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Preface

The production of fermented beverages dates back to ancient times. Humans utilized the

available raw materials and practical wisdom to create nourishing products. This practical

knowledge passed through generations and reached our modern times. Scientific and technological

progress allowed the thorough assessment and characterization of the production procedure,

the composition of the fermenting microcommunity, the fate of bioactive compounds during

fermentation, as well as the effect of their consumption on human health. Nowadays, a wealth

of knowledge has accumulated and is constantly supplemented by new data that improves our

understanding of the biotic and abiotic factors that affect the production and quality of fermented

beverages. Standardization was the first step that was achieved for products that have met public

acceptance. The customization of functional products is the next challenge that creates exciting new

prospects.

The Guest Editors are grateful to the researchers who published their work in this Special Issue

and the MDPI editorial team for their support.

Maria Dimopoulou, Spiros Paramithiotis, Yorgos Kotseridis, and Jayanta Kumar Patra

Editors
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The production of fermented beverages dates back to antiquity. The substrates most
frequently employed are milk, fruits and cereals, resulting in a wide range of products,
some of which are currently recognized as characteristic of certain geographical areas. The
early studies on fermented beverages aimed to document the production procedures and
characterize the driving microbiota. As data accumulated and the need for standardization
became more evident, assessment of the metabolic activities associated with the quality
characteristics of each product towards the selection of the most suitable starter cultures
dominated research. At the same time, the beneficial attributes for human health were also
recorded, highlighting the importance of the thorough characterization of the factors that
determine these activities. Nowadays, a wealth of knowledge has accumulated, which,
combined with the conceptual, methodological and technological advances of recent years,
enable us to study the factors that affect the development of these microbial communities,
elucidate the mechanisms by which their metabolic activities direct the fate of bioactive
compounds and unravel how the latter modulate human health.

In recent years, research in the field of fermented beverages has been concentrated
mainly in the following four areas: 1. physicochemical and microbiological characterization,
2. the effect of climate change and mitigation strategies, 3. quality improvement and 4. the
development of new products.

Our knowledge regarding the microbial communities that drive spontaneous fermen-
tations, their dynamics during fermentation and the storage of the final products, as well as
their metabolic activities and how their metabolites shape the physicochemical properties
and the nutritional value of fermented beverages, has been significantly improved over
the recent years. This improvement has been facilitated by the technological advances that
enabled the rapid characterization of microbial communities to the species level, along
with their functional metabolic pathways. Thus, a series of studies have improved our un-
derstanding of already established fermented beverages, such as kombucha [1,2], and they
have introduced traditional products, such as the Peruvian “Chicha de siete semillas” [3],
and ethnic practices, such as the epop of India [4].

The effects of climate change on fermented beverages, along with possible mitigation
strategies, have drawn scientific attention, particularly in viticulture. Global warming
accelerates the ripening of grapes but alters their composition; they contain more sugars
and fewer organic acids. From a cultivation point of view, several agricultural practices
have been proposed to address this issue [5]. From a winemaking perspective, the greater
carbohydrate content could lead to higher ethanol production, which is not always per-
ceived positively by consumers, and the lower acidity would be detrimental to the stability
of the product. Collectively, these changes would result in a significant deviation from
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the typical characteristics of wine. Among the possible mitigation strategies, biological
acidification by suitable non-Saccharomyces yeast strains that would utilize carbohydrates to
produce lactic acid instead of ethanol seems to be a realistic solution. Their application in a
wide range of grape varieties, along with the effect on the physicochemical characteristics
and the sensorial profile of wine, has been extensively assessed, highlighting the feasibility
of this approach.

The term “quality” may refer to a wide range of properties that may be affected by a
series of biotic and abiotic factors, such as the type and characteristics of the raw materials
employed, the metabolic capacity of the microorganisms driving the fermentation, the
conditions of fermentation etc. Not all fermented beverages have the factors affecting their
quality features fully elucidated. Therefore, the recent advances in the field of metagenomic
analyses, coupled with analytical tools that enable the integration of metagenomic with
metabolomic approaches, have improved our understanding of the factors that affect the
fermentation process; the role of the different members of the microcommunity and how
they direct the quality of the final product, such as in the case of green kombucha [6] and
Huangjiu fermentation [7]. The fate of bioactive compounds has also been the epicenter
of intensive study. Thus, the factors that affect the concentration of compounds, such
as phenolics, amino acids, peptides and fatty acids, during fermentation, as well as their
biological activities, have been extensively assessed. Especially regarding the latter, a wealth
of data has been generated through in vitro experiments, indicating significant biological
activity that leads to specific health claims [8]; in many cases, these are accompanied by
adequately described modes of action. As a result, there is a constant effort to enhance the
nutritional value and the functional activities of fermented beverages, mostly through the
use of carefully selected starter cultures [9] or the direct addition of specific nutrients [10].

Finally, the development of new products with customized functional potential has
also been a field of intensive effort. Research has mostly focused on the customization
of kefir and kombucha beverages, either by using alternative raw materials or by using
microbial strains with specific metabolic activities. These have led to the development
of a wide range of kefir and kombucha analogs [8], many of which hold very promising
capacities. In addition, many fermented beverages with interesting properties have also
been developed by using non-conventional materials or underexploited strategies [11,12].

The aim of this Special Issue was to contribute to the aforementioned research areas
with studies of high quality. This has been achieved, as very interesting manuscripts, ad-
dressing research gaps and providing new insights, have been published. These manuscripts
improve our understanding of fermented beverages and form a basis for future research.
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Use of Non-Saccharomyces Yeast to Enhance the Acidity of
Wines Produced in a Warm Climate Region: Effect on
Wine Composition
Fernando Sánchez-Suárez and Rafael A. Peinado *

Department of Agricultural Chemistry, Edaphology and Microbiology, Building Marie Curie 3rd Floor,
University of Córdoba, 14014 Córdoba, Spain; g62sasuf@uco.es
* Correspondence: qe1peamr@uco.es

Abstract: One of the most notable effects of climate change, especially in warm regions, is the decrease
in acidity (i.e., increase in pH) of wines and a reduction in their aromatic profile. To address this issue,
must from a white grape variety with low acidity were inoculated with two non-Saccharomyces yeasts
(Lachancea thermotolerans and Torulaspora delbrueckii) to enhance the acidity of the resulting wines. Basic
oenological variables and major volatile compounds and polyols of the wines were analyzed, and the
results were compared with those obtained through a Saccharomyces cerevisiae strain. Through multiple
regression analysis, we found relations between the production of lactic acid to compounds involved
in yeast metabolism and redox balance, including glycerol, acetic acid, isobutanol, isoamyl alcohols,
and 2-phenylethanol. By means of principal component analysis, we obtained three components
that explain more than 89% of the observed variability. The first component differentiates wines
produced by L. thermotolerans; the second differentiates wines obtained by S. cerevisiae from those
obtained by T. delbrueckii; and the third component is related to the temperature of fermentation.
Organoleptic wines produced with S. cerevisiae were the best valuated, but taste was a highlight of
the wines produced with L. thermotolerans due to possessing the best acidity.

Keywords: climate change; Lachancea thermotolerans; lactic acid; redox balance; wine

1. Introduction

Climate change affects all types of crops and environmental processes, resulting in
higher temperatures and reduced annual rainfall in Mediterranean climate regions [1].
Furthermore, the precipitation is often intense, causing water to run off instead of being
absorbed into the soil. As temperatures continue to rise, crop evapotranspiration (ETo)
increases significantly. This will increase the water demand in the plant and subsequently
in the soil, which is exacerbated by reduced precipitation and a dry atmosphere [2,3].

The effect of climate change on wine production can be grouped into two areas,
i.e., viticulture and oenology. In the domain of viticulture, an advancement in the date of
ripening, harvesting, and overall phenology stands out [4,5], resulting in ripening occurring
during a warmer time of the year that will negatively affect grape quality and reduce
yields, both in terms of quality and quantity. In addition, the increase in temperatures
and reduction in precipitation adds to heat waves during the ripening period, which can
have very harmful effects on the plant, causing ripening blockages and berry dehydration
and shriveling, collectively resulting in a decrease in both quality and quantity of the
product [6].

Regarding the oenological aspect, it is worth noting that musts and, consequently,
wines show reduced quality, mainly based on an increase in pH and a reduction in titratable
acidity because of the malic acid degradation by the high temperatures and harvest delay [4].
As a result, a mismatch between industrial maturity and phenolic maturity is observed. To
minimize this gap, grapes are often allowed to overripen, resulting in wines with higher
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alcohol content. Additionally, lower quantities of phenolic compounds, responsible for
color and astringency in red wines, and odorant compounds in red and white wines are
synthesized. An increase in temperatures and lower thermal oscillations between day and
night also contribute to these properties [7,8].

To mitigate such effects, different strategies can be carried out. Among the viticultural
ones, these include a reduction of bunch exposure to sunlight by means of sprawl trellis
systems [9]; late pruning to delay the phenological cycle [10,11]; a reduction of the leaf/fruit
ratio to delay the harvest date [12,13]; grapevine irrigation [14]; and the application of sun
protectants [15–17]. In newly established vineyards, it is recommended that one should
use grapevine varieties and clones that stand out for their resistance to high temperatures,
drought, and delayed vegetative cycle [4,18].

Regarding oenological strategies, the purposes are (i) to increase the acidity of the
resulting wines, (ii) to reduce ethanol concentration, and (iii) to enhance the aroma of the
wines. These objectives can be achieved with new technologies, such as electrodialysis for
the reduction of K+, nanofiltration for the elimination of sugars of the must, dealcoholization
of wines, and through the use of non-Saccharomyces yeasts [19–23].

The use of non-Saccharomyces yeasts has multiple effects, one of the most notable
being the increase in aroma compounds produced by certain yeasts, such as Torulaspora
delbrueckii or Metschnikowia pulcherrima [24–30]. Specifically, in some studies on the latter
yeast, co-inoculations have been found to produce lower amounts of higher alcohols, esters,
and fatty acids, but much higher amounts of polyfunctional thiols, such as 3-sulfanylhexan-
1-ol, 3-sulfanylhexyl acetate, and 4-methyl-4-sulfanylpentan-2-one. These wines had more
positive scores in tastings than those inoculated solely with S. cerevisiae [30].

Another notable effect is the increase in acidity and reduction of pH produced by L.
thermotolerans [31], which can produce significant amounts of lactic acid from sugars [32].
This acid is mainly present in wines due to the malolactic fermentation. The increase in
lactic acid by this yeast will reduce the addition of tartaric acid to correct must and wine
acidity, a common practice in winegrowing regions of warm climates. Several authors have
highlighted the improvement in sensory properties related to acidity in wines produced by
L. thermotolerans [31–38].

