 (StatSoft GmbH, Hamburg, Germany),
and Microsoft Office Excel 2010 applications.

The treatment of the data from the triangle test was based on the tabulated statistic data [30] with
respect to difference tests, by setting the α-error at 0.05. Friedman test was applied for the treatment of
the data from the olfactory quality ranking, as specified by the corresponding ISO standard [31].

An analysis of variance (ANOVA) was performed on the quantitative sensory data from the
descriptive assessments. However, an acceptable dispersion of sensory data could complicate the
discrimination between groups of samples for a particular descriptor (especially when professional
or very trained panels are not employed). Therefore, it is proposed the subsequent application of
multivariate statistical techniques that take into account the whole group of differences and similarities
for all variables.

A Principal Component Analysis (PCA) was performed in order to highlighting the similarity of
the samples, and to determine the main contributors to any of the differences found between them.
Missing data were replaced by the average value of that variable in the group. The minimum eigenvalue
to select a principal component was set at 1.0, and a factor rotation according to varimax normalized
method was applied to confirm a correlation with the PCA. Loadings greater than 0.7 identified those
variables well correlated to PCs.

In order to identify those descriptors that better differentiate between clusters of samples, a Linear
Discriminant Analysis (LDA) was performed according to Wilks’ lambda statistic, and the so-called
forward stepwise method was employed. According to this methodology, the discrimination model is
built step-by-step by reviewing all the variables at each step and evaluating which one contributes the
most to the discrimination between clusters. The F-to-enter and F-to-remove were set at 1 and 0.

3. Results and Discussion

3.1. Effect of the Raisining Method on the Aroma of Raisin Musts

The musts obtained after traditional drying of the grapes from the first year (V01) were compared
with those dried in a climatic chamber by means of a triangle test (N = 13 judges, α = 0.05). In the case
of Muscat, 10 out of the 13 judges identified the different sample, while in the discrimination of Pedro
Ximénez musts, 8 judges detected the different sample. Given that according to the standard, 8 is the
minimum number of coincidental judgments required to confirm a significant difference between
the samples, we could conclude that the Muscat musts and also those of Pedro Ximénez presented a
significantly different aromatic profile if the grapes had been raisined in the sun or in a climate chamber.
The differences were valued by the judges as being of a moderate intensity (1.7 ± 0.4 on a 0–4 scale).

An ANOVA was then applied to the scores obtained from the descriptive test on these V01 musts
with the objective of identifying the aromatic notes that were responsible for the differences that had
previously been confirmed by the triangle test. The resulting data are shown in Table 3. Of all the
positive notes considered, only fruity and raisins could statistically differentiate (p < 0.05) the musts
from Muscat grapes treated by the 2 drying methods tested, being higher the scores for the musts
obtained under controlled conditions. From Pedro Ximénez musts, the results were similar, although
the differences were not significant. Having said that, the most interesting result is that those musts
obtained from grapes dried in chambers were perceived as having a lower intensity in the olfactory
fungal defect (musty). The detection of such a defect in the musts from either a drying method, seems
to indicate that the grapes had been previously contaminated, probably due to the rainfalls during the
days before that year’s harvesting period. As a result, the musts of grapes dried in climate chambers
were better evaluated (aromatic quality).
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When the data from the second vintage (V02) musts were analyzed, it was found that non-significant
differences between the average scores for some of the defects in the Muscat musts could justify a better
olfactory rating when their grapes had been dried in a climate chamber. However, this preference did
not reach statistical significance. On the other hand, no differences could be confirmed for V03 musts
that had been dried either in a climate chamber or by means of the traditional sun-drying method.

It should be taken into account that the grapes from these vintages (V02, and particularly in V03)
arrived at the pilot plant in a better sanitary condition. This could explain their similar evolution
regardless of the raisining method employed, as opposed to what happened with V01 grapes, which
was characterized by intense rainfalls on the days prior to their harvest. Other authors neither found
significant sensory differences between musts obtained by grapes dried traditionally or in a controlled
way [34].

Due to the intrinsic variance of sensory data, it is often difficult to confirm differences between
samples based on the results obtained from an analysis of variance. Therefore, in order to evaluate
the minor differences between each of these descriptors that may come into sight when comparing
“asoleo” and climate chamber musts, a PCA was applied to the sensory scores of all the must samples
from V01, V02 and V03. The PCA allowed determining four principal components that account for
86.7% of the total variance. The loads (data not shown) confirmed a relationship between PC1 (40.1%
of the variance explained) and the drying method, given its correlation with olfactory descriptors such
as ripe fruit and raisins; and PC2 (22.6% of the variance explained) that represents a greater aromatic
complexity, as it correlates with aromatic intensity and citric and floral notes, which contribute to better
aromatic quality. On the other hand, PC3 and PC4 (with 16.1% and 7.9% of the explained variance,
respectively) are related to aromatic defects (lactic, musty, herbaceous to PC3 and chemical to PC4).

When the sensory profiles were transferred to this new representation, it can be seen that for
PC1 (Figure 1a), the raisin musts from the climatic chamber (C, in bold type) were located to the
right of their corresponding raisins obtained by means of the sun-drying method (T). Muscat musts
were positioned at the highest PC2 values, which means that their aroma was perceived as having
a greater complexity, since they exhibited a greater intensity in highly appreciated citric and floral
notes. It is well known that the sensory profile of musts depends on their variety [35,36]. Interestingly,
the only Pedro Ximénez must with high PC2 values was the one made from V01 grapes dried in a
climate chamber (V01.PX.C).

On the other hand, PC3 and PC4 allowed us to differentiate the musts according to their harvest
(Figure 1b). As can be seen, the musts from harvest 03 (V03) were located in the most distant area from
the defects (lactic, musty, herbaceous and chemical character), with no influence from the variety or
the raisining method. This would confirm the important influence of the vintage on the quality of
raisin musts, as some authors had already pointed out in previous studies [37,38].
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Figure 1. Principal components analysis of the sensory scores of musts from raisins obtained by the 

two different drying methods tested. Representation of both, the samples scores and the principal 

component loadings, onto the new space defined by: a) PC1 and PC2 and b) PC3 and PC4. The names 

of the samples indicate the vintage.variety.raisining method. 

In any case, the most interesting result from our research is that the Muscat grape musts from the 

02 vintage (V02.M.C), whose grapes were treated in a climate chamber, were also located in this defect-

free area. It is therefore confirmed that the use of a climate chamber for the raisining phase of the grapes 

avoided some of the risks associated to adverse weather conditions, by allowing the hygienic drying of 

the grapes and preventing the appearance of fungi and its associated aromatic defects, while food safety 

was also preserved. In addition, in some cases the musts would exhibit a greater aromatic complexity. 

It should also be added that the drying time was reduced by 50%–66%. At this point, it could be 

concluded that the capacity of the sensory analysis as a methodology to control the hygienic and 

sanitary state of musts was demonstrated. 

3.2. Selecting the Fermenting Conditions for Sweet Wines Made from Grapes Dried in a Climate Chamber 

PC1 (40.1%)

PC
2 

(2
2.

6%
)

V03.PX.T

V03.M.T

V01.PX.T

V01.M.T

V03.PX.C

V03.M.C

V02.PX.T

V02.M.T

V01.PX.C

V01.M.C

V02.PX.C
V02.PX.Ini

V02.M.C

V01.PX.IniV01.M.Ini

Aromatic intensity
Fruity

Citric

Ripe fruit
Raisin

Floral
Honey

Herbaceous

Vinous

Lactic

MustyChemical character

Olfactory quality

-1 0 1 2
-2

-1

0

1

2

a)

PC3 (16.1%)

PC
4 

(7
.9

%
)

V03.PX.CV03.PX.T

V03.M.T

V03.M.C

V02.PX.C

V02.PX.Ini

V02.M.T

V02.M.C     

V01.PX.Ini

V01.PX.T
V01.PX.C

V01.M.Ini

          V01.M.T

V01.M.C

Aromatic intensity
Fruity

Citric

Ripe fruit

Raisin

Floral

     Honey Herbaceous

            Vinous
       Lactic

Musty

        Chemical character

Olfactory quality

-2 -1 0 1 2
-2

-1

0

1

b)

Figure 1. Principal components analysis of the sensory scores of musts from raisins obtained by the
two different drying methods tested. Representation of both, the samples scores and the principal
component loadings, onto the new space defined by: (a) PC1 and PC2 and (b) PC3 and PC4. The names
of the samples indicate the vintage.variety.raisining method.

In any case, the most interesting result from our research is that the Muscat grape musts from
the 02 vintage (V02.M.C), whose grapes were treated in a climate chamber, were also located in this
defect-free area. It is therefore confirmed that the use of a climate chamber for the raisining phase of the
grapes avoided some of the risks associated to adverse weather conditions, by allowing the hygienic
drying of the grapes and preventing the appearance of fungi and its associated aromatic defects, while
food safety was also preserved. In addition, in some cases the musts would exhibit a greater aromatic
complexity. It should also be added that the drying time was reduced by 50–66%. At this point, it could
be concluded that the capacity of the sensory analysis as a methodology to control the hygienic and
sanitary state of musts was demonstrated.
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3.2. Selecting the Fermenting Conditions for Sweet Wines Made from Grapes Dried in a Climate Chamber

The following step was the evaluation of some fermenting conditions in the production of sweet
wine such as the type of yeast, the addition of nitrogen, the employment of pellicular maceration or the
fermentation temperature (Table 1). The wines obtained were compared with each other by means of a
ranking test according to olfactory quality. Thus, since the threshold of statistical significance (α = 0.05)
for the 17-member panel that participated in the test was 9.5, and that the experimental value reached
9.8, it could then be confirmed that some differences between the wines in terms of olfactory quality
were perceived. The outcome of the ranking test was E41 (63) > E11 (56) > E31,2 (55) > E52 (43) > E22 (36),
where the different superscripts indicate that these wines were perceived differently with regards to
their olfactory qualities. The wine that had been fermented at low temperature with S. bayanus (E4) was
the best rated, although the difference with the wine fermented with S. cerevisiae at room temperature
(E1) was not significant. The nitrogen-added wine was granted the lowest score (E2), which agreed
with the conclusions by other authors [39]. Finally, the wines subjected to pellicular maceration (E3 and
E5) presented intermediate ratings, although the one fermented employing S. cerevisiae (E3) was slightly
better scored.

The wines were also evaluated by means of descriptive tests. Table 4 shows the results from the
ANOVA, according to which, the floral and citric notes have the greatest power of discrimination
(lowest p-values) between the wines produced. These are attributed the highest score in the ranking test
for wine E4 (fermented with S. bayanus at low temperature), which was characterized by high scores in
Muscat typical citric and floral notes (in agreement with the observations of other authors regarding
this yeast [40]), while the wine with the lowest score (E2, with added nitrogen) was characterized by
very low intensities in these positive notes, as well as a clear olfactory defect of a chemical nature.
Likewise, the fruity and floral notes of wines E3 and E5 (both subjected to pellicular maceration
with pectolytic enzymes), were high. This was in agreement with the results observed by other
authors regarding the volatile composition and sensory profile of Muscat wines employing this type of
enzymes [41,42]. Comparing the obtained evaluation for these two wines (E3 and E5) obtained under
the same conditions, but with different yeast strains, slight differences can be observed, so the effect of
the employed yeast seems to be not so relevant, unless the temperature of fermentation is low (E4).

Table 4. ANOVA of sensory scores of wines for vintage 01 made under different fermentation conditions,
as described in the text. Mean values and standard deviations are shown.

Descriptor E1 E2 E3 E4 E5 p

Aromatic intensity
Fruity
Citric *

Ripe fruits
Raisins
Floral *
Honey

Herbaceous
Vinous
Lactic
Musty

Chemical character *
Olfactory quality *

4.1 ± 0.5
4.2 ± 0.3

2.2 ± 0.7 2

1.9 ± 0.4
1.9 ± 0.5

3.6 ± 0.8 1,2

0.9 ± 0.2
1.1 ± 0.4
2.5 ± 0.5
0.2 ± 0.3
0.6 ± 0.3

0.8 ± 0.3 1

4.4 ± 0.4 3

4.2 ± 0.6
2.7 ± 0.4

1.4 ± 0.5 1

1.5 ± 0.6
1.6 ± 0.5

3.0 ± 0.7 1

0.8 ± 0.4
2.1 ± 0.6
2.3 ± 0.7
0.5 ± 0.3
1.1 ± 0.4

2.1 ± 0.3 2

2.5 ± 0.6 1

4.4 ± 0.6
3.8 ± 0.3

2.8 ± 0.3 2,3

2.1 ± 0.4
2.2 ± 0.4

3.9 ± 0.5 1,2

1.5 ± 0.5
1.3 ± 0.6
2.5 ± 0.5
0.5 ± 0.3
1.1 ± 0.6

0.6 ± 0.3 1

3.1 ± 0.5 1,2

4.1 ± 0.5
4.1 ± 0.4

3.1 ± 0.4 3

1.7 ± 0.5
2.3 ± 0.4

4.1 ± 0.6 2

1.2 ± 0.3
1.4 ± 0.5
2.9 ± 0.6
0.5 ± 0.3
0.9 ± 0.4

1.0 ± 0.3 1

4.5 ± 0.5 3

4.2 ± 0.5
3.8 ± 0.5

2.7 ± 0.3 2,3

1.4 ± 0.4
1.1 ± 0.3

4.0 ± 0.8 2

1.1 ± 0.5
9 ± 0.7

2.8 ± 0.6
0.5 ± 0.4
1.5 ± 0.5

0.8 ± 0.2 1

3.8 ± 0.5 2,3

0.97
0.11
0.04
0.87
0.84
0.07
0.54
0.83
0.87
0.99
0.86
0.04
0.05

* Values are statistically significant at p < 0.05. Different superscript numbers indicate that tasters perceived a
significant different intensity.

Consequently, the E4 test was selected as the preferred fermenting conditions for the production
of sweet wines from grapes dried in a climate chamber, namely with Saccharomyces bayanus yeast, at a
controlled temperature not greater than 10 ◦C, no nitrogen added and non-pellicular maceration in the
presence of pectolytic enzymes. The above fermenting conditions were used for the rest of the research.
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3.3. Selecting the Ageing Method for Sweet Wines made from Grapes Dried in a Climate Chamber

The Muscat wine from V01 fermented under the preferred conditions (E4) was subjected to ageing
for 1 year using oak chips (Ch), oak barrels (B) and stainless steel containers (S). A LDA where the
ageing method was taken as the cluster variable was applied to the sensory profiles of the sampled
wines. This would allow the identification of the descriptors that best differentiate them. Since a
high percentage of the wines (86.9%) were correctly classified, a PCA was performed on such most
significant descriptors (i.e., those with p < 0.05): oak, olfactory quality, vinous, raisin, citric, musty,
honey, fruity and ripe fruit. Figure 2 shows PC1 and PC2, which explain respectively 39.5% and 22.8%
of the initial variance. Where PC1 is correlated with the descriptors raisin and oak, and also with the
olfactory quality, while PC2 is inversely related to the intensity of the citric notes.
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Figure 2. Principal components analysis of the sensory data of the same Muscat wine, vintage 01,
aged under 3 different ageing methods (Ch: oak chips; B: oak barrels and S: stainless steel containers).
Representation of both, the samples scores and the principal component loadings, onto the plane
defined by the first two PCs.

When the wines are represented on this same plane, it can be seen that those wines, which were
aged without any contact with oak (S) presented the lowest values for PC2, that is to say, they exhibited
high intensity levels of citric notes, a typical character of Muscat wines when kept under these ageing
conditions. Other authors [43] already confirmed that the degree to which these typical varietal
attributes (or the compounds responsible for them) were maintained throughout the whole process
from grape to the final wine depends on how the fermentation and ageing were conducted.

On the other hand, wines aged in oak barrels (B) were found on the right area of the graph (high
values for PC1), which implies high intensity in oak notes and a very clearly perceived raisin note,
both contributing to a highly valued olfactory quality.

With regard to wines aged in contact with oak chips (Ch), their position on the plane indicates
low aromatic intensities of positive character notes and therefore it did not appear to be the best ageing
system in principle.

This clear differentiation regarding ageing time corresponded to the discrimination observed for
the same samples regarding the volatile composition [26]. Thus, the results obtained by means of
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sensory analysis seemed to confirm again the benefits of traditional ageing in oak casks as a method
for ageing sweet wines made from raisins produced in a climate chamber.

3.4. Effect of the Length of The Ageing Period on the Aromatic Profile of Sweet Wines Made from Grapes Dried
in a Climate Chamber

The previously selected vinification (E4) and ageing (B) methods were applied to the Muscat
and Pedro Ximénez musts obtained from the V02 and V03 grapes dried in climate chambers, and the
ageing process was monitored for 1 year. In the case of V01 grapes, only the wines from the Muscat
variety were aged, since those from the Pedro Ximénez variety were accidentally contaminated by
external causes at the beginning of the process and became unsuitable for this study.

In order to identify the variables that best discriminate wines according to their ageing time
length, a LDA was performed on the initial (S0), intermediate (S6) and final (S12) samples, where the
ageing time would be the cluster variable. The descriptors with the highest discrimination capacity
were: aromatic intensity, fruity, citric, ripe fruit, floral, herbaceous, oak, vinous and together with
olfactory quality (data not shown). The exclusive use of these sensory descriptors minimizes the
amount of unnecessary data and is expected to improve the estimate and interpretation of the new
components found by the PCA analysis, which resulted in three PCs (explaining 74% of the variance).
Since standardized coefficients greater than 0.7 were considered as significant, it could be confirmed
that the descriptors aromatic intensity, oak and olfactory quality correlated well with PC1 (which
explained 28.7% of the variance), as well as herbaceous, although this latter correlated inversely, since it
was a negative coefficient. With the same criterion, PC2 (explains 25.9% of the variance) correlated well
with the citric and floral notes; while PC3 (19.4% of the variance explained) did so with the fruity and
ripe fruit notes. Figure 3 represents the wines on the PC1–PC2 plane, although, for a clearer display,
only the wines without any ageing (S0) and the samples from ageing wines that had been taken every
other month (S01, S03, S05, S07, S09 and S11) are shown. As above mentioned, according to their loads,
PC2 seems to be related to a greater aromatic complexity characterized by clear citric and floral notes,
which would explain the higher values of this component in wines produced from Muscat grapes,
with characteristic and intense primary aromas that are then enhanced during the fermentation phase
(and which are located at the upper part of the graph), as opposed to the more neutral PX (at the lower
area). It also seems logical that the scores for this PC decreased as the ageing time increases (from S0 to
S11), given that the varietal typicity was partly eclipsed by the appearance of tertiary aromas.

It can be seen from the graph that for each vintage and variety the wines were sorted according
to their ageing time along PC1 (from S0 to S11, from left to right). According to the loads of this
component, the arrangement of the samples implies greater intensities of oak and aromatic intensity as
the ageing process progresses, and what is more interesting, the perceived olfactory quality improved.
The scores increased significantly over the first month, a behavior that has already been described
by other authors [44] in relation to the volatile compounds found in sweet sherry wines during their
oxidative ageing. It can also be seen that, based on the very different scores of the initial wines from
the three vintages considered—which can be related to the different qualities of the musts as confirmed
in previous sections—the wines that completed the ageing process presented similar PC1 values.
This would attribute a certain buffering effect to the ageing process, contrary to what other authors
concluded [45], who observed that different grape varieties have different wood extraction capacities,
and that the ageing in wood barrels may enhance intrinsic varietal aroma differences.
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V01, V02 and V03 fermented under the same conditions (E4) and aged for one year in oak barrels.
Representation of both, the samples scores and the principal component loadings, onto the plane
defined by the first two PCs.

It could be concluded that with regards to wood ageing and from the sensory point of view,
ageing in oak barrels improved the olfactory perception of all the sweet wines made from grapes dried
in a climate chamber, whether it be Muscat or Pedro Ximénez. Nevertheless, the effect became more
noteworthy when the grapes were from less optimal vintages from the aromatic point of view.

4. Conclusions

In this study, sensory analysis was proven to be a reliable methodology to evaluate different
process variables in the production of sweet wines, in which climate chambers to dehydrate the grapes
were employed. The wine fermented at low temperature with Saccharomyces bayanus scored the highest
in citric and floral notes, and this was preferred over all the other wines that were evaluated. Regarding
the ageing stage, the wines aged in oak barrels were preferred to both, wines aged in the presence of
oak chips as well as those aged without any wood contact. In addition, the use of climate chambers is
a valuable alternative technique for the dehydration of grapes, compared to the traditional sun-drying
method, because they allow a more precise control on the process and facilitate the solution to some
production problems such as the musty off-odors associated to fungus contamination.
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Abstract: The addition of bentonite to wine to eliminate unstable haze-forming proteins and as
a riddling adjuvant in the remuage is not selective, and other important molecules are lost in this
process. The moment of the addition of bentonite is a key factor. Volatile profile (SPME-GC-MS),
foam characteristics (Mosalux method), and sensory analyses were performed to study the effect of
the distribution of the dosage of bentonite for stabilization of the wine among the addition on the
base wine before the tirage (50%, 75%, and 100% bentonite dosage) and during the tirage (addition
of the remaining dosage for each case). Results showed that the addition of 50% of the bentonite
to the base wine (before the tirage) resulted in sparkling wines with the lowest quantity of volatile
compounds, mainly esters and norisoprenoids. No significant differences were found among the
sparkling wines after 9 months of aging in relation to foam properties measured by Mosalux, although
higher foamability and crown’s persistence were perceived in the sparkling wines with the addition
of 75% and 100% of the bentonite dosage in sensory trials. The results of this study suggested that the
amount of bentonite added as a fining agent in the tirage had greater effects than during the addition
of this agent in the base wine.

Keywords: sparkling wines; bentonite; volatile compounds; foam properties; sensory analysis

1. Introduction

The refusal of a wine by consumers can be driven by several reasons, some of which
are subjective and others objective, such as defects in the product. Currently, haze formation
in wines is an important concern for the industry because turbidity is one of the main
causes of faulty perception by consumers and huge monetary losses due to the direct
decrease of the quality of the wines and to the wine loss [1,2].

Different types of molecules such as polysaccharides, polyphenols, or proteins can
contribute to the formation of haze owing to their instability [2]. Among them, proteins,
and more specifically, proteins from grapes, seem to be the major contributors to the
formation of haze [3]. The most employed strategy for the elimination of these unstable
proteins is to treat wines with bentonite before bottling them.

Bentonite is a natural clay mineral with a high amount of montmorillonite, which is
negatively charged at wine pH and interacts electrostatically with the positively charged
wine proteins that are adsorbed on the bentonite surface, thus producing flocculation, and
removing them from the wine [4].
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During sparkling wine production, bentonite is generally used twice during the
production process. First, it is added as a fining agent to achieve protein stabilization of
the base wine, preventing the future formation of protein haze. Second, a small amount of
bentonite is added as an adjuvant to the tirage solution to facilitate the flocculation of yeast
strains during the process of riddling [5]. The lack of an available alternative for bentonite
during sparkling wine production at the industrial scale, its high effectiveness, its simple
application procedure, and its low cost explain its widespread use in wineries despite its
negative effect on the foam quality and aromatic profile of wines [6–9]. Bentonite does not
bind selectively to unstable proteins; thus, it also removes other positively charged species
or aggregates. The loss of volatile compounds can occur directly, via the adsorption of
these compounds onto bentonite [10], or indirectly, when the aromas are fixed by proteins
or polysaccharides; moreover, some of the aromas are also discarded after the elimination
of bentonite along with these macromolecules [6–8,11,12].

Furthermore, protein removal itself has its drawbacks, because the proteins and
polysaccharides removed by bentonite affect the foamability of a sparkling wine [13,14].
Specifically, the addition of bentonite as a fining agent decreases foamability [15]; moreover,
when added to facilitate the riddling process, bentonite significantly affects the foam
quality, decreasing the maximum height and persistence of the wine foam [9,16].

Among the main types of proteins found in sparkling wine, i.e., those from grapes
(chitinases and thaumatin-like proteins) and yeast (mainly mannoproteins), the ones from
the fruit seem to play a major role in protein haze formation [17]. To overcome the disad-
vantages of the employment of bentonite, new additives are being sought to compensate
for foam depreciation [18,19].

Despite all these negative effects that it has on the final product, a specific amount
of bentonite is required to achieve protein stabilization of base wines, and it is still the
most widely employed and effective agent in wine protein stabilization [20]. Hence,
defining the appropriate application dosage of bentonite is extremely important for using
enough to prevent haze. However, applying an excess of bentonite is not recommended,
firstly to ensure the nitrogen quantity needed for fermentation (if it is added to the must
or for the second fermentation) and secondly, as mentioned above, to prevent negative
sensorial effects. It has been described that “matrix factors” modulating the removal
of wine odor-active compounds during bentonite fining are the chemical nature of the
clay, the hydrophobicity, the initial concentration of wine odor-active compounds, and
the abundance and nature of wine proteins [7,10,12]. In this sense, ethyl esters seem
to be the most affected volatiles, significantly decreasing their presence after bentonite
treatment [7,10,12].

In addition to the quantity added, the moment of its addition is key to preserving the
sensory characteristics of the wine. Some researchers have investigated the implications of
bentonite treatments at different time points of the production process, especially before,
during, and after fermentation [4,8,17,21]. Thus, Lambri et al. [8] concluded that a smaller
dose of fining agent is needed when bentonite is added only to the must. However, other
authors observed that the addition of bentonite during fermentation minimized both
the dose amount required to allow wine protein stabilization and the negative sensory
implications [4,22]. These results were in agreement with the ones of Lira et al. [17], who
established that the best moment of addition of bentonite in Albariño wines was during
alcoholic fermentation, particularly at the middle and at the end, giving rise to wines with
higher aromatic intensity, being also preferred by the consumers in their sensory trials.
Moreover, the application of bentonite at the middle and end of fermentation seems to
provide better foaming properties to the wine [21].

However, despite the results found in these studies, the effects of the distribution of
the needed dosage for stabilization during different phases of sparkling wine production
have not been studied.

The aim of this study was to determine such effects on two essential quality parameters
of sparkling wines: volatile composition and foam properties. A Chardonnay sparkling
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wine was tested, and the protein stabilization dosage of bentonite was distributed among
the stages of fining of the base wine and before the second fermentation of the tirage
liquor (as a riddling adjuvant) in different proportions. In addition, sensory analysis
was conducted to corroborate and establish the effects/implications of a higher or lower
bentonite dosage added at each stage.

2. Materials and Methods
2.1. Winemaking and Experimental Design

The study was carried out using a Chardonnay base wine variety of the 2017 vintage
made in the San Pedro de Tarapacá winery, which is located in the Casablanca Valley region
of Chile. This base wine had a 10.4% vol. and a pH of 3.42.

The stabilization dosage of bentonite for this base wine, which was determined using
a fast heat test, was 17 g/hL [23]. For this study, activated sodium bentonite was used
(SIHA® G, Eaton Industries, Dublin, Ireland). Figure 1 shows a detailed scheme of the
experiment and production process of the sparkling wines of this study. Ninety liters of
the base wine were distributed into three stainless steel tanks (STAGE 0) (Figure 1). Each
tank was treated with 50%, 75%, and 100% of the stabilization dosage, i.e., 8.5, 12.75, and
17 g/hL, respectively. Bentonite was added as a 5% bentonite solution in water, and it was
hydrated with cold water 24 h before the application. Bentonite acted for 72 h, after which
the wine of every tank was racked off and transferred to clean stainless-steel tanks (B50,
B75, and B100) (STAGE 1) (Figure 1). Following the traditional method (champenoise),
the tirage was carried out. A preadapted yeast culture of Lalvin EC1118® Saccharomyces
cerevisiae bayanus purchased from Lallemand (Chile) was used for a second fermentation in
the bottle (750 mL green bottle Maipo type, Cristalchile, Chile). For the preadaptation of the
yeast, 40 g of yeast were dissolved in 400 mL of water at 35 ◦C. After 30 min, this mixture
was added to 1 L of water containing 200 g of sugar perfectly dissolved, and following this,
4.5 L of wine were incorporated slowly. This mixture was incubated overnight at 25–30 ◦C.
Next day, a viable yeast cell counting, and density measuring were done. The addition of
sugar, water, and base wine was repeated but gradually increasing the base wine volume
until the tirage to force the yeast to adapt to the rough conditions of this matrix. At this
point, a second addition of bentonite was carried out, adding to every bottle of base wine
24 g/L of sucrose, preadapted yeast, and the bentonite necessary for each treatment. Hence,
the bottles of the base wines for the treatments, 50% and 75% (S50 and S75) were spiked
with the dosage of hydrated 5% (m/v) bentonite needed to complete their stabilization; this
was 8.5 and 4.25 g/hL, respectively. Moreover, 3 g/hL bentonite was added to all the bottles
to facilitate riddling, avoid differences due to technological reasons, and to be able to assign
the results and effects to the bentonite used as a clarifying agent. Fifteen days later, the
second fermentation was complete, and samples were taken (S50, S75, and S100) (STAGE
2) (Figure 1). After 9 months of aging on lees at 16 ◦C, the remuage was carried out in one
cycle with a Gyropalette® (Oenoconcept®, Epernay, Champagne, France), and sparkling
wines were finished (A50, A75, and A100) (STAGE 3) (Figure 1). The resulting sparkling
wines presented an alcoholic degree of 11.9 ± 0.1 and a pH of 3.31 ± 0.01. Stage 0 and
Stage 1 wines were analyzed in triplicates (analytical replicates), and three bottles each of
the wines from Stage 2 and Stage 3 were analyzed at each condition (biological replicates).