The aim of this paper is to analyze the effect of two non-Saccharomyces yeast strains on
the acidity and the production of volatile aroma compounds related to yeast metabolism.
To this end, a white grape variety that is scarcely aromatic and low in acidity was used.

2. Materials and Methods
2.1. Experimental Design

White grapes (Vitis vinifera L. cv. Cayetana Blanca) cultivated in Extremadura, Spain
(region V, Amerine-Winkler), were used.

Grapes were manually harvested, destemmed, and pressed. The must obtained was
divided in eighteen batches of 12 L and was introduced in fermentation tanks of 15 L.
Previously, starter cultures of L. thermotolerans (Lt, Level2 Laktia™, Lallemand, Montreal,
QC, Canada), T. delbrueckii (Td, Viniferm NSTD™, Agrovin, Alcázar de San Juan, Spain),
and S. cerevisiae (Sc, Viniferm Pasión™, Agrovin, Alcázar de San Juan, Spain) were prepared
according to the instructions of the provider. The batches were inoculated at a rate of 30 g of
yeast per hL. Fermentations were carried out in triplicate and two different temperatures (14
and 21 ◦C) were assayed for each yeast strain. To control the temperature, the fermentation
tanks were provided with a temperature sensor and a double shell through which cold
water circulates.

2.2. Determination of Enological Parameters in Must and Wines and Fermentation Kinetics

The pH, volatile and titratable acidity, ethanol, and reducing sugars were measured
using official methods [39]. Lactic acid was determined by reflectometry by using the
Reflectoquant® test (Merck, Darmstadt, Germany).
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The initial must had a sugar concentration of 200 g/L, a pH value of 3.4, and the
titratable acidity was 5.3 g/L (expressed as tartaric acid). However, the volatile acidity and
lactic acid were under the detection limit.

The fermentation kinetics were monitored by daily measurement of the density
using two hydrometers, Pobel, Madrid, Spain with scales of 0.900–1.000 g/cm3 and
1.000–1.100 g/cm3.

2.3. Volatile Compounds Determination

A gas chromatograph and a flame ionization detector (GC-FID) were used for the
analysis of major volatile compounds according to the conditions described by Peinado
et al. [30]. Based on this protocol, 0.5 µL aliquots of wine samples (10 mL), previously
supplied with 1 mL of 4-methyl-2-pentanol as an internal standard (1 g/L), were directly
injected in an HP-6890 gas chromatograph, Agilent Technologies, Santa Clara CA, USA,
with a capillary column CP-WAX 57 CB (50 m in length, 0.25 mm in internal diameter,
and 0.4 µm in coating thickness). Tartaric acid was previously removed from the wine
sample by precipitation with 0.2 g of calcium carbonate and subsequent centrifugation of
the sample.

To identify the analyzed compounds, standards were injected under the same condi-
tions as the samples. Additional information about LRI to identify volatile compounds
is detailed in Table S1. Quantification was carried out by means of the corresponding
calibration curve of the standards.

The identification and quantification of aroma compounds were carried out with
standard solutions of pure compounds of analytical grade, purchased from Sigma-Aldrich
and Merck. Pure water was obtained from a Milli-Q purification system (Millipore, Bedford,
MA, USA).

2.4. Organoleptic Analysis

To evaluate the effect of fermentation on the sensory characteristics of the musts, a
sensory assessment was carried out. The guidelines outlined in the standard UNE 87-020-
93 [40] were adhered to for the preparation of the samples. The test consists of evaluating
the wines (color, aroma, and taste) using three quality levels: undesirable, acceptable, and
desirable. Furthermore, as recommended by the UNE 87-020-93 standard, the quality levels
were assessed based on an increasing scale of scoring for each level [40]. The results were
analyzed in accordance with the indications provided by the UNE 87-020-93 standard [40].

The tasting panel consisted of 8 women and 7 men from the research group of the
authors who have wide experience in the topic of enology and in the organoleptic analysis
of the wines.

2.5. Statistical Analysis

To determine if there were statistically significant differences between the variables
analyzed, a multifactorial analysis of variance was performed using the studied variables
(yeast strain and the temperature of fermentation). In addition, a multiple regression
analysis was carried out to relate the production of lactic acid with some of the determined
parameters. Lastly, to identify similarities and differences between the wines obtained in
the assayed conditions, cluster and principal component analyses were also performed.

All these statistical analyses were carried out using the Statgraphics Centurion XVII
v.2 software, developed by STSC, Inc. (Rockville, MD, USA).

3. Results and Discussion
3.1. Fermentation Kinetics

Figure 1 shows the fermentation kinetics of the assays. Fermentations conducted
at 14 ◦C were slower than those conducted at 21 ◦C. Particularly, treatments involving
must inoculated with S. cerevisiae at 14 ◦C end 4 days after those conducted at 21 ◦C. The
differences observed in the fermentation duration at both temperatures are more noticeable
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in the case of non-Saccharomyces yeasts. Some studies have also provided evidence of a
similar behavior due to the temperature of fermentation [41].
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Figure 1. Fermentation kinetics of Saccharomyces cerevisiae (Sc), Torulaspora delbrueckii (Td), and
Lachancea thermotolerans (Lt) at two different temperatures, 14 and 21 ◦C.

In relation to non-Saccharomyces yeasts, the fermentation kinetics put in evidence that
T. delbrueckii requires a longer adaptation time to the medium. However, once fermentation
is initiated, its kinetics are faster than those observed in L. thermotolerans.

3.2. Oenological Parameters

Table 1 shows the oenological parameters of the obtained wines and the results
of the multivariate analysis of variance. The factors analyzed were temperature and
the yeast strain.

Table 1. Oenological parameters determined in wines produced by Saccharomyces cerevisiae (Sc),
Torulaspora delbrueckii (Td), and Lachancea thermotolerans (Lt) at 14 ◦C and 21 ◦C. Multivariate analysis
of variance (MANOVA) involved the factors of temperature (T) and the yeast used (Y).

Parameter
14 ◦C 21 ◦C MANOVA

Sc Td Lt Sc Td Lt T Y

pH 3.20 ± 0.02 3.23 ± 0.02 3.25 ± 0.01 3.31 ± 0.02 3.34 ± 0.02 3.22 ± 0.02 *** **
Buffer capacity (meq/L) 31 ± 1 34 ± 2 47 ± 2 30.0 ± 0.9 28.5 ± 0.7 49 ± 1 ns ***

Titratable acidity
Tartaric acid (g/L) 5.95 ± 0.08 5.7 ± 0.1 7.9 ± 0.1 4.9 ± 0.1 4.85 ± 0.09 7.65 ± 0.06 *** ***

Lactic acid (g/L) 0.50 ± 0.02 0.48 ± 0.01 3.7 ± 0.1 0.15 ± 0.07 0.33 ± 0.04 4.8 ± 0.2 ** ***
Volatile acidity

Acetic acid (g/L) 0.5 ± 0.1 0.31 ± 0.02 0.74 ± 0.05 0.22 ± 0.05 0.52 ± 0.03 0.63 ± 0.01 *** ***

Ethanol (% v/v) 11.5 ± 0.1 11.8 ± 0.1 11.7 ± 0.2 11.6 ± 0.1 11.2 ± 0.2 11.2 ± 0.1 ** ns
Reducing sugars (g/L) 1.8 ± 0.2 1.7 ± 0.3 1.9 ± 0.2 2.5 ± 0.4 2.3 ± 0.3 1.8 ± 0.2 ns ns

** denote significant differences at 99% confidence level; *** denote significant differences at 99.9% confidence
level; ns = no significant differences.

Most enological parameters are dependent on both factors, except for residual sugars,
which did not exhibit significant differences due to either yeast strain or temperature.
Parameters related to wine acidity (pH, titratable acidity, and volatile acidity) showed
significant differences for both factors. This was also the case for lactic acid production.
As was reported by several authors [34,38,42–44], wines fermented with L. thermotolerans
showed higher values of titratable acidity and buffering capacity compared to other wines.
This observation is mainly due to the ability of this yeast to produce lactic acid from
pyruvate through the action of lactate dehydrogenase enzyme, bypassing conversion into
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ethanol [32]. This yeast also produced a higher amount of acetic acid in wines, increasing
their volatile acidity. The concentration of acetic acid is 0.3 g/L below the established legal
limit. Although its concentration is close to the perception threshold, as described later, the
tasters did not detect it. Therefore, we can conclude that this increase in volatile acidity
compared to the other wines does not pose a problem for organoleptic quality. In this
sense, some authors reported, as in our study, an increase in this parameter, whereas others
observed that the volatile acidity decreased [24–28,45].

Regarding the ethanol concentration, it was lower in wines produced at 21 ◦C. Con-
sidering that residual sugars did not show significant differences due to the fermentation
temperatures, the minor concentration of ethanol could be attributed to its higher volatility
at higher temperatures [36].

3.3. Major Volatile Aroma Compounds and Polyols

Major volatile aroma compounds were grouped into four families: higher alcohols
and methanol, esters, polyols, and carbonyl compounds (Table 2).

Table 2. Major volatile compounds and polyols (mg/L, except where indicated) were determined
in wines fermented with Saccharomyces cerevisiae (Sc), Torulaspora delbrueckii (Td), and Lachancea
thermotolerans (Lt) at two different temperatures. Multivariate analysis of variance (MANOVA)
involved taking variations in factors of temperature (T) and the yeast used (Y).