Figure 1. Schedule of the production process and the samples analyzed.
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2.2. Reagents and Standards

The standard compounds employed in this study for the identification and quantifica-
tion, i.e., ethyl butyrate, isoamyl acetate, ethyl hexanoate, hexyl acetate, ethyl lactate, ethyl
octanoate, isoamyl hexanoate, ethyl nonanoate, methyl decanoate, ethyl decanoate, isoamyl
octanoate, diethyl succinate, β-phenethyl acetate, isoamyl decanoate, isobutanol, isoamyl
alcohol, hexanol, E-3-hexenol, phenylethyl alcohol, linalool, α-terpineol, citronellol, E-
nerolidol, hexanoic acid, octanoic acid, and decanoic acid, were supplied by Sigma-Aldrich
(Germany). Sodium chloride and 4-methyl-2-pentanol (internal standard) were purchased
from Merck (Darmstadt, Germany).

2.3. Volatile Compound Analysis

Volatile compounds were extracted using headspace solid phase microextraction
(HS-SPME), as described by Ubeda et al. [24]. For the extraction, a 2 cm 50/30 µm fiber
made of carboxen/divinylbenzene/polydimethylsiloxane (Supelco, Bellefonte, PA, USA)
was employed. For the identification of compounds, authentic reference standards were
used, and matching was done with the 2.0 version of the standard NIST library and
the linear retention indices (LRIs) from the literature (Pherobase; www.pherobase.com)
and the NIST Mass Spectrometry Data Center; https://webbook.nist.gov/ (accessed on
20 November 2020)). LRIs were calculated using the retention times of n-alkanes (C6–C30)
under identical conditions for each analysis temperature program. All data were expressed
as concentrations (µg/L) obtained from calibration curves using the reference standards
(relative area vs. concentration), except in the case of C13 norisoprenoids, for which the
data were expressed as relative areas. The relative area was calculated by dividing the
peak area of the major ion of each compound by the peak area of the major ion of the
internal standard.

2.4. Determination of Foaming Properties

Foam properties were measured using the Mosalux procedure [25,26]. To carry out the
measurement, the wines were degassed. Thereafter, a test tube with a porous piece of glass
at the bottom and a CO2 entry was filled with 100 mL of the sample, and a constant flow
of CO2 (10 L/h) was passed through the sample at a constant temperature of 16 ◦C. The
parameters measured were HM, which is the maximum height reached by the foam and
represents the foamability, and HS, which is the stable height of the foam that represents
the ability of the wine to produce stable foam/persistence of the foam collar [25]. These
analyses were performed in triplicates. The parameters, HM and HS, were expressed
in millimeters.

2.5. Sensorial Analyses

Samples of sparkling wines after 9 months of aging were employed for sensory
analysis: A50, A75, and A100 (addition of 50%, 75%, and 100% of the required dose of
bentonite, respectively, to the base wines). They were evaluated by an expert panel of 17
tasters who are professional oenologists from the sparkling wine industry in Chile (six
females and eleven males). The attributes selected were aromatic intensity, foamability,
foam stability, and CO2 integration. The last attribute provides information about foam
aggressiveness in the mouth. For each evaluation, 50 mL of sparkling wine at 8 ◦C was
served in each glass (Riedel®, Riedel Crystal America Inc. Kufstein, Austria). The selected
attributes were indicated on a tasting card, and panelists were asked to rank each descriptor
on a 15 cm unstructured scale (from unnoticeable to very strong).

2.6. Statistics

The InfoStat 2017p software (Free software. FCA-Universidad Nacional de Córdoba,
Argentina. www.infostat.com.ar) was used for data analysis. The means were compared
using ANOVA and a post hoc (Tukey test) (α = 0.05). Principal component analysis
(PCA) was performed using IBM SPSS Statistics 26 software (IBM, Barcelona, Spain).
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Sensory analysis data were processed using PanelCheck V1.4.2 (Free software, Norway.
www.panelcheck.com).

3. Results and Discussion
3.1. Effects on Volatile Compound Profile

It has been demonstrated that the addition of bentonite to wine for fining purposes
provokes an indirect removal of most of the fermentative aromatic compounds linked to
the proteins removed, and only a few odor-active molecules are directly removed through
adsorption [6,7,27]. Every chemical group studied (esters, alcohols, acids, terpenes, and
norisoprenoids) among the 35 volatile compounds determined showed different tendencies;
however, the most affected group by the bentonite treatment applied was the esters. The
trend observed after the first addition of 75% (B75) and 100% (B100) of bentonite dosage
seems to have caused the highest decrease in ester contents with respect to the base wines;
however, the trend of these compounds after the addition of 50% of bentonite dosage (B50)
was similar with respect to the base wine (Figure 2). The main compounds responsible for
the strong decrease in ester contents after the addition of bentonite were ethyl butyrate,
isoamyl acetate, and ethyl hexanoate (Table 1). These molecules are hydrophobic and easily
adsorb on the clay of the fining agent [10]. This result agrees with that of Lambri et al. [7],
who reported that the most affected esters after the application of bentonite to a white wine
were ethyl butyrate, hexanoate, octanoate, isoamyl acetate, and phenylethyl acetate. In
addition, hexyl acetatecontents decreased dramatically (between 73% and 82%) after the
addition of bentonite in the three treatments. In contrast with these results, it was observed
that stage 1 base wines presented an increase of ethyl octanoate and decanoate with respect
to the stage 0 base wine (Table 1). This agrees with the results of Pozo-Bayón et al. [28],
who also observed that the main changes affected ethyl octanoate and ethyl decanoate
while testing the addition of bentonite in the tirage solution vs. non-addition. In contrast
to the results found by Vincenzi et al. [12], we did not observe a correlation between the
length of the hydrocarbon chain and the decrease in volatile compound contents.

The second fermentation and second addition of bentonite gave rise to sparkling wines
that were not equally affected (stage 2). In the case of the addition of 50% of the dosage
of bentonite in the tirage (S50), the resulting sparkling wines presented a significantly
lower ester amount than B50 wines; however, S75 and S100 revealed an increase in the
total amount of these compounds, which was probably due to the esters formed during
the second fermentation. The increase in the ethyl butyrate and isoamyl acetate contents
of S75 and S100 was statistically significant (Table 1). The loss of these two compounds
(ethyl butyrate and isoamyl acetate) after the first addition and the increase after the second
addition of bentonite could be explained by observing the macromolecular colloids present
in the wine. In the first addition, i.e., a base wine without stabilization, proteins from
grapes were present, and in the second addition, proteins from the yeast material involved
in the second fermentation were present. Therefore, as suggested by Lambri et al. [7], these
compounds may be easily attracted by proteins from the grape being mostly removed from
the wine, and after the addition of bentonite in the tirage solution, they have more affinity
for proteins from the yeast material, as they are not removed during the disgorgement.

Finally, as expected, the aging on lees produced a significant decrease in the total
amount of esters (Stage 3), which was probably due to acid hydrolysis or even adsorption
on the lees [29–31]. Although this was a massive loss of the ester content, the sparkling
wines A75 and A100 preserved these volatile compounds more successfully than A50
(Figure 2). Isoamyl acetate, ethyl hexanoate, and ethyl octanoate were the compounds
mainly responsible for this significant difference, because they were better preserved during
the aging period in A75 and A100 (Table 1). This indicates that these compounds are easily
bound to bentonite or the proteins that are removed with the fining agent, because their
contents decreased dramatically after the first addition of bentonite and again when a high
dosage of the fining agent was added to the tirage solution.
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Figure 2. Total amounts of esters, alcohols, terpenes, acids, and norisoprenoids present in every
Scheme 50. B75, B100 (wines before second fermentation with the first addition of bentonite); S50,
S75, S100 (sparkling wines after second fermentation with the second addition of bentonite); A50,
A75, A100 (sparkling wines after 9 months of aging on lees). Bars with different superscript letters
indicate statistically significant differences (p < 0.05) by Tukey test among the samples belonging to
the same stage *: statistically significant differences (p < 0.05) by Tukey test with the same treatment
of the previous stage.
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Unexpectedly, the amounts of ethyl lactate and isoamyl decanoate increased in wine
A50 from the end of the second fermentation until the end of 9 months of bottle aging
with lees.

Neither the first nor the second addition of bentonite produced significant differences
in the total amount of alcohols in base wines at stage 1 (B50, B75, and B100) or sparkling
wines at stage 2 (S50, S75, and S100) (Figure 2). Likewise, the second fermentation process
did not give rise to significant differences among the total alcohols present in sparkling
wines with respect to the base wines from which they were prepared. However, after
9 months of aging on lees (stage 3), the total amount of alcohols decreased significantly
from stage 2 in A100 sparkling wines. The C6 alcohols, hexanol and E-3-hexenol, did not
experience significant changes due to the first addition of bentonite, contrary to the results
of Lambri et al. [7] but in accordance with those of Horvat et al. [22]. Nevertheless, the
second addition plus the aging time decreased the contents of alcohols; however, this was
not significant in almost all cases.

The terpenes group presented the same behavior as alcohols, without significant
changes between the different treatments after the first and second addition of bentonite
and between stages 1 and 2. The significant changes occurred after the aging period; the
linalool content decreased and the citronellol content increased in all the sparkling wines
studied, whereas the nerolidol content increased in A100. It is expected that during aging
on lees, the effect of β-glucosidase enzyme activity releases the aglycone (odoriferous
molecule) from the sugar in the volatile compounds present in their glycosidic form in the
wine, thereby increasing their presence in the matrix during aging [32]. However, enzymes
present in the wine matrix may disappear due to the addition of bentonite [21,33]. Hence,
the treatments in which a higher dosage of bentonite was added to the tirage solution
probably had less β-glucosidase enzyme available to act in the matrix because of its affinity
to bentonite. Therefore, only A100, which had 3 g/hL of bentonite added as a riddling
adjuvant, presented an increase in the contents of these compounds.

Similar to alcohols and terpenes, acids showed no significant differences between
stages 1 and 2 and among the different treatments. Again, a decrease in the contents of all
the acids determined in A50 and A75 was observed only after the aging period. In the case
of A100, only the decanoic acid content significantly diminished (Table 1).

It is well known that some norisoprenoids such as 1,1,6-Trimethyl-1,2-dihydronaphthalene
(TDN)and vitispiranes are aging markers [31,34]. These compounds tend to increase in con-
tent with aging time. Therefore, no significant differences were observed between stages 1
and 2; however, between stages 2 and 3 (end of second fermentation and after 9 months
on lees), there was a significant increase in their amounts (Figure 2). The first addition of
bentonite did not make any difference in the three treatments, but the addition in the tirage
solution produced remarkable dissimilarities. The wines with the lower dosage added in
this step, S75 and S100, presented slightly higher amounts of vitispirane A and TDN than
S50. Although, after 9 months on lees, that difference reduced even more, and only the
TDN content in A100 sparkling wines was significantly higher than that in A50 and A75.

The diversity of the effects experienced by the different volatile compounds after
bentonite treatment may be explained by the fact that only a few odor-active compounds
are directly adsorbed by bentonite, most of which are removed as an indirect effect of
deproteinization [7]. Depending on the hydrophilic or hydrophobic characteristics of the
volatile compounds, they are linked to the surface of the proteins through weak hydrogen
bonds or to interior protein sites, respectively [7,12].

In general, the most effective treatment was the application of a 100% dosage of
bentonite to the base wine before the second fermentation. These results agree with those
obtained by several authors, indicating that bentonite fining could have a lower impact on
the aroma quality when used before fermentation, i.e., when the fermentative aroma is yet
to be produced [12].
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3.2. Impact on Foaming Properties

Foaming properties of sparkling wines after 9 months on lees (A50, A75, and A100)
were measured using the Mosalux methodology. Measurements taken using this method-
ology are quite heterogeneous; in this study, one measurement was taken for each bottle of
the triplicates (biological replicates). Therefore, heterogenicity did not allow us to obtain
significant differences among the different treatments (Figure 3). Instead, the results re-
flected a slightly non-significant higher maximum foam height in A100 than in A50 and A75
(Figure 3). All the sparkling wines analyzed received the same dosage of bentonite during
the process but in two different stages of production. The addition of bentonite supposes
the loss, among other molecules, of proteins from grapes and mannoproteins from yeast,
which, as mentioned previously, are greatly responsible for sparkling wine foaming. Our
results suggest that the molecules removed before the tirage are less responsible for the HM
of the foam than the compounds released into the wine during aging. Previous studies have
reported that glycoproteins, especially yeast mannoproteins, rather than grape proteins,
more significantly affect the foaming properties of sparkling wines [35]. Reconstitution
experiments performed by adding different molecular fractions isolated from wine to a
model solution have pointed out the key role of mannoproteins in determining the capacity
and stability of foam [14,36]. It has been reported that the glycosylated protein removal
rate with sodium bentonite is low, as observed by Jaeckels et al. [37]. However, despite
this, our results showed that the massive removal of thaumatin-like proteins (which play
a major role in haze formation and the turbidity potential) from grapes in stage 1 after
the addition of bentonite in the base wine seemed to affect the foam maximum height to
a lesser extent than yeast proteins removed due to the addition of bentonite in stage 2.
However, despite the absence of statistical significance, the HS results reflected that A50
showed slightly non-significant higher foam stability than A75 and A100 (Figure 3). This
was not expected, since Kupfer et al. [38] described the key role of the yeast protein PAU5
in foam stability, showing that most of its removal occurred when bentonite fining of the
wine was conducted before bottling. It might be that some compounds with foam stability
properties from grapes are being removed; however, much research needs to be done to
determine the effects of the stabilization of proteins from grapes.

3.3. Sensory Effects

A simple descriptive sensory analysis was performed with sparkling wines to assess
whether their chemical and physical properties were perceived. Visual parameters were
strongly influenced by the distribution of the bentonite dosages during the production
process. Hence, A75 and A100 showed significantly higher foamability and persistence of
the crown than A50 (Figure 4). The perceived foamability agreed with the non-significant
Mosalux results, whereas the persistence did not. Sensory analysis reflected the expected
results, which was probably due to the lack of significance of the Mosalux results, owing
to the heterogeneity of the measurements. Aromatic intensity did not show significant
differences among treatments. However, A75 was perceived to be more intense, followed
by A100 and A50, which was probably because of the presence of a significantly lower
quantity of isobutanol and isoamyl alcohol (Table 1, Figure 4). Higher quantities of these
alcohols in red wine have been previously reported as blockers of the perception of fruity
attributes [39,40]. It is possible that the lower concentrations of these alcohols in A75
allowed the perception of other nuances in the wine as more intense. Martínez-Rodríguez
and Polo [41] observed that the addition of 3 g/100 L of sodium bentonite to the tirage
solution increased the aroma intensity and quality of sparkling wines, unlike not adding
bentonite to the tirage solution at all. Perhaps the addition of 25% of bentonite dosage to
the base wine in the tirage step enhanced the intensity. However, as the dosage increased,
less intensity was perceived for the convergence of the higher alcohol prevalence and the
yeast protein-trapping effect.

125



Foods 2021, 10, 390

Figure 3. Foam properties of sparkling wines after 9 months of aging on lees from the STAGE
3 (A50, A75, A100) measured by the Mosalux method. HM: Foam maximum height; HS: Foam
stability height.

Figure 4. Sensory analysis of the sparkling wines after 9 months of aging on lees from STAGE 3
(A50, A75, A100). Different superscript letters in a sensorial attribute indicate statistically significant
differences (p < 0.05) among the samples.
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Finally, the samples did not present significant differences in in-mouth CO2 integration;
however, it seemed that as the quantity of bentonite added prior to aging time increased,
the integration of CO2 perceived by the panelists decreased. This parameter affects the
dissolved carbon dioxide in the wine and directly influences the frequency of bubble
formation in the glass, the growth rate of rising bubbles, the mouthfeel, and the aromatic
perception [42].

3.4. Multivariate Analysis

Two different PCAs including all the volatile compounds, and the total sum of every
group were performed as shown in Figure 5 (40 variables). One PCA (Figure 5a) comprised
all the sparkling wine samples from stage 1 (B50, B75, and B100), stage 2 (S50, S75, and S100),
and stage 3 (A50, A75, and A100). The analysis determined five principal components
(PCs) which explained 90.9% of the total variance, with PC1 (Component 1) and PC2
(Component 2) accounting for 72.4% of the cumulative variance and permitting a significant
separation of the samples. Thus, PC1 seemed to explain the effect of the 9 months of aging,
discriminating among samples of stages 1 and 2 and those of stage 3. This indicated that
the addition of bentonite to base wines did not allow differentiation among treatments
and that the different dosages added did not cause major changes, even after the second
fermentation. The samples of base wines from stage 1 and sparkling wines from stage
2 were mixed in the right side of the plane over the PC1 axis and the sparkling wines
aged 9 months were located on the left side of PC1. Hence, typical aging markers such as
diethyl succinate and ethyl lactate were placed on the left side joined to terpenes, which
typically increase in concentration during aging due to acid hydrolysis of the glycosidic
aroma precursors (Figure 5a). PC2 allowed the separation of the samples after 9 months of
aging, depending on the bentonite treatment applied, showing that the fining agent added
in the tirage caused greater effects among treatments than the addition of bentonite in the
base wine. Figure 5b presents the PCA with only sparkling wines at stage 3, indicating
that the first two PCs explained 87.6% of the variance. In this case, the sparkling wines
A50 and A75 were grouped on the left side of the plane, and the sparkling wines A100
were grouped on the right side. The corresponding loading distribution clearly reflects
the higher enrichment of volatile compounds of the sparkling wines with less quantity of
bentonite added during the tirage (Figure 5b), which is in agreement with the results of the
chemical and sensorial analyses (Table 1, Figure 2).
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4. Conclusions

The results of this study showed that the distribution of the dosage of bentonite
needed for stabilization of the base wine before and the tirage significantly influences the
volatile compounds profile and sensory perception of the sparkling wines. Our results
suggest that the amount of bentonite added as a fining agent in the tirage causes greater
effects during treatments than the addition of this agent in the base wine. The addition of
100% of the bentonite dosage to the base wine gives rise to wines with higher amounts of
volatile compounds; however, the distribution of 75% of the bentonite before the tirage and
25% during it results in a diminution of higher alcohols contents, enhancing the perceived
aromatic intensity. From a sensorial point of view, the addition of 50% of the bentonite
dosage during the tirage has a negative effect on the foam and aromatic properties. These
results reflect the state of the current procedures applied in most wineries; however, knowl-
edge of the effects of the distribution of the dosage could help winemakers with highly
unstable wines ensure protein stabilization (because the volatile profile seems to be mostly
unaffected) or even enhance the aromatic intensity and complexity of sparkling wines.
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Abstract: Chitosan is a polysaccharide admitted in winemaking as clarifying, antimicrobial
and chelating agent. In addition, evidence about its antioxidant and radical scavenging activities have
been recently reported in wine conditions. As an insoluble adjuvant, chitosan efficacy also depends
on the duration of its contact with the matrix. In the case of sparkling wines obtained following
the traditional method, for instance, the addition of chitosan before the secondary fermentation
would permit a prolonged contact of the polymer with wine and yeast lees. However, information
on the effects of this practice on final products is totally unknown. In this work, the addition of
chitosan during the secondary fermentation of a traditional sparkling wine production method
has been investigated for its effects on both the physicochemical and sensory characteristics of
the resulting wine. After 12 months of “sur lie” maturation, chitosan was found to increase the protein
and amino acid content of wines up to about 50% and 9%, respectively, with limited change of
phenolics and organic acids. Volatile compounds, particularly esters, were increased as well, which
was reflected by higher values for fruity character and aroma intensity after sensory tests. Foaming
features, evaluated by sensory and physical measurements, were also positively affected.

Keywords: chitosan; sparkling wine; foamability; sensory

1. Introduction

The traditional method for sparkling wines production is based on two consecutive alcoholic
fermentations (AF). In a first step, the base wine is obtained by conventional white winemaking
procedures. Next, selected yeasts and sugars (liqueur de tirage) are added to promote a second AF,
carried out in sealed bottles, that results in the further formation of ethanol, dissolved CO2 and volatile
compounds, as main products [1,2]. Once secondary fermentation ends, bottled wines are subjected
to a prolonged period in contact with dead yeast lees [3] during which autolysis of yeasts cells
occurs. This leads to the release of various intracellular components such as nitrogen compounds,
polysaccharides and some volatiles like terpenic and higher alcohols that impact the organoleptic
properties of sparkling wines [2,4]. Secondary fermentation also affects the foaming properties of final
product since peptides, amino acids and polysaccharides released during autolysis may have a positive
effect on height and persistence of the foam itself, further contributing to the overall perceived wine
quality [5].

Chitosan is the deacetylated derivative of chitin, the second most abundant biopolymer in
the earth, extracted from shellfish, insects and fungus. Its structure, mainly constituted of glucosamine
and N-acetylglucosamine units, confers it a great versatility with respect to several applications
in food industries and interesting features including metal chelation, film forming properties or
antimicrobial capacity [6–11]. Since its authorization in winemaking for metal and protein removal
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(maximum dose level 1 g/L) and microbial stabilization (maximum dose level 0.1 g/L) [12], the use
of chitosan has aroused great interest in oenology. Colangelo and coworkers [13], for instance,
reported a significant improvement of wines stability to heat test performed after fining treatments
with chitosan. Other researches demonstrated that the presence of chitosan during fermentation can
enhance the production of some volatile esters such as isoamyl acetate and phenethyl acetate together
with medium-chain fatty acids and respective ethyl esters [14].

Chitosan can also act as an antioxidant in wine by means of various mechanisms, such as
direct hydroxyl radical scavenging, prevention of the formation of 1-hydroxyethyl radical and metal
chelation [15,16].

In principle, the traditional method for sparkling wine production could favour the action of
chitosan as it permits both the presence of the polysaccharide during alcoholic fermentation and a
prolonged permanence in the medium followed by a complete removal, as insoluble matter, during
the degorgement step. However, information on the effects of the addition of chitosan during the prise
de mousse are totally lacking up to now.

Therefore, the present study aimed to evaluate the effect of chitosan during the second fermentation
and riddling stage of sparkling wines and to study the influence on sensory, foam and quality parameters
of the finished product.

2. Materials and Methods

2.1. Chemicals

HPLC-grace acetonitrile, acetic acid, and methanol were obtained from Merck (Darmstadt,
Germany). Milli-Q quality water was used for all HPLC experiments. Pure standards of volatile
compounds, internal standard (2-octanol) and potassium metabisulphite were purchased from
Sigma-Aldrich (Milano, Italy). Dichloromethane and methanol (SupraSolv) were supplied by Merck
(Darmstadt, Germany), absolute ethanol (ACS grade) was obtained from Scharlau Chemie (Sentmenat,
Spain) and pure water was obtained from a Milli-Q purification system (Millipore, Billerica, MA,
USA). LiChrolut EN resin for solid-phase extraction (SPE) prepacked in 200 mg cartridges (3 mL
total volume) were purchased from Merck (Darmstadt, Germany). Chitosan from Aspergillus niger
(80–90% deacetylated, with average molecular weight of 10–30 kDa) was obtained from KitoZyme
(Herstal, Belgium).

2.2. Samples Preparation

Base wines (75 mg/L total SO2), obtained from cv Pinot gris and Pignoletto grapes, were filtered
under nitrogen and 25 g/L of beet sucrose was added and arranged in two distinct trials, consisting
of 50 bottles each, the first with no further additions (CTRL) and a second with addition of fungoid
chitosan (250 mg/L) (KT). Before closing with bidules and crown caps, samples were inoculated with
rehydrated active dried yeasts (3 × 106 cells of Saccharomyces cerevisiae strain 1042 from University of
Bologna—ESAVE collection) and ammonium phosphate (200 mg/L) was added. Six bottles (three each
trial) were provided with manometer to monitor the internal pressure development. All the bottles
were left at controlled temperature (18 ◦C) during the prise de mousse that lasted about 1 month during
which the pressure increase was annotated daily, and the bottles were agitated to facilitate the chitosan
resuspension. Samples were analysed as base wines, at the end of secondary fermentation (1 month)
and after 12 months of sur lie maturation (degorgement).

2.3. Oenological Parameters

All the analyses were carried out according to OIV methods [17]. The pH was determined by using
a pH meter (Mettler Toledo, Columbus, OH, USA). The alcoholic strength of wines was determined with
an oenochemical distilling unit (Gibertini, Italy). Total phenolics (TPI) were spectrophotometrically
determined (after wine filtration at 0.45 µm with cellulose filters) at 280 nm using an Uvidec 610
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spectrophotometer (Jasco, Tokyo, Japan), and results were expressed as mg/L of gallic acid (GAE).
All the analyses were carried out in triplicate. The browning development of the wines was followed
measuring the absorbance at 420 nm (1 cm optical path) after filtration (0.45 µm, cellulose filters) at
each sampling time.

2.4. Organic Acids

Quantification of organic acids, sugars and glycerol was conducted following the procedure
described by Chinnici et al. [18]. The HPLC used was a Jasco apparatus (Tokyo, Japan) equipped with
a binary pump (PU 1580), a 20 µL loop, a Rheodyne valve (Cotati, CA, USA), a photodiode detector
(PU MD 910; Tokyo, Japan) and a column oven (Hengoed, Mid Glamorgan, UK). The column was a
Bio-Rad Aminex HPX 87H (300 mm × 7.8 mm), thermostated at 35 ◦C. Isocratic elution was carried
out with 0.005 N phosphoric acid at flow 0.4 mL/min. All the analyses were carried out in triplicate.
Organic acids were quantified using external calibration curves obtained with standard compounds at
known concentrations.

2.5. Phenolic Acids

Phenolic acid analysis was performed following a previous method after minor modifications [19].
A Jasco HPLC instrument (Tokyo, Japan), equipped with a quaternary gradient pump Jasco PU-2089,
an autosampler Jasco AS-2057 Plus Intelligent Sampler and two detectors, a Jasco UV/Vis MD-910 PDA
detector and a Jasco FP-2020 Plus Fluorescence detector, was used. The column was a C18 Poroshell
120 (Agilent technologies, Santa Clara, CA, USA), 2.7 µm, (4.6 mm × 150 mm), operating at 35 ◦C with
a flow of 0.8 mL/min. Elution solvents were 2% acetic acid in HPLC grade water (Eluent A) and 2%
acetic acid in HPLC grade acetonitrile (Eluent B). Gradient elution was as follow: from 98% to 95%
A in 10 min, 95% to 90% A in 7 min, 90 to 82% A in 6 min, 82% to 80% A in 3 min, 80% to 70% A in
3 min, 70% to 50% A in 3 min, 50% to 0% A in 4 min and 98% A in 1 min. Quantification of phenolic
compounds was carried out using an external calibration curve obtained by injecting solutions of
standard compounds at known concentrations and plotting peak areas vs. concentrations. The amount
of tartrate esters of caffeic, coumaric and ferulic acids and Grape reaction Product GRP were expressed
as the respective hydroxycinnamic acid.

2.6. Total Protein Content

A protein assay kit TP0300 from Merck (Darmstadt, Germany) was used to quantify soluble proteins
of sparkling wines. The procedure described is based on Peterson’s modification of micro-Lowry
method where known interferents (amino acid, peptide buffers and sucrose) were eliminated after
protein precipitation with deoxycholate. Prior to analysis, wine samples were properly degasified
and diluted 10 times with distilled water. Total protein concentrations are expressed in mg/L of BSA
(bovine serum albumin).

2.7. Amino Acids and Amines

2.7.1. Derivatization

A methodology proposed by Cejudo-Bastante et al. [20] was used. Briefly, 1.75 mL of borate buffer
1 M, 0.75 mL of methanol, 1 mL of sample and 20 µL of diethyl ethoxy methyl malonate (DEEMM)
were left to react in a 10 mL screw-cap tube for 30 min in an ultrasound bath. Afterward, solution was
warmed at 70 ◦C for 20 min in order to eliminate the excess of DEEMM. Once cooled, the samples were
filtered with a 0.45 µm cellulose filter.

2.7.2. HPLC Analysis

HPLC separation was performed on the instrument already cited in Section 2.5. A Waters (Milford,
MA, USA) reversed-phase column Nova-Pak® C18 (3.9 mm × 300 mm; 4 µm), thermostated at 40 ◦C,
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was used. Mobile phases were A (25 mM acetate buffer pH = 5.65) and B (80:20 mixture of acetonitrile
and methanol). Flow rate: 1.1 mL/min. HPLC gradient, for solvent A was: 0 min, 100%; 7 min, 96%;
18 min, 94%; 23 min, 92%; 25 min, 92%; 28 min, 85%; 50 min, 77%; 60 min, 55%; 65 min, 40%; 67 min,
20% and 70 min, 100%.

Detection was performed at 280 nm while quantification was based upon calibration curves
obtained by plotting peak areas vs. concentration of solutions of standard amino acids and amines at
known concentration.

2.8. Determination of Mannose

The content of mannoproteins (expressed as mg/L of mannose) was determined in wines after
12 months of ageing on yeast lees. A 10 mL of wine was first concentrated up to 2 mL under
vacuum and then precipitated using cooled ethanol and HCl following the method of Segarra et al. [21].
After acid hydrolysis [22], samples were analysed with the HPLC apparatus cited in Section 2.4 equipped
with a refraction index detector (Jasco 830-RI; Tokyo, Japan). The column was a Transgenomic CarboSep
CHO-682 (300 mm × 7.8 mm) set at 80 ◦C. Elution was carried out using deionized water with a flow
rate of 0.4 mL/min. Quantification of mannose was performed by means of a calibration curve of
standard solutions of known concentrations.