Compound 14 ◦C 21 ◦C MANOVA

Sc Td Lt Sc Td Lt T Y

Methanol 31 ± 3 32 ± 5 26.5 ± 0.4 31 ± 2 25 ± 3 31 ± 1 * ns
Propanol 33 ± 1 55.3 ± 0.7 55 ± 4 28 ± 1 33 ± 2 58.1 ± 0.1 *** ***
Isobutanol 28.6 ± 0.8 68 ± 1 58.8 ± 0.1 38 ± 2 70 ± 2 106 ± 1 *** ***
Isoamyl alcohols 195 ± 4 270 ± 6 245 ± 2 261 ± 8 258 ± 3 254 ± 3 *** ***
2-Phenylethanol 24.6 ± 0.4 44.7 ± 0.2 27 ± 2 45 ± 1 58 ± 2 29 ± 5 *** ***
Ethyl acetate 32 ± 1 34 ± 2 158 ± 0 38 ± 1 53.1 ± 0.2 152 ± 1 *** ***
Ethyl lactate nd nd 73 ± 3 nd nd 91 ± 3 *** ***
Diethyl succinate 8.5 ± 0.2 15 ± 1 11.6 ± 0.8 9.7 ± 0.4 12.8 ± 0.3 13.5 ± 0.2 ns ***
2,3-Butanediol (levo) 224 ± 2 256 ± 31 213.2 ± 0.1 249 ± 11 231 ± 19 210 ± 10 ns ns
2,3-Butanediol (meso) 71 ± 5 209 ± 23 68 ± 1 78 ± 5 179 ± 10 46 ± 4 ns ***
Glycerol (g/L) 7.6 ± 0.1 11 ± 1 7.1 ± 0.2 6.8 ± 0.3 6.4 ± 0.5 9.0 ± 0.4 * *
Acetaldehyde 59 ± 2 177 ± 2 165 ± 2 36 ± 4 72 ± 2 103 ± 13 *** ***
Acetoin 4.4 ± 0.3 13.2 ± 0.9 11.4 ± 0.1 3.3 ± 0.3 6.3 ± 0.5 18.3 ± 0.6 ns ***

* denote significant differences at 95% confidence level; *** denote significant differences at 99.9% confidence level;
ns = no significant differences; nd = not detected.

All compounds, except for methanol and 2,3-butanediol (levo), were present in dif-
ferent amounts depending on the yeast strain. Additionally, the temperature significantly
influenced the concentration of the analyzed compounds.

Higher alcohols are produced during fermentation due to the metabolism of sug-
ars and amino acids. As reported by Mauricio et al. [37], the yeasts may be able to
use amino acids not only as nitrogen sources but also as redox agents to balance the
oxidation−reduction potential under conditions of restricted oxygen. In this sense, the
production of higher alcohols could depend on the fermentation conditions and on the
metabolic pathways of each specific yeast. In line with Azzolini et al. [27], the production
of 2-phenylethanol stands out in T. delbrueckii, whose main descriptor is the floral (rose)
aroma [46]. The rest of the higher alcohols show similar concentrations between both
non-Saccharomyces yeasts.

The second group consists of esters. They can be formed either chemically or through
yeast metabolism. Specifically, they are produced as the final step in fatty acid synthesis,
which involves the release of Coenzyme A (if it occurs via alcoholysis instead of hydrolysis).
This group includes ethyl acetate, ethyl succinate, and ethyl lactate, which are characterized
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by fruity aromas, except for ethyl acetate, which at high concentrations has an unpleasant
aroma of glue and chemicals [46].

L. thermotolerans produced the highest amount of ethyl acetate and ethyl lactate. This
can be explained by the highest concentration of both acetic and lactic acids. Probably,
lactate formation via NAD-dependent lactate dehydrogenase (LDH) serves to replenish
oxidized NAD+ depleted through glycolysis. This fact could alter the redox balance,
resulting in the production of acetic acid.

The third group included 2,3-butanediol (levo and meso forms) and glycerol, which is
the third most abundant compound in wines after water and ethanol. Glycerol, as described
for amino acids, is related to redox balance. It serves as a redox valve to eliminate excess
cytosolic NADH under anaerobic conditions and is coupled with acetic acid production [23].
Moreover, T. delbrueckii stood out in the production of polyols, especially 2,3-butanediol
(meso), which was not affected by the fermentation temperature. On the other hand, the
production of glycerol did not follow a clear trend, as it was produced in higher quantities
by T. delbrueckii at low temperatures, and the same was true for L. thermotolerans at 21 ◦C.
Authors, such as Belda et al. [19] and Puertas et al. [35], described a higher production
of glycerol by T. delbrueckii than by S. cerevisiae, while, in the review of Benito et al. [24],
disparate results were found in the case of L. thermotolerans.

Lastly, the concentration of carbonyl compounds was higher in wine produced with
non-Saccharomyces yeasts. Regarding the effect of temperature, it has been observed that
there was a significant reduction in these compounds as temperature increased. This may
have been due to metabolic deviations at low temperatures, favoring the synthesis of
secondary compounds associated with glycerol–pyruvic fermentation.

3.4. Multiple Regression Analysis for Lactic Acid

As described above, the production of lactic acid impacts the redox balance. Addition-
ally, the production of compounds, such as higher alcohols, glycerol, or acetic acid, is also
related to the redox balance. To establish a link between the production of lactic acid and
some of the compounds involved in the redox balance, we conducted a multiple regression
analysis. The results showed that lactic acid production is related to volatile acidity (acetic
acid), glycerol, and the higher alcohols isobutanol, isoamyl alcohols, and 2-phenylethanol
(see Table 3). Propanol has been excluded because its synthesis is related to α-ketobutyric
acid and not to any amino acid.

Table 3. Coefficients, R-squared, p-value, and Durbin–Watson statistic of the multiple regression
analysis carried out to relate lactic acid concentration with some compounds produced during
alcoholic fermentation.

Coefficient p-Value

Constant 1.564 >0.05
Volatile Acidity 1.379 <0.05

Glycerol −0.371 <0.05
Isobutanol 0.0436 <0.05

Isoamyl alcohol 0.0323 <0.05
2-Phenyletanol −0.136 <0.05

R2 99.10%
Durbin–Watson 3.033 >0.05

Model <0.05

Based on the results provided by the model, the p-value is less than 0.05, which
indicates a statistically significant relationship between the variables with a confidence
level of 95.0%.

The R2 statistic indicates that the adjusted model explains 99.10% of the variability in
lactic acid values. The Durbin–Watson statistic examines the residuals to determine if there
is any significant correlation based on their order in the data file. Since the p-value is greater
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than 0.05, there is no indication of serial autocorrelation in the residuals with a confidence
level of 95.0%. Furthermore, considering the sign of the coefficients for each independent
variable, we can conclude that as lactic acid production increased, so did the contents of
acetic acid, isobutanol, and isoamyl alcohols, while glycerol and 2-phenylethanol decreased.

3.5. Cluster and Principal Component Analysis
3.5.1. Cluster Analysis

Cluster analysis is an exploratory technique used to classify objects or cases into
groups (clusters) based on their similarity. To this end, a group of variables is chosen as
classifying factors. The smaller the distance between two clusters, the greater the similarity
that exists between the samples that comprise both clusters [47].

Here, cluster analysis, according to Ward’s method, was carried out, with the clas-
sifying variables being the major volatile compounds (except methanol because it is not
produced by yeasts), polyols, lactic acid, and acetic acid (Figure 2).
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Figure 2. Cluster analysis according to Ward’s method. Saccharomyces cerevisiae (Sc), Torulaspora
delbrueckii (Td), and Lachancea thermotolerans (Lt) are depicted at two different temperatures (14 and
21 ◦C).

It can be observed that wines produced by L. thermotolerans were quite different than
those produced with the two other yeasts. According to the distance of separation between
14 and 21 ◦C for L. thermotolerans, we can assume that there were scarcely any differences
between both wines. The other cluster groups the rest of the wines and, in this case, there
were notable differences among wines produced at 14 and 21 ◦C independently of the yeast
used. In this sense, at high fermentation temperatures, wines produced by S. cerevisiae and
T. delbrueckii are more similar than those obtained at low temperatures.

3.5.2. Principal Component Analysis

Principal component analysis (PCA) is a multivariate technique of analysis used to
reduce the dimensionality of a dataset. To this end, the original variables are transformed
into new uncorrelated variables (components). A reduced number of components should
explain the greatest variability. Subsequently, the analyst must relate the selected compo-
nents to one of the sources of variation. In our case, these are the yeast species and the
temperature. Several authors have recently used this statistical procedure to relate wine
composition with the variables involved in wine production [48].

Here, a PCA was performed, using as classifying variables the major volatile compounds
(except methanol, because it is not produced by yeast), polyols, lactic acid, and acetic acid
(Figure 2). The first three components explained 89.26% of the observed variability.

Specifically, the first principal component explained 49.29% of the variability and
distinguished between wines produced by L. thermotolerans and the rest of the wines
(Figure 3a). The variables with the highest weight in such differentiation were lactic acid,

10



Fermentation 2024, 10, 17

propanol, ethyl acetate, ethyl lactate, and acetoin (Table 4), all of which were positively
correlated with L. thermotolerans.
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Figure 3. (a) Two-dimensional representation of the components 1 and 2 obtained in the principal
component analysis. (b) Two-dimensional representation of the components 1 and 3 obtained in the
principal component analysis.

Table 4. Weight of the variables in each one of the selected principal components (Pc) obtained in the
principal component analysis.

Classifying
Variables Pc1 (49.29%) Pc2 (29.86%) Pc3 (10.11%)

Lactic acid 0.3613 −0.1223 0.0818
Acetic acid 0.2829 −0.2076 0.1287
Propanol 0.3405 0.1663 −0.2235

Isobutanol 0.2922 0.1927 0.3037
Isoamyl alcohols 0.0635 0.3739 0.3934
2-Phenylethanol −0.1877 0.3039 0.5004

Ethyl acetate 0.3473 −0.1333 0.1873
Ethyl lactate 0.3579 −0.1308 0.1069

Diethyl succinate 0.1890 0.4120 0.0905
2,3-Butanediol (levo) −0.2341 0.2925 −0.1563
2,3-Butanediol (meso) −0.1276 0.4110 0.0149

Glycerol (g/L) 0.1376 0.3108 −0.5006
Acetaldehyde 0.2350 0.2446 −0.3080

Acetoin 0.3453 0.1716 −0.0679
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The second component (29.86% of the variability) differentiates between wines pro-
duced with T. delbrueckii (positive values of the second component) and those obtained
with S. cerevisiae. Isoamyl alcohols, diethyl succinate, and 2,3-butanediol (meso) were the
compounds involved in such differentiation (Table 4).

The third component (10.11% of the variability) discriminates between wines produced
with T. delbrueckii and S. cerevisiae at different temperatures. As can be seen in Figure 3b,
positive values of the third component contain wines obtained at 21 ◦C and negative
values contain the wines obtained at 14 ◦C. For these wines, the compounds related to the
fermentation temperature were 2-phenylethanol and glycerol (Table 4).

3.6. Organoleptic Characterization

Figures 4 and 5 show the distribution of frequencies of the evaluations given by the
tasting panel at 14 and 21 ◦C, respectively. Additionally, the medians (dark bars) and the
trend lines are provided. At both temperatures, wines obtained with the S. cerevisiae yeast
strain received higher ratings. Taking into account the number of responses categorized as
acceptable and desirable, it appears that wines produced at 21 ◦C were rated higher than
those produced at 14 ◦C.
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Visually, tasters prefer wines produced with L. thermotolerans at 14 ◦C as they were
characterized by greater clarity and brightness. All wines showed color nuances from green
to pale yellow, except for those fermented with T. delbrueckii at 21 ◦C, which exhibited a
slight turbidity problem and a more brownish hue.