2.9. Foamability

Analysis of foam quality was carried out by following a modified Mosalux method [23].
The instrument consisted of a glass column (400 mm × 24 mm), containing 50 mL of degasified
wine to examine, with a porous septum (101–106 µm) at the base, which keeps the carbon dioxide
separate from the wine, and a tap, necessary to block the flow of gas. A carbon dioxide cylinder was
connected to the column, regulated at 1 bar and at a flow rate of 110 mL/min. Once the gas was opened,
the evolution of the foam was recorded for 15 min. During this period, the height of the foam has
been measured every 15 s. After 15 min, the cylinder and the column tap were closed, and the time
required for the foam to disappear was measured. Three different parameters were measured: (i) HM,
the maximum height reached by the foam after CO2 injection, expressed in mm, (ii) HS, the foam
height stability during 15 min of CO2 injection, expressed in mm and (iii) TS, which is the foam stability
time, expressed in seconds, once flow of CO2 is interrupted.

2.10. Sensory Analysis

Sensory analysis was performed by 14 (8 men and 6 women aged from 27 to 64) well-experienced
panelists recruited from the staff of the Department of Agricultural and Food Sciences, trained according
to ISO 8586:2012. Wines sensory attributes were set based on testing cards already established by our
research group for sparkling wines and further developed by asking the panellists to assess samples for
appearance (foam in particular), aroma, flavour, mouthfeel and aftertaste. A total of 10 attributes were
selected by consensus including 3 for the appearance, 3 for the aroma and 4 for the mouthfeel/tactile.
A Quantitative Descriptive Analysis (QDA) test was performed on a continuous unstructured scale
left anchored from absent to maximum. All sessions were performed in normalized room according
to ISO 8589:2007. Wine samples were first individually served in the presence of each panellist to
evaluate the foaming characteristics. In a second session, each of the wines were poured immediately
before being served to perform the aroma and mouthfeel assessment. Coded and capped wines glasses
and white trays were used (ISO 3591:1977). Data were elaborated by means of analysis of variance
(ANOVA) and Friedman test to evaluate sample, panelists and replication variability of data.

2.11. Wine Volatile Compounds

A method already described and validated by Lopez et al. [24] was used for volatile extraction.
A hundred microliter of a 2-octanol solution at 500 mg/L was added to 20 mL of degassed wine as
internal standard and deposed on a previously activated LiChrolut EN cartridge. Analytes were
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eluted with 5 mL of dichloromethane and concentrated to 200 µL under a stream of nitrogen prior
to GC-MS analysis. The Trace GC ultra-apparatus coupled with a Trace DSQ mass selective detector
(Thermo Fisher Scientific, Milan, Italy) was equipped with a fused silica capillary column Stabilwax-DA
(Restek, Bellefonte, PA, USA; 30 m, 0.25 mm i.d. and 0.25 µm film thickness). The carrier gas was He
at a constant flow of 1.0 mL/min. The GC programmed temperature was 45 ◦C (held for 3 min) to
100 ◦C (held for 1 min) at 3 ◦C/min and then to 240 ◦C (held for 10 min) at 5 ◦C/min. Splitless mode
injection (1 µL) was performed at 250 ◦C. Detection was carried out by electron ionization (EI) mass
spectrometry in full scan mode, using ionization energy of 70 eV. Transfer line interface was set at
220 ◦C and ion source at 260 ◦C. Mass acquisition range was m/z 30–400. Compounds were identified
by a triple criterion: (i) by comparing their mass spectra and retention time with those of authentic
standards, (ii) compounds lacking of standards were identified after matching their respective mass
spectra with those present in the commercial libraries NIST 08 and Wiley 7 and (iii) matching the linear
retention index (LRI) obtained under our conditions, with already published LRI on comparable
polar columns. Quantification of compounds was carried out via the respective total ion current peak
areas after normalization with the area of the internal standard. Calibration curves were obtained
by injections of standard solutions, subjected to the already cited extraction procedure, containing a
mixture of commercial standard compounds at concentrations between 0.01 and 200 mg/L, and internal
standard at the same concentration as in the samples. The calibration equations for each compound
were obtained by plotting the peak area response ratio (target compound/internal standard) versus
the corresponding concentration. For compounds lacking reference standards, the calibration curves
of standards with similar chemical structure were used. Analyses were done in triplicate.

2.12. Statistical Analysis

Physicochemical data were given as mean± SD. Evaluation of statistical significance was conducted
by one-way analysis of variance (ANOVA) followed by a post hoc comparison Tukey test. Differences
between groups were considered significant when p < 0.05. The univariate analysis (ANOVA) was
performed using XLSTAT version 2016.02 (Addinsoft, Paris, France).

3. Results

3.1. Oenological Parameters

No significant differences between the treatments were recorded for the main oenological
parameters (Table 1). Volatile acidity, pH and alcohol strength were adequate for this type of product.
Yellow colour was subjected to little variations during the fining period, regardless the treatment
adopted. After the end of the secondary fermentation, both samples showed a tendency to marginally
increase the titratable acidity. This was followed by a subsequent reduction during the 12 months of
ageing in the presence of yeast lees. This last evidence will be further discussed in the following section.

3.2. Organic Acids and Glycerol

HPLC quantification of organic acids after secondary fermentation showed similar values for both
CTRL and KT samples (Table 2). As already reported by Pozo-Bayon et al. [25], glycerol content tended
to slightly augment (by 0.2 g/L in our samples) after second fermentation because of yeast production,
remaining unchanged for the following storage period. After 12 months of on lees ageing, concentration
of tartaric acid was significantly decreased in both samples, which contributed to the reduction of
titratable acidity reported in the previous section. The concentration of pyruvic acid, a secondary
metabolite of alcoholic fermentation, increased in both samples after 12 months of ageing “sur lie”
indicating its release from yeast cells autolysis.
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Table 1. Oenological parameters and total protein concentration of the samples after secondary alcoholic
fermentation (2nd AF) and after 12 months of ageing “sur lie.” In the same row, different letters indicate
significant differences according to Tukey’s test (p < 0.05). n = 3. TPI = total phenolics; GAE = gallic
acid equivalent.

Base Wine 2nd AF 12 Months “Sur lie”

CTRL KT CTRL KT

Titratable acidity (g/L) 5.75 ± 0.07 ab 5.90 ± 0.14 a 5.85 ± 0.07 a 5.59 ± 0.06 ab 5.51 ± 0.01 b

pH 3.10 ± 0.01 a 3.10 ± 0.01 a 3.10 ± 0.02 a 3.11 ± 0.01 a 3.12 ± 0.01 a

Volatile acidity (g/L) 0.29 ± 0.02 a 0.28 ± 0.01 a 0.30 ± 0.01 a 0.32 ± 0.01 a 0.28 ± 0.01 a

Alcohol (%v/v) 10.32 ± 0.71 b 11.42 ± 0.09 a 11.36 ± 0.19 a 11.40 ± 0.06 a 11.30 ± 0.03 a

Optical Density 420 nm 0.092 ± 0.001 a 0.093 ± 0.01 a 0.089 ± 0.012 a 0.101 ± 0.001 a 0.104 ± 0.001 a

TPI (GAE) 172.3 ± 0.02 ab 162.8 ± 0.07 b 180.4 ± 0.28 a 177.1 ± 0.03 ab 176.9 ± 0.03 ab

Total proteins (mg/L) 22.43 ± 0.45 d 30.53 ± 1.28 b 32.99 ± 1.37 b 25.55 ± 0.85 c 38.25 ± 1.01 a

Table 2. Organic acids and glycerol amounts (g/L) after secondary alcoholic fermentation (2nd AF)
and after 12 months of storage “sur lie” (shikimic and pyruvic acids as mg/L). In the same row, different
letters indicate significant differences according to Tukey’s test (p < 0.05). n = 3.

Base Wine 2nd AF 12 Months “Sur lie”

CTRL KT CTRL KT

Tartaric acid 3.57 ± 0.01 a 3.58 ± 0.14 a 3.66 ± 0.04 a 2.53 ± 0.02 b 2.61 ± 0.14 b

Pyruvic acid 26.1 ± 0.23 b 24.3 ± 2.19 b 22.4 ± 1.46 b 36.8 ± 0.42 a 40.6 ± 1.54 a

Malic acid 0.13 ± 0.01 a 0.16 ± 0.04 a 0.14 ± 0.01 a 0.19 ± 0.01 a 0.19 ± 0.01 a

Shikimic acid 60.7 ± 0.35 a 54.4 ± 2.15 a 56.1 ± 0.75 a 56.3 ± 1.22 a 55.9 ± 1.22 a

Lactic acid 2.37 ± 0.03 a 2.30 ± 0.08 a 2.35 ± 0.07 a 2.35 ± 0.08 a 2.36 ± 0.08 a

Acetic acid 0.18 ± 0.01 ab 0.16 ± 0.01 bc 0.19 ± 0.02 a 0.13 ± 0.01 d 0.14 ± 0.01 cd

Succinic acid 0.55 ± 0.01 a 0.52 ± 0.04 a 0.60 ± 0.03 a 0.69 ± 0.06 a 0.69 ± 0.06 a

Glycerol 3.21 ± 0.05 a 3.39 ± 0.12 a 3.40 ± 0.11 a 3.40 ± 0.12 a 3.35 ± 0.10 a

Sum 6.80 ± 0.03 a 6.70 ± 0.22 a 6.93 ± 0.08 a 5.88 ± 0.16 b 5.98 ± 0.16 b

3.3. Protein Content

If compared with base wine, after secondary fermentation total proteins increased in both CTRL
and KT samples to the same extent (Table 1). This was somehow expected since, as already reported,
yeast metabolism and initial autolysis favour the release of proteins and peptides from cell cytoplasm
to the wine since the very beginning of the ageing [5].

However, at 12 months, protein content further increased in KT sparkling wines while in CTRL
samples, a decrease was observed. Untreated samples followed the common pattern already observed
by Nunez and coworkers [5] where late reduction of protein content during “sur lies” ageing could be
attributed to both the residual cells protease activity and the presence of alcohol [26,27].

Nevertheless, in KT samples, interactions between positively charged amine groups of the polymer
and negatively charged components of cell wall may occur [14,28], which promotes an increased cell
permeability, further speeding up the process of yeast autolysis and the release of proteins.

3.4. Phenolic Acids

Evolution of phenolic compounds after secondary alcoholic fermentation and 12 months of ageing
on lees is presented in Table 3. A total of 18 compounds were identified in both the sparkling wines.
Generally, treatments with chitosan did not affect the polyphenolic profile of wines compared to control
samples, with the exception of (+)-catechin, which was present in significantly lower amounts (p < 0.05)
after 12 months of storage in the presence of the biopolymer. This is due to the affinity of chitosan
for flavanols present in wines, leading to its absorptive removal [16,29]. Overall, after 12 months of
permanence on yeast lees, phenols slightly diminished or, in some cases, remained unchanged with
respect to the base wine. As already evidenced elsewhere [25,30], at reducing conditions like those
of sparkling wines, phenolic acids concentration tends not to be considerably modified, because of
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the scarcity of dissolved oxygen and the protective role of CO2 against phenolic oxidation. Table 3 also
evidences a temporary diminution of almost all the phenolic compounds just after the secondary
fermentation. This has been often observed, due to absorption of phenolics onto yeast cells [25,31].
During the subsequent period of lees ageing, two concurrent phenomena are then expected to be
occurred: (i) the partial release of those phenols into the wine, following the cell disorganization
and (ii) the hydrolysis of hydroxycinnamates esters that promotes the increase of the corresponding
phenolic acids [32].

Table 3. Concentrations (mg/L) of phenolic acids after secondary alcoholic fermentation (2nd AF)
and after 12 months of storage “sur lie.” In the same row, different letters indicate significant differences
according to Tukey’s test (p < 0.05). n = 3. GRP = Grape reaction Product.

Base Wine 2nd AF 12 Months “Sur lie”

CTRL KT CTRL KT

Hydroxybenzoic acids and flavanols
Gallic 21.79 ± 0.26 a 21.21 ± 0.50 a 21.05 ± 1.04 a 23.17 ± 0.16 a 22.69 ± 0.07 a

Syringic 0.74 ± 0.05 a 0.85 ± 0.07 a 1.04 ± 0.03 a 1.18 ± 0.03 a 0.94 ± 0.49 a

p-Hydroxybenzoic 1.15 ± 0.01 a 0.15 ± 0.02 c 0.09 ± 0.09 c 0.77 ± 0.22 b 0.62 ± 0.04 b

(+)-Catechin 3.58 ± 0.07 a 3.53 ± 0.12 a 3.54 ± 0.21 a 3.16 ± 0.03 a 2.60 ± 0.04 b

Hydroxycinnamic acids
t-Caftaric acid 5.39 ± 0.08 a 4.14 ± 0.05 c 4.12 ± 0.08 c 4.64 ± 0.01 b 4.49 ± 0.03 bc

GRP 5.81 ± 0.09 a 3.47 ± 0.10 b 3.17 ± 0.05 c 5.87 ± 0.03 a 5.75 ± 0.06 a

t-Coutaric acid 1.92 ± 0.06 a 1.87 ± 0.02 a 1.87 ± 0.01 a 1.89 ± 0.08 a 1.83 ± 0.01 a

c-Coutaric acid 2.46 ± 0.01 a 1.37 ± 0.01 bc 1.36 ± 0.01 c 1.69 ± 0.05 b 1.63 ± 0.02 b

Fertaric acid 4.13 ± 0.07 a 3.11 ± 0.02 c 3.07 ± 0.06 c 3.60 ± 0.01 b 3.65 ± 0.07 b

Caffeic acid 1.72 ± 0.01 a 0.81 ± 0.11 bc 0.78 ± 0.16 c 1.16 ± 0.07 b 1.11 ± 0.03 b

p-Coumaric acid 1.57 ± 0.05 a 0.56 ± 0.10 c 0.51 ± 0.04 c 0.89 ± 0.01 b 0.92 ± 0.04 b

Ferulic acid 1.74 ± 0.02 a 0.77 ± 0.08 c 0.76 ± 0.05 c 0.98 ± 0.05 b 0.97 ± 0.04 b

Flavonols
Quercetin 0.11 ± 0.01 a 0.12 ± 0.01 a 0.09 ± 0.01 a 0.11 ± 0.01 a 0.10 ± 0.01 a

Other
Tyrosol 3.20 ± 0.2 b 3.81 ± 0.04 a 3.72 ± 0.13 a 3.94 ± 0.05 a 3.81 ± 0.05 a

3.5. Amino Acids and Amines

The data relative to amino acids (Table 4) illustrate the typical decrease in their total amount
following the second fermentation because of the assimilation by yeasts [26,33]. By comparing
the concentrations in base and refermented wines it appears, in fact, that apart from asparagine
and glutamine, all the amino acids where metabolized by yeasts to various extent. It should, however,
be considered that at the end of fermentation, residual nitrogen composition of wines depends on
a balance between initial depletion by yeasts and successive excretion or passive exsorption, these
occurring latter during the last phases of fermentation [23,29]. In addition, it is worth noting that
when compared to untreated wines (CTRL), KT seemed to elicit a generalized lower consumption
(or higher excretion) of amino acids, particularly with respect to glycine, arginine and lysine, that drove
to significantly higher final amounts of amino acids for chitosan treated wines, at the end of secondary
fermentation. After ageing on lees, amino acids significantly increased (Table 4). This evidence is
in accordance with that obtained in previous works [33,34] where the cellular pool of amino acids
has been claimed to be released to the medium by exsorption after yeast cell degradation. During
the permanence on lees, both the treated and untreated samples evolved in a very similar way,
maintaining the differences already recorded after the second fermentation, being the KT samples
richer in these compounds with respect to CTRL. For what concern amines, their total amount did not
change noticeably during the distinct production phases (Table 4).
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Table 4. Concentrations (mg/L ± STD) of amino acids, ammonium ion and amines after secondary
alcoholic fermentation (2nd AF) and after 12 months of storage “sur lie.” In the same row, different
letters indicate significant differences according to Tukey’s test (p < 0.05). n = 3.

Base Wine 2nd AF 12 Months Storage

CTRL KT CTRL KT

Aspartic acid 7.45 ± 0.02 a 1.34 ± 0.03 e 1.67 ± 0.04 d 3.29 ± 0.05 c 3.65 ± 0.03 b

Glutamic acid 10.52 ± 0.88 a 4.24 ± 0.20 d 5.82 ± 0.00 cd 6.40 ± 0.05 bc 8.01 ± 0.09 b

Serine 6.41 ± 0.56 a 0.97 ± 0.03 b 1.02 ± 0.03 b 1.95 ± 0.01 b 1.94 ± 0.04 b

Asparagine 4.70 ± 0.23 a 5.27 ± 0.00 a 5.11 ± 0.17 a 5.56 ± 0.52 a 5.71 ± 0.14 a

Glutamine 25.65 ± 1.72 b 34.38 ± 0.44 a 34.27 ± 0.75 a 36.34 ± 0.79 a 34.31 ± 1.76 a

Glycine 55.04 ± 2.17 a 43.37 ± 0.05 c 49.08 ± 1.04 b 51.89 ± 0.25 ab 56.97 ± 1.77 a

Histidine 17.57 ± 0.19 a 7.55 ± 0.10 c 7.95 ± 0.19 c 10.10 ± 0.12 b 10.58 ± 0.23 b

Threonine 2.20 ± 0.76 a 1.00 ± 0.06 a 0.91 ± 0.05 a 1.47 ± 0.06 a 1.55 ± 0.08 a

Arginine 17.94 ± 0.04 b 14.43 ± 0.09 d 16.47 ± 0.22 c 16.45 ± 0.08 c 19.23 ± 0.28 a

Alanine 6.52 ± 0.09 a 2.23 ± 0.07 c 3.03 ± 0.11 bc 3.23 ± 0.30 b 3.42 ± 0.30 b

Tyrosine 4.84 ± 0.03 b 3.71 ± 0.01 d 4.18 ± 0.07 c 4.80 ± 0.00 b 5.21 ± 0.01 a

Ammonium 28.43 ± 0.43 c 45.98 ± 0.51 b 45.61 ± 0.67 b 47.34 ± 0.59 ab 48.56 ± 0.20 a

Ethanolamine 15.36 ± 0.12 c 15.43 ± 0.20 c 15.80 ± 0.07 bc 16.4 ± 0.23 ab 16.45 ± 0.08 a

Valine 10.43 ± 0.89 a 3.32 ± 0.04 c 4.62 ± 0.06 bc 4.79 ± 0.03 bc 6.01 ± 0.06 b

Methionine 5.59 ± 0.07 a 1.85 ± 0.15 b 1.93 ± 0.20 b 1.90 ± 0.18 b 1.98 ± 0.26 b

Isoleucine 9.61 ± 0.69 a 0.94 ± 0.00 c 1.30 ± 0.16 c 2.14 ± 0.17 bc 2.65 ± 0.02 b

Leucine 18.64 ± 0.32 a 3.94 ± 0.03 e 4.92 ± 0.12 d 5.87 ± 0.02 c 6.83 ± 0.05 b

Phenylalanine 7.10 ± 0.08 a 2.57 ± 0.07 d 3.45 ± 0.07 c 3.34 ± 0.02 c 4.38 ± 0.15 b

Ornithine 2.46 ± 0.14 d 4.05 ± 0.06 bc 3.90 ± 0.06 c 4.52 ± 0.04 a 4.36 ± 0.13 ab

Lysine 35.61 ± 0.27 a 11.38 ± 0.60 d 14.29 ± 1.14 c 15.63 ± 0.05 c 18.6 ± 0.48 b

Putrescine 18.93 ± 0.42 a 14.48 ± 0.84 b 15.07 ± 0.44 b 15.38 ± 0.44 b 16.38 ± 0.58 b

SUM amino acids 248.3 ± 3.46 a 146.5 ± 0.32 e 163.9 ± 3.04 d 179.7 ± 1.94 c 195.4 ± 4.31 b

SUM amines 36.75 ± 0.15 a 34.96 ± 1.43 a 35.77 ± 1.58 a 36.3 ± 0.39 a 37.19 ± 0.10 a

Individual changes were found for putrescine which diminished after secondary fermentation
in all the samples, partially counterbalanced by little and progressive increase in ornithine amounts
independently of the treatments.

3.6. Foamability Parameters

A notable portion of the perceived quality of sparkling wines is linked to foam features.
For this reason, foamability was analysed on samples after 12 months of ageing. Foam profile
and related parameters are reported in Figure 1. Results show higher values for foam height (HM)
and stability time (TS) in KT samples when compared to CTRL. This could be correlated to the higher
content of proteins in wines aged in the presence of the polysaccharide (Table 1) as already commented
above. The pivotal role of proteins on foam quality has been studied by several researchers [5,35,36].

Those authors demonstrated that released proteins from yeast cell autolysis would improve foam
development and stability in wines by reducing surface tension and increasing viscosity. Furthermore,
in addition to proteins, amino acids have also been considered as foaming agents [37]. Their action is
associated with the positive charge that these molecules carry in acidic wine conditions, resulting in
the presence of both hydrophilic and hydrophobic groups. As with proteins, this favours the retention
of amino acids in the air–liquid interphase, improving wine foamability [38]. Amines have been found
to behave in a similar way [37].

Mannoproteins are another wine component consistently reported to positively affect foam height
and stability [37]. In our samples, however, after 12 months of ageing on lees, we did not find significant
differences in mannose content of wines (114 and 124 mg/L for KT and CTRL, respectively), suggesting
that such polysaccharides could not be the reason for the better foam quality in chitosan-treated
sparkling samples.
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Figure 1. Evolution of the foam height during 15 min of measurement of wine sampled after 12 
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foam height; HS = stability height; TS = stability time. Control (CTRL) (-O-) Chitosan (KT) (-∆-). 
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shows the sum of volatile compounds grouped by chemical families in order to be separately 
discussed. 

Table 5. List of identified compounds, HMF = 5-hydroxymethylfurfural. a Identification assignment: 
Std = comparing mass spectra, linear retention index (LRI) and retention times with pure compounds, 
MS = by comparing mass spectra with NIST 08 and Wiley 7 spectral database, LRI = matching LRI on 
comparable polar columns (taken from the following publicly available databases: [39,40]). 

Compound tR (min) LRI Identification a 
Isobutyl alcohol 5.70 1106 Std, MS, LRI 
Isoamyl acetate 6.74 1133 Std, MS, LRI 
n-butanol 7.19 1145 Std, MS, LRI 
3-penten-2-ol 7.80 1149 Std, MS, LRI 
3-methyl-1-butanol 8.92 1190 Std, MS, LRI 
Ethyl n-caproate 9.86 1218 Std, MS, LRI 
Ethyl pyruvate 11.33 1267 Std, MS, LRI 
2-hexanol 12.47 1304 MS, LRI 
3-methyl-1-pentanol 13.51 1331 Std, MS, LRI 
Ethyl lactate 13.86 1340 Std, MS, LRI 
n-hexanol 14.19 1349 Std, MS, LRI 
2-hydroxy-3-pentanone 14.63 1360 Std, MS, LRI 
3-ethoxy-1-propanol 15.10 1372 Std, MS, LRI 
3-hexen-1-ol 15.37 1379 Std, MS, LRI 
Ethyl octanoate 17.40 1432 Std, MS, LRI 
Linalool oxide 18.60 1463 SMS, LRI 
Furfural 18.78 1467 Std, MS, LRI 
c-5-hydroxy-2-methyl-1,3-dioxane 20.19 1503 MS, LRI 

Figure 1. Evolution of the foam height during 15 min of measurement of wine sampled after 12 months
of “sur lie” ageing. In the inset are outlined the recorded foam parameters HM = maximum foam
height; HS = stability height; TS = stability time. Control (CTRL) (-O-) Chitosan (KT) (-∆-).

3.7. Evolution of Volatile Compounds during Traditional Sparkling Winemaking Process

The most significant volatile compounds identified in sparkling wines after the secondary
fermentation and after 12 months of maturation on yeasts lees are reported in Table 5. Figure 2 also
shows the sum of volatile compounds grouped by chemical families in order to be separately discussed.

Table 5. List of identified compounds, HMF = 5-hydroxymethylfurfural. a Identification assignment:
Std = comparing mass spectra, linear retention index (LRI) and retention times with pure compounds,
MS = by comparing mass spectra with NIST 08 and Wiley 7 spectral database, LRI = matching LRI on
comparable polar columns (taken from the following publicly available databases: [39,40]).

Compound tR (min) LRI Identification a

Isobutyl alcohol 5.70 1106 Std, MS, LRI
Isoamyl acetate 6.74 1133 Std, MS, LRI
n-butanol 7.19 1145 Std, MS, LRI
3-penten-2-ol 7.80 1149 Std, MS, LRI
3-methyl-1-butanol 8.92 1190 Std, MS, LRI
Ethyl n-caproate 9.86 1218 Std, MS, LRI
Ethyl pyruvate 11.33 1267 Std, MS, LRI
2-hexanol 12.47 1304 MS, LRI
3-methyl-1-pentanol 13.51 1331 Std, MS, LRI
Ethyl lactate 13.86 1340 Std, MS, LRI
n-hexanol 14.19 1349 Std, MS, LRI
2-hydroxy-3-pentanone 14.63 1360 Std, MS, LRI
3-ethoxy-1-propanol 15.10 1372 Std, MS, LRI
3-hexen-1-ol 15.37 1379 Std, MS, LRI
Ethyl octanoate 17.40 1432 Std, MS, LRI
Linalool oxide 18.60 1463 SMS, LRI
Furfural 18.78 1467 Std, MS, LRI
c-5-hydroxy-2-methyl-1,3-dioxane 20.19 1503 MS, LRI
Ethyl-3-hydroxybutyrate 21.05 1524 Std, MS, LRI
2-methyl-3-thiolannone 21.36 1531 MS, LRI
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Table 5. Cont.

Compound tR (min) LRI Identification a

2,3-butanediol 23.08 1572 Std, MS, LRI
Ethyl 3-hydroxypropionate 23.93 1584 MS, LRI
t-4-hydroxymethyl-2-methyl-1,3 dioxolane 24.35 1606 MS, LRI
2-furancarboxylic acid, ethyl ester 24.55 1616 MS, LRI
n-butyric acid 24.71 1624 Std, MS, LRI
Decanoic acid, ethyl ester 25.38 1659 Std, MS, LRI
Pentanoic acid 25.87 1689 MS, LRI
Furfuryl alcohol 26.02 1695 Std, MS, LRI
Diethyl succinate 26.44 1710 Std, MS, LRI
3-methylthio-1-propanol 27.48 1746 Std, MS, LRI
1,3-propanediol diacetate 28.03 1766 MS, LRI
Ethyl 4-hydroxybutanoate 29.79 1840 Std, MS, LRI
2-phenylethyl-acetate 30.01 1851 Std, MS, LRI
t-5-hydroxy-2-methyl-1,3-dioxane 30.11 1856 MS, LRI
Hexanoic acid 30.39 1870 Std, MS, LRI
Benzyl alcohol 31.16 1905 Std, MS, LRI
2-phenylethanol 31.92 1931 Std, MS, LRI
Benzothiazole 32.96 1966 MS, LRI
2,3-dihydroxypyrazine 33.99 2001 Std, MS, LRI
Diethyl Malate 34.70 2038 MS, LRI
Octanoic acid 34.96 2052 Std, MS, LRI
Diethyl-2-hydroxypentanedioate 37.32 2197 Std, MS, LRI
4-vinyl-2-methoxyphenol 37.78 2220 Std, MS, LRI
Ethyl 5-oxotetrahydrofuran-2-furancarboxylate 38.82 2270 MS, LRI
decanoic acid 39.31 2293 Std, MS, LRI
Ethyl 2-hydroxy-3-phenylpropanoate 39.39 2297 MS, LRI
Glycerol 40.20 2328 Std, MS, LRI
Diethyl tartrate 40.33 2182 MS, LRI
Ethyl hydrogen succinate 40.94 2356 MS, LRI
4-vinyl phenol 41.26 2368 Std, MS, LRI
Benzoic acid 41.85 2390 Std, MS, LRI
3-furoic acid 42.08 2399 MS, LRI
Dodecanoic acid 42.78 2444 Std, MS, LRI
HMF 43.12 2467 Std, MS, LRI
Acetovanillone 47.96 2662 MS, LRI
n-hexadecanoic acid 49.08 2803 Std, MS, LRI
4-hydroxy-benzenethanol 51.20 2917 Std, MS, LRI
Octadecanoic acid 53.25 2998 Std, MS, LRI

3.7.1. Fatty Acids

Our results suggested that the presence of chitosan during the secondary fermentation generally
enhanced the release of volatile fatty acids (Figure 2), likely impacting the aromatic profile of wines [41].
Similar results were reported in a previous work where chitosan was added in white musts during
alcoholic fermentation [14]. Fatty acids are important constituents of cell membranes. Electrostatic
interactions between chitosan amine groups and negatively charged cell surface components may
induce an increase of permeability of yeast cell membranes, energetic unbalance and augmented
excretion of fatty acids synthesised inside the cell [28,42,43]. Regarding the ageing period, a slight rising
of some fatty acids was observed in both samples, with amounts of medium chain fatty acids such
as 3-hydroxybutanoic, hexanoic, octanoic and decanoic increasing with time (Figure 2 and Table S1).
This trend that could lead to an impact on the sensory attributes of final sparkling wines will be further
discussed in a following section.
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3.7.2. Alcohols

Alcohols are related to an intense odour and play and important role in wine aroma.
At concentrations lower than 300 mg/L, for instance, higher alcohols can impart wine complexity, but,
at higher amounts, their intense odour could harm wine finesse [44]. None of our samples exceed
the critical threshold (Figure 2), all reaching concentration levels around 100 mg/L as a sum.

Interestingly, after the second fermentation, the formation of volatile alcohols seemed to be
slightly, though not significantly, higher in KT samples (10 mg/L higher as a sum). Some of these
compounds are synthesised by yeast metabolism of sugars or amino acids by means of the Ehrlich
pathway [45]. Isobutanol, in particular, was found at higher amounts after second fermentation in
the presence of chitosan (Table S1). This alcohol comes from valine degradation by Saccharomyces
cerevisiae, via the sequential formation of a α-ketoacid (ketoisovalerate), which is then reduced to
isovaleraldehyde [46]. This latter can either be reduced to isobutyl alcohol or oxidized to isobutyric
acid, which, also, was found at higher amounts in KT wines (Table S1). The reason of this metabolic
expression in the presence of chitosan remains unclear.

Total amount of alcohols substantially did not change after 12 months of ageing on lees, but changes
did occur for some compounds, independently from the sample considered.

A major variation in content was found for 2-phenylethanol, which at the end of ageing was
reduced by about 10 mg/L with respect the initial amount (Table S1). This would impact the sensory
features of the wines, considering the rose-reminiscent note of this alcohol.

3.7.3. Esters

The presence and evolution of volatile esters in winemaking is of great interest since they play a
fundamental role in the sensory properties of wines, imparting pleasant aromatic character such as
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candy, perfume-like and fruitness flavour [47]. Evolution of volatile esters in both samples during
traditional sparkling winemaking is shown in Figure 2. Again, generation of these compounds was
favoured by the presence of chitosan when compared to the control samples. However, this evidence
was only significative at the end of secondary fermentation and seemed not to be further present after
on-lees ageing.

Esters are generated from the reaction between alcohols and acids [45]. Therefore, an enhancement
of the esterification reaction due to the greater availability of some volatile alcohols and fatty acids
on KT wines after secondary fermentation (see Section 3.7.2) could be the origin of the increased
content of esters in samples treated with chitosan. For example, isoamyl acetate, one of the most
important acetate esters in wines, known for its distinctive banana aroma, was produced in higher
concentrations in KT samples after secondary fermentation with S. cerevisiae (Table S1). As expected,
some esters (acetates in particular) tended to decrease with time, with notable exceptions for the ethyl
esters of some carboxylic acids (succinic, tartaric and lactic), which are usually regarded as markers of
aged sparkling wines [4] and altogether contribute to the overall increase of this chemical class after
12 months of ageing (Figure 2).

3.7.4. Other Compounds

The combined sum of some compounds, such as heterocyclic dioxane and dioxolane (generated
from the acetylation between acetaldehyde and glycerol) or furans and pyrazines produced after
the Maillard reaction between monosaccharides and amino acids, is also shown in Figure 2.
This graph also comprises some carbonyl compounds (ketones and aldehydes) included in
Table S1 under the common name of “others.” As displayed in Figure 2, the presence of chitosan
generally led to higher levels of these compounds, especially just after the secondary fermentation.
Specifically, the major contributors to this higher level on KT samples after second fermentation are
acetoin, 2-hydroxy-3-pentanone, ethyl-5-oxotetrahydro-2-furancarboxylate and 2,3-dihydroxypyrazine
(Table S1). These compounds may contribute to pleasant, buttery and nutty nuances.

Further, after the ageing period, an overall increase of these compounds was observed, where
samples treated with chitosan continue to show greater richness in these volatile compounds, mainly
due to the presence of acetovanillone and 2,3-dihydroxypyrazine.

3.8. Sensory Profile of Sparkling Wines after Secondary Fermentation and after 12 Months of Ageing Sur Lie

Sensory analysis was carried out after fermentation and after 12 months of ageing “sur lie”
(Figure 3). As depicted on Figure 3A, no significant differences were appreciated at the end of
secondary fermentation except for perlage persistence, which was higher in CTRL wines.
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However, after 12 months of ageing in the presence of lees, the judges did find differences in
the aromatic profile and foamability. Regarding the former, the richness in volatile compounds after
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ageing period (See Section 3.7) seemed to determine some impact to the wines, and KT samples were
judged as the ones with higher aromatic intensity and richer fruity character. Despite the lack of
significant differences between the distinct classes of volatiles of aged wines, in fact, the overall higher
contents of aromatic compounds, especially some acids and esters (Table S1), has certainly contributed
to this result. Sensory analysis also confirmed the data reported on Section 3.6 regarding foaming
properties, as both perlage and foam persistence were significantly higher in wines added with chitosan
because of the enhanced content of proteins and amino acids. Treated wines, in addition, were rated as
more bodied and structured.

4. Conclusions

Based on our results, it was confirmed that the use of chitosan in traditional sparkling wines
production may result in a higher content of fixed (mainly proteins and amino acids) and volatile
compounds. This evidence could be associated to the ability of chitosan to interact with both the wall
and the membrane of yeasts cells by electrostatic interactions at wine pH. This would eventually lead to
the increase of permeability and the augmentation in the release of the cited compounds. Furthermore,
this trend had an impact on the overall quality of wines, by increasing foamability and aromatic profile,
making chitosan an interesting tool for the production of sparkling wines.
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Abstract: One of the main aspects that define wine quality is its aromatic profile. Nutritional deficiencies
in musts can lead to olfactory defects and a decline in quality. Commercial activators and nutrients
are usually added to the must in these cases. The natural composition of bee pollen can provide
all the necessary nutrients for yeasts. This investigation aims to analyze the impact of pollen
addition on the profile of volatile and sensory compounds in Tintilla de Rota warm climate red
wines. Volatile compounds were measured by Gas Chromatography–Mass Spectrometry, Odorant
Activity Values analysis to find out each compound’s fragrant participation, and sensorial analysis was
conducted for a qualified panel of wine-tasters. As a result of the chromatographic analysis, 80 volatile
compounds of different chemical families were identified and quantified. Bee pollen increased mainly
isoamyl alcohol, esters, and terpenes compounds families in wines. Odorant Activity Values analysis
showed an increase in fruity odorant series mainly, followed by floral, for all wines with pollen
addition. The sensory analysis showed that low pollen doses (0.1 g/L and 0.25 g/L) increased tasting
notes of fruit and floral attributes and fruit and floral odorant series as well, highlighting an increase in
red and black fruit notes mainly. On the other hand, high doses deviated the sensory profile towards
fleshy stone fruit, and raisin fruit, mostly. In addition, high bee pollen doses produce an increase
in the odorant category responsible for the chemical, fatty, and grassy aromas mainly, and high and
intermediate dose (1 g/L) an increase in the earthy notes in the aromas. Therefore, low bee pollen
doses (0.1 and 0.25 g/L) can improve both the aromatic compound profile, as well as the Odorant
Activity Values levels and the sensory profile in Tintilla de Rota red wines.

Keywords: bee pollen; Tintilla de Rota; alcoholic fermentation; warm climate; volatile compounds;
sensory profile; fermentative activator; red winemaking; red wines

1. Introduction

The present tendency in wine consumption focuses on well-structured wines and full bodied in
the mouth [1]. In addition, it is remarkable that the aroma of wine constitutes an important factor in
consumer preference [2]. The compounds involved in the aroma can be derived from many sources:
alcoholic fermentation, from biosynthesis, and from the conversion from neutral grape compounds to
active components [3]. The majority of esters, as well as higher alcohols, volatile acids, and compounds
within the thiol and terpene families, which are varietal compounds, are produced during alcoholic
fermentation by yeast [4].

A complex and varied nutrient composition rich in amino acids, as well as fatty acids and vitamins
in grape musts [5,6] ensure an adequate alcoholic fermentation development. In order to obtain them,
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weather conditions should be suitable during the grapes ripening stage [7]. Unfortunately, the current
context of global warming is giving rise to problematic ripening processes directly responsible of
changes in grape must composition [8,9], generating nutrient deficiencies for the yeasts. In this regard,
potential difficulties may appear during alcoholic fermentation and, as a consequence, sensory profile
defects in wines [10]. In warm climate areas, such as Southern Andalusia (Spain), wines may experience
a loss in aromatic and sensory expression [11]. In order to confront these new environmental conditions
in traditional winegrowing regions, several authors suggest cultivating autochthonous varieties better
adapted to them. However, currently the main solution used by winemakers to resolve these problems
is to employ commercial synthetic fermentative activators and nutrients [12,13].

Bee pollen is a natural product with a rich composition mainly composed by proteins, vitamins,
minerals, and carbohydrates, but also of amino acids, fatty acids, sterols, phospholipids, carotenoids
and polyphenols [14–19]. Amores-Arrocha et al. [20,21] stated bee pollen as a “Green nutrient activator”,
as they observed improvements in fermentation kinetics (increased fermentation rate, reduction of
the yeast lag phase and increased cell multiplication), both in white and red winemaking processes,
although its use is currently not legally authorized for industrial processing. In addition, at low doses,
bee pollen has not affected the red wine’s physicochemical composition or color parameters [20] Other
published studies showed how bee pollen use improved both volatile and sensory compounds profiles
of young white wines [22] as well as the aging kinetics and sensory profile of white wines undergoing
biological aging [23]. Therefore, the aim of this research is to explore the effect of bee pollen use on the
profile of both volatile compounds and sensory profile in red wines elaborated with an autochthonous
grape variety: Tintilla de Rota.

2. Materials and Methods

2.1. Experimental Layout

Tintilla de Rota clusters of grapes were collected from vineyards of the privately-owned winery
Luis Pérez, located in Jerez de la Frontera (southern Andalusia, Spain) (36◦42′00.6′′ N, 6◦11′34.0′′ W,
100 m above sea level). Vineyard soil was mainly limestone, known locally as “albariza”. Grapes were
destemmed and crushed. To avoid oxidations, the skins and grape musts mixture was sulphited with
25 mg/kg of K2O5S2 (Sigma-Aldrich Chemical S.A., Madrid, Spain), tempered (20 ◦C) and no pH
correction. A control (0 g/L) and six different doses (0.1, 0.25, 1, 5, 10 and 20 g/L) of commercial grounded
bee pollen (Valencia, Spain) were studied. Bee pollen was added to each fermenter and homogenized
with the paste, before adding the yeast inoculum. All vinifications assays were carried out in duplicate
using temperature controlled glass fermenters (V = 5 L). Commercial yeast, Saccharomyces cerevisiae
Lalvin 71B® strain (Lallemand, Barcelona, Spain), 10 g/hL inoculum was used to perform the alcoholic
fermentation (AF). For malolactic fermentation (MLF), once AF was over, a Lactic Acid Bacteria (LAB)
inoculum (1 g/hL) Oenococcus oeni S11B P2 Instant (Laffort, Bordeaux, France) was added.

2.2. Analysis of Volatile Compounds and Odor Activity Values (OAV)

Volatile compounds and their corresponding OAVs were analyzed following the methodology
indicated by several authors [22,24]. Odor series were assigned to each component based on the main
odor descriptor according to Peinado et al. [25], to obtain quantitative information from chemical
analysis based on target criteria.

2.3. Sensory Wines Evaluation

A 10-member panel of trained and instructed experts experienced in wine tasting performed
the evaluations. The sensory analysis was carried out in individual cabins equipped with a lighting
control system. 50 mL of wine were provided to each taster in a regular wine-tasting glasses (ISO 3591,
1997) [26], topped with glass to avoid volatile compounds evaporation. Each sample was encoded
using a random three-digit code to be tasted according to the order indicated. The wines were then
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served at a temperature of 20 ± 2 ◦C. In order not to overload judges, each of them performed the same
tasting on a two different days in order to carry out the sensory analysis more than once presenting
wine glasses randomly each time. Specific tasting notes were given to each taster and each attribute
was scored according to an increase in intensity, based on a 10-point rating scale. All the sensorial
characteristics employed in the tasting sheets have been selected taking into account the commercial
wine style sensorial profile and following Jackson [27] tasting descriptors for red wines. Fruity, floral,
and spicy aromas, as well as acidity, astringency, bitterness, sweetness, and milky notes were evaluated
as generic attributes. In addition, the global judgment was added, as an attribute which encompasses
the balance of all the attributes in conjunction with each other. Fruits groups (red, black, white, tropical,
citrus, fruits with bone, raisin, and nuts), flowers groups (white, red, blue), vegetable, spices, woody,
toast, balsamic, minerals, animals, and chemical, were the specific attributes evaluated by the judges.

2.4. Data Treatment

Means and standard deviations with significant differences were determined by bidirectional
ANOVA and Bonferroni’s multiple range (BSD) test; p < 0.05 was considered significant (GraphPad
Prism version 6.01 for Windows, GraphPad Software, San Diego, CA, USA). For statistical significance,
all tests were conducted in triplicate (n = 3). Principal Components Analysis (PCA) was performed
using the SPSS 24.0 statistical computer package (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Evaluation of the Effects of the Addition of Pollen on Wine Volatile Compounds and their Corresponding
Odorant Activity Values (OAV)

3.1.1. Higher Alcohols and Methanol

Higher alcohols total concentrations were found in order of 200 mg (Table 1). In general, higher
alcohols are not affected by the use of pollen, except for the 0.25 g/L dose, where isoamyl alcohol is
slightly higher, without exceeding 400 mg/L. Taking into account the red wines, Yeast Assimilable
Nitrogen (YAN) levels [20] were higher than those of white wines [21], it could be expected higher
alcohol levels, however, this does not occur. These results imply that there is no relationship between
YAN and increased alcohol production, and skin presence is buffering the effect of pollen.

3.1.2. Aldehydes

In general, the aldehyde content of red wines (3066–5699 µg/L) was lower than white wines [22].
No correlation was observed between aldehyde formation and pollen dose, and their contents fluctuate
between the different doses. As might be expected, acetaldehyde was the major compound in this
family, followed by benzeneacetaldehyde. Both compounds contributed to the wines sensory profile
with nutty and floral notes. Additionally, nonanal and 3-methyl-butanal were identified, which, due to
low perception thresholds, contribute to the wines’ aromatic profile.

3.1.3. Alcohols

Alcohol content was representing between 4–5.5% of the total volatile compounds (Table 1).
Its values showed fluctuations in all samples, without following any correlation. This behavior is
mainly marked by phenylethyl alcohol, which is the main alcohol, alongside with 1-pentanol and
1H-Indole-3-ethanol. Both phenylethyl alcohol and 1H-Indole-3-ethanol showed fluctuations while
1-pentanol together with most alcohols tended to increase significantly with respect to the control.
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3.1.4. Acids

Acid compounds content of red wines is much lower than that of white wines [22], which could be
attributed to varietal character and also to skins presence during alcoholic fermentation. Some authors
have found that grape skins provide fatty acids (oleic and linoleic), reducing the of volatile acids
synthesis by yeasts [28,29]. However, analyzing the acid profile, two very different behaviors can
be distinguished (Table 1). On the one hand, both control as well as low and intermediate doses
(0.1–1 g/L) presented concentrations between 1688.54 and 2177.68 µg/L. On the other hand, the high
doses (5–20 g/L) showed a greater range of concentration, with values between 3265.30 and 4064.52 µg/L.
This could be due to autolysis phenomena produced between the end of AF and MLF, since volatile
fatty acids from the cell membranes (hexanoic, octanoic, decanoic, and dodecanoic fatty acids) may be
transferred into the medium via cell lysis [28,30].

3.1.5. Esters

Esters family percentages of representation in red wines were observed between 10.86–22.34%
(Table 1). Therefore, with the bee pollen addition, the formation of esters is favored in Tintilla de
Rota red wines. A linear correlation is also observed between esters concentration and pollen doses
(R2 = 0.96). In most cases, esters increase with the dose of pollen: ethyl acetate (R2 = 0.96), isoamyl
acetate, ethyl octanoate, diethyl succinate (R2 = 0.68), phenethyl acetate, ethyl lactate (R2 = 0.64), methyl
hexadecanoate, hexadecanoic acid, ethyl ester, ethyl 8-nonanoate (R2 = 0.90), hexyl acetate (R2 = 0.78),
ethyl nonanoate (R2 = 0.71) and diethyl malate (R2 = 0.67). According to some authors, after MLF,
an increase in esters concentration, ethyl acetate, ethyl hexanoate, ethyl lactate, and ethyl octanoate
can be observed [31–36]. It should be noted that the main ester is ethyl acetate, whose descriptor is
acrylic flavor, so it could be one of the compounds responsible for providing unpleasant aromas [37],
especially for wines elaborated with the highest bee pollen doses (10 g/L and 20 g/L). This effect could
be promoted because of YAN content and not because of pollen.

3.1.6. C6-Alcohols

C6-alcohols were found in a range between 490 and 587 µg/L (Table 1). These compounds have
fresh herbs and vegetables flavors and could be formed prior to AF via enzymatic action on their
major precursors (linoleic acid and linolenic acid) [38]. During AF, these compounds are reduced to
alcohols by yeast, mainly hexanol and hexenol, being the second most fragrant, but it was found in
lower concentration in wines [38,39]. There are also these compounds present in grapes in their glycol
form, but in lower concentration than in the pre-fermentation stages. Furthermore, the presence of
antioxidant polyphenolic substances from the skins allows a low oxidation of final red wines.

3.1.7. Terpenes

Terpenes represented very small percentages within the different volatile compound families of the
obtained red wines (<0.1%) (Table 1). These compounds are typical of some grape varieties, and provide
important floral notes in wine aroma [40]. The main terpenes able to contribute to wine aroma are
naturally found in grape skins. In parallel to enzymatic actions, winemaking operations favors the
extraction of these compounds from the grape must (macerations, pump-over, or head dipping) [39].
As can be seen in Table 1, most of the terpenes increased with pollen addition, with 8-hydroxylinalool
standing out. However, there was no direct correlation between the applied dose and these family of
compounds. It could be suggested that in addition to the grape skins, bee pollen was directly providing
terpenes to wines.
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3.1.8. Phenols

Most of the phenolic compounds are formed during AF, by decarboxylation of hydroxycinnamic
acids carried out by Saccharomyces cerevisiae. Phenols were found in very low concentrations in red
wines. 4-vinylguaiacol and acetovainillone were detected, providing spicy notes as typical varietal
aromas of Tintilla de Rota wines. Phenol contents fluctuated with pollen doses unable to establish any
pattern in this regard.

3.1.9. Thiols, Acetals, and Norisoprenoids

Thiols, acetals, and norisoprenoids represented the three minor compounds families of the volatile
compound profile of red wines samples. Thiols were represented by 3-(methylthio)-1-propanol,
whose concentration increased by bee pollen addition. This compounds formation has its origin in
cysteine precursors present in grape must [39] which are degraded by yeasts to give rise to thiols.
Thiols increase also could be justified by the natural richness of bee pollen in cysteine [41–43]. Acetals are
compounds that can come from acetaldehyde and glycerol, however they are more commonly found
at high levels in fortified wines [39,44]. Acetals family was represented by 1-(1-Ethoxyethoxy)-pentane,
whose concentration showed a rising trend from the 5 g/L dose. Norisoprenoid family was represented
by 3-oxo-α-ionol, whose concentration increased with pollen addition especially at high doses (10 and
20 g/L pollen). Some norisoprenoid, such as 3-oxo-α-ionol, have been found in several types of
honey [45]. Considering bee pollen as the main raw material of honey, it is possible these compounds
are being released by pollen during winemaking.

3.1.10. Lactones

Certain lactones have fermentation origins and are able to take part in wine aroma [46].
Both compounds identified in red wines studied were dihydro-5-pentylglycol-2(3H)-furanone and
2.3-dihydro-benzofuranone, representing under 0.1% of the total amount of volatile compounds.
Dihydro-5-pentyl-2-(3H)-furanone showed a fluctuating behavior, while 2.3-dihydro-benzofuranone
remained constant at all doses.

3.1.11. Principal Component Analysis (PCA) of Volatile Compounds

Table 2 shows the results of the loadings of the factors extracted in the analysis of the Principal
Components Analysis (PCA). Concentration of total volatile compounds by aromatic families: higher
alcohols, methanol, acids, C6-alcohols, alcohols, phenols, terpenoids, esters, aldehydes, acetals,
norisoprenoids, and lactones, were variables included. PCA analysis extracted three factors that
represent more than 91% of the total variance. Factor 1 (F1) correlated positively with acids, C6-alcohols,
esters, acetals and norisoprenoids, the latter two represented by 1-(1-ethoxyethoxy)-pentane and
norisoprenoids by 3-oxo-α-ionol. All families whose concentration can be influenced by the presence
of pollen are represented in this factor, being the esters the ones with the highest load (0.958). Factor 2
(F2) represented families of compounds not related to the influence of pollen. The decrease of some
of these families could be related to ester formation. These could be considered as intermediate
compounds or precursors of other compounds and therefore their concentration may fluctuate with
the pollen dose. F2 could explain all the fluctuations in all families resulting from consumption of
some compounds in order to form others. In some cases, it is observed families where at certain
pollen doses, their concentrations are lower than the control. This behavior is possibly a reflection
of the consumption of these compounds to form others. Factor 3 (F3) belongs to pollen response
on the aromatic profile of wines. This factor involves volatile compound families displaying higher
concentration increases with pollen presence, not correlated with doses.
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Table 2. Loadings of the main components of the volatile compounds in Tintilla de Rota dosed with
bee pollen and control wines.

F1 F2 F3

Higher alcohols 0.179 0.936 −0.059
Methanol 0.193 −0.862 −0.082
Acids 0.648 −0.533 0.492
C-6 alcohols 0.744 −0.449 0.151
Alcohols −0.282 0.102 0.948
Phenols −0.284 0.831 0.152
Terpenes and derivatives 0.129 −0.196 0.961
Esters 0.958 0.056 0.164
Aldehydes −0.355 0.895 −0.242
Thiols 0.190 −0.080 0.955
Acetals 0.895 −0.420 0.121
Norisoprenoids 0.945 −0.079 −0.140
Lactones 0.513 0.336 0.769
Explained variance (%) 32.75 30.37 28.80

Rotated component matrix loadings of Principal Components Analysis of volatile compounds in Tintilla de Rota red
wines, using varimax with Kaiser normalization.

F1 increased with the pollen dose, reaching higher levels for high doses (10 and 20 g/L).
This suggests that the effect of ester formation is the main one, taking into account that it is one
of the compound families with high participation in the aromatic profile of wines (10.86–22.34%).
F2 positioned control and dose of 0.1 g/L with similar behaviors, while those doses that generate an
increase mainly of higher alcohols, aldehydes and phenols advanced towards positive values. However,
this factor is offset by the effect of the methanol. As previously observed, this compound exhibited
fluctuations in its concentration, which means that F2 had no correlation with the pollen dose. Factors F3,
together with F1, showed an increasing trend of both pollen-formed and pollen-produced compounds.

Therefore, it could be pointed out that pollen use in Tintilla de Rota grapes variety vinification
favors to produce fruity and floral aromas compounds in wines.

3.1.12. Odorant Activity Values (OAV) Analysis.

Odorant Activity Values (ΣOAV) of all volatile compounds involved in the aromatic profile of
wines are shown in Table 3. Widely, there was an OAV increase between 30.7 and 63.6% in all pollen
dosage wines without correlation. The most important odorant series in wines was fruity. Its values
increased with the pollen addition (129.35–154.61), reaching maximum levels for 0.25 g/L, followed by
20 g/L and 5 g/L doses. Floral series reached maximum levels for doses between 0.25–1 g/L, while it
began to decrease from the dose of 10 g/L. Spicy aromas were intensified an average 58% between
1–10 g/L of pollen dose. Fatty aroma series increased slightly in 5 g/L samples, increasing a 25% over
ΣOAVT. On 1 g/L, herbal odorant series showed a slight increase, mainly caused by C6 alcohols,
α-terpineol, n-propyl alcohol.

Despite the increase in “negative” odorants series (fatty and grassy), their influence on the total
was very low (Table 3). It should be noted that higher bee pollen doses increased chemical odorant
series and 1 g/L, 5 g/L and 10 g/L dosages increased earthy notes as well. In all cases, the highest load
was observed in fruity, floral and spicy series, with values greater than 90% and much higher in all
pollen dosage wines (<94%). Despite varietal character, increases in fruity, floral and spicy series would
suggest that bee pollen promoted an increase of compounds enhancing wine aromatic profile quality.
Low and intermediate pollen doses were those with the maximum levels of ΣOAV (fruits, flowers, and
spices). Besides, the increase in fatty and herbaceous aromas, produced during winemaking with high
doses, dropped the ratio Σ (fruits, flowers, spices)/Σ (fatty, herbaceous). These results proved that low
doses of bee pollen promote fruit and floral aromas, enhancing varietal sensory quality in red wines.
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Table 3. Odor activity values summary (ΣOAV) grouped by odorant series.

Odorant Series
Bee Pollen Doses in Tintilla de ROTA Red Wines

Control 0.1 g/L 0.25 g/L 1 g/L 5 g/L 10 g/L 20 g/L

Fruity 93.03 142.21 154.61 134.68 146.87 129.35 151.40
Floral 25.25 31.01 45.26 43.24 40.41 26.58 36.55
Fatty 8.50 8.67 8.15 8.46 10.89 10.47 10.69

Grassy 1.15 1.15 1.17 1.45 1.42 1.26 1.45
Dry fruit 0.05 0.05 0.06 0.05 0.03 0.03 0.04

Earthy, mushrooms 0.60 0.61 0.52 0.74 0.78 0.64 0.33
Chemical 0.10 0.22 0.13 0.15 0.35 0.29 0.39

Spicy 0.94 1.52 2.17 2.09 1.12 0.75 1.23
Phenolic 0.02 0.02 0.02 0.02 0.02 0.01 0.02∑

OAVT 129.62 185.45 212.09 190.86 201.89 169.38 202.10

Odor Activity Values (OAV) sum of the main odorants found in Tintilla de Rota red wines produced (Control and
different bee pollen doses addition (from 0.1 to 20 g/L)). ΣOAVT means the total sum of ΣOAV.

3.2. Sensory Evaluation of the Resulting Wines.

Generic and specific attributes average results with significant differences between the pollen
wines and the control are shown in Figure 1a,b. Additional Table S1 show average numeric results of
sensory analysis (generic and specific attributes). Each of the tasters was able to identify an average of
20 attributes. Tasters noted attributes related to fruit and floral aromas, and feelings of acidity and
sweetness in mouth the most significant differences (ANOVA, p < 0.05) (Figure 1a). Low doses (0.1 and
0.25 g/L) were valued the best for fruit and floral attributes, being 0.25 g/L the best. Nevertheless,
wines pungency increased with high bee pollen doses. An increase in spicy character would be related
to a phenols and some esters increase, such as methyl vanilla, belonging to spicy odorant family.

For generic olfactory attributes, 0.25 g/L was the best evaluated followed by 0.10 g/L. Bitterness
and astringency feelings, decreased from 5 g/L to 20 g/L compared to low doses and control, while
sweetness feeling increased. For general taste attributes, 0.25 g/L and 1 g/L were the best scored wines.
Thus, the 0.25 g/L bee pollen dose could be the best resulting dose in terms of general sensory (olfactory
and gustatory) aspects. Wines with low doses of bee pollen improved their olfactory organoleptic
qualities, increasing fruity and floral notes, highly appreciated by consumers in young red wines [46].

Compared with the control, all specific olfactory attributes (Figure 1b) showed significant
differences excluding the white flower notes. Low doses were the best scored in red and black fruit
attributes, being the best valued 0.25 g/L. Concerning citrus notes, a clear tendency was found with
the pollen doses increase. Stone fruit and ripe or raisin fruit notes were significantly scored (ANOVA,
p < 0.05) above low dose and control. This effect could be explained by oxidation notes produced from
certain fatty acids [47], translated as ripe fruit or raisin notes by tasters.

Finally, it should be noted for red flower notes, low and intermediate pollen doses got the lowest
values significantly compared to control. In contrast, the largest doses (10 and 20 g/L) had significantly
lower values compared to the control. Also, all the large doses (5 g/L to 20 g/L) showed greater aromatic
intensity in the vegetable notes. In addition, these doses showed a slight tendency to increase to spices,
wood, toast, balsamic, minerals and animal’s notes, compared to the low, intermediate doses and
control (Figure 1b).
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Figure 1. Tintilla de Rota red wines sensorial evaluation results of generic attributes (a), and specific
olfactory attributes (b). * indicates level of significance for two-way ANOVA (BSD-test) (* p < 0.05,
** p < 0.01, *** p < 0.001 and **** p < 0.0001).