Regarding the aroma notes, the tasters were asked to give the aromatic descriptor
that was detected (Supplementary Material Figures S1 and S2). In the aromatic phase,
control wines stood out positively compared to those fermented by non-Saccharomyces
yeasts. S. cerevisiae showed positive floral and fruity notes at both temperatures, and
T. delbrueckii showed fruity, herbaceous, and vegetal notes at 21 ◦C. On the other hand,
L. thermotolerans stood out for aromas, such as vegetal and nuts at 14 ◦C and toasted notes
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at 21 ◦C, while negative aromas, such as chemical and pungent aromas, were detected at
both temperatures.

In the taste phase, wines fermented with L. thermotolerans stood out in terms of acidity,
freshness, and persistence at both temperatures.
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4. Conclusions

L. thermotolerans significantly increases acidity levels due to the high production of
lactic acid. Although there is still little knowledge of the routes involved in the production
of this acid, in our study, we have been able to correlate its formation with a higher
production of isoamyl alcohols, isobutanol, and acetic acid and a lower production of
glycerol and 2-phenylethanol.

The principal component analysis showed that the compounds that contribute the
most in differentiating between the wines produced by L. thermotolerans are lactic acid, ethyl
lactate, ethyl acetate, propanol, and acetoin, while isoamyl alcohols, diethyl succinate, and
2,3-butanediol (meso) are related to the differentiation of the wines produced by T. delbrueckii
from those obtained with S. cerevisiae. Finally, although the temperature does not have a
significant effect on wines produced by L. thermotolerans, it does contribute to differentiating
between the rest of the wines, with the compounds that contribute the most being glycerol
and 2-phenylethanol.

In relation to the organoleptic analysis, the wines preferred by the tasting panel were
the control wines, although the wines fermented with L. thermotolerans were also well-
liked and received a similar score to the control wines. Lastly, the wines fermented with
T. delbrueckii received the lowest score.

In conclusion, fermentation with L. thermotolerans is a great option for the natural
acidification of wines from musts with low acidity. However, further research is needed to
deepen the understanding of the metabolism of this yeast and its relationship with fermenta-
tion conditions. This should be done with the aim of increasing the beneficial effects on the
analytical and organoleptic characteristics of wine while reducing the undesirable effects.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation10010017/s1, Table S1: Major aroma compounds
identified in the wines. Figure S1: Aroma descriptors detected by the tasting panel in the wines
produced at 14 ◦C. The number of times that the tasters detected a given aroma note is shown for
Saccharomyces cerevisiae (SC); Torulaspora delbrueckii (TD); and Lachancea thermotolerans (LT). Figure S2:
Aroma descriptors detected by the tasting panel in the wines produced at 21 ◦C. The number of times
that the tasters detected a given aroma note is shown for Saccharomyces cerevisiae (SC); Torulaspora
delbrueckii (TD); and Lachancea thermotolerans (LT).
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Abstract: Yeast assimilable nitrogen (YAN), besides the oenological parameters (sugar content,
titratable acidity, and pH) in grape musts of sixteen native and international varieties of Vitis vinifera
cultivated in six regions of Northern Greece, was assessed in the frame of the present study. Low
levels of YAN are frequently thought to be the cause of problematic fermentations and originate
significant changes in the organoleptic aspects of the finished product. The objective of this multi-
variety study was to assess factors affecting the YAN amount and composition in technologically
mature grapes and, therefore, to evaluate the necessity of YAN supplementation with ammonium
salts in musts across different native and international grape varieties. Free amino nitrogen was
measured colorimetrically, ammoniacal nitrogen was measured enzymatically, and their values for
each must sample were summed to obtain the total amount of YAN. Statistical analysis was carried
out including principal component analysis (PCA) to discover relationships among must samples and
the parameters studied. PCA analysis classified samples depending on grape varieties and region
of origin, bringing knowledge about native and international cultivars of great commercial interest.
Moreover, these findings could help to understand how commercial varieties can behave in different
climates in the climate change context.

Keywords: nitrogen; yeast assimilable nitrogen (YAN); must; grape variety; climate

1. Introduction

Nitrogen is an important parameter to monitor in grapes for wine production. Differ-
ent factors influence nitrogen quantity in grapes, with the nitrogen fertilization of vines
being the most important. Amino acids represent one of the most important groups of
nitrogen compounds present in grapes, must, and wine. The quantity of amino acids
in grape juice can vary significantly depending on the climate as well as the ripeness of
the grapes [1]. Among the amino acids present in the must, only α-amino acids, named
free amino nitrogen (FAN), are used by the Saccharomyces cerevisiae yeasts during their
growth. Together with ammoniacal nitrogen (ammonia NH3 plus NH4

+ nitrogen), α-amino
acids represent yeast assimilable nitrogen (YAN), also called by some authors “promptly
assimilable nitrogen by yeasts” (PAN) [2].

Nitrogen compounds in grapes usually reach maximum values at the technological
maturity stage, according to Garde-Cerdan et al. [3], who studied grape ripening in con-
junction with the evolution of assimilable nitrogen (amino and ammoniacal nitrogen). The
nitrogen content of the grape juice can highly affect the yeast metabolism and different
critical aspects of fermentation, i.e., the amount of yeast biomass, the rate of fermentation,
the time for complete fermentation, as well as the type and quantity of end products [4].
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Lack of assimilable nitrogen sources during alcoholic fermentation can delay fermenta-
tion [5,6] or produce high amounts of non-desirable by-products (fusel alcohols, as well
as hydrogen sulfide) [1,7]. On the other hand, high levels of assimilable nitrogen increase
the rate and decrease the overall time of fermentation [8] and favor the synthesis of high
levels of acetate esters [9]. Low ammoniacal nitrogen content could increase the production
of higher alcohols as the yeasts have the ability to use amino acids as a nitrogen source.
Yeast metabolism allows the transformation of amino acids. The corresponding α-keto
acids, produced during the transamination process, are transformed by decarboxylation
into aldehydes that are reduced further to higher alcohols [10].

The yeasts prefer nitrogen sources that can be converted quickly into vital elements of
their metabolism, but parameters such as the strain, carbon source, and growth conditions
can affect the order of utilization of available nitrogen sources in the must [7,11]. Yeasts
utilize α-amino acids present in the must for their growth, and their lack is linked with
the formation of fusel alcohols and hydrogen sulfide [1]. On the other hand, elevated
YAN concentration may result in microbial instability, the production of carcinogens (ethyl
carbamate), allergens (biogenic amines), and haze formation [12]. The type of nitrogen also
affects the aroma profile. So, higher alcohols are produced when amino acids are added
compared to the ammonium form [13].

It is commonly accepted that a minimum of 140 mg of assimilable nitrogen per liter
is indispensable for a complete and good-quality fermentation; musts with lower levels
have a reduced capacity to produce alcohol, resulting in a slow or stationary fermentation
Butzke [14]. The addition of diammonium hydrogen phosphate or ammonium sulphate at
levels up to 1 g L−1 (expressed in salts) or ammonium bisulphate up to 0.2 g L−1 (expressed
in salts) is allowed by European legislation [15] in order to help increase the amount of
assimilable nitrogen needed for yeast fermentation. If used in excess, it can promote
the production of higher concentrations of ethyl carbamate [16]. Generally, nitrogen
fertilization in the field during growth represents an alternative for increasing the YAN of
the must [17–20]. Nitrogen fertilization increased YAN levels by over 50% in the must of
the Greek variety Vitis vinifera L. cv. Savvatiano (considered a “neutral variety”), whereas
in the respective wine, it increased the intensity of aroma [17]. It seems that the effect
of fertilization on YAN levels depends on factors such as timing, irrigation, and climate,
besides cultivar [18,19].

Different surveys on YAN content have been conducted for Vitis vinifera varieties
in diverse grape-growing regions differing in climate and growing practices (i.e., United
States [14,21]), South Africa [22] and Europe (Italy [2], Spain [23], France [24], Czech
Republic [25], and Germany [26]). Some authors have focused their investigation on the
variability of YAN depending on the variety [27,28]) region or district ([27,28]), ripeness [27]
and vintage [27,28]), while others have been involved in prediction studies to establish
variety-specific regression models based on YAN measurements before harvest [21,29].
Differences in YAN between cultivars, vintage, and vineyard locations were reported in the
literature [27]. According to Petropoulos et al. [30], climatic conditions and the cultivar are
more likely to be the key parameters affecting amino acid concentration in grapes.

However, due to the variable nature of YAN, the information gathered in these surveys
may not necessarily be applicable in a Greek context. Limited research was done to assess
YAN in local and foreign grape types cultivated in Greece’s major wine-producing regions.
Only one study monitored the effect of climatic conditions and vineyard altitude on YAN
concentration in a native Greek grape variety (Vitis vinifera L. cv. Agiorgitiko) during a
three-year period in one single region [30]. Since the nitrogen amount in the must represents
a crucial factor for quality wines, monitoring this parameter considering the factors that
affect it (i.e., climate and variety) is of help to the wine industry. Therefore, it would
be beneficial to gain insight into the nitrogen status of the Greek grapes used for wine
production since no study exists about YAN in Greek musts for wine production from
international and native grape varieties.
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In this context, the aim of the study was (i) to assess the nitrogen status of grape
juices currently used to make commercial wines in Northern Greece, and (ii) to examine
the impacts of variety and climate on yeast assimilable nitrogen of grape musts. This
investigation was conducted with the aim to bring into consideration international grape
varieties that are not reported in the literature, besides native Greek varieties. The aim was
accomplished by evaluating a large number of grape musts for free amino nitrogen (FAN)
and ammoniacal nitrogen and by employing exploratory statistical methods.

2. Materials and Methods
2.1. Samples

A survey of the YAN status of 274 musts (132 white and 142 red), corresponding
to 16 different grape varieties from six regions of Greece and 12 regional units from the
northern part of Greece (see Figure 1), was conducted during the 2017 harvest period. Grape
samples were harvested at a ripeness level suitable for commercial winemaking according
to the various producers’ (wineries’) harvest protocols. Upon collection, samples were
coded and analyzed immediately. The grape bunches were pressed by hand to separate
the must from the pomace. The distribution of samples according to variety and region
appears in Table 1.
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Figure 1. Regional units of Greece involved in the present study (noted in pink).