4. Conclusions

In conclusion, the contribution of multiflora bee pollen to Tintilla de Rota red grape musts
increases the concentration of total volatile compounds of final wines, especially the families of higher
alcohols, esters, terpenes, phenols, thiols, and norisoprenoids families. Lower pollen doses (0.1 and
0.25 g/L) increases the total levels of the OAV and the series of aromas associated with the fruity and
floral character of red wines, whereas high bee pollen doses enhance the chemical, fatty, and grassy
aromatic series mainly. In addition, high and intermediate dose (1 g/L) produced an increase in the
earthy notes in the aromas. Descriptive sensory analysis determines that low doses of pollen (0.1 and
0.25 g/L) obtain the highest scores in the overall assessment and sensory attributes responsible for fruity
and floral aromas in red wines, highlighting red and black fruit attributes. However, the high doses
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diverted the sensory profile towards fleshy stone fruit, fruit with raisins, and more typical aromas of
red wines with some evolution or aging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/8/981/s1.
Table S1. Generic and specific olfatory attributes results of Tintilla de Rota wines sensory analysis.
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Abstract: Freezing grapes is a winemaking technique known as cryoextraction that intends to modify
the composition of the final wines. The changes that take place in the frozen grapes facilitate the
transfer of certain compounds from the grape skins into the musts because of the grape’s unstructured
tissues. For this study, the white grape variety Muscat of Alexandria was selected. Two different
cryoextraction procedures have been analyzed as follows: (i) Ultrafast freezing, and (ii) liquid nitrogen
freezing. The wines obtained using liquid nitrogen freezing exhibited higher levels of terpenoids,
as well as higher levels of hydroxylic compounds and fatty acids than both the wines obtained
through traditional methods and ultrafast freezing wines. In any case, both freezing techniques
produced wines of a more intense aroma compared with those wines obtained by traditional methods.
In fact, liquid nitrogen freezing produced the wines with the most intense aroma and were the best
valued by the tasting panel.

Keywords: grapes; wines; cryoextraction; volatile compounds

1. Introduction

Numerous studies have been reported in the literature dealing with the phenomena involved
in the extraction of aroma components from grape skins into grape juice during the preferential
maceration of the juice and skin from white grapes [1–3]. In particular, and in the case of Muscat of
Alexandria, the white grape discussed here, it has been found that the contact between grape juice and
skin enhances the aromas of the variety and the resulting wines are notable for their mint and melissa
aroma notes [4–6].

As a modification of the classical prefermentative maceration at low temperature, different
techniques have been developed that involve freezing the grapes; a method known as cryoextraction [7].
Freezing the grapes does not necessarily affect their organoleptic qualities [8,9]. When the grapes
are frozen, ice crystals are formed and these tear the pectocellulose walls, thus disorganizing their
tissues and facilitating skin compound extraction processes. In fact, at a small-scale the freezing of
grapes did not cause any adverse effects with regard to their vinification and facilitated a more rapid
extraction of their aroma compounds [10]. In some cases, two different techniques were applied:
Firstly, cryoextraction (freezing the grape prior to its pressing) and, secondly, supraextraction (freezing
the grape followed by defrosting and pressing). It is clear that for both techniques the grapes need to be
at least partially defrosted, although the difference lies with the time lapse before starting the pressing
procedures, and not with the time required to freeze the grapes. Either of these two techniques gives
place to fresher, more structured and pleasant wines with a long persistence [11]. Some interesting
examples of wine production that involves grape freezing have been found, including the freezing
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of Syrah grapes by means of solid carbon dioxide that intends to provide wines with a more intense
color [12], or the freezing of Nebbiolo grapes to produce more aromatic wines after their proper
fermentation [13].

The freezing speed of the grapes is a particularly important aspect to be taken into account, since it
is directly related to the degree of disorganization of the berrys’ structure [14–16]. Casassa and Sari [17]
studied the effect of external refrigeration by means of solid carbon dioxide on Malbec grapes and
they discovered that more intensely colored wines were obtained when pellets of solid carbon dioxide
were employed. Both solid carbon dioxide (−78.5 ◦C) and liquid nitrogen (−195.8 ◦C) induce a thermal
shock that leads to a greater degradation of the berries, which in turn prolongs the contact between
pulp and must, with the additional benefit of protecting the grapes from the effect of oxygen [18].
In contrast, the use of other external refrigeration methods—such as refrigeration chambers (between
−18 ◦C and −28 ◦C)—even if less aggressive, does not isolate the macerating must from oxygen. On the
other hand, chamber freezing allows a closer control of the process, so that the freezing of tissues can
be avoided to reduce the level of bitter tannins transferred into the wine and thus favor the balance of
the final product [19].

The effect of the different cryogenic techniques can be more easily evaluated in those grape
varieties with specific compounds of interest in their skin. One such example is provided by the variety
Muscat of Alexandria, where the level of the varietal characteristic aroma are particularly high in their
berrys’ skin. In fact, this grape variety has been frequently used to evaluate the effect of different
cultivation conditions as well as winemaking techniques on the resulting wines [20]. Some such
studies include the analysis of molecular aspects, while others have mainly focused on the effect of
grape maturity and the development stages of its skin and pulp [21,22] on the final wine characteristic
including the peppermint aroma [23]. In all of these studies, high levels of terpenes, such as linalool,
geraniol, nerol and citronerol, were found to provide successful results.

The work described here intends to determine the influence that cryoextraction may have on
the elaboration of white wine from Muscat of Alexandria grapes. Two freezing methods have been
evaluated and these have been related to their specific freezing rates. The final objective is to determine
the effect that each one of these two freezing procedures may have on the wines obtained and
particularly with regard to their content in aroma related and phenolic components as well as on their
actual sensory qualities.

2. Materials and Methods

2.1. Winemaking

Muscat of Alexandria grapes grown in the area of Jerez de la Frontera (Cádiz, Spain) were used to
produce white wine. Three different vinification procedures were implemented (Figure 1).

Approximately 900 kg (100 kg × 3 replicates × 3 type of wines) of grapes from this variety were
used to produce the wines. Three different tanks were used for each wine type. The first wine was the
“reference” (R) sample, whose grapes had been crushed at room temperature (20 ◦C) and then pressed.
The second wine was denoted as “ultra fast mechanical freezing” (UF). The grapes that were used to
produce this second wine had been deep-frozen in a highly powerful freezing chamber that would
bring the grapes down to −28 ◦C in 15 min. The third wine was labeled as “liquid nitrogen freezing”
(LN) and the grapes used to produce this third wine type were frozen for less than 1 min by means of
liquid nitrogen. The grapes frozen by either technique were stored in the same chamber at −18 ◦C for
2 h. The bunches were then allowed to thaw at room temperature for 3 h. The semi-thawed grapes
were then crushed and pressed.

164



Foods 2020, 9, 1529

Foods 2020, 9, x FOR PEER REVIEW 3 of 14 

 

 
Figure 1. Winemaking processes for the three types of wine: R (reference), UF (ultra fast mechanical 
freezing) and LN (liquid nitrogen freezing). 

Approximately 900 kg (100 kg × 3 replicates × 3 type of wines) of grapes from this variety were 
used to produce the wines. Three different tanks were used for each wine type. The first wine was 
the “reference” (R) sample, whose grapes had been crushed at room temperature (20 °C) and then 
pressed. The second wine was denoted as “ultra fast mechanical freezing” (UF). The grapes that were 
used to produce this second wine had been deep-frozen in a highly powerful freezing chamber that 
would bring the grapes down to −28 °C in 15 min. The third wine was labeled as “liquid nitrogen 
freezing” (LN) and the grapes used to produce this third wine type were frozen for less than 1 min 
by means of liquid nitrogen. The grapes frozen by either technique were stored in the same chamber 
at −18 °C for 2 h. The bunches were then allowed to thaw at room temperature for 3 h. The semi-
thawed grapes were then crushed and pressed. 

The must for each winemaking process was corrected to a pH of 3.3 using tartaric acid and 40 
mg L−1 sulfur dioxide was also added as potassium metabisulfite. The yeast Saccharomycescerevisiae 
var. bayanus, commercially known as “viniferm PDM” commercialized by (Agrovin, Ciudad Real, 
Spain) was used for the fermentation process in 35 liter containers. The fermentation started 24 h after 
the inoculation of the yeast and carried on for 11 days, never exceeding 20 °C, until the end of the 
process when the reducing sugars reached below 5 g L−1. The wine from each winemaking process 
was cold stabilized in a refrigerator at 4 °C. Sulfur dioxide was added to 80 mg L−1 of total sulfur 
dioxide and it was filtered through 0.4–0.6 micron filtering plates. 

2.2. Characterization of Musts and Wines 

Both grape juices and wines were characterized by determining three routine parameters (sugar 
content, pH and total acidity) as well as total polyphenols. All the determinations were carried out in 
triplicate. The density measurements were performed by means of an Anton Paar DMA 4500M 
electronic densimeter (Graz, Austria) in order to determine the sugar levels in the musts based on 
their direct correlation with density. It was also used to determine ethanol level in 200 mL wine 
distillate samples. The acidity was calculated by acid-base titration using a Crison-Hach model 
pHmatic 23 (Dusseldorf, Germany) automatic titrator by adding NaOH 0.1 M until pH = 7.0. It was 
expressed as g L−1 of tartaric acid. 

The polyphenol content of the wines was determined according to the protocol by Mazza et al. 
after a minor modification [24]. Briefly, in order to measure the total polyphenols in the samples, their 
absorbance was registered at 280 nm using a Jasco V-530 UV/VIS spectrophotometer. Seven standard 
solutions (80–1000 mg L−1 gallic acid) were used to express the result as gallic acid equivalents. For 
most wines and must, the results from this method correlated with the results from the Folin-
Ciocalteau method [25]. 

2.3. Determination of Aroma Compounds 
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freezing) and LN (liquid nitrogen freezing).

The must for each winemaking process was corrected to a pH of 3.3 using tartaric acid and 40 mg
L−1 sulfur dioxide was also added as potassium metabisulfite. The yeast Saccharomycescerevisiae var.
bayanus, commercially known as “viniferm PDM” commercialized by (Agrovin, Ciudad Real, Spain)
was used for the fermentation process in 35 liter containers. The fermentation started 24 h after the
inoculation of the yeast and carried on for 11 days, never exceeding 20 ◦C, until the end of the process
when the reducing sugars reached below 5 g L−1. The wine from each winemaking process was cold
stabilized in a refrigerator at 4 ◦C. Sulfur dioxide was added to 80 mg L−1 of total sulfur dioxide and it
was filtered through 0.4–0.6 micron filtering plates.

2.2. Characterization of Musts and Wines

Both grape juices and wines were characterized by determining three routine parameters (sugar
content, pH and total acidity) as well as total polyphenols. All the determinations were carried out
in triplicate. The density measurements were performed by means of an Anton Paar DMA 4500M
electronic densimeter (Graz, Austria) in order to determine the sugar levels in the musts based on their
direct correlation with density. It was also used to determine ethanol level in 200 mL wine distillate
samples. The acidity was calculated by acid-base titration using a Crison-Hach model pHmatic 23
(Dusseldorf, Germany) automatic titrator by adding NaOH 0.1 M until pH = 7.0. It was expressed as
g L−1 of tartaric acid.

The polyphenol content of the wines was determined according to the protocol by Mazza et al.
after a minor modification [24]. Briefly, in order to measure the total polyphenols in the samples,
their absorbance was registered at 280 nm using a Jasco V-530 UV/VIS spectrophotometer. Seven
standard solutions (80–1000 mg L−1 gallic acid) were used to express the result as gallic acid
equivalents. For most wines and must, the results from this method correlated with the results
from the Folin-Ciocalteau method [25].

2.3. Determination of Aroma Compounds

The stir bar sorptive extraction (SBSE) technique was used in conjunction with GC-MS to determine
volatile components content of each wine. The extractions were carried out using 10 mm × 0.5 mm
(length× film thickness) PDMS commercial stir bars, supplied by Gerstel (Mulheim a/d Ruhr, Germany).
Each sample was run in duplicate and the average values of the three types of wine corresponding to
each winemaking processes were used for later discussions. A volume of 25 mL of each wine type
was pipetted and placed into a 100-mL Erlenmeyer flask containing 5.85 g of NaCl and 50 L of a
solution formed by 4-methyl-2-pentanol (2.27 g L−1 in Milli-Q water containing 5 g L−1 of tartaric acid).
The Erlenmeyer flask was placed on a 15-samples magnetic stirrer. The stir bar was stirred at 1250 rpm
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at 25 ◦C for 120 min. Then, the stir bar was removed from the wine sample and submerged for a few
seconds into distilled water in order to remove any NaCl and subsequently gently wiped dry using a
lint-free tissue. It was then transferred into a glass thermal desorption tube to be thermally desorbed by
means of a commercial TDU thermal desorption unit (Gerstel) connected to a programmed-temperature
vaporisation (PTV) injector CIS-4(Gerstel) through a heated transfer line. The PTV was installed on
an Agilent 6890 GC-5973 MS system (Agilent Technologies, Palo Alto, CA, USA). An empty baffled
liner was used with the PTV. The thermodesorption unit was equipped with a MultiPurpose Sampler
(MPS) 2 L autosampler (Gerstel) with capacity for 98 coated stir bars. The desorption temperature was
programmed from 40 to 300 ◦C (held for 10 min) at 60 ◦C min−1 under a helium flow (75 mL min−1)
and the desorbed analytes were cryofocused using the PTV system with liquid nitrogen at −140 ◦C.
Finally, the PTV system was programmed from −140 to 300 ◦C (held for 5 min) at 10 ◦C s−1 for analysis
by GC–MS. The capillary GC–MS analyses in the electron impact mode were performed on an Agilent
6890 GC-5973N MS system (Agilent, Little Falls, DE, USA), equipped with a DB-Wax capillary column
(J&W Scientific, Folsom, CA, USA), 60 m × 0.25 mm I.D., with a 0.25 micron coating. Helium was used
as the carrier gas at a flow rate of 1.1 mL min−1. The detector temperature was 250 ◦C. The GC oven
was programmed as follows: Held at 35 ◦C for 10 min, then ramped at 5 ◦C min−1 up to 100 ◦C. Then it
was raised to 210 ◦C at 3 ◦C min−1 and held for 40 min. The peak identifications were carried out based
on the Wiley library by analogy with mass spectra and this was confirmed by pattern retention indices,
whenever possible, or according to the retention data reported in the literature. The quantitative data
for the identified compounds were obtained by measuring the relative area of the molecular ion peak
of each compound relative to that of 4-methyl-2-pentanol, the internal standard [26]. The relative
standard deviation values using this method ranged from 3.27% (nerol) to 8.73% (4-vinylguaiacol) for
terpenoids, from 2.19% (isoamyl alcohol) to 9.03% (1-hexanol) for hydroxylic compounds, from 2.54%
(benzaldehyde) to 7.38 (nonanal) for aldehydes, from 1.36% (octanoic acid) to 11.06% (tetradecanoid
acid) for fatty acids and from 3.64% (isoamyl acetate) to 7.40% (ethyl hexadecanoate) for ethyl esters.

2.4. Tasting Methodology

The sessions were carried out in a normalized tasting room (UNE-EN ISO 8589:2010) so that
any influences from external stimuli on the judgments would be minimized. A panel formed by
twelve members who were considered as experts took part in the tasting sessions. The panel
members were either winemakers or equally experienced laboratory staff members selected for their
consistent assessments.

The wine samples from the 3 replicates of each specific winemaking process were blended together
before starting the sensory analysis. The sessions consisted of presenting the three types of wines to
the judges for comparative purposes. Exactly 50 µL of wine was poured into a tasting glass (UNE-EN
ISO 3591:1977) fitted with a lid to minimize aroma losses. Each glass was identified by a 3-digit code.
The room temperature was set at 22 ◦C and the samples were presented randomly.

The sensory analysis of the wines was carried out in two sessions. In the first session, the judges
were requested to perform an ordering test (UNE-EN ISO 8587:2010) to determine their preferences.
This type of test is classified as discriminative and it is especially applicable when there are several
samples to be compared, since it minimizes the consumption of the samples and the sensory fatigue
of the judges. After presenting the wine samples before the judges, they were asked to evaluate and
order them according to their preferences (from lowest to highest preference). The wine ID codes
were noted down on the corresponding forms. Each judge was encouraged to include additional
comments at his/her discretion, since such comments could contribute to a deeper interpretation of the
quantitative data.

In the second session, the judges were asked to grant a score on the impact notes for each wine
sample according to a 1 to 5 scale. The specific impact notes were selected from the conclusions of the
first session.
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2.5. Statistical Analysis

Wines were prepared in triplicate, i.e., three different fermentation tanks were used for each grape
juice and analyses were done in triplicate. An analysis of variance (ANOVA) was performed on the
continuous variables, i.e., sugar, total acidity, pH, total polyphenols and volatile compounds and the
Xi-square test was applied to the discrete variable, i.e., the sensory panel results. The differences were
considered as relevant when the p-value was less than 0.05. The statistical analyses were carried out by
means of an SPSS V27 (IBM, Armonk, NY, USA).

3. Results and Discussion

3.1. Characteristics of the Resulting Musts

The grapes were frozen, thawed and then pressed. The resulting musts were analyzed in order to
ascertain whether there were differences in their properties that could be attributed to the different
treatments applied to the grapes. The results for total sugars, pH and total acidity in the musts are
shown in Figure 2.
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Regarding the total acidity of the musts, it should be mentioned that the reference must, which
was obtained without submitting its grape to any specific treatment, had the highest value (4.79 ± 0.43
vs. 3.48 ± 0.17 and 3.19 ± 0.21 g of tartaric acid L−1). This result is a consequence of the precipitation
of potassium salts during the freezing process and the lower solubility of the acidic salts when the
grapes were defrosted—both effects had already been reported in the literature [27]. This process is
also responsible for the different pH levels between the three musts. The highest pH values were
related to the musts obtained after freezing/defrosting the grapes. No significant differences were
found between the wines obtained using frozen grapes.

Regarding their sugar levels, the reference must (R) showed the lowest sugar content (216 ± 5)
when compared to the musts obtained after freezing the grapes (263 ± 4 (UF) and 235 ± 4 (LN))
(Figure 2). One of the peculiarities of cryoextraction is that on pressing partially defrosted grapes, part
of their juice defrosts faster because of a cryoscopic decrease of the melting point that takes place in the
berry areas where the concentration of sugar is higher. Significant differences were found among the
three grape musts.
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Different grape freezing techniques have different effects on the final wines. When the grapes are
frozen by means of liquid nitrogen (LN) the wines that are obtained have a greater total sugar content
than those obtained when the grapes are frozen by ultra fast mechanical freezing (UF). The difference
in sugar content might be a result of a faster defrosting process in the case of ultra fast mechanical
freezing, while when grapes have been frozen by means of liquid nitrogen the effect of cryoscopic
decrease would be more evident and, consequently, the musts obtained should exhibit higher sugar
contents. In an effort to avoid the enzymatic oxidation of the grapes during the defrosting process,
the grinding process was started just three hours after the defrosting of the grapes had begun. At that
point, the thawing of the grapes was more advanced in those grapes that had undergone ultra fast
mechanical freezing when compared to those which had been frozen by Liquid Nitrogen.

The alcoholic level of the R wine was 11.2 ± 0.21, 15.2 ± 0.36 for the LN wine, and 13.4 ± 0.41 for
the UF wine. These values reflect the differences in must sugar content initial values and underline the
first major effect caused by the two freezing techniques used.

3.2. Total Polyphenols in the Wines

Cryoextraction should produce wine with higher levels of polyphenols as they are easily extracted
from the grape skins [12]. However, longer treatments before the alcoholic fermentation can promote
the oxidation of polyphenols [28]. In order to identify the predominant effect, i.e., either greater
extraction of polyphenols or greater oxidation of the total phenolic components, both effects were
determined or the resulting values are presented in Figure 2.

It was confirmed that the wines from frozen grapes presented higher phenolic contents with no
significant differences between them (138 ± 11 for the R wine, 172 ± 8 for the LN wine and 167 ± 9 for
the UF wine expressed as mg L−1 of gallic acid). No significant differences were found between the
two wines obtained from frozen grapes (LN and UF). For this reason, it can be assumed that during the
short freezing process, the freezing procedure does not matter, the grapes are degraded to a sufficient
extent so that more polyphenols are extracted from their skin during the grinding and pressing process
than in the case of berries that had not been subjected to freezing at all, even if both grinding and
pressing are processes that are carried out at lower temperatures. This effect has been previously
described in the literature although for longer freezing times [29,30]. If this is the case, a similar trend
should be found with regard to those other compounds that originate in grape skin and that give the
wine its particular aroma. Other aspects, such as solubility level may also be a relevant factor with
regard to the prevalence of polyphenol extraction or phenolic oxidation.

3.3. Individual Aroma Components in the Wines

The aromas of Muscat of Alexandria wines were studied by analyzing the concentrations of
terpenes, alcohols, aldehydes, fatty acids and ethyl esters and significant differences (p-value < 0.05)
were found between the different winemaking techniques used in this study. Most of these compounds
are present in grape skins, therefore, any differences between the wines from frozen grapes should be
attributed to differences in the degradation level of the grapes skin over the freezing process. It has
been previously described that freezing processes may affect some volatile compounds such as the
thiols in Sauvignon blanc grapes [31], however, in those cases the effects were due to longer freezing
periods that resulted in certain biochemical changes. In our study, a very short freezing period was
applied in every case and, therefore, only mechanical changes in the grapes skin would explain the
differences in the final composition of the wines.

Given the large number of the parameters analyzed related to wine aroma, out of convenience,
only their average relative values were represented to be compared against the reference wine (R),
which was given a value of 100%. The results are presented in Figures 3–7.
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It can be seen in Figure 3 that several of the characteristic components of the varietal aroma that
were analyzed exhibited higher values in the two wines from frozen grapes than those found in the
reference wine (R) and, in many cases, such values were as much as three fold the ones in non-frozen
grape wines. The effects of freezing techniques on terpenoids have been previously found also for
other grape varieties [32]. These results are consistent with the previously mentioned skin degradation
that occurs during freezing, which facilitates the transfer of skin origin components into the must. The
above outlined results also seem to indicate that the net degradation of these components does not
occur during the freezing and handling of the grapes in the manner previously described. The LN wine
had a significantly higher concentration of terpenes than the reference wine, while the UF wine only
exhibited slightly and hardly relevant higher values than the reference wine. The above observation
is specified in percentage terms as follows: All the terpenes in the LN wine reached a value greater
than 150% compared to wine R, while in the UF wine only β-myrcene exceeded that value (158%) with
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respect to wine R, only linalool showed a lower value in both LN and UF wines. These compounds are
responsible for the aroma balsamic notes of wines [33], therefore freezing processes will increase the
balsamic notes in Muscat wines.

β-myrcene content in the LN wine was almost 600% that in the reference wine (R), whereas nerol
(301%), geraniol (332%) and eugenol (310%) exhibited three fold levels compared to the R wine. It is
also worth highlighting other components that differed from those in the reference wine by a factor
of two or more. For example, in the LN wine these components include terpineol (229%), although
linalool was present at a lower level than in the R wine. Terpineol is related to mint aroma [34] and
nerol oxide (238%) is related to flower aroma [33]. In the UF wine, only β-myrcene was present at
higher levels than in the reference wine. Therefore, if we take into account the contribution of these
compounds to the specific aroma of Muscat wines, grape freezing techniques seem to have a positive
effect and such effect is clearly noticeable in the LN wines. However, it must be noted that no new
compounds were detected on LN nor UF wines vs the R wines.

The data obtained from the determination of alcohol contents confirm that the LN wines always
presented higher concentrations than the UF wines followed by the R wine. It is worth mentioning
that, as can be seen in Figure 4, the difference in 1-hexanol content reached a significant 250% in the LN
wines when compared to the reference wine. The UF wines also presented a marked difference with
respect to the reference wine with a 50% increment. Similar results have been previously obtained in
other investigations on the same and other grape varieties [35]. In this case, freezing would negatively
affect the final wines in comparison to winemaking without freezing. 1-Hexanol provides herbaceous
notes to wine aroma because of the enzymatic oxidation of the fatty acids in the grapes. This process
is related to the breakage of the grain and the processes to which it is subjected from its harvesting
until the beginning of the alcoholic fermentation. The LN wines had also higher concentrations of
the other alcohols than both the reference and the UF wines. These differences were in most cases
more evident when compared to the R wine, in any case, much lower than the differences found
for 1-hexanol. Additionally, those alcohols are less important than 1-hexanol for the wines aroma
properties. (Figure 4).

Regarding the analysis of aldehydes, their behavior is more heterogeneous with respect to the
different techniques used in the winemaking process. Nonanal is the component with the most
noticeable concentration difference with respect to the R wine: The LN wine reached a value of 482%
and the UF wine went as high as 390%. Nonanal has been associated to citrus fruits aromas [36]. The LN
wines also contained hexanal and benzaldehyde at 50% higher levels than the reference wine. These
compounds are responsible for burnt sugar and almond related flavors in wines [33,36]. On the other
hand, octanal and 2-furaldehyde had lower concentrations in the frozen grape wines than in the R wine
but the differences were not so relevant (Figure 5). Although their final contribution to the aroma of wine
is not well understood, aldehydes that have 8–10 carbon atoms are considered to be strong odorants.
These compounds include (E)-2-nonenal, octanal, nonanal, decanal and (E,Z)-2,6-nonadienal [34].
Regarding the rest of the aldehydes, they have not been thoroughly understood and may give either
pleasant or unpleasant aroma notes [37]. Therefore, because of the higher levels of compounds related
to the citrus fruits aroma, the LN and UF wines will have more interesting aroma properties.

The study of fatty acids produced similar results to those corresponding to terpene-like components.
The LN wines exhibited higher values for fatty acids than the UF wines. Their content in octanoic acid
(153%), nonanoic acid (208%), lauric acid (163%) and decanoic acid (207%) were over that in the R wine
by even more than 50%. A similar trend was detected in the UF wines for palmitic acid, with 190% its
content in the reference wine, which is even higher than the levels found in the LN wines (Figure 6).
It is again noteworthy that there were some cases where the content levels more than double those in
the reference wine, such as nonanoic acid and decanoic acid in the LN wines. The UF wines, however,
did not show such a marked increment with respect to the R wine.

Fermentation conditions can affect the composition of the fatty acids in a particular wine.
Under anaerobic conditions, yeast produces medium-chain fatty acids and when fermentation is
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carried out in aerobic or semi-aerobic conditions more unsaturated fatty acids are produced [38].
However, the fermentation conditions for the three tests completed in our study were the same.
Therefore, the only factor that could affect the composition of the initial fatty acids in the musts would
be the treatment applied to the grapes (pressing, maceration or clarification), which in turn would
affect the final composition of the wines.

Ethyl esters are formed because of the esterification of fatty acids during the alcoholic fermentation
of must. The acetates from higher alcohols and the ethyl esters from fatty acids are associated to floral
and fruity aromas in young wines [39]. Therefore, they are usually appreciated in young wines. Linear
(C2–C4), medium (C6–C10), long (C6–C10) and branched (2-methyl propanoic, 2-methyl butanoic,
etc.) volatile fatty acids are produced during fermentation, and it has been proven that as the length
of their chains increase, their volatility decreases and wines’ odor changes from acid to rancid [40].
The LN wines presented higher concentrations of these various components compared with the UF
wines. The LN wines showed increments greater than 200% with respect to the reference wine for
the following components: Ethyl butanoate (446%), ethyl isovalerate (213%), isoamyl acetate (858%),
ethyl n-hexanoate (271%), ethyl octanoate (258%), ethyl decanoate (374%), diethyl succinate (257%),
2-phenylethyl acetate (311%), ethyl hexadecanoate (411%) and ethyl octadecanoate (305%), whereas
their content levels in the UF wine were: Ethyl butanoate (232%), isoamyl acetate (389%), and ethyl
n-caproate (319%) (Figure 7). The larger amounts of these compounds determined in the LN wine
could be attributed to a greater presence of non-esterified organic acids.

3.4. Tasting Rating

On tasting the wines, all the members in the panel considered the reference wine to be the least
aromatic of all the three wine types. The LN and UF wines were given significantly higher scores
for fruit and flower notes with respect to the R wine that had be produced by traditional methods
(Figure 8). This result is consistent with the analysis of the individual aroma components, such as ethyl
butanoate, ethyl n-hexanoate, ethyl octaoate, ethyl decanoate, diethyl succinate and ethyl myristate,
which were described as fruit flavors [33] and that had been found predominantly in the UF and LN
wines. Likewise, nonanal, which provides citrus notes [36], was a major component in the UF and LN
wines. While, 2-phenylethyl acetate and nerol oxide, usually associated to floral notes, was found in
large concentrations in the LN wines [33].
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The panelists were able to differentiate the LN from the UF wines by its remarkable menthol
notes, which made the former wine unique and attractive. The compounds responsible for these notes
seem to be monoterpenes and their derivatives [41,42]. β-Myrcene has been said to confer balsamic
notes [33] while terpineol provides mint notes [34]; both of these compounds were determined at
higher concentrations in the LN wines compared to the other two wines.

Regarding the overall rating (Figure 8), the LN wines reached the highest score, while the reference
wine was the least valued one. Significant global score differences were noticeable between the
reference wine against both LN and UF wines. However the differences between the two wines that
had been produced from frozen grapes were not so considerable. This overall rating is in agreement
with the above mentioned specific aroma and flavor characteristics exhibited by each wine type.

4. Conclusions

Freezing procedures reduced acidity, increased alcoholic strength and, above all, produced wines
that were more aromatic, since they contain greater amounts of the components that are more closely
associated to Muscat grape wine specific characteristics.