Table 1. Name, color, origin of grape variety, number of the must samples collected and regional
units of cultivation.

Grape Variety Variety
Color

Origin of
Variety

Number of
Samples Regional Units

Assyrtiko 1 N 5 Chalkidiki

Cabernet Sauvignon 2 I 2 Chalkidiki

Chardonnay 1 I 11 Pella, Rodopi

Cinsault 2 I 16 Serres

Debina 1 N 8 Larissa

Grenache Rouge 2 I 4 Chalkidiki
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Table 1. Cont.

Grape Variety Variety
Color

Origin of
Variety

Number of
Samples Regional Units

Limnio 2 N 6 Rodopi

Merlot 2 I 74 Chalkidiki, Kavala, Kilkis,
Larissa, Thessaloniki, Rodopi

Muscat Hamburg 2 I 4 Larissa

Muscat of Alexandria 1 I 12 Lemnos

Roditis 1/2 N 33 Chalkidiki, Larissa, Mount
Athos, Thessaloniki

Sauvignon Blanc 1 I 54 Chalkidiki, Kavala, Mount
Athos, Rodopi, Thessaloniki

Syrah 2 I 12 Imathia, Kilkis, Larissa,
Rodopi

Ugni Blanc 1 I 6 Larissa

Xinomavro 2 N 23 Chalkidiki, Florina, Kilkis

Zoumiatiko 1 N 4 Serres
Variety color: 1: white; 2: red; origin of variety: I: international; N: native.

2.2. Enological Parameters and Yeast Assimilable Nitrogen Analysis

The fresh must aliquot for chemical analysis was centrifuged (4000 rpm, 10 min) and
classical enological parameters, namely Baume, pH, and titratable acidity (expressed as
g L−1 tartaric acid), were determined according to the official methods of OIV [31].

The components of YAN, free amino nitrogen (FAN) and ammoniacal nitrogen were
measured separately. Free amino nitrogen was measured by the NOPA (Nitrogen by o-
Phthaldialdehyde) colorimetric method [32]. Ammoniacal nitrogen (NH4-N) was measured
enzymatically using Ammonia (Rapid) Assay (K-AMIAR 07/14, Megazyme, Ireland).
Values for FAN and ammonia were then summed to obtain the total amount of YAN
(expressed as mg N L−1) available in the must.

2.3. Meteorological Data

Meteorological data were collected from each grape production area in order to assess
the effect of climatic factors on the YAN of grape musts. Therefore, a dataset containing
temperature and rainfall data for each region, comprising the period from April to October,
was built (see Supplementary Table S1). This frame period was chosen since it covers the
grape growth phases.

2.4. Statistical Analysis

Statistical data processing was performed using IBM SPSS Statistics, v.25 statistical
software (International Business Machines—IBM Corporation, Chicago, IL, USA). Non-
parametric tests for independent samples were performed. Kruskal–Wallis tests (when
compared more than two independent variables) were used to detect evidence of differences
among the grape varieties and the regional units (p < 0.05). Dunn’s post hoc tests with
Bonferroni adjustment are carried out on each pair of groups. The median test and Mann–
Whitney U test were used to test two independent variables differences.

Pearson linear and Spearman’s correlation (2-tailed, p < 0.05) were employed to recognize
any relationship between the parameters studied, depending on the type of data distribution.

The mathematical processing of the standardized data was done by hierarchical cluster
analysis (HCA) using Ward’s method. The results from the cluster analysis are presented
by a dendrogram. HCA analysis was performed using the statistical software package JMP
14 (SAS Institute Inc., Cary, NC, USA).
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3. Results
3.1. YAN Status of Grape Samples

A very broad variation was observed in the values of FAN (31–223 mg N L−1) and
ammoniacal nitrogen (1–123 mg N L−1) among the studied samples, resulting consequently
in an 8-fold variation in the YAN (sum of them) values (Table 2). Nevertheless, the variation
observed for YAN (40 to 332 mg N L−1) in this study was lower than those reported by
other authors [2,14,22]. Besides the cultivar, identified as the principal factor affecting
YAN concentration, vintage and climate are of great importance [22]. Petrovic, Kidd and
Buica [22] reported an 11-fold variation for South African musts however, their samples
were spread over two vintage years and belong to many other cultivars besides those
included in this study. In a similar way, Nicolini, Larcher and Versini [2] attribute the
very high (25-fold) variation found in Italian samples to varietal and vintage differences.
A 13-fold variation (40 to 559 mg N L−1) observed by Butzke [14] for musts, besides the
varietal differences, could be accounted for by the different climates of the three grape-
growing regions in the United States (California, Oregon and Washington) from where the
samples were collected.

Table 2. Yeast assimilable nitrogen, free amino nitrogen, ammoniacal nitrogen and oenological
parameters of the musts according to the grape color 1,2.

Samples No of
Samples YAN (N L−1) FAN (N L−1) NH4-N Ammonia

(N L−1) Baume (Be) pH Total Acidity (g L−1

Tartaric Acid)

All samples 274
39.79–277.50 30.58–222.90 0.70–142.86 9.10–16.10 2.87–3.79 3.51–10.59

(161.20/158.90) (107.77/103.90) (53.43/56.15) (11.85/11.90) (3.42/3.44) (6.41/6.34)

White grapes 132
39.79–277.50 30.58–222.90 0.70–142.86 9.10–16.10 3.15–3.65 4.46–8.81

(166.68/172.67) (117.44/117.25) a (49.24/47.14) a (11.39/11.35) a (3.40/3.41) a (6.46/6.51)

Red grapes 142
41.73–265.55 30.77–193.00 2.30–112.40 9.96–14.10 2.87–3.79 3.51–10.59

(156.11/155.39) (98.77/94.36) a (57.33/59.59) a (12.28/12.30) a (3.44/3.47) a (6.36/6.14)

1. The mean/median values of the measurements are shown in parentheses. 2. Within the same column, medians
between white and red groups of musts with the same letter differ significantly from each other (p < 0.05), as
determined by the independent median test.

Significant statistical differences were observed between the medians of red and white
varieties in terms of FAN and ammoniacal nitrogen, while medians of YAN do not differ
significantly. White grape varieties exhibited higher FAN but lower ammoniacal nitrogen
than the red ones. The literature associates red cultivars with lower YAN and FAN val-
ues than white cultivars [22]. An increase in FAN content in grapes is reported during
ripening, starting from veraison, with the level reaching in some varieties a maximum
before harvest [33]. Similarly, the total nitrogen level of grapes rises during maturation,
but can stabilize after an initial increase and, in some situations, may even start to drop as
ripening progresses, as reviewed by Bell and Henschke [12]. On the contrary, the concen-
tration of ammoniacal nitrogen varies widely in grapes and declines between veraison and
harvest [12].

The collected must samples were characterized by a broad variation in the sugar
content and total acidity (expressed as tartaric acid), while they showed less than 1 unit
of pH range variation (Table 1). Red and white samples differed in pH and sugar content
while exhibiting statistically similar total acidity. The red musts were higher in sugars and
exhibited higher pH values than the white samples. This behavior is in agreement with
correct oenological practices for producing red wines with higher alcohol content and with
the literature that reports pH and TA (as tartaric acid) values in the range of 3.0–3.4, and
6–9 g/L for white and 3.3–3.7, and 5–8 g/L for red wines, respectively [34].

3.2. Grape Variety

The nitrogen content of the samples, as well as basic oenological parameters, catego-
rized based on the grape variety, are presented in Table 3. According to the Kruskal–Wallis
test, significant differences in the medians of all the determined must parameters were
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observed among the varieties. Among the varieties considered, Chardonnay had the high-
est YAN value (mean 254 mg N L−1), followed by Cinsault, Syrah and Sauvignon Blanc.
Average concentrations of YAN in international varieties cultivated in Greece followed
the ranking: Chardonnay > Cinsault > Syrah > Sauvignon blanc > Merlot > Ugni blanc >
Muscat Hamburg > Cabernet Sauvignon > Grenache rouge > Muscat of Alexandria (also
known as Zibibbo in Sicily, Italy). Nevertheless, the differences in the number of samples
tested for each variety could affect this classification, especially for the samples present in
low numbers (Ugni Blanc, Cabernet Sauvignon and Grenache Rouge). Different surveys
conducted in various countries do not concord in ranking specific varieties according to
YAN [2,14,21,28]. Butzke [14] found a similar ranking, (i.e., Sauvignon blanc > Merlot
> Cabernet Sauvignon) while Hagen, Keller and Edwards [28] and Petrovic, Kidd and
Buica [22] reported a slightly different one for grape musts from the Pacific Northwest
(U.S.A.) (Chardonnay > Syrah > Cabernet Sauvignon > Merlot) and South Africa (Chardon-
nay > Sauvignon blanc > Cinsault > Syrah > Cabernet Sauvignon > Merlot), respectively. In
all those studies, the average YAN content of the Chardonnay variety exceeds 200 mg L−1.

Overall, despite the fact that the absolute YAN numbers vary amongst the numerous
studies, what is remarkable is the proximity in ranking. Our results regarding the red
varieties Merlot and Syrah are much higher than those reported by Petrovic, Kidd and
Buica [22]. In addition, other studies performed in various world wine areas have consis-
tently indicated Chardonnay to have a high average YAN level [2,14,21]. To our knowledge,
no information on the YAN levels of Grenache rouge, Ugni blanc, Muscat of Alexandria,
and Muscat Hamburg grapes have been reported in the literature. Yet, in this investigation
was discovered that all four varieties had mean YAN levels lower than 140 mg L−1, exhibit-
ing values of 110 mg L−1 (n = 4), 126 mg L−1 (n = 6), 104 mg L−1 (n = 12), and 118 mg L−1

(n = 4), for Grenache rouge, Ugni blanc, Muscat of Alexandria, and Muscat Hamburg,
respectively. Since the nitrogen content of grapes varies with the vintage [22] but also with
viticultural techniques [35], differences among the studies conducted in different countries
are expected. Nevertheless, regardless of the study location, they serve to evidence the
influence of cultivars on the YAN levels.