The wines produced using liquid nitrogen to freeze the grapes presented higher concentrations of
terpenes in all the cases, whereas the wines produced using the ultrafast freezing chamber exhibited
similar although just slightly higher values when compared to the reference wine. β-citronerol, nerol
and geraniol contents were particularly high in the wines from frozen grapes using liquid nitrogen, with
more than double their concentration with respect to the control wine. These results were consistent
with the score granted by the tasting panel who judged them as characteristic wines of special interest.

With regard to the difference between wines produced by the two freezing techniques applied
in this study, liquid nitrogen frozen grape wines, not only contained more of the compounds that
provide Muscat wines with their characteristic fruity and mentholated notes, but they were also more
appreciated by the judging panelist than those wines obtained from fast frozen grapes.
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Abstract: Wooden barrels and wood chips are usually used in the ageing of spirits and wines to
improve their sensorial profile. Oak wood is the most popular material used in cooperage, but there
are other interesting woods, such as cherry or chestnut, that could be considered for this purpose.
In this study, a novel method for the determination of the aromatic profile of wood powder by Direct
Thermal Desorption-Gas Chromatography-Mass Spectrometry (DTD-GC-MS) was optimized by
experimental design. The volatile composition of five different types of wood chips was determined
by direct analysis of wood powder by DTD-GC-MS method developed. Thirty-one compounds from
wood were identified through this analysis, allowing the differentiation between woods. The aromatic
and phenolic compound profile of the 50% hydroalcoholic extract of each type of wood studied was
analyzed by Stir-bar Sorptive Extraction-Gas Chromatography-Mass Spectrometry (SBSE-GC-MS) and
Ultra-High-Performance Liquid Chromatography (UHPLC) to determine which wood compounds
are transferred to spirits and wine after ageing. Different phenolic profiles were found by UHPLC in
each wood extract, allowing their differentiation. However, results obtained by SBSE-GC-MS did not
allow distinguishing between wood extracts. The analysis of wood in solid state, without any type
of previous treatment except grinding, by DTD-GC-MS does not imply any loss of information of
the aromatic compounds present in wood as other techniques. This is a potential method to identify
aromas in wood that, in addition, allows different types of wood to be differentiated.

Keywords: oak; cherry; chestnut; wood chips; phenolic compounds; aroma; ageing

1. Introduction

Ageing spirits and wines in wooden barrels or the use of wood chips are industrial common
practices that change the sensorial profile of the product. The structural characteristics and chemical
composition of the wood are responsible for many of the processes that take place during the
maturation period, affecting the composition of the spirits and wines, modulating their sensorial
quality and complexity, such as aroma, structure or astringency and contributing to their stability.
Wood characteristics, such as the geographical origin and botanical species [1–6], volume of the
barrel [7] or chip size [8,9] and toasting level [3,10,11], affected the sensorial profile of the final product.
There are many spirits such as armagnac, cognac, brandy, whisky, rum, tequila or grappa as well as
wines, that are aged in barrels or use wood chips in their ageing processes in order to obtain a special
aroma profile.

Foods 2020, 9, 1613; doi:10.3390/foods9111613 www.mdpi.com/journal/foods177
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The barrel or the chips are key elements during the ageing process. They are active contributors to
the sensorial properties of the distillates that are in touch with them. There are several physical-chemical
phenomena where components of the spirit (made from wine, cane sugar, malt, agave, etc.) or the
wine compounds from the wood are involved [10,12,13]. Most of them are extraction processes, but
other chemical reactions take place, such as oxidation, esterification, hydrolysis, ethanolysis, Maillard
reactions, polymerization, and polycondensation reactions. There are also physical phenomena,
as evaporation or the perspiration of water molecules to the outside through the wood, that take place
too during ageing process. All of them depend on many variables, as the composition of the wood, the
atmospheric conditions or the type of distillate and its alcoholic strength.

Wood is composed, mostly, of holocelluloses (cellulose and hemicellulose) and lignin. They represent
around 90% of the total of wood. There are other compounds, as phenolic compounds (polyphenols
or simple phenols), fatty acids, alcohols or inorganic substances, that represent 10% of the wood
composition [13]. Wood can play a significant role in contributing flavor to alcoholic beverages. Most of
these compounds are responsible for the sensorial profile of the final product. Lignin is a polymer that
can suffer thermal degradation during the manufacturing of barrels or by ethanolysis and hydrolysis
during spirit and wine maturation powered by their acid character [14]. Compounds from hemicellulose
as furfural and derivatives [15,16] and compounds from lignin as guaiacyl-type aldehydes (vanillin
and coniferylaldehyde), syringyl-type aldehydes (syringaldehyde and sinapaldehyde), and cinnamic
and benzoic acids [10,13] are the most significant components extracted from wood during maturation.
Other compounds, as hydrolysable tannins, as gallotannins and ellagitannins, are highly soluble in
ethanol-water solutions and their transformation into gallic acid or ellagic acid by hydrolysis is very
common [13].

The geographical origin and botanical species affect the composition of the wood. Oak is the
main material used in cooperage to make barrels as well as wood chips destined to aged spirits and
wines, but also chestnut and cherry are used for this purpose. Traditionally, American and French oak
wood (Quercus alba and Quercus petraea and robur) are the most employed type of wood in cooperage
companies to make barrels and wood chips. Chestnut wood is characterized by a higher porosity
than oak, and high quantities of polyphenols may be transferred to the distillate. Cherry wood is
characterized by a high porosity too and oxygen permeation, and is usually used for short ageing
times [17]. Chestnut wood has proved to be as sustainable for cooperage and has interesting properties
for the ageing of brandies [18,19] and could be interesting to age other spirits and wines. As regards
cherry wood, it has also been considered as a possible source of wood for the production of wines or
spirits [20–23].

References related to the direct analysis of wood in order to characterize its chemical and aromatic
profile were not found in the bibliography. It is interesting to know which compounds are present in
wood and if they could be transfer to the alcoholic beverage during its ageing. The main goal of this work
is to know the aromatic and phenolic profile of five different wood chips (Quercus alba, Quercus petraea,
Quercus pyrenaica, Castanea sativa, Prunus avium) used in ageing processes and find out which compounds
could contribute to spirits and wines during its maturation in order to optimize a methodology that
could be applied for the analysis of not only the wood chips but also the staves of the wooden barrels
used in cooperage. In order to characterize the aromatic profile of each type of wood, the volatile
composition was studied by DTD-GC-MS (Direct Thermal Desorption-Gas Chromatography-Mass
Spectrometry). Moreover, grounded wood chips were extracted by 50% hydroalcoholic solution in
order to determine which compounds could be released into the spirit or the wine. The extracts
were characterized by GC-MS (Gas Chromatography-Mass Spectrometry), SBSE-GC-MS (Stir-bar
Sorptive Extraction–Gas Chromatography-Mass Spectrometry), UHPLC (Ultra-High-Performance
Liquid Chromatography) and TPI (Total Phenolic Index).
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2. Materials and Methods

2.1. Wood Samples

Five different kinds of wood were studied: American oak (Quercus alba), French oak (Quercus
petraea) and Spanish oak (Quercus pyrenaica) with a medium toasting level; and Cherry (Prunus avium)
and Chestnut (Castanea sativa) wood without toasting.

Samples were in the form of wood chips (5–15 mm length × 5–10 mm width × 2 mm thickness)
and 100 g of each wood were ground to a 0.25 µm grain size powder with an ultra-centrifugal mill ZM
200 (Retsch GmbH, Haan, Germany) before analysis and extraction. Chips were obtained from Roble
Enológico, S.L. (Cantabria, Spain). For the optimization of the DTD-GC-MS methodology a mixture of
equal parts of the five studied wood chips was used.

2.2. Reagents

The rectified wine distillate at 96% vol. used in this study was supplied by Bodegas Fundador,
S.L.U. (Jerez de la Frontera, Spain). For the wood extraction experiments, it was diluted with ultrapure
water from EMD Millipore (Bedford, MA, USA) until it reached 50% vol. of alcoholic strength.

UHPLC grade acetonitrile from Panreac (Barcelona, Spain) and acetic acid from Merck (Darmstadt
Germany) were used to prepare the UHPLC phases. Standards for calibration were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Ultrapure water from EMD Millipore (Bedford, MA, USA) was
used to prepare the chromatography phases, reagents and standards for calibration.

4-methyl-2-pentanol (Sigma-Aldrich, Steinheim, Germany) was employed as an internal standard
in SBSE-GC-MS and DTD-GC-MS analysis.

2.3. Analysis of Volatile Compounds of Wood Powder by DTD-GC-MS

This study was based on two factorial experiments: a factorial design of 24 was chosen to
determine the most influential parameters of the direct thermal desorption process and a 32 experiment
was carried out to establish the optimum values of these parameters. The final conditions considered
to be optimal were the following: heating 10 mg of the sample at 250 ◦C during 7 min, desorbing
the sample at 250 ◦C during 6 min and transferring the desorbed compounds to the line at 1:10 ratio
split. The Statgraphics Statistical Computer Package “Statgraphics Centurion 18.0” was used for
data treatment.

After the method optimization, the analysis of volatile compounds of wood powder were carried
out by DTD-GC-MS. An amount of 10 mg of ground wood was placed together with 5 µL of a solution
of 4-methyl-2-pentanol (303 mg L−1 in an ethanol-water solution at 40% of alcohol) in the desorption
tube, plugged at both ends with silanized glass wool. The desorption tube was heated to 250 ◦C for
7 min. The volatile compounds were desorbed in a stream of helium and collected into a cold trap
(−15 ◦C). The desorption was carried out at 250 ◦C during 6 min and the volatile compounds were
transferred (split 1:10) to the chromatographic column through a line heated to 225 ◦C. The experiments
were carried out in a GCMS-TQ8040 Shimadzu gas chromatograph with mass detection (Shimadzu,
Kyoto, Japan) equipped with a DB-Wax capillary column (J&W Scientific, Folsom, CA, USA), 60 m ×
0.25 mm I.D., with a 0.25 µm coating. The chromatographic conditions were the same as the ones used
previously. Samples were analyzed in duplicate. The relative area of each compound was obtained by
measuring the area of the chromatographic signal produced by largest mass fragment (base peak) with
respect to that of the internal standard, 4-methyl-2-pentanol. The results were expressed in relative
area values.

2.4. Ultrasound-Assisted Extraction from Wood Powder

A total 1.1 g of wood powder was extracted with 200 mL of rectified wine distillate at 96% vol./water
(1:1) hydroalcoholic solution at 40 ◦C during 2.5 h using an ultrasonic bath system (JP Selecta, S.A.,
Abrera, Spain) with 38.5 W L−1 power as accelerating energy of the extraction process. The powder was
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washed with 50 mL of the same mixture used before. The extract was centrifuged at 5000 rpm during
5 min and transferred to a 250 mL volumetric flask. The extracts were used for the SBSE-GC-MS, GC-MS
and UHPLC determinations. Each wood extraction was carried out in duplicate. The analysis of each
extraction was also carried out in duplicate. Samples were stored in darkness under refrigeration.

2.5. Analysis of Volatile Compounds of Wood Extracts by SBSE-GC-MS and GC-MS

Volatile compounds of wood extracts were analyzed by SBSE-GC-MS and GC-MS techniques.
PDMS commercial stir bars (10 mm length × 0.5 mm film thickness) provided by Gerstel (Mülheim a/d
Ruhr, Germany) were used for the extractions. The procedure stablished in previous investigations
of our research group was followed [24]: a volume of 35 mL of sample was placed in an Erlenmeyer
flask and was diluted 1:1 (v/v) with ultrapure water. Then, 140 µL of a solution of 4-methyl-2-pentanol
(2.3056 g L−1 in an ethanol-water solution at 50% of alcohol) was added as an internal standard.
Once the stir bar was added, the flask was placed on a 15-position magnetic stirrer (Mülheim a/d Ruhr,
Germany) under agitation during 100 min at 1100 rpm at 25 ◦C. Finally, the stir bar was removed and
washed and transferred into a thermal desorption glass where the thermal desorption was carried out.
A commercial TDU (thermal desorption unit, Gerstel) with a programmed temperature vaporisation
injector CIS-4 (cooled injection system, Gerstel) was used to carried out the thermal desorption of the
coated stir bars. The desorption temperature was programmed from 40 to 300 ◦C (held for 10 min) at
60 ◦C min−1 under a helium flow (75 mL min−1) and the desorbed compounds were cryofocused in
the CIS-4 system with liquid nitrogen at −140 ◦C. Finally, the CIS-4 was programmed from −140 ◦C
to 300 ◦C (held for 5 min) at 10 ◦C/s for analysis by GC-MS. An Agilent 6890 GC-5973N MS system
(Agilent, Little Falls, DE, USA), equipped with a DB-Wax capillary column (J&W Scientific, Folsom,
CA, USA), 60 m × 0.25 mm I.D., with a 0.25 µm coating, was used to carried out the capillary GC-MS
analyses in the electron impact mode. Helium was used as the carrier gas at a flow rate of 1.0 mL
min−1. The GC oven was programmed as follows: held at 35 ◦C for 10 min, then ramped at 5 ◦C
min−1 to 100 ◦C. Then it was raised to 210 ◦C at 3 ◦C min−1 and held for 40 min. The mass detector
operated in EI+ mode at 70 eV in a range from 30 to 400 amu. The identification of the compounds was
carried out by analogy with mass spectra held in the Wiley Library (Wiley Registry of Mass Spectral
Data, 7th Edition, 2000) and confirmed by retention indices of standards. The relative area of each
compound was obtained by measuring the area of the chromatographic signal produced by largest
mass fragment (base peak) with respect to that of the internal standard, 4-methyl-2-pentanol. Seventeen
compounds were identified: ethyl butyrate, isoamyl acetate, limonene, ethyl caprylate, ethyl caprate,
isopentyl octanoate, ethyl 2-phenylacetate, ethyl laureate, caprylic acid, ethyl myristate, capric acid,
ethyl palmitate, ethyl 9-hexadecenoate, ethyl stearate, lauric acid, myristic acid and pentadecanoic
acid. The results were expressed in relative area values.

Regarding the GC-MS analysis, the followed temperature program was the same as in the
SBSE-GC-MS. The experiments were carried out in a GCMS-TQ8040 Shimadzu gas chromatograph
with mass detection (Shimadzu, Kyoto, Japan) equipped with a DB-Wax capillary column (J&W
Scientific, Folsom, CA, USA), 60 m × 0.25 mm I.D., with a 0.25 µm coating (the same column as the
SBSE-GC-MS equipment).

2.6. Analysis of Phenolic Compounds and Furfurals in the Wood Extracts

Nine phenolic compounds (gallic acid, ellagic acid, caffeic acid, vanillic acid, vanillin, syringic
acid, syringaldehyde, sinapaldehyde and coniferylaldehyde) and two furanic aldehydes (furfural and
5-hydroxymethylfurfural) were identified and quantified by UHPLC. Two eluents were used: a phase
that consisted of 3% acetonitrile, 2% acetic acid and 95% ultrapure water, and B phase that consisted
of 85% acetonitrile, 2% acetic acid, and 13% ultrapure water The method stablished in previous
investigations of our research group was followed [25] for these analysis: 0 min, 100% A; 3 min, 90% A;
4 min, 90% A; 6.5 min, 25% A with a flow rate of 0.7 mL min−1 and a column temperature of 47 ◦C.
The injection volume was 2.5 µL. The column was washed with 100% B for 3 min and equilibrated
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with 100% A for 3 min. Then, 0.22 µm nylon membranes were used to filtered samples and standards.
The detection by UV absorption was conducted by scanning between 250 and 400 nm, with a resolution
of 1.2 nm. The comparison of retention times and UV-Vis spectra of the peaks in samples with those
previously obtained by the injection of standards allows the identification of each compounds. Samples
and standards were injected in duplicate. The results were expressed in mg of compound per liter
of sample.

2.7. Total Polyphenol Index in the Wood Extracts

Total Polyphenol Index (TPI) of the wood extracts was determined by the measure of the absorbance
at 280 nm. Samples were measured directly or diluted with ultrapure water where necessary. A Lambda
25 spectrophotometer (Perkin Elmer, Boston, MA, USA) was used for the analysis. The calibration
curve was prepared with gallic acid solutions ranging from 0 to 50 mg L−1. A glass cell with a 10 mm
optical path was used. Sample measurements were carried out in duplicate. The results are expressed
in mg of gallic acid equivalent (GAE) per litre of sample.

2.8. Statistical Analysis

The Statgraphics 18 software package (Statgraphics Technologies, Inc., The Plains, VA, USA)
was employed for factorial design experiments and ANOVA. Microsoft Excel 2016 (Microsoft Corp.,
Redmond, WA, USA) was employed for other statistical parameters.

3. Results and Discussions

3.1. DTD-GC-MS Condition Optimization

Heating temperature, heating time, desorption temperature and desorption time of the direct
thermal desorption process were evaluated to achieve the best overall analytical conditions.
No references related with wood and the volatile compounds that it could bring to spirits and
wines determined by this method were found in bibliography and, therefore, it had to be optimized.

To optimize the direct thermal desorption conditions, we chose a sequential exploration of the
response, which was carried out in two stages. In the first stage, a factorial design of 24 was chosen to
analyze the influence of heating temperature, heating time, desorption temperature and desorption
time using a mixture of all the wood types studied, as described in Section 2.1, in order to consider all
the compounds that could be present in the wood samples. In the second stage, a factorial design of 32

was chosen to optimize the heating temperature and heating time.

3.1.1. Screening by a 24 Factorial Design

The values corresponding to the low (−) and high (+) levels for each factor are shown in Table 1.
The design involved sixteen experiments in duplicate. Total area values and chromatographic peak
number of each experiment evaluated in the 24 factorial design are shown in Table 2. The data obtained
for the heating temperature, heating time, desorption temperature and desorption time were evaluated
by ANOVA at the 0.05 significance level (Table 3).

Table 1. Levels of the 24 factorial design.

Factor Low (−) High (+)

Heating temperature (◦C) 180.0 220.0
Heating time (min) 1.0 15.0
Desorption temperature (◦C) 180.0 250.0
Desorption time (min) 3.0 10.0
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Table 2. Conditions, total area and number of chromatographic peaks obtained in each experiment of
the 24 factorial design.

Experiment
Heating

Temperature
(◦C)

Heating
Time (min)

Desorption
Temperature

(◦C)

Desorption
Time (min) Total Area Number of

Peaks

1.1 180 15 180 10 45,266,253 57
1.2 180 15 180 3 45,342,152 40
1.3 180 15 250 10 52,191,184 63
1.4 180 1 250 10 20,703,659 16
1.5 220 1 180 10 24,144,870 6
1.6 220 15 250 3 97,177,735 110
1.7 180 1 180 10 41,301,225 21
1.8 180 1 180 3 19,116,371 22
1.9 220 1 180 3 11,964,472 14
1.10 220 15 250 10 112,801,779 100
1.11 180 1 250 3 61,846,897 22
1.12 220 1 250 3 23,463,052 5
1.13 220 15 180 3 80,695,112 91
1.14 220 1 250 10 29,182,299 11
1.15 180 15 250 3 62,341,956 53
1.16 220 15 180 10 80,828,868 98

Table 3. Main effects and interactions in the 24 factorial design for the number of chromatographic
peaks and total area.

Effect
No. of Chromatographic Peaks Total Area

F Ratio p Value F Ratio p Value

A: Heating temperature 2.41 0.1643 1.39 0.2763
B: Heating time 29.73 0.0010 13.19 0.0084
C: Desorption temperature 0.12 0.7428 1.37 0.2806
D: Desorption time 0.03 0.8734 0.00 0.9638

AC 0.00 0.9746 0.04 0.8477
AD 0.08 0.7910 0.44 0.5294
BC 0.29 0.6061 0.13 0.7331
CD 0.03 0.8734 0.46 0.5197

Parameters related with the heating process had a significant positive influence on the total
area and the number of chromatographic peaks, appearing statistically as the most influential effect
(Figure 1). The effect of the parameters heating time and heating temperature is positive for the two
variables considered, that is, high temperature levels and high heating time produce the extraction
of larger amounts of volatile compounds (Figure 2), being the heating time the only parameter that
presents a significant effect (p value < 0.05, Table 3), both for the number of peaks and for the total area.
The heating temperature is the next parameter that most affects the variables considered, although
its effect is not significant (p value > 0.05, Table 3). As the heating time and the heating temperature
increase (15 min and 220 ◦C, respectively), the response obtained in both variables is greater (Figure 2).

The parameters related with the desorption process, temperature desorption and time desorption
do not show a significant influence on the total area or the number of chromatographic peaks
(p value > 0.05, Table 3). However, the desorption at 250 ◦C showed better results than the desorption
at 180 ◦C, being selected as the optimal value for the following analysis (Figure 2). No differences
between the high and low level of the desorption time were found, so an average value (6 min)
was selected.
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Figure 2. Interaction heating time–heating temperature. Estimated response surface for total
chromatographic area (A) and for the number of chromatographic peaks (C). Interaction desorption
time–desorption temperature. Estimated response surface for total chromatographic area (B) and for
the number of chromatographic peaks (D).

Heating parameters turned out to be the most influential ones in the direct thermal desorption
process. For these analysis, 20 mg of a mixture of the five woods was used. Some chromatographic
peaks were saturated and so, for the optimized method experiments, the sample amount employed
was lower than before in the following factorial design.

In summary, the best conditions obtained in this first optimization study were the following:
heating time, 15 min; heating temperature, 220 ◦C; desorption time, 6 min; and desorption temperature,
250 ◦C.

3.1.2. Optimization by a 32 Factorial Design

In order to optimize the parameters of the direct thermal desorption method, the most influent
variables resulting from the first factorial design were studied. Three levels of heating temperature
and heating time were established. The design involved nine experiments in duplicate. The values
corresponding to the low (−) and high (+) levels for each factor are shown in Table 4.
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Table 4. Levels of the 32 factorial design.

Factor Low (−) High (+)

Heating temperature (◦C) 200.0 250.0
Heating time (min) 5.0 15.0

After the results obtained in the 24 factorial design experiments, the desorption conditions
established for the analysis were the following: 6 min and 250 ◦C. A total of 10 mg of the mixture
sample was used in the study. Total area values and chromatographic peak number of each experiment
evaluated in the 32 factorial design were shown in Table 5. The data obtained for the heating temperature
and the heating time were evaluated by ANOVA at the 5% significance level (Table 6).

Table 5. Conditions, total area and number of chromatographic peaks obtained in each experiment of
the 32 factorial design.

Experiment Heating Temperature (◦C) Heating Time (min) Total Area Number of Peaks

2.1 220 10 83,670,835 91
2.2 200 15 56,175,969 76
2.3 250 10 96,680,416 110
2.4 250 5 103,356,194 102
2.5 220 15 54,743,149 70
2.6 220 5 84,269,330 74
2.7 200 5 54,598,381 52
2.8 250 15 82,280,240 102
2.9 200 10 65,838,463 55

Table 6. Main effects and interactions in the 32 factorial design for number of chromatographic peaks
and total area.

Effect
No. of Chromatographic Peaks Total Area

F Ratio p Value F Ratio p Value

A: Heating temperature 24.47 0.0159 33.52 0.0103
B: Heating time 0.57 0.5050 7.21 0.0747
AA 0.35 0.5975 0.18 0.6969
AB 1.23 0.3480 2.31 0.2259
BB 0.62 0.4898 3.24 0.1695

Heating temperature had a significant positive influence on the total area and the number of
chromatographic peaks, appearing as the statistically main effect (Figure 3). The effect of heating time
and heating temperature is positive for the two variables considered, that is, high temperature levels
produce the extraction of larger amounts of volatile compounds as the heating time value is between 5
and 10 min (Figure 4). The heating temperature is the only parameter that presents a significant effect
(p value < 0.05, Table 6), both for the number of peaks and for the total area. The heating temperature
does not significantly affect the total area or the number of chromatographic peaks (p value > 0.05,
Table 6). However, the heating time range from 5 to 10 min showed the best results, and so, an average
value (7 min) was selected as the optimum value.

Taking into account all the results obtained, the final direct thermal desorption conditions
considered to be optimal were as follows: heating 10 mg of the sample at 250 ◦C during 7 min and
desorbing the sample at 250 ◦C during 6 min.
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3.2. Analysis of Volatile Compounds of Wood Powder by DTD-GC-MS

Five different types of wood (American oak, Spanish oak, French oak, Chestnut and Cherry) were
analyzed (in duplicate) employing the DTD-GC-MS method optimized. For this analysis, the wood
chips were grounded to a 0.25 µm grain size. All the factorial design experiments were carried out in a
splitless mode. High peak densities were obtained in all of them. In order to avoid detector saturation
during the analysis of the real samples, they were injected in split mode. Different split ratios were
tested 1:30, 1:20, 1:10 and 1:5. The split ratio 1:10 showed the best results.

The amount of the volatile compounds detected in each type of wood has been obtained by
means of the relative integration with respect to the internal standard, 4-methyl-2-pentanol (Table 7).
The results were evaluated by ANOVA at the 5% significance level (Table 7).

As expected, many similarities were found regarding the volatile composition of three oak woods
studied. As can be seen in Figure 5, their aroma profile is very similar. However, there are some
differences, as the levels of formic acid, acrylic acid and furanone that are significantly different, at 5%
of significance level, in American oak with respect to Spanish and French oaks (Table 7). There are
significant differences between the amount of vanillin and syringaldehyde between American and
French oak, but there are none as compared to Spanish oak (Table 7). These compounds could be
affected by the toasting level of the chip wood. All the studied oaks have a medium toasting level.
Acetic acid, furfural, formic acid, 5-methylfurfural, vanillin and syringaldehyde are the most abundant
components [20,23,26,27]. Many of them are generated during the heat treatment processes during the
toasting of the chips. There are compounds as whiskey lactones that are only identified in American
and French oaks. According to the literature, these compounds are commonly present in oak wood,
being more abundant in the Quercus alba species [20,22]. 2-phenylethanol is only detected in Spanish
oak and chestnut. 4-cyclopentene-1,3-dione is only detected in American oak. Myristic acid is detected
in French and Spanish oak [5] but it is not detected in American oak.
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Figure 5. DTD-GC-MS chromatogram of the hydroalcoholic wood extracts. IS: Internal Standard
(4-methyl-2-pentanol). The key for the compounds is in Table 7.
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Table 7. Relative area values of volatile compounds determined by DTD-GC-MS of wood powder.

Compound American Oak Spanish Oak French Oak Chestnut Cherry

Acetol (1) 0.112 ± 0.025 a 0.045 ± 0.003 a 0.046 ± 0.008 a 0.054 ± 0.011 a 0.501 ± 0.104 b

2-O-cyclobutyl 1-O-octadecyl oxalate (2) n.d. 0.020 ± 0.028 0.089 ± 0.014 n.d. 0.372 ± 0.526
Acetic acid (3) 7.158 ± 1.123 5.906 ± 0.453 5.079 ± 0.639 4.779 ± 0.799 4.673 ± 2.868
Furfural (4) 2.813 ± 0.425 2.574 ± 0.245 2.497 ± 0.364 2.213 ± 0.327 1.976 ± 0.241
Formic acid (5) 1.653 ± 0.276 a 0.825 ± 0.043 b 0.687 ± 0.112 b 0.714 ± 0.118 b 1.191 ± 0.520 a,b

2,3-butanediol (6) n.d. n.d. n.d. 0.082 ± 0.013 n.d.
5-methylfurfural (7) 0.466 ± 0.118 0.231 ± 0.027 0.277 ± 0.041 0.242 ± 0.021 0.237 ± 0.294
4-cyclopentene-1,3-dione (8) 0.054 ± 0.016 n.d. n.d. n.d. n.d.
Acrylic acid (9) 0.103 ± 0.020 a 0.069 ± 0.006 b 0.059 ± 0.008 b,c 0.040 ± 0.004 c n.d.
Furfuryl alcohol (10) 0.118 ± 0.020 a 0.028 ± 0.007 a 0.038 ± 0.008 a 0.073 ± 0.012 a 0.390 ± 0.087 b

2(5H)-Furanone (11) 0.159 ± 0.036 a 0.108 ± 0.008 b 0.094 ± 0.008 b,c 0.058 ± 0.004 b,c 0.048 ± 0.022 c

Trans-whiskey lactone (12) 0.115 ± 0.025 n.d. 0.101 ± 0.013 n.d. n.d.
2-phenylethanol (13) n.d. 0.052 ± 0.003a n.d. 0.087 ± 0.012b n.d.
Cis-whiskey lactone (14) 0.707 ± 0.142 a n.d. 0.251 ± 0.041 b n.d. n.d.
Cyclopropylcarbinol (15) n.d. n.d. n.d. n.d. 0.192 ± 0.196
4-hydroxy-2-methylacetophenone (16) 0.194 ± 0.049 0.091 ± 0.014 0.126 ± 0.015 0.121 ± 0.030 0.125 ± 0.078
Pyranone (17) n.d. n.d. n.d. n.d. 0.212 ± 0.217
Glycerin (18) n.d. n.d. n.d. 3.554 ± 0.587 n.d.
Levulinic acid (19) n.d. n.d. n.d. n.d. 0.137 ± 0.151
p-acetylacetophenone (20) n.d. n.d. n.d. n.d. 0.268 ± 0.119
Trans-isoeugenol (21) n.d. n.d. n.d. 0.289 ± 0.044 a 0.199 ± 0.026 b

Ethyl hydrogen succinate (22) n.d. n.d. n.d. 0.211 ± 0.040 n.d.
2,3-dihydrobenzofuran (23) n.d. n.d. n.d. 0.137 ± 0.021 0.175 ± 0.119
Benzoic acid (24) n.d. n.d. n.d. 0.337 ± 0.008 0.471 ± 0.496
5-HMF (25) 1.206 ± 0.231 0.794 ± 0.040 0.834 ± 0.098 n.d. 1.347 ± 1.024
Methoxyeugenol (26) n.d. n.d. n.d. 0.317 ± 0.043 0.845 ± 1.140
Vanillin (27) 2.491 ± 0.372 a 1.990 ± 0.164 a,b 1.815 ± 0.176 b 0.483 ± 0.040 c 0.138 ± 0.130 c

Ethriol (28) 1.609 ± 0.326 0.511 ± 0.061 0.939 ± 0.082 n.d. 0.865 ± 0.956
Myristic acid (29) n.d. 0.172 ± 0.058 0.122 ± 0.021 n.d. 0.700 ± 0.618
Palmitic acid (30) 1.095 ± 0.079 1.154 ± 0.029 0.768 ± 0.201 0.692 ± 0.040 1.759 ± 1.241
Syringaldehyde (31) 2.731 ± 0.390 a 2.235 ± 0.205 a,b 2.057 ± 0.130 b n.d. 0.453 ± 0.270 c

Data are mean value ± standard deviation; values in the same row with different letters are significantly different
(p < 0.05); n.d.: Not detected.

In Figure 5, chestnut and cherry show a slightly different aromatic profile both between them
and with respect to the oak types studied. Most of the detected compounds were in significant
different amounts with respect the other woods studied (Table 7). However, they contain many
compounds present in oak wood too, like acetic acid, furfural, formic acid, 5-methylfurfural and
palmitic acid [20,22,26], and their content is not significantly different among woods at 5% significance
level (Table 7), except for formic acid content. It should be noted that the cherry and chestnut wood
studied in both cases is an untoasted wood; however, they are also rich in compounds that come from
the toasting of the wood, such as furfurals. This is due to the prior heating of the sample as part of
the analysis method. The peak profile during the first 40 min of the analysis is very similar for all
the wood chips studied. Cherry is the wood that has the most different volatile composition profile.
2,3-butanediol, glycerin and ethyl hydrogen succinate are only present in chestnut. This wood is
similar to the studied oak woods, but also shares some similarities with cherry wood. Compounds as
2-phenylethanol or acrylic acid are detected in oak and chestnut wood, but are not present in cherry
wood. On the other hand, compounds as trans-isoeugenol, 2,3-dihydrobenzofuran, benzoic acid and
methoxyeugenol are present in chestnut and cherry wood but not in oak wood. According to the
literature, methoxyeugenol is present in significant levels in cherry and chestnut wood, it could be
present in oak wood too but, in this case it was not detected [5,28]. Cherry wood has the most particular
aroma profile. Cyclopropyl carbinol, pyranone [20], levulinic acid and p-acetylacetophenone are only
detected in this wood. There are some compounds as 5-HMF, ethriol and syringaldehyde that are
detected also in oak wood, but they are not in chestnut wood. Therefore, there are compounds or
profiles that are characteristics of each type of wood studied, thus being able to be targets to identify
each species in DTD-GC-MS analysis.

All the mentioned studies analyzed the volatile compounds through a previous hydroalcoholic
extraction of the wood; the novelty of this work is the direct analysis of wood aromas by DTD-GC-MS.
Although there are studies in oak wood that work with DTD-GC-MS (but using a solid support to trap
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the volatile compounds) [29], in the rest of cited references, the woods have not been studied in this
way. The previous direct thermal desorption stage could alter the sample, since heating could increase
the toasting level of wood sample studied and increase the concentration of those compounds that
are related to this process. However, there is not a loss of information, as could happen in extraction
processes, since the aromatic profile is measured directly.

3.3. Analysis of Volatile Compounds of Wood Extracts by SBSE-GC-MS and GC-MS

An analysis on hydroalcoholic wood extracts was carried out to compare the compounds that
are present in the wood detected by the analysis by DTD-GC-MS with those volatile compounds that
could be transferred to the spirit or the wine during their ageing through the wood chips. In order to
determine if they could be detected in aged alcoholic beverages, an hydroalcoholic ultrasound assisted
extraction was carried out.

As regards the volatile composition of wood extracts, a low amount of the compounds was found
in the samples. Relative area values of volatile compounds determined by SBSE-GC-MS of wood
extracts are shown in Table 8. The aromatic profile is different in all the studied wood but the amount
of each detected compound is very low. In order to complement this information, the samples were
analyzed by GC-MS. However, any compounds were not detected with this technique.

Table 8. Relative area values of volatile compounds determined by Stir-bar Sorptive Extraction–Gas
Chromatography–Mass Spectrometry (SBSE-GC-MS) of wood extracts.

Compound Extractant American Oak Spanish Oak French Oak Chestnut Cherry

Ethyl butyrate n.d. d. d. 0.010 ± 0.007 0.010 ± 0.002 0.020 ± 0.014
Isoamyl acetate n.d. d. n.d. 0.265 ± 0.243 0.392 ± 0.170 0.258 ± 0.058
Limonene n.d. d. 0.031 ± 0.002 d. d. d.
Ethyl caprylate 0.693 a 0.181 ± 0.024 b 0.159 ± 0.003 b 0.294 ± 0.157 b 0.737 ± 0.253 b 0.810 ± 0.359 b

Ethyl caprate 1.523 a 0.422 ± 0.039 b,c,d 0.326 ± 0.017 b,c 0.574 ± 0.414 b,d 1.027 ± 0.640 e,f 0.721 ± 0.336 e,f

Isopentyl octanoate n.d. n.d. n.d. n.d. n.d. d.
Ethyl 2-phenyl acetate n.d. n.d. n.d. d. 0.057 ± 0.041 n.d.
Ethyl laureate 0.140 0.292 ± 0.029 0.228 ± 0.025 0.422 ± 0.342 0.395 ± 0.267 0.295 ± 0.212
Caprylic acid 0.191 0.163 ± 0.089 0.088 ± 0.018 a 0.147 ± 0.062 0.184 ± 0.059 b 0.202 ± 0.068 b

Ethyl myristate 0.078 0.095 ± 0.036 d. d. 0.266 ± 0.255 0.202 ± 0.181
Capric acid 0.214 0.215 ± 0.163 d. d. 0.090 ± 0.040 0.091 ± 0.032
Ethyl palmitate 0.233 0.261 ± 0.207 d. d. 0.152 ± 0.077 0.119 ± 0.052
Ethyl 9-hexadecenoate 0.035 d. d. d. d. d.
Ethyl stearate n.d. d. n.d. n.d. n.d. n.d.
Lauric acid 0.731 a 0.131 ± 0.051 b 0.054 ± 0.038 c 0.090 ± 0.028 b,c 0.085 ± 0.014 b,c 0.040 ± 0.028 c

Myristic acid 0.057 a 0.263 ± 0.085 b 0.180 ± 0.016 a,b,c 0.200 ± 0.081 b,c 0.170 ± 0.051 a,c 0.138 ± 0.023 a,c

Pentadecanoic acid n.d. d. d. 0.097 ± 0.053 0.069 ± 0.019 0.079 ± 0.014

Data are mean value ± standard deviation; values in the same row with different letters are significantly different
(p < 0.05); n.d.: Not detected; d.: Detected.

Attending to the results, shown in Table 8, wood related compounds were not detected. As regards
the relative area values of the compounds present in the extractant (1:1 hydroalcoholic mixture of
rectified wine distillate at 96% vol. and water solution), similarities with the relative area values of
wood extracts were found. The relative area values obtained were evaluated by ANOVA at the 5%
significance level (Table 8). As it can be seen, most of them are not significantly different, which
means that the compounds detected are not influenced by wood. It seems that it only contributes to
trace levels of them. According to the literature, there are fatty acids as caprylic acid, myristic acid
or palmitic acid present in wood composition [30–32]. The contribution of these compounds to the
extracts and their respective esters could be due to the extraction procedure, in which the wood powder
was extracted with an hydroalcoholic solution under 40 ◦C. The esterification of the fatty acids in the
presence of ethanol at this temperature resulting in the corresponding esters as ethyl caprylate, ethyl
myristate, ethyl palmitate or ethyl laureate could take place during the extraction process. This fact
could explain the increase of the ethyl laureate and myristic acid in all the wood extracts studied,
ethyl caprylate in chestnut and cherry wood extracts and ethyl palmitate in the American oak extract.
The only compound detected in both analysis (DTD-GC-MS and SBSE-GC-MS) was myristic acid.

188



Foods 2020, 9, 1613

In the direct analysis of the wood powder by DTD-GC-MS, numerous volatile compounds were
identified, which make it a very interesting technique. These compounds are transferred from the wood
to the spirit or the wine during their ageing, modifying its sensorial profile. During ultrasound-assisted
extractions, these compounds were extracted by the hydroalcoholic mixture used. However, once the
hydroalcoholic extracts were analyzed, no volatile compounds were detected by GC-MS and very
few compounds and at very low levels were detected by SBSE-GC-MS. Therefore, there is a loss of
information regarding the analysis of volatile compounds once the ultrasound-assisted extraction is
performed. However, the hydroalcoholic extracts were useful to characterize the phenolic compounds
that wood could contribute to spirits and wines and to complete the aromatic profile of the woods
studied. The majority of the compounds identified in SBSE-GC-MS analysis (Table 8) are characteristic
of wines, wine spirits or brandies, so their presence in the wood extracts studied could be also due to
the origin of the extractant used, that has a part of a grape derived alcoholic beverage.

3.4. Phenolic Composition of the Wood Extracts and Total Polyphenol Index

The TPI data of the studied samples, expressed in mg of equivalent gallic acid (GAE) per litre,
are shown in Table 9. Of all the woods studied, Spanish oak released the highest amount of phenolic
compounds into the alcoholic beverage. The lowest TPI values of oak were found in American oak
wood. The TPI values for cherry wood (without toasting) are between medium toasted French and
American wood. Chestnut (without toasting) has the lowest composition in phenolic compounds of all
those studied. The results of the one-way analysis of the variance (ANOVA) proved that all the wood
extracts are statistically different, with a probability of 95%.

Table 9. Phenolic compounds contents (mg L−1) and total polyphenol index (TPI) (mg gallic acid
equivalent (GAE) L−1) of wood extracts.

Compound American Oak Spanish oak French oak Chestnut Cherry

Gallic acid (1) 0.98 ± 0.14 a 3.35 ± 0.17 b 1.69 ± 0.15 c 0.23 ± 0.06 d 0.17 ± 0.32 e

Hydroxymethylfurfural (2) 0.28 ± 0.06 a 0.44 ± 0.09 b 0.40 ± 0.05 b 0.08 ± 0.04 c n.d.
Furfural (3) 0.10 ± 0.01 a 0.41 ± 0.03 b 0.33 ± 0.04 c n.d. n.d.
Caffeic acid (4) n.d. n.d. n.d. 0.28 ± 0.02 n.d.
Vanillic acid (5) 1.10 ± 0.19 a 0.59 ± 0.05 b 1.48 ± 0.019 c 0.55 ± 0.11 b n.d.
Syringic acid (6) 0.32 ± 0.09 a 0.46 ± 0.04 b 0.36 ± 0.05 a 0.14 ± 0.01 c 0.08 ± 0.16 d

Vanillin (7) 0.87 ± 0.04 a 2.00 ± 0.08 b 1.46 ± 0.04 c 0.39 ± 0.03 d n.d.
Syringaldehyde (8) 0.90 ± 0.03 a 2.18 ± 0.07 b 1.37 ± 0.07 c 0.25 ± 0.05 d n.d.
Ellagic acid (9) 4.65 ± 0.10 a 8.82 ± 0.59 b 8.03 ± 0.50 c 3.36 ± 0.15 d n.d.
Coniferylaldehyde (10) 1.21 ± 0.04 a 2.51 ± 0.07 b 1.83 ± 0.06 c 0.19 ± 0.05 d n.d.
Sinapaldehyde (11) 1.53 ± 0.02 a 4.59 ± 0.08 b 2.93 ± 0.10 c 0.25 ± 0.05 d n.d.
Total Phenolic Index 184.61 ± 1.68 a 355.26 ± 3.51 b 285.15 ± 10.52 c 120.28 ± 1.20 d 252.34 ± 0.72 e

Data are mean value ± standard deviation; values in the same row with different letters are significantly different
(p < 0.05); n.d.: Not detected.

The content in low molecular weight phenolic compounds determined by means of UHPLC in the
wood extracts, expressed in mg L−1, is also shown in Table 9. As regards the phenolic acids studied, gallic
acid, vanillic acid, caffeic acid, syringic acid and ellagic acid were found. Gallic and ellagic acids come
from the hydrolysis of gallotannins and ellagitannins under an acidic environment [28]. The oxidation
and hydrolysis of the compounds derived from the degradation of lignin is the origin of vanillic
and syringic acids [16,33]. A significant amount of phenolic aldehydes (p-hydroxybenzaldehyde,
vanillin, syringaldehyde, coniferylaldehyde and sinapaldehyde) was found in some of the samples
studied (Table 9). Their origin is in the thermal degradation of lignin [14,16,33], a process that
takes place during the manufacturing of the barrel due to the toasting of the wood and its thermal
treatments [10]. 5-hydroxymethylfurfural and furfural have been detected in significant amounts in
some of the samples studied (Table 9). The presence of furfural is due to the heating of the pentoses,
while 5-hydroxymethylfurfural has its origin in the thermal degradation of the glucose and cellulose.
Their presence depends on the toasting of the wood [10].
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Phenolic composition is very similar in American, Spanish and French oak (Figure 6). The same
compounds were found in the hydroalcoholic extracts of all of them, however their proportion was
not the same. Gallic acid, ellagic acid, vanillic acid, vanillin, syringaldehyde, coniferylaldehyde and
sinapaldehyde are the most abundant compounds detected in the oak wood extracts. Spanish oak has
the highest amount of phenolic compounds, while American oak has the lowest quantity. The amount
of phenolic compounds present in each wood is influenced by the origin and the heat treatment of
the wood during the manufacturing of the barrel or chips [10]. During the ageing period, wood
characteristics as porosity affect the extraction of phenolic and volatile compounds. Spanish and French
oak are more porous than American oak, and this has a positive influence during the extraction process.

All the compounds detected in oak wood, except furfural, were also found in Chestnut extracts.
This wood was untreated, without toasting treatment, so it explains the absence of this compound.
However, due to its porosity, a great amount of phenolic compounds was found in the hydroalcoholic
extracts studied. Chestnut wood has high levels of gallic acid [34], in this case the wood studied was
not toasted, so the level of this compound is lower than expected.

As regards the cherry wood chromatogram, a high level of phenolic compounds was detected.
There are many signals at the end of the chromatogram indicating that, according to their retention
time, these are low-polar compounds. According to the literature, they could be flavonoid-type
compounds [23] as (+)-catechin [35], taxifolin [36], naringenin [27], aromadendrin [37] or kaempferol [37],
that are very common in cherry wood. Flavonoids were only detected in cherry wood (Figure 6),
what makes its aromatic profile very interesting. It would be interesting to be able to identify these
compounds in the future, because they make cherry wood an alternative material for the ageing of
spirits and wines and to obtain different sensorial profiles from oak or chestnut. There are other
compounds, as vanillin, vanillic acid, syringaldehyde, sinapaldehyde or coniferylaldehyde that come
from lignin degradation and are also present in cherry wood [23], but their presence is higher when the
wood is toasted. In this sample, these compounds are at trace level, below the limit of quantification,
and thus, they could not be quantified.

In summary, a similar profile has been observed in the three types of oak studied. Oak wood is
rich in ellagitannins and low molecular weight acids and aldehydes. No flavonoids have been detected
in any of them [26]. Besides being from the same family, the three oak wood chips analyzed were
toasted. During the toasting process, wood increases its concentration of compounds derived from
lignin, and a different reduction between phenolic profiles was observed for the different woods [26].
On the other hand, untoasted chestnut chip wood was studied. This wood is slightly similar to
oak wood; it is also rich in ellagitannins and low molecular weight acids and aldehydes. In this
wood, there is also an absence of flavonoids [26]. However, as this wood was untoasted, it has a low
concentration in compounds derived from lignin. As regards cherry wood, a phenolic profile totally
different from the rest of the woods was observed. This wood is rich in flavonoid-type compounds and
has a certain deficiency in ellagitannins and derivatives. It was also untoasted, so a low concentration
of compounds derived from lignin was found. Cherry wood has a specific profile of low molecular
weight compounds [18,23,26,38].

Furfural, hydroxymethylfurfural, vanillin and syringaldehyde were also detected in DTD-GC-MS
analysis of wood powder. Furfural and hydroxymethylfurfural levels are higher in DTD-GC-MS
experiments than in UHPLC analysis. In DTD-GC-MS, during the prior direct thermal desorption
process there is a heating of the sample, reaching high temperatures that affect it, and these compounds
are related with the toasting level of the wood. Vanillin and syringaldehyde are also found in a higher
amount in DTD-GC-MS, except for chestnut wood. They are compounds that come from lignin thermal
degradation, being also affected by high temperatures. During direct thermal desorption, wood is
toasted, which produces an alteration of the initial sample that generates differences between the level
of the compounds determined by both analyses.
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Figure 6. Ultra-High-Performance Liquid Chromatography (UHPLC) chromatogram comparison of
the hydroalcoholic wood extracts at 280 nm. The key for the compounds is in Table 9.

The phenolic compound content determined by UHPLC was evaluated by ANOVA at the 5%
significance level (Table 9). As can be seen, most of them are significantly different, which means that
the phenolic profile is characteristic of each wood. Although there are similarities in the presence of
some compounds in the three oak woods studied or with chestnut wood, the proportion of them in
each wood is different. Only a few similarities were found regarding syringic acid (no significant
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differences between American and French oak at the 5% significance level were found), vanillic acid
(no significant differences between Spanish oak and chestnut at the 5% significance level were found)
and hydroxymethylfurfural (no significant differences between Spanish and French oak at the 5%
significance level were found).

4. Conclusions

The conditions for the DTD-GC-MS of wood samples were optimized and a method for the
direct characterization of wood chips studied was established. The optimal direct thermal desorption
conditions determined were the following: heating 10 mg of the sample at 250 ◦C during 7 min,
desorbing the sample at 250 ◦C during 6 min and transferring the desorbed compounds to the line at
1:10 ratio split.

In this study, five different wood chips were characterized. The characterization of their aroma
profile by DTD-GC-MS was carried out and different profiles of each wood were determined. Compounds
as acetic acid, furfural, 5-methyfurfural and palmitic acid were found in all types of wood studied.
However, compounds as whiskey lactones (American and French oak), 4-cyclopentene-1,3-dione
(American oak), 2,3-butanediol (Chestnut), glycerin (Chestnut), ethyl hydrogen succinate (Chestnut),
cyclopropyl carbinol (Cherry), pyranone (Cherry), levulinic acid (Cherry) or p-acetylacetophenone
(Cherry) are only present in certain types of wood, which make them interesting target compounds to
identify these woods. Similar volatile compounds were detected in all the woods studied during the
first 40 min of the analysis. However, the aromatic profile is totally different from one wood to another
at the end of the chromatogram. These differences allow them to be distinguished. This method is
a potential technique to identify aromas in wood that, in addition, allows to differentiate between
different types of wood.

To analyze the aromatic profile of the hydroalcoholic wood extracts, SBSE-GC-MS was employed.
The differentiation of the woods was not possible by this technique due to the similarity of all the
chromatograms obtained between them and the extractant used. However, the phenolic profile of
wood extracts, determined by UHPLC, allowed this differentiation. There were differences between
the phenolic profile of oak woods, and chestnut and cherry wood extracts. Cherry wood extract has
the most particular phenolic profile of the wood extracts studied.

Direct determination of wood aromas is possible due to the direct thermal desorption. This
technique allows the analysis of wood in solid state, without any type of previous treatment, except
grinding. DTD-GC-MS analysis allows the determination of the aromatic profile, without any loss
of information. There are other techniques that involve a previous treatment of the sample, such as
extraction, where some aromatic compounds may be lost. Furthermore, the information obtained by
DTD-GC-MS was characteristic of each type of wood, allowing its differentiation.

This work established and optimized a novel method for the characterization of wood chips in a
direct way, and for the characterization of their extractable compounds, allowing its application to
other types of samples as barrel staves. This is an interesting strategy that could be applied, not only
for the analysis of wood chips, but also for wooden barrels used during the ageing process of spirits
and wines.
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Abstract: Aroma is a crucial attribute for wine quality, particularly in white wines. Traditionally, the
consumption of young white wines is recommended over the year following grape harvest due to
potential aroma losses that would worsen wine quality. This study aimed to investigate the evolution
of volatile compounds, odor activity value-based aroma notes, and sensory perception in Treixadura
(Vitis vinifera L.) dry white wines during a 24-month bottle-aging period. Volatile composition was
determined by gas chromatography, and wine sensory evaluation was performed by experts. Wine
samples had similar volatile compositions at the time of bottling. The volatile contents of the wines
were respectively 322.9, 302.7, 323.0, and 280.9 mg L−1 after 6, 12, 18, and 24 months of bottle storage.
Most of the volatiles tended to maintain constant concentrations, or with slight increases in all families
of volatiles except for acetates and carbonyl compounds, until two years after harvest (18 months of
bottle storage) and, then, concentrations reduced sharply. After 24 months of storage in the bottle,
the concentrations of terpenes, C6 compounds, higher alcohols, ethyl esters, fatty acids, acetates,
carbonyl compounds, and volatile phenols were reduced by 32%, 47%, 11%, 39%, 50%, 74%, 41%, and
54%, respectively. The 18-month bottle-aged wines showed the highest concentrations of volatiles, as
well as the best performance in the sensory evaluation, suggesting that a good balance of the aroma
attributes was achieved on this date. In conclusion, the current study suggests that Treixadura wines
expressed their maximum aroma potential two years after grape harvest.

Keywords: bottle aging; flavor profile; sensory evaluation; volatile composition; white wine

1. Introduction

Wine aroma is produced by the interactions of hundreds of chemical compounds derived from
multiple sources [1]. According to their origin, wine aroma compounds can be grape-derived such
as monoterpenes and norisoprenoids [2,3]; microbially-derived secondary metabolites formed from
sugar and amino acid metabolism during the fermentation [1,4]; and those compounds formed
during wine storage, either in oak barrels [5,6] or in bottles [7,8]. The major groups of aroma
compounds are monoterpenes, norisoprenoids, aliphatics, higher alcohols, esters, phenylpropanoids,
methoxypyrazines, and volatile sulfur [2,9]. However, identifying one single compound that defines
the character of a given grapevine variety has seldom been accomplished [1]. Therefore, the
varietal character depends on the overall profile of odor-active compounds present in the grape
and corresponding wine [1]. This character is extremely important for wine typicity and commercial
success, as most wineries rely on this concept for marketing campaigns.
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Wine aroma slightly evolves during bottle aging because the amounts of oxygen that penetrate
through the closures are low [7,10,11]. Oxygen penetrates through the stoppers at a rate between 0.005
and 5 mg L−1 year−1 [12], depending on the type of closure used [13,14]. Small doses of oxygen may
have a favorable effect on wine aroma, such as the decomposition of sulfur compounds responsible for
negative flavors; however, an excess of oxygen can have adverse effects on wine aroma [14], leading to
the question of how long can a given wine type be stored or aged in the bottle. In this context, the
redox status can affect the release of certain varietal aromas from amino acid metabolism [15], but also
can lead to the appearance of reductive aromas from sulfur compounds such as dimethyl sulfide [16].

In the northwest of the Iberian Peninsula (the regions of Galicia in Spain and Tras-dos-Montes
in Portugal), white grapevine varieties are predominantly grown. Among the traditional cultivars
from these regions, Treixadura is one of the most important because it is used to obtain balanced wines
with a high aromatic potential [17], especially those monovarietal wines from the Ribeiro Designation
of Origin (DO) in Galicia. Similar to other white wines, higher alcohols are the most important
volatiles from the quantitative point of view in Treixadura wines, whereas ethyl esters, acetates, and
fatty acids are qualitatively relevant for the aroma of these wines [18]. In fact, nine volatiles have a
significant relevance on the aroma of Treixadura wines, including higher alcohols (2-methyl-1-butanol,
3-methyl-1-butanol, and 2-phenylethanol), acetates (isoamyl acetate and ethyl acetate), and esters (ethyl
butyrate, ethyl hexanoate, ethyl octanoate, and ethyl decanoate) [18]. The concentrations of higher
alcohols in Treixadura wines can be explained by the high contents in amino acids observed in grapes
from this variety [19]. However, the volatile compounds that have the most relevant role in the aroma
of Treixadura wines are ethyl octanoate, ethyl hexanoate, and isoamyl acetate, which provide fruity
nuances [17,20]. In contrast, the contents of monoterpenes and norisoprenoids in Treixadura wines are
very low and, consequently, they do not play a relevant role in the aromatic profile of the wines from
this variety [17,21]. Despite being present in Treixadura wines, linalool, citronellol, and geraniol appear
at low concentrations that usually do not surpass their respective odor thresholds [22]. In addition,
bounded terpenes do not appear in high concentrations [23]. Finally, Treixadura wines have low
concentrations of sulfur compounds, although 3-methyl-propyl acetate and 4-methyl-1-butanol may
provide onion, garlic, and fungal nuances [24]. Therefore, the volatile composition of wines from this
variety has been previously described under several situations [17,20,25,26]; however, no information
is available about the evolution of the aroma of Treixadura wines over their storage in bottles and
this leads to a debate on when the optimum time for consumption is. Furthermore, investigations
monitoring the evolution of dry white wines’ flavor profiles during bottle aging are limited [7].

In this context, the aim of the current study was to assess, on a six-month basis, the alterations in
the volatile composition and sensory properties of Treixadura wines from the Ribeiro DO produced
over a 24-month period of bottle aging. Finally, the optimal period for consumption of Treixadura
wines was determined based on the evolution of the volatile and aroma properties, providing useful
information to winemakers for managing their wine stock and developing marketing campaigns.

2. Materials and Methods

2.1. Wine Samples

Treixadura wines used in the current study, corresponding to the 2013 vintage, were made at
industrial scale by several wineries from the Ribeiro DO employing their standard winemaking
protocols. Bottling was performed on May 2014 at the packaging line of each winery to ensure a
750 mL volume of each bottle. Wine bottles coming from the same fermentation tank were stored in a
cool place under dark conditions until analysis. All bottles had the same type of closure in order to
avoid different oxygen penetration rates into the bottles. Wines were analyzed on a 6-month basis:
November 2014 (M6), May 2015 (M12), November 2015 (M18), and May 2016 (M24).
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2.2. Determination of Volatile Compounds

Methanol and higher alcohols were determined in triplicate by direct injection of 2 µL, from 5 mL
of wine to which 1 mL of 4-methyl-2-pentanol (1 g L−1) was added as internal standard, into a Hewlett
Packard 5890 gas chromatograph using an HP-Innowax capillary column (60 m × 0.25 mm i.d.; film
thickness 0.25 µm) as described by Bertrand and Ribéreau-Gayon [27].

The extraction of the rest of volatile compounds was performed according to Armada et al. [28].
Briefly, a wine sample of 100 mL containing 2 mL of 3-octanol (20 mg L−1) and 2 mL of
3,4-dimethyl-phenol (100 mg L−1) as internal standards was extracted three times (10, 5, and 5 mL)
with dichloromethane. Then, the organic extract was dried and concentrated to 0.5 mL under nitrogen,
and 3 µL were injected in triplicate in splitless mode (purge time, 30 s; purge rate, 70) in a Hewlett
Packard HP 5890-I gas chromatograph coupled to a Hewlett Packard HP 5970 mass spectrometer.
Spectra were recorded in the electron impact mode (ionization energy, 70 eV; source temperature,
250 ◦C), using an HP-Innowax column (60 m × 0.25 mm i.d.; film thickness 0.25 µm). The carrier gas
was helium (18 psi). The temperature program was isothermal at 45 ◦C for 1 min, then 3 ◦C min−1

to 230 ◦C with a final isotherm of 25 min. The acquisition was made in scanning mode (mass range,
30–300 amu; 1.9 spectra s−1).

The identification of the volatile compounds was confirmed by comparing their mass spectra
(MS Chemstation Wiley 7N library) and their retention times with those of the pure compounds. For
obtaining the calibration curves, five known amounts of the analytes were subjected to the same
liquid–liquid extraction as that for the wine samples, and the quantification was carried out by the
interpolation of relative peak areas with respect to the response of internal standards. Those substances
for which pure compounds were not available were referred as a function of the normalized area
respect to the internal standard (3-octanol). Each wine sample was analyzed in triplicate.

2.3. Aromatic Index

In order to estimate the influence of each volatile on the Treixadura wine aroma, odor activity
values (OAV) were computed as the ratio between the concentration of a given compound and its
corresponding perception threshold [29]. Theoretically, OAV should be greater than the unity [29];
however, due to synergic effects among different substances, those compounds with values greater
than 0.2 can be considered as active aromas [30]. The odor thresholds for the compounds considered in
this study, along with their corresponding aromatic descriptors, are shown in Table 1.