The highest mean value of YAN among Greek native varieties found in Roditis
(157 mg N L−1) is nearly 80 mg N L−1 less than the highest value presented in the in-
ternational variety Chardonnay. Based on YAN concentration, the native varieties are
ranked as follows: Roditis > Xinomavro > Debina > Assyrtiko > Zoumiatiko > Limnio.
Although the mean YAN value of international varieties is higher than that of native, only
a few differences were observed between the values of single cultivars. No clear trend
was observed among native and international varieties regarding the median values of
YAN. This fact could be due to a high variation detected among the samples collected.
Statistical analysis revealed the existence of only a few Greek varieties that differed from
the international ones (Table 3). In a previous study, Bouloumpasi et al. [36], reported that
international Vitis vinifera varieties (i.e., Chardonnay, Sauvignon blanc, Malvasia aromatica)
had a significantly (p < 0.05) higher average soluble protein content in comparison to grapes
of Greek native Vitis vinifera varieties (i.e., Malagousia, Roditis). Possibly genetic factors
are those affecting YAN accumulation in grapes. The literature suggests that YAN may be a
cultivar-specific trait [22]. In general, it seems that native cultivars have similar contents of
FAN but different ammoniacal nitrogen from the international ones.
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Concerning the FAN values, the literature reports that Grenache Rouge wines had
a high amino acid content, higher than Syrah and Merlot [37]. However, in this study,
Syrah grapes had higher mean FAN content, followed by Grenache Rouge and Merlot. As
only four samples of Grenache Rouge were examined in the current survey, this amount
could not be considered enough to draw conclusions about the variety. The FAN content of
Merlot musts ranged from 50 to149 mg L−1. Etiévant et al. [38] reported average Merlot
amino acid content of 124 mg L−1 for wines originating from France, well within the above
range. Muscat of Alexandria wines also have been reported to contain low amounts of
FAN [39]. The low levels found could not be explained in terms of grape variety or the
location because the samples originated from a single region (Lemnos—Aegean Islands)
characterized by semi-arid climate and mainly rocky soils.

Ammoniacal nitrogen in our study ranged from 1–123 mg N L−1, while other authors
reported values ranging between 5 and 325 mg N L−1 [5,8,14]. The NH4-N contribution
to YAN varies highly among varieties (i.e., between 2 and 53% of the YAN as reported
by Huang and Ough [40], and it is variety-related, as in varieties of high proline accu-
mulation (e.g., Cabernet Sauvignon) the FAN contribution to YAN is lower, resulting in
a higher contribution by NH4-N to YAN compared with varieties that are high arginine
accumulators [40].

Significant differences are observed, in general, in oenological parameters between
native and international varieties. Native varieties seem to have more sugars, higher pH
values and lower acidity than the international varieties. This behavior could be due to
genetic factors or viticultural techniques applied by vine growers.

As displayed in Figure 2, for most of the varieties, the mean concentration of YAN does
not exceed 140 mg N L−1, which is widely considered to be the minimum requirement for a
successful fermentation for Saccharomyces, as reviewed by Nicolini, Larcher and Versini [2],
Bell and Henschke [12], and Verdenal et al. [41], otherwise, there is a high risk for the
fermentation to stop prematurely, while the risk factor is moderate when the YAN content
ranges from 140 to 200 mg N L−1 [12]. This amount of YAN is necessary, especially for
white musts. On the other hand, Australian Wine Research Institute [42] recommends a
minimum of 100 mg N L−1 YAN for red musts due to extended contact with grape skins,
which leads to the extraction of more nitrogen [43]. The international varieties Sauvignon
blanc, Chardonnay, Merlot, Cinsault and Syrah, along with the native varieties Xinomavro
and Roditis, had more than 140 mg N L−1 YAN on average. On the contrary, international
varieties Ugni blanc, Muscat of Alexandria, Grenache rouge, Cabernet Sauvignon, Muscat
Hamburg, and the natives Zoumiatiko, Debina, Assyrtiko, and Limnio did not exceed the
minimum required quantity of YAN. Limnio, followed by Zoumiatiko found to have the
lowest average concentration of YAN, at 73 mg N L−1 and 100 mg N L−1, respectively. It
appears that most native Greek varieties are deficient in YAN and would probably need
nitrogen supplementation in order to achieve a successful fermentation. The percentage
(36%) of Greek must samples with YAN levels below the threshold level of 140 mg N L−1

was lower than that reported for Italian musts (58%) [2] but higher than that of must grapes
from the West Coast of United States (13%) [14]. However, as depicted in Figure 2, high
variance exists in the values within varieties. This behavior is in line with the findings of
Petrovic, Kidd and Buica [22] and also Nicolini, Larcher and Versini [2]. The latter noted
that YAN was the most variable factor in grape juice used to evaluate the quality of the
grape at harvest. High variation in the YAN values within the same variety could be due to
the growing region characteristics and differences in cultivation techniques adopted.
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plot of FAN and ammonia concentrations.

3.3. Region and Effect of Climate

The collected samples originated from 12 different regional units belonging to six
regions: the Central Macedonia region (Chalkidiki, Imathia, Kilkis, Serres, Thessaloniki,
and Mount Athos), Western Macedonia (Florina, Pella), Eastern Macedonia (Kavala), Thrace
(Rodopi), Aegean Islands (Lemnos), and Thessaly (Larissa). (Supplementary Table S2).
We elected to examine the effect of grape origin based on regional units (smaller areas
than regions) as it would reflect better climatic conditions in the respective vineyards. In
order to evaluate each region’s climate, data regarding precipitation and temperatures were
collected from each regional unit for the period between May and September, as most of
the varieties are harvested during August and September.

For the explanatory analysis, grape varieties with fewer than eight samples were not
included. Merlot and Sauvignon Blanc samples were collected from six and five different
regional units, respectively, trying to represent each regional unit. With respect to the
climatic data, the general description of each regional unit based on the collected data is
as follows:

n Thrace/Rodopi: high temperatures over 25 ◦C during July–August, rainfall of 5 mm
during July–September, and rainfall of 62 mm during May–September.

n Eastern Macedonia/Kavala: high temperatures over 25 ◦C during July–August, rain-
fall of 18 mm during July–September, and rainfall of 62 mm in May–September.

n Central Macedonia/Serres: high temperatures over 25 ◦C during July–August, rainfall
of 254 mm during July–September, and high rainfall (357 mm) in May–September.

n Central Macedonia/Kilkis: high temperatures over 25 ◦C during June–August, 27 mm
of rainfall during June–August and >100 mm in September, and a total rainfall of
292 mm during May–September.

n Central Macedonia/Thessaloniki: high temperatures over 25 ◦C during June–August,
rainfall of 47 mm during June–August and >90 mm in September, and a total rainfall
245 mm in May–September.
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n Central Macedonia/Chalkidiki: high temperatures > 25 ◦C July–August, rainfall of
43 mm during June–August and >350 mm in September, and a total rainfall 460 mm
in May–September.

n Central Macedonia/Athos: high temperatures > 25 ◦C July–August, rainfall of 16 mm
during June–August and >75 mm in September, and a total rainfall of 233 mm in
May–September.

n Central Macedonia/Imathia: high temperatures > 25 ◦C July–August, rainfall of
42 mm during June–August and >100 mm in September, total rainfall < 250 mm in
May–September.

n Central Macedonia/Pella: high temperatures > 25 ◦C July–August, rainfall of 78 mm
during June–September, 10 mm in September, and a total rainfall of 186 mm in May–
September.

n Western Macedonia/Florina: low temperatures below 25 ◦C during all months, rainfall
of 300 mm during July–September, 150 mm in September, and a total rainfall of
420 mm in May–September.

n Thessaly/Larissa: high temperatures over 25 ◦C during June–August and low total
rainfall of 150 mm during May and September (none during July–August, and nearly
100 mm in September).

n North Aegean/Lemnos: high temperatures during June–August, no rainfall during
June–September, and a total rainfall of 45 mm in May–September.

Cluster analysis was performed to find relationships among the samples collected
using nitrogen composition, basic oenological parameters and climate data (rainfall and
temperatures), which are different per regional unit. Genetic classification of different plant
matrices (e.g., wine, maize, and sweet cherries) has been done previously using cluster
analysis, occasionally or in conjunction with principal components analysis [44–47].

3.3.1. White Grape Varieties

In the previous sections, it was noted that the high variation in FAN and YAN content
cannot be attributed only to the grape variety. Therefore, cluster analysis was performed to
reveal possible relationships between the nitrogen fractions and oenological attributes and
climate data (Figure 3), as climate affects both maturity (sugar content, titratable acidity)
and nitrogen compounds in grapes [30]. Samples from white varieties were divided into
groups of increasing dissimilarity according to the heat map generated. White samples
were arranged in seven well-defined groups (noted with different colors: red, blue, green,
brown, blue-green, violet, and yellow), suggesting similar composition within the same
group. It seems that the arrangement is done mainly according to the grape variety and
regional unit of origin.

On the other hand, the variables are organized into two clusters (shown in red, and
blue). The red cluster comprises variables FAN, NH4-N, total acidity, total rainfall (May-
September), as well as rainfall for each month from June to September. The rainfall during
ripening and total acidity have been correlated. Tartaric and malic acids build up before
the veraison. Due to respiration and the loss of malic acid, as well as berry enlargement
(and the dilution of both acids), the acid concentration reduces during ripening and sugar
accumulation. Because the rate of malic acid breakdown increases as the temperature
rises, grapes cultivated in cooler climates or harvested earlier in the season typically have
higher amounts of acidity in the must and wine. In the blue cluster are the variables linked
with temperatures from May to September, rainfall in May, pH value, and sugar level
(Baume) [48].
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Grouping in clusters of different colors revealed differences among white grape musts.
More specifically, the red group consisted of Sauvignon Blanc and Chardonnay samples
from Rodopi and Kavala regional units, characterized by medium-to-higher FAN content,
low-to-no rainfall (<5 mm) in July–August, and low total rainfall (<62 mm) from May to
September. The green cluster grouped Sauvignon Blanc and Roditis varieties from the
regional unit Thessaloniki and appeared to be closely related to the blue group consisting
of the Chardonnay variety from the Pella regional unit. Those groups were characterized
by 67 mm of rain during July and August, higher FAN values, and less than 250 mm
of rainfall during May and September. The brown group included various subgroups
from two cultivars Sauvignon Blanc and Roditis, from regional units of Thessaloniki and
Chalkidiki, which are geographically close to each other. These samples were characterized
by intermediate-to-higher FAN levels, rainfall over 90 mm during September and >245 mm
during May–September, rainfall during June and August, and lower sugar levels. The
samples in the blue-green clusters were of Sauvignon Blanc and Roditis grapes from the
Mount Athos regional unit, which were distinguished by low FAN and NH4-N levels,
nearly no rain during the June to August period, high temperatures during August and
September, higher-than-average sugars and pH values, and lower total acidity. The purple
group contained Muscat of Alexandria grapes from the Lemnos regional unit, with low-to-
intermediate FAN values, low NH4-N, higher pH values, dry thermal climate (a total lack
of rainfall from June to September, and high temperatures during August and September).
Lastly, the yellow group grouped two Greek native cultivars, Roditis and Debina, from the
Larissa regional unit. Those samples were characterized either by high FAN values and
lower NH4-N values (Roditis), or low FAN and higher NH4-N (Debina), higher pH values,
intermediate levels of sugars, high temperatures from June to September, and almost no
rainfall during the summer months. Specific clusters were identified based on regions.