2.4. Sensory Evaluation

Four wine sensory assessments were carried out over the study period, each one approximately
15 days after the performance of the gas chromatography determinations. The panel consisted of 6 to
10 professional enologists (25–50 years of age, 25% females and 75% males), most of them from the
wineries that supplied the wine samples. All wines were tasted in the same session, but the sessions
were not replicated due to the availability of the tasting panel. The wines were served in standard
tasting glasses coded with random numbers and covered with a watch-glass to minimize the loss of
volatile compounds. Testing temperature was 10 ◦C and room temperature was 20–22 ◦C. A card of
7 aromatic attributes (floral, fruity, grass, spicy, woody, sulfurous, and caramel) accompanied by a
scale from 0 to 10 to rate the intensity of each nuance in each wine sample, where 0 indicated that the
descriptor was not perceived and 10 indicated the highest intensity. In addition, panellists must score
the global quality of the wine sample both at the aroma (olfactory) and taste (mouthfeel) levels, as well
as provide a global mark for the wine overall quality.
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Table 1. Odor thresholds, matrix in which they were obtained, and descriptors for several volatile
compounds. References for the thresholds are included.

Family Compound Odor Threshold
(mg L−1) Matrix Descriptor Reference

Terpenes linalool 0.050 Wine Rose [31]
α-terpineol 0.400 Wine Flowers, linden

C6 Compounds
1-hexanol 4 Ethanol (11%) Herbaceous [32]

cis-3-hexen-1-ol 1 Ethanol (10%) Green, bitter [33]
trans-3-hexen-1-ol 13 Beer [34]

Higher
Alcohols

1-propanol 30 Not specified Ripe fruit [35]
1-butanol 11 Not specified Medicine
isobutanol 75 Ethanol (10%) Clove [33]

isoamyl alcohol 40 Ethanol (10%) Fusel [36]
2-phenylethanol 14 Ethanol (10%) Rose, honey [37]

Alcohols
methanol 2000 Not specified Alcohol [35]

benzyl alcohol 900 Beer Blackberry [34]

Carbonyl
Compounds

benzaldehyde 2 Ethanol (10%) Almond [33]
furfural 150 Beer Toasted [34]
acetoine 150 Ethanol (12%) - [38]

Ethyl Esters

ethyl butyrate 0.4

Ethanol (10%)

Blueberry

[33]

ethyl hexanoate 0.08 Green apple
ethyl octanoate 0.58 Sweet, flower
ethyl decanoate 0.5 Brandy, grape

ethyl lactate 150 Butter
diethyl succinate 1.2 Melon

Acetates of
Higher

Alcohols

isoamyl acetate 0.16
Ethanol (10%)

Banana
[33]hexyl acetate 0.67 Pear, apple, cherry

2-phenylethyl acetate 1.8 Rose, flower

Volatile Fatty
Acids

butyric acid 4 Ethanol (9.5%) Butter, cheese [39]
isobutyric acid 2.3 Ethanol (11%) - [37]
isovaleric acid 0.03 -
hexanoic acid 3

Beer
Cheese, fatty

[34]octanoic acid 10 Fatty, rancid
decanoic acid 6

Volatile Phenols
4-vinyl-guaiacol 0.440 Ethanol (12%) Paint, watercolor [40]
4-vinyl-phenol 0.375 Pharmacy, clove

2.5. Statistical Analysis

Significant differences among times after bottling for the concentrations of each volatile compound
were assessed with a one-way analysis of variance (ANOVA). Post-hoc comparison of means was
performed using the Fischer’s Least Significant Difference (LSD) test. Similarly, ANOVA was used to
determine the influence of time after bottling on the OAV of each compound. Principal Component
Analysis (PCA) was applied to discriminate among the means of families of volatile compounds in the
samples according to the time after bottling. Statistical analysis was carried out using R environment
v.3.6.2 [41].

3. Results

3.1. Evolution of the Concentrations of Volatile Compounds Over Storage Time in the Bottle

Eight monovarietal Treixadura wines made at industrial scale were analyzed and the volatile
composition of each of them is shown in the Supplementary Tables S1 to S8. A total of 44 volatiles were
detected in the Treixadura wine samples studied, including terpenes, C6 compounds, higher alcohols,
esters, volatile fatty acids, acetates, carbonyl compounds, volatile phenols, and other compounds,
and the average value at each sampling date is displayed in Table 2. Terpenes appeared at low
concentrations and the most relevant volatile within this family was linalool (Table 2). Among C6
compounds, 1-hexanol was the most quantitatively important volatile in Treixadura wines (Table 2).
Isoamyl acetate and methanol were the most relevant higher alcohols detected in the samples studied
(Table 2). The most relevant ester was ethyl octanoate, whereas octanoic acid was the most quantitatively
important fatty acid in the Treixadura wines studied (Table 2). Finally, the most relevant volatiles
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among acetates, carbonyl compounds, and volatile phenols were, respectively, isoamyl acetate, acetoine,
and 4-vinyl-phenol (Table 2).

Table 2. Average concentrations of volatile compounds (mean ± standard error) in Treixadura wines
from the Ribeiro Designation of Origin (DO) at different times of bottle aging. M6, M12, M18, and M24
indicate 6, 12, 18, and 24 months after bottling.

Family Compound 1 M6 M12 M18 M24 P-Value 1

Terpenes linalool * 29.6 ± 2.4 a 29.7 ± 1.0 a 32.6 ± 1.6 a 18.4 ± 0.7 b 0.003
α-terpineol * 21.9 ± 5.2 22.0 ± 6.8 34.9 ± 5.4 16.7 ± 2.2 0.597

C6
Compounds

1-hexanol 1.3 ± 0.1 a 1.1 ± 0.1 ab 1.4 ± 0.1 a 0.7 ± 0.0 b 0.011
cis-3-hexen-1-ol 0.22 ± 0.05 0.18 ± 0.04 0.19 ± 0.04 0.11 ± 0.02 0.736

trans-3-hexen-1-ol 0.20 ± 0.08 0.26 ± 0.11 0.28 ± 0.12 0.11 ± 0.04 0.861

Alcohols

methanol 63.3 ± 3.5 58.4 ± 2.3 63.4 ± 2.6 63.1 ± 2.9 0.710
1-propanol 15.1 ± 1.3 12.8 ± 1.0 13.3 ± 1.4 16.1 ± 1.4 0.494
isobutanol 20.2 ± 1.2 19.2 ± 1.1 22.3 ± 1.6 17.9 ± 1.2 0.297
1-butanol 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 0.9 ± 0.1 0.134

isoamyl alcohol 164.3 ± 6.9 158.0 ± 7.2 159.5 ± 8.0 152.3 ± 6.4 0.824
benzyl alcohol 0.08 ± 0.01 0.29 ± 0.08 0.21 ± 0.02 0.09 ± 0.01 0.129

2-phenylethanol 8.5 ± 0.5 a 7.8 ± 0.3 a 9.1 ± 0.5 a 3.7 ± 0.3 a <0.001
3-methyl-1-pentanol 0.07 ± 0.01 ab 0.07 ± 0.00 ab 0.07 ± 0.00 a 0.04 ± 0.00 b 0.031

3-ethoxy-1-propanol # 38.3 ± 7.9 38.9 ± 7.0 35.1 ± 7.2 19.9 ± 3.9 0.456
1,2-propanodiol # 8.6 ± 0.7 8.0 ± 0.3 7.4 ± 0.7 4.8 ± 0.2 0.221
1,3-butanediol # 355.8 ± 35.1 a 258.9 ± 15.1 ab 247.1 ± 19.8 ab 132.8 ± 15.8 b <0.001
2,3-butanediol # 78.9 ± 7.2 a 66.0 ± 5.9 a 59.5 ± 4.1 ab 32.9 ± 3.7 b 0.003

Ethyl Esters

ethyl butyrate 0.44 ± 0.04 0.39 ± 0.03 0.44 ± 0.03 0.31 ± 0.02 0.167
ethyl hexanoate 0.65 ± 0.03 a 0.54 ± 0.05 a 0.63 ± 0.02 a 0.35 ± 0.02 b <0.001
ethyl octanoate 1.41 ± 0.13 a 1.48 ± 0.06 a 1.21 ± 0.05 a 0.63 ± 0.02 b <0.001
ethyl decanoate 0.58 ± 0.02 a 0.63 ± 0.04 a 0.63 ± 0.02 a 0.30 ± 0.01 b <0.001

ethyl-3-hydroxybutyrate 0.14 ± 0.01 a 0.14 ± 0.01 a 0.16 ± 0.01 a 0.08 ± 0.01 b 0.006
ethyl-4-hydroxybutyrate # 92.7 ± 13.6 a 62.7 ± 6.3 ab 56.4 ± 6.6 ab 22.3 ± 2.2 b 0.003

ethyl lactate 13.8 ± 1.7 9.7 ± 0.5 15.1 ± 2.1 8.4 ± 1.3 0.170
monoethyl succinate # 50.3 ± 3.0 b 54.2 ± 2.5 b 79.3 ± 3.9 a 27.7 ± 1.4 c <0.001

diethyl succinate 0.78 ± 0.06 b 1.16 ± 0.11 b 1.80 ± 0.11 a 0.85 ± 0.08 b <0.001

Volatile Fatty
Acids

isobutyric acid 1.01 ± 0.08 a 0.93 ± 0.07 a 0.93 ± 0.06 a 0.56 ± 0.03 b 0.002
butyric acid 2.88 ± 0.13 a 2.75 ± 0.11 a 2.90 ± 0.13 a 1.62 ± 0.14 b <0.001

isovaleric acid 0.75 ± 0.04 a 0.73 ± 0.02 a 0.74 ± 0.03 a 0.40 ± 0.02 b <0.001
hexanoic acid 4.7 ± 0.1 a 4.2 ± 0.1 a 4.7 ± 0.1 a 2.2 ± 0.1 b <0.001
octanoic acid 6.4 ± 0.2 a 6.1 ± 0.2 a 6.9 ± 0.1 a 3.2 ± 0.1 b <0.001
decanoic acid 2.1 ± 0.1 a 2.0 ± 0.1 a 2.1 ± 0.0 a 0.9 ± 0.0 b <0.001

lauric acid 0.16 ± 0.02 0.16 ± 0.02 0.15 ± 0.02 0.18 ± 0.07 0.987
trans-2-hexenoic acid # 16.6 ± 1.9 16.7 ± 2.2 19.0 ± 1.9 11.2 ± 0.9 0.262

Acetates of
Higher

Alcohols

isoamyl acetate 2.1 ± 0.2 a 1.4 ± 0.1 a 1.0 ± 0.1 a 0.5 ± 0.1 b <0.001
hexyl acetate 0.14 ± 0.02 0.17 ± 0.05 0.15 ± 0.04 0.08 ± 0.02 0.738

2-phenylethyl acetate 0.10 ± 0.01 a 0.09 ± 0.01 a 0.07 ± 0.01 ab 0.02 ± 0.00 b 0.003

Carbonyl
Compounds

furfural 0.03 ± 0.00 c 0.04 ± 0.00 bc 0.07 ± 0.01 a 0.05 ± 0.00 b <0.001
benzaldehyde 0.02 ± 0.00 0.03 ± 0.00 0.03 ± 0.0 0.01 ± 0.00 0.126

acetoine 3.1 ± 0.5 2.1 ± 0.2 2.6 ± 0.4 1.8 ± 0.3 0.427
Volatile
Phenols

4-vinyl-phenol 3.8 ± 0.3 b 5.5 ± 0.4 ab 5.7 ± 0.4 a 1.9 ± 0.1 c <0.001
4-vinyl-guaiacol 1.4 ± 0.1 b 1.6 ± 0.1 ab 2.0 ± 0.1 a 0.5 ± 0.0 c <0.001

Others
γ-butyrolactone 1.8 ± 0.2 ab 1.4 ± 0.1 ab 1.9 ± 0.2 a 1.0 ± 0.1 b 0.016

methionol # 34.2 ± 2.4 a 34.1 ± 2.0 a 37.0 ± 2.1 a 16.4 ± 1.4 b <0.001
1 Concentrations in mg L−1; except for those compounds marked with * in µg L−1 and # as normalized area. Different
letters in the row indicate significant differences among times after bottling for a given compound.

Bottle storage time significantly affected the concentrations of 26 of these volatiles (Table 2). In
general, concentrations were lower at the final measurement date, while no significant differences were
detected among the rest of measurement dates (Table 2). Despite this lack of differences, concentrations
tended to decline with storage time, except for the monoethyl and diethyl succinates and furfural,
which appeared at higher concentrations on the third measurement date (Table 2).

It must be noted that not all the compounds listed in Table 2 were detected in all the Treixadura
wine samples (Supplementary Tables S1 to S8). However, the main findings regarding the effect of
storage time on the concentrations of volatile compounds were observed for each sample, although
some exceptions to these general observations existed. In wine sample 1, the concentration of ethyl
butyrate increased over time until the third date of measurements, leading to a greater content of
esters on that date (Supplementary Table S1). In wine sample 2, α-terpineol was not detected and the
concentrations of 2-phenylethanol and benzyl alcohol increased up to the third measurement date
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(Supplementary Table S2). In wine sample 3, the concentrations of volatile fatty acids were rather
low but increased on the third date of measurements (Supplementary Table S3). In wine sample 4,
no terpenes were detected and the concentrations of higher alcohols and acetates were lower than
in the rest of the samples (Supplementary Table S4). In wine sample 5, terpenes appeared at greater
concentrations on the third measurement date; the contents of higher alcohols were the greatest
compared to the rest of the samples, whereas the carbonyl compounds were detected at the lowest
concentrations (Supplementary Table S5). In wine sample 6, C6 compounds were detected at the lowest
concentrations when compared with the rest of the samples studied; moreover, their concentrations
were significantly higher on the third date of measurements (Supplementary Table S6). Wine sample
7 had the highest and lowest concentrations of terpenes and isoamyl acetate, respectively, when
compared with the rest of the samples; while methanol concentration increased with storage time
(Supplementary Table S7). In wine sample 8, C6 compounds appeared at low concentrations while
volatile fatty acids were detected at high concentrations when compared with the rest of the samples
(Supplementary Table S8).

The PCA applied to the average concentrations of the different families of volatiles (Figure 1)
explained 97.3% of the variability within the wine samples. The first component (PC1) explained
85.9% of this variability and depended on the concentrations of all families of compounds, whereas
PC2 explained 11.4% of the variability and depended on the concentrations of phenols, terpenes,
higher alcohols, and acetates (Figure 1). In the bi-plot, M6 was located on the positive side of PC1
and the negative side of PC2, due to the high concentrations of acetates in this sample. Wines from
M12 were located in the center of the bi-plot, indicating that these samples did not have outstanding
concentrations of any of the families of compounds. Wines from M18 were located on the positive
sides of both PC due to their high concentrations of phenols and terpenes. Finally, samples from M24
were located on the negative sides of both PC, indicating that their concentrations on all the families of
compounds were lower than those from the rest of the samples (Figure 1).Foods 2020, 9, x FOR PEER REVIEW 8 of 15 

 

 
Figure 1. Principal component analysis (PCA) of Treixadura wines after several months of aging in 
the bottle: Bi-plot of the first two components (PC) for families of volatile compounds related to wine 
aroma. M6, M12, M18, and M24 indicate 6, 12, 18, and 24 months after bottling. 

3.2. Effect of Bottle Storage Time on Odor Activity Values 

Table 3 shows the OAV for the 32 volatile compounds for which odor thresholds were 
available. The volatiles with the highest OAV were isovaleric acid, isoamyl acetate, 4-vinyl-phenol, 
and ethyl hexanoate. From Table 3, a total of 21 compounds showed OAV greater than 0.2, except for 
the last measurement date in which 19 compounds showed OAV over this threshold. Moreover, 10 
compounds had OAV greater than 1 in the first two measurement dates, 11 compounds on the third 
date, and 7 compounds on the last date of measurements. 

Figure 1. Principal component analysis (PCA) of Treixadura wines after several months of aging in
the bottle: Bi-plot of the first two components (PC) for families of volatile compounds related to wine
aroma. M6, M12, M18, and M24 indicate 6, 12, 18, and 24 months after bottling.

200



Foods 2020, 9, 1419

3.2. Effect of Bottle Storage Time on Odor Activity Values

Table 3 shows the OAV for the 32 volatile compounds for which odor thresholds were available.
The volatiles with the highest OAV were isovaleric acid, isoamyl acetate, 4-vinyl-phenol, and ethyl
hexanoate. From Table 3, a total of 21 compounds showed OAV greater than 0.2, except for the last
measurement date in which 19 compounds showed OAV over this threshold. Moreover, 10 compounds
had OAV greater than 1 in the first two measurement dates, 11 compounds on the third date, and 7
compounds on the last date of measurements.

Table 3. Odor activity values of volatile compounds in Treixadura wines from the Ribeiro DO at
different times of bottle aging. M6, M12, M18, and M24 indicate 6, 12, 18, and 24 months after bottling.

Family Compound M6 M12 M18 M24 p-Value

Terpenes linalool 1 0.6 a 0.6 a 0.7 a 0.4 b 0.006
α-terpineol 0.0 0.0 0.1 0.0 0.301

C6
Compounds

1-hexanol 0.3 ab 0.3 ab 0.4 a 0.2 b 0.008
cis-3-hexen-1-ol 0.2 0.2 0.2 0.2 0.994

trans-3-hexen-1-ol 0.0 0.0 0.0 0.0 0.819

Alcohols

methanol 0.0 0.0 0.0 0.0 0.999
1-propanol 0.5 0.4 0.5 0.5 0.572
isobutanol 0.3 0.3 0.3 0.2 0.332
1-butanol 0.1 0.1 0.1 0.1 0.240

isoamyl alcohol 4.1 4.0 4.0 3.8 0.781
benzyl alcohol 0.0 0.0 0.0 0.0 0.999

2-phenylethanol 0.6 a 0.5 a 0.6 a 0.3 b <0.001

Ethyl Esters

ethyl butyrate 1.1 1.0 1.1 0.8 0.306
ethyl hexanoate 8.2 a 6.7 ab 7.8 a 4.8 b 0.003
ethyl octanoate 2.5 a 2.5 a 2.1 a 1.2 b <0.001
ethyl decanoate 1.2 a 1.3 a 1.3 a 0.7 b 0.001

ethyl lactate 0.1 a 0.1 a 0.1 a 0.0 b 0.003
diethyl succinate 0.7 b 1.0 a 1.5 a 0.7 b <0.001

Volatile Fatty
Acids

isobutyric acid 0.5 a 0.4 a 0.4 a 0.2 b 0.002
butyric acid 0.7 a 0.7 a 0.7 a 0.4 b <0.001

isovaleric acid 25.1 a 24.4 a 24.7 a 13.3 b <0.001
hexanoic acid 1.6 a 1.4 a 1.6 a 0.7 b <0.001
octanoic acid 0.6 a 0.6 a 0.7 a 0.3 b <0.001
decanoic acid 0.4 1.1 1.1 0.1 0.471

Acetates of
Higher

Alcohols

isoamyl acetate 13.3 a 8.7 ab 6.1 bc 2.8 c <0.001
hexyl acetate 0.2 0.2 0.2 0.1 0.877

2-phenylethyl acetate 0.1 0.1 0.0 0.0 0.059

Carbonyl
Compounds

furfural 0.0 0.0 0.0 0.0 0.999
benzaldehyde 0.0 0.0 0.0 0.0 0.999

acetoine 0.0 0.0 0.0 0.0 0.451
Volatile
Phenols

4-vinyl-phenol 10.2 b 14.7 ab 15.2 a 5.2 c <0.001
4-vinyl-guaiacol 3.2 b 3.6 b 4.6 a 1.1 c <0.001

1 Different letters in the row indicate significant differences among times after bottling for a given compound.

The OAV of 16 compounds were significantly affected by storage time in the bottle (Table 3). In
general, OAV were lower on the last date of measurements except for diethyl succinate, 4-vinyl-phenol,
and 4-vinyl-guaiacol for which OAV on the last date did not significantly differ from those of the
first measurement date (Table 3). In general, all wine samples showed the same profile with 20–22
volatiles with OAV greater than 0.2; from these substances, 10–12 volatiles had OAV greater than 1
(Supplementary Tables S9 and S10). Despite the fact that significant and marked reductions in the
concentrations of the volatiles were detected at the end of the period of bottle storage, the reductions
in OAV were less relevant. In this sense, some substances passed from having OAV greater than 1 at
M6 to OAV in the range of 0.2–1 at M24; however, they can still contribute to wine aroma.

3.3. Evolution of the Sensory Profile of Treixadura Wines over Bottle Storage

The panellists gave the highest marks to the fruity, floral and grass descriptors (Figure 2), whereas
the rest of aroma descriptors did not reach more than two points in the sensory evaluations. Four
descriptors (floral, fruity, grass, and caramel) showed significantly different marks depending on the
storage time. In the case of floral, wines from M18 had higher marks than those from M12. In the case
of fruity, wines from M18 had higher marks than those from M12 and M24. In the case of grass, wines
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from M24 had lower marks than those from M12 and M18. Finally, wines from M12 received lower
marks for caramel than those from M18 and M24.
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Figure 2. Aroma profile of Treixadura wines as affected by storage time in the bottle. Data are averages
for the 8 wine samples considered in the current study. M6, M12, M18, and M24 indicate 6, 12, 18, and
24 months after bottling.

No significant differences among storage time in the bottle were detected for the olfactory,
mouthfeel, and global marks given to the Treixadura wines, although a trend to higher marks was
observed for M6 and M18 (Figure 3). Despite of a certain variability among samples, the highest
global quality marks were given to samples after 18 months of bottling (M18). Some of the samples
maintained these high marks six months later, but most of them suffered from a decline in this global
quality mark by the end of this experiment (M24).
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Figure 3. Punctuations for the olfactory and mouth phases of the sensory evaluation, as well as for
the global quality of the Treixadura wines at different storage times in the bottle. Error bars represent
standard errors. M6, M12, M18, and M24 indicate 6, 12, 18, and 24 months after bottling.
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4. Discussion

This study confirmed that Treixadura wines do not have a terpenic aroma profile and, consequently,
Treixadura cannot be considered rich in varietal compounds [17,20,25]. In contrast, the studied wines
had high contents in ethyl esters and isoamyl acetate, which provide fruity nuances [33], and
vinyl-phenols that provide aroma to paint, watercolor, and clove [40]. In the current study, Treixadura
wines had a similar volatile composition at the time of bottling, despite coming from different wineries
that, likely, used different protocols for winemaking. However, over the process of bottle aging, several
reactions occurred and altered the volatile composition of the wines. Previous research reported that
reactions such as oxidation, hydrolysis, and reactions caused by charge transfer and formation of
covalent bonds influenced the evolution of wine flavor during bottle aging [42,43]. In the case of
white wines, scarce research efforts have been devoted to elucidate the mechanisms that produce
changes in aromatic composition during bottle aging [7]. Nevertheless, it has been suggested that an
oxidation of alcohols into aldehydes is produced, as well as an increase followed by a diminishing of
terpenes, acetates, and ethyl esters, while there is a formation or an increase in the concentrations of
norisoprenoids, thiols, and sulfur compounds of low molecular weight [14].

In the current work, the volatile compounds detected in Treixadura wines followed one of three
patterns during their evolution over bottle aging. First, the volatile compounds detected in the
wines from the current study maintained their concentrations up to the third measurement date (2
years after grape harvest, 18 months in the bottle) and declined sharply in concentration on the last
measurement date (30 months after grape harvest, 24 months in the bottle). Compounds relevant
to wine aroma, including linalool, 2-phenylethanol, ethyl hexanoate, ethyl octanoate, isovaleric acid,
and isoamyl acetate, followed this pattern over bottle aging. A second pattern was observed for the
concentrations of other volatiles, which decreased steadily over the period of bottle aging, including
1,3-butanediol, isobutyric acid, isoamyl acetate, and acetoine. Finally, the concentrations of 19 volatiles
did not significantly vary over the period of bottle aging (third pattern). A previous study on Cabernet
Sauvignon wines pointed out similar patterns of evolution [11], although the specific pattern for a
given compound differed from that observed in the current study, likely to differences in the variety
and experimental setup used. In contrast, research on a white variety, Chardonnay [7], provided similar
results as those presented here. In this sense, alcohols (1-hexanol, cis-3-hexen-1-ol, isobutanol) tended
to remain stable over bottle aging, whereas ethyl esters (ethyl hexanoate, octanoate, and decanoate) and
fatty acids (hexanoic, octanoic, and decanoic) tended to appear at low concentrations by the end of the
bottle aging period. This diminishment of critical aroma compounds such as ethyl esters, terpenes, and
norisoprenoids could reduce the perception of fruity and floral nuances at the sensory level [7,11,44].
Overall, bottle aging within 18 months enhanced the accumulation of volatile compounds and wine
maturation in this study.

The changes in concentrations discussed above modified the relevance of the volatiles on wine
aroma. In the current study, the compounds that had the highest OAV and, consequently, contributed
significantly to Treixadura wine aroma were isovaleric acid, 4-vinyl-phenol, isoamyl acetate, and ethyl
hexanoate; with OAV ranging from 2.8 to 25, depending on the compound and the date after bottling.
These compounds coincide with those reported by Vilanova et al. [20] for wines of the same variety.
In addition, Cortés and Blanco [18] indicated that ethyl octanoate, ethyl butyrate, isoamyl alcohol,
and 2-phenylethanol also had a relevant contribution to the aroma of Treixadura wines, although
their concentrations depended on the yeast strain used for fermentation. In the current study, these
compounds were present and their OAV were from 0.5 (2-phenylethanol) to 4 (isoamyl alcohol), thus
they contributed to wine aroma.

In this sense, the ‘fruity’ descriptor received the highest marks in all wines. In fact, several authors
reported that Treixadura wines have a characteristic flavor related to fruits and pointed out several
descriptors including ‘banana’, ‘apple’, ‘citrus’, and ‘pear’ [18]; ‘stone fruit’ and ‘ripen fruit’ [20]; and
‘fresh fruit’ [26]. In the current study, the ‘fruity’ descriptor received lower marks on the second date (12
months after bottling) but these marks increased six months later to decrease again on the last date of
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sensory evaluations. This pattern is similar to that of compounds such as ethyl esters, isoamyl acetate,
and diethyl succinate, which appeared at higher concentrations on the third date of determinations and
showed high OAV, which might have caused Treixadura wines to have this ‘fruity’ character. A similar
behavior over bottle aging, namely, maximum values after two years from harvesting, was observed
for the ‘floral’ descriptor, which might have been produced by compounds such as 2-phenylethanol
and linalool. Despite the fact that these compounds appeared at OAV between 0.2 and 1, synergistic
effects could have caused their detection and contributed to the Treixadura wine aroma, as previously
reported [18,20,45].

The ‘grass’ descriptor received marks around 3–4 units and these were higher on the second
and third dates of assessment. This nuance could be produced by isoamyl alcohols, 1-hexanol, and
cis-3-hexenol [32,33,36], which appeared at significant concentrations in the Treixadura wines studied.
These compounds are synthesized from the branched-chain amino acids [9], which are abundant
in Treixadura when compared to other grape varieties [19]. The intensity of the remaining aroma
descriptors was low, although some of them (‘caramel’, ‘spicy’) have been previously encountered
in Treixadura wines [20,25]. Marks for ‘caramel’ increased with bottle aging, as previously reported
for Riesling [46] and Semillon [47] wines, being explained by an increase of the concentration of
furfural [48]; however, this was not observed in the current study. Nevertheless, the marks for this
descriptor were low, up to 2 in the case of the M18 and M24 samples, and the observed increase of these
marks with bottle aging can be caused by several factors such as, for instance, spontaneous malolactic
fermentation or the oxidation of wine [49]; moreover, the M18 sample had a higher concentration of
γ-butyrolactone, a compound that provides caramel and sweet nuances [33].

Finally, it must be noted that the nonvolatile matrix exerts a powerful impact on wine aroma
perception, which has been reported similar to that of the volatile composition [50,51]. In the current
study, the mouthfeel quality of the wines tended to a greater quality during the first 18 months of the
bottle-aging period and this could have positively impacted the assessment of fragrance attributes, as
previously reported for Cabernet Sauvignon wines [11].

5. Conclusions

In conclusion, by assessing the wine volatile composition, OAV, and sensory perception, a
comprehensive understanding of the evolution of flavor profiles of Treixadura wines was established.
Most volatile compounds in the studied wines showed stable, or even increased, concentrations up
to two years after harvest (18 months of bottle aging). Then, their contents sharply decreased. The
concentrations of acetates, mainly of isoamyl acetate, progressively decreased during bottle aging,
being reduced up to four to five times when compared to the initial concentration in the wines. Sensory
evaluation showed that the most-valued aromatic descriptors (‘fruity’ and ‘floral’) received the highest
marks in the samples from 18 months of bottle aging (two years after harvest); these samples also
reached the highest marks both for the olfactory and mouthfeel levels, as well as for the global quality
of the wine. From the results obtained, and against the common belief that Galician white wines
must be consumed within the year following their production, it would be advised that Treixadura
wines were consumed two years after harvest (18 months in the bottle). Therefore, the current study
has extended the research into the evolution of aroma compounds in white wines; however, further
attention should be given to wine flavor chemistry and quality during bottle aging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/10/1419/s1,
Tables S1 to S8: Concentrations of volatile compounds (mean ± standard deviation SD) in Treixadura wine samples
1 to 8 from the Ribeiro DO at different times of bottle aging, Table S9: Bottling storage effects on the odor activity
values of wines from Treixadura in Ribeiro Designation of Origin (Samples 1–4), Table S10: Bottling storage effects
on the odor activity values of wines from Treixadura in Ribeiro Designation of Origin (samples 5–8).
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