It appears that the same white variety was grouped in separate clusters based on the
regional units where it was cultivated. This was the case for Sauvignon blanc, Roditis,
and Chardonnay grapes, suggesting different compositions for each group. Soufleros,
Bouloumpasi, Tsarchopoulos, and Biliaderis [39] noted differences in the a-amino acid con-
tent of Roditis wines cultivated in different regions, with samples originating from Mace-
donia, Central Greece, and Peloponnesos containing on average 496, 428, and 394 mg L−1

of α-amino acids. Soufleros et al. [39] and Schrader et al. [49] have previously reported that
the region’s climate and the grapes’ level of maturity could affect the total content of amino
acids in the juice. Petropoulos, Metafa, Kotseridis, Paraskevopoulos, and Kallithraka [30]
found that the temperature generally increased amino acid content, although rainfall
showed the opposite trend. Garde-Cerdan, Lorenzo, Lara, Pardo, Ancin-Azpilicueta, and
Salinas [3] also noted that the amount of nitrogen compounds in grapes depended on their
maturation stage.

A principal component analysis (PCA) was performed for white grape varieties using
FAN (a-amino acids), ammoniacal nitrogen (NH4-N), basic must analyses (Be, pH, and total
acidity), and climate data to examine whether these compounds may lead to any grouping
of samples according to variety. The resulting plots for white must are presented in Figure 4.
The PCA results showed that the two main components (Component 1 × Component 2)
explained only 54.2% of the total variance (Components 3, 4, and 5 explained other 13%,
11%, and 6.56%, explaining about 84.76% of the total variation). The PCA score plot
(Figure 4, left) shows a pattern in which the samples from Muscat of Alexandria are placed
closely together in the lower right quartile, the samples from Debina are placed together
in the upper right quartile, and the samples from other varieties form separate groups.
The Chardonnay, Sauvignon blanc, and Roditis samples are spread in two or more groups.
Specifically, the Chardonnay samples are all placed in the lower left quartile, forming two
separate groups, one of which is located in the left lower part and comprises samples from
a single regional unit (Pella), thus suggesting grouping not only based on the cultivar but
also on the regional unit.
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of the white musts. Rainfall (rain) and temperatures (temp) for months May (5) to September (9);
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The loading plots (Figure 4, right) show that amino acids were negatively affected by
both components, while ammoniacal nitrogen and total acidity were negatively affected
by the first component and positively by the second component. Amino acid content
(FAN) appears to be positively correlated with rainfall during June and July and negatively
to temperature from May to July. Ammoniacal nitrogen positively correlated with total
rainfall during May–September, especially rainfall in August and September, and a negative
correlation with pH, Baume, the temperature during August (ripening period), and the
rainfall during May (growing period). No correlation was found between amino acid and
ammoniacal nitrogen levels. Similarly to the heat map, the PCA grouped samples based on
both the variety and the region, suggesting that the region, with its unique climate, has a
significant input on the content of assimilable nitrogen compounds in the grape.

3.3.2. Red Grape Varieties

Similarly to the white grape samples, a heatmap cluster analysis for the red grape
samples based on nitrogen status, oenological parameters, and climate data for rainfall
and temperature revealed the presence of seven clusters (Figure 5). On the other hand,
the variables are organized into three clusters (shown in red, blue, and green). The red
cluster comprises the variables FAN, total acidity, and rainfall for June, July, and August.
The blue cluster groups variables such as NH4-N content, Baume, total rainfall (May–
September), as well as rainfall in August and September. Lastly, in the green cluster the
rest of the variables (temperatures from May to September and pH value) are included.
The grouping of red musts under different colors reveals differences among the samples.
More specifically, the red cluster is composed of Merlot and Syrah samples from Rodopi
and Kavala regional units, characterized by low FAN content, medium-to-higher NH4-N
content, nearly no rainfall (<5 mm) during July–August, and low total rainfall (<62 mm)
from May to September. The green group, which appears to be closely related to the
red group, includes Syrah and Merlot samples from the Larissa regional unit and is also
characterized by a lack of rainfall (<1 mm) during July–August, low total rainfall from
May–September (<140 mm), and higher temperatures from May to September in contrast to
the red group. The blue cluster comprises the Merlot variety from the Thessaloniki regional
unit and is characterized by intermediate-to-higher FAN levels and high temperatures from
May to September. The brown cluster includes two cultivars, Xinomavro and Syrah, from
the Kilkis regional unit and is characterized by low-to-intermediate FAN levels, low NH4-N
levels, high temperatures from May to August, and rainfall of 150 mm during May–June.
The blue-green group includes the Cinsault variety from the Serres regional unit, and its
characteristics include the highest FAN along with low NH4-N, sugar, total acidity levels,
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intermediate temperatures, and rainfall of 360 mm from May to September. The purple
cluster comprises three cultivars, Merlot, Syrah, and Xinomavro, from three regional units,
Thessaloniki, Chalkidiki, and Imathia, and consists of several subgroups. It is characterized
by low FAN content, low rainfall from June to August but high in September, intermediate-
to-high sugars, and ammoniacal nitrogen values. Lastly, the yellow cluster includes the
Xinomavro variety grown in the Florina regional unit and differs from the others due to
higher total acidity, lower sugar content, rainfall of 240 mm from May to July, and lower
temperatures from May to September in comparison to other groups.

It appears that the heat map grouped samples based primarily on the climate condi-
tions of the regional unit and secondarily on the variety. Regional units such as Florina,
Larissa, and Rodopi/Kavala are distinguished based on rainfall and temperatures (low
or high), independently of the variety, while the other regional units of Central Macedo-
nia do not discriminate much. Petropoulos, Metafa, Kotseridis, Paraskevopoulos, and
Kallithraka [30] reported that rainfall had a detrimental impact on the amino acid content
of Agiorgitiko grapes in the viticultural region of Nemea from veraison through harvest,
although the increased ambient temperature had the reverse effect.

The principal component analysis performed for red grape varieties explained 62.6%
(Component 1 × Component 2) of the total variance (Component 3 and 4 explained the
other 12.3% and 7.92%, explaining about 82.82% of the total variation) (Figure 6). The PCA
score plot (Figure 6, left) grouped the Xinomavro cultivar originating from the Florina
regional unit positioned upon the horizontal axis at the far-left side. The other Xinomavro
samples are positioned near the center of the plot, together with the other samples from the
Central Macedonia region (the Chalkidiki, Thessaloniki, Imathia, Kilkis, and Serres regional
units). All those areas are characterized by a lack of rainfall during ripening and high
temperatures during the June–August period. Similarly, the Syrah cultivar is spread into
four groups depending on the origin (Rodopi, Kilkis, Imathia, and Larissa). The placement
of the samples from the same variety in different quartiles or the same implies that they are
arranged based on other parameters, e.g., samples placed in the upper right quartile are
affected by temperatures during May–September, the period of growing and ripening of
grapes, and Larissa is the area with the highest mean temperatures among the examined
regional units for all months, except September (see Supplementary Table S2).

The loading plots (Figure 6, right) reveal that amino acids were positively affected
by the second component, while ammoniacal nitrogen was negatively affected by both
components. No correlation was found between amino acid and ammoniacal nitrogen
levels. In conclusion, the heat map and PCA grouped the red must samples based on both
the variety and the region.
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4. Conclusions

In the present study, the yeast assimilable nitrogen status of the musts of several
Greek grape-growing areas and varieties, both native and international, was surveyed. The
musts from technologically ripe grapes analyzed varied largely in their assimilable nitrogen
content. The content of international varieties cultivated in Greece fell within the range
noted by other researchers. About 36% of the Greek samples were below the suggested
by some authors deficiency threshold of 140 mg L−1, thus posing a danger of problems
with the nutrition of yeasts in the course of fermentation unless it occurs an addition of a
nitrogen source. Significant differences were observed among varieties, with international
varieties found to be richer in assimilable nitrogen than most of the natives included in
this survey. Some international varieties had a high content of YAN, similar to surveys
conducted in Italy and the United States. This study also revealed that not only grape
variety but also cultivation region is a determinator of the concentration and composition
of YAN. This work brings insights into the knowledge about native and international
cultivars of great commercial interest. In addition, this work can be useful to understand
how commercial varieties included in this study can behave in different climates in the
context of climate change.
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Abstract: Traditional Chinese strong-aroma baijiu (CSAB) fermentation technology has been used
for thousands of years. Microbial communities that are enriched in continuous and uninterrupted
fermentation pits (FPs) are important for fermentation. However, changes in the metabolic functional
genes in microbial communities of FPs are still under-characterized. High-throughput sequencing
technology was applied to comprehensively analyze the diversity, function, and dynamics of the
metabolic genes among FPs of different ages, positions, and geographical regions. Approximately
1,375,660 microbial genes derived from 259 Gb metagenomic sequences of FPs were assembled and
characterized to understand the impact of FP microorganisms on the quality of CSAB and to assess
their genetic potential. The core functional gene catalog of FPs, consisting of 3379 ubiquitously
known gene clusters, was established using Venn analysis. The functional profile confirmed that the
flavor compounds in CSAB mainly originate from the metabolism of carbohydrates and amino acids.
Approximately 17 key gene clusters that determine the yield and quality of CSAB were identified.
The potential mechanism was associated with the biosynthesis of host compounds in CSAB, which
relies on the abundance of species, such as Lactobacillus, Clostridium, Saccharomycetales, and the abun-
dance of functional genes, such as CoA dehydrogenase, CoA transferase, and NAD dehydrogenase.
Furthermore, the detailed metabolic pathways for the production of main flavor compounds of CSAB
were revealed. This study provides a theoretical reference for a deeper understanding of substance
metabolism during CSAB brewing and may help guide the future exploration of novel gene resources
for biotechnological applications.
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1. Introduction

Baijiu is a conventional fermented beverage that has been produced for thousands
of years. Chinese strong-aroma baijiu (CSAB), also called Chinese strong-aroma liquor
(CSAL), is the most consumed spirit in China (>70%) [1] and is produced using unique
and traditional solid-state fermentation. Fermentation pits (FPs) are key fermentative
bioreactors that are used for the solid-state fermentation of CSAB and significantly affect
the quality of CSAB. These bioreactors are rectangular in shape (2000–3000 mm in length,
1500–2000 mm in width, and 1800–2000 mm in height) and are coated with a mixture of
fermented cereals (including sorghum, wheat, corn, rice, and sticky rice) and mud. Studies
have suggested that the characteristics of FPs are related to the final characteristics of the
CSAB produced [2,3]; however, the mechanisms underlying this relationship between FPs
and CSAB still need to be elucidated.

To reveal the fermentation mechanism and improve the quality of CSAB, attention
should be paid to the analysis of flavor compounds and microorganisms. On the one
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hand, the application of high-throughput screening and confirmation of flavor compounds
has attracted a large amount of attention and interest from researchers. The key flavor
compounds of CSAB have been identified using hyphenated chromatographic techniques
based on various treatment approaches [4,5]. Gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography–mass spectrometry (LC-MS) are two widely used
approaches [6,7]. GC-MS is suitable for the detection of semipolar and nonpolar flavor
compounds of CSAB, whereas LC-MS specifically targets the semipolar and polar flavor
compounds of CSAB [8,9]. Therefore, these two methods are typically combined. More
than 400 flavor compounds, such as alcohols, acids, esters, aldehydes, and ketones [2,10],
have been identified in CSAB through the unremitting efforts of baijiu researchers. Ethyl
caproate, ethyl lactate, ethyl acetate, and ethyl butyrate have been confirmed as the four
critical flavor compounds of CSAB. This laid the foundation for the exploration of the
fermentation mechanisms associated with the manufacturing of CSAB. On the other hand,
a vast number of research studies have focused on microbial community analysis of the
CSAB ecosystem, specifically using culture-independent analysis methods [11]. Various
sources of CSAB microbial diversity have been studied, including workshop environ-
ments [12], daqu [13–15], zaopei [16,17], and pit mud [18–21]. These studies reported
that Lactobacillus, Bacillus, Clostridium, Syntrophomonas, Methanobacterium, Methanoculleus,
Galactomyces, Sedimentibacte, Candida, Pichia, Aspergillus, Penicillium, and so on significantly
affect the yield and quality of CSAB [2]. FPs are vital sources of microorganisms during
CSAB fermentation. During brewing, multiple microorganisms coexist in FPs [21], and
these microorganisms produce CSAB flavor compounds [22]. Therefore, the quality of
CSAB partly depends on the metabolism of microorganisms in FPs. Furthermore, the
possible application of systems biology approaches to elucidate the molecular mechanisms
underlying CSAB production has been gradually explored [11,23]. To comprehensively
understand the complex microbial communities of FPs, links between flavor compounds
and functional genes must be established. However, changes in metabolic functional genes
in the FPs of CSAB are still poorly understood. Therefore, it is difficult to comprehensively
understand the processes and mechanisms underlying CSAB fermentation. A metagenomic
approach based on total DNA analysis provides reliable information on the functional genes
in microbial communities [24,25]. Whole metagenome sequencing is a powerful method
used to analyze complex gene diversities [26]. This method has been extensively applied
to characterize microbial gene catalogs in a large variety of environments [27–29]. Thus,
this efficient approach could also be employed to characterize the diversity of metabolic
functional genes in the FPs for CSAB production.

In the present study, a metagenomic approach using Illumina high-throughput se-
quencing was applied to reveal the functional gene profiles of FPs. A core functional gene
catalog of FPs was established. Variations in the functional genes of FPs of different ages,
spatial distributions, and geographical locations were analyzed. The overall metabolic
pathway profile and biosynthesis of secondary metabolites was constructed. Key gene
clusters and metabolic pathways affecting CSAB yield and quality were identified. The
metabolic relationship between the functional gene profile and the flavor components of
CSAB was determined.

2. Materials and Methods
2.1. Sampling and Metagenomic DNA Extraction

Samples were collected from representative famous traditional FPs for CSAB produc-
tion [2] in Chengdu City (30.6586◦ N, 104.0647◦ E), Luzhou City (28.8833◦ N, 105.4500◦ E),
and Mianyang City (31.4667◦ N, 104.6833◦ E), China. Sample selection was based on the
statistical methods described by Carter [30] and the authors’ previous work [2]. Twenty FPs
of four different ages were sampled from Luzhou and 10 FPs of the same age were sampled
from Chengdu and Mianyang. The FPs in Luzhou were 440, 220, 140, and 50 years old. The
FPs in Chengdu and Mianyang were approximately 50 years old. Samples were collected
from three depths (top, middle, and bottom) of the FP. The top layer was 0–50 cm from the
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top of the FP, the bottom layer was 0–50 cm from the bottom of the FP, and the remaining
layer was termed the middle layer. Sampling was performed at the end of each fermenta-
tion cycle after emptying the fermented cereals. Ten representative pit mud samples (10 g
each) were collected from each sampling sites and mixed (total 100 g) to provide a single
sample. For each sample, five samples with the same FP characteristics (age, position, and
geographical region) were collected as parallel samples. The samples were kept at −80 ◦C
until genomic DNA was extracted. Total genomic DNA was extracted from the pit mud of
the FPs using a Power Max® Soil DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad,
CA, USA). Quality checks and quantification of metagenomic DNA were performed with
the Qubit™ 1X dsDNA HS/BR Assay Kit using a Qubit 4 fluorometer (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) to obtain a DNA concentration of ≥30 ng/µL and a
weight of ≥3 µg. Thereafter, the metagenomic DNA bands were detected using 1% agarose
gel electrophoresis yielding clear ≥23 kb bands with no obvious degradation.

2.2. Paired-End (PE) Library Generation and Illumina Hiseq Sequencing

The PE library generation and the Illumina Hiseq sequencing of metagenomic DNA
was achieved in the group’s previous work [2]. Finally, ~3.4 billion sequence reads, includ-
ing more than 259 gigabases (Gb) of metagenomic sequence data, were obtained from the
FPs. The further bioinformatic analysis was carried out in the current study.

2.3. Data Processing of Metagenomic Sequence Reads

The metagenomic data of the FPs were processed using the Perl utility module of
Velvet-shuffleSeqences_fastq.pl from the Velvet toolset [31] to match and pair the paired-end
sequences generated by the Illumina HiSeq platform. Adapter sequences and low-quality
reads were removed using LUCY2 [32] and DynamicTrim pl. [33]. Adapter sequences
were defined based on the information from the header sequences added during the PE
library generation experiment. Reads with a Phred quality score below 38 and lengths
exceeding 40 bp were discarded as low-quality reads. Reads with more than 5 bp N bases
and an overlap with an adapter exceeding 15 bp were removed. Furthermore, to identify
and remove potential nonmicrobial sequence contaminants present in the FPs, the SOAP
Aligner [34] tool was employed with the following parameter settings: identity ≥99%, -l 30,
-v 7, -M 4, -m 100, -x1000 to align and filter out highly specific sequences related to brewing
raw materials.

2.4. Metagenome Assembly of Fps

The preprocessed clean data were assembled using a de Bruijn-type algorithm with
the Meta-IDBA [35] tool. The parameter settings for Kmer were as follows: min 70, max 100,
and step 10 for the number of iterations. First, overlapping regions were assembled into
contiguous sequences without gaps to generate a set of contigs. The order of the contigs
was then determined based on paired-end relationships to further assemble them into
scaffolds. The obtained scaffolds were fragmented at potential N base locations to obtain
scaffold sequences without N bases. These sequences were used as the assembly results for
subsequent statistical analyses and gene predictions. The assembly process was performed
in the second round to maximize the utilization of the sequences and improve the assembly
efficiency. The SOAP Align [34] tool was used to align the obtained scaffolds in the first
assembly step from each categorized sample with the quality-controlled clean metagenomic
data of all FPs samples, which facilitated the identification of unused reads. Thereafter, the
unused reads were combined and subjected to a new round of assembly using the Meta-
IDBA [35] tool with the same parameter settings, resulting in supplementary scaffolds for
potential mixed samples. The completeness of the two rounds of assembly was evaluated
using the important indicator of N50, which represents the minimum sequence length
required to cover 50% of the total length of all scaffolds. To improve the accuracy of the
conclusions of the downstream analysis, a Perl process was implemented using the BioPerl
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tool (https://bioperl.org/ (accessed on 1 June 2019)) to remove scaffolds smaller than 10 kb
and eliminate the probability of misassembly or confusion in shorter scaffolds.

2.5. Gene Prediction and Abundance Analysis in FPs

Using the assembled scaffolds (length ≥ 10 Kb), the MetaGene-ETP [36] tool was
employed based on the hidden Markov model (HMM) with parameter settings of -a, -d,
-f G, -k, and -r to predict open reading frames (ORFs). The predicted results with lengths
smaller than 100 nt were filtered to obtain a high-quality set of genes. The predicted
ORFs were subjected to redundancy removal using the CD-HIT tool [37]. The parameter
settings for redundancy removal were c 0.95, aS 0.9, aL 0.9, similarity greater than 95%,
and coverage >90%. The nonredundant genes were subjected to abundance calculation
through the SOAP Align [34] tool with parameter settings of -m 100, -x500, and identity
≥95% to align the clean metagenomic data of all FPs samples. Genes with a number of
aligned reads supporting <1 in each sample were further filtered out as another part of
quality control. Additionally, the MG-RAST [38] tool was used to assist in gene prediction
and abundance analysis of the FPs metagenomic data. Finally, nonredundant gene sets
(unigenes) obtained from each sample were used for fundamental characteristic statistics,
intersample correlation analysis, and Venn diagram analysis.

2.6. Gene Functional Annotation of FPs Aligned to the KEGG/eggNOG/CAZy Databases

First, the predicted FP unigenes were annotated in the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database [39] using BLAST with an E-value threshold of 1 × 10−5.
The best alignment results of the supported KEGG Orthology (KO) clusters for the FPs
were obtained based on similarity and alignment scores. The corresponding KO abundance
of FPs represented the sum of the gene abundances annotated to all genes in the KEGG
database. The relative abundances of the five major functional levels in the KEGG database
for FPs were calculated. The relative abundances of FPs genes at each subhierarchical func-
tional level were also summed. The diversity in the function of the obtained KO results was
analyzed and compared among FPs of different ages, positions, and geographical regions.
Secondly, the predicted FPs unigenes were annotated based on the eggnog 6.0 database [40]
using the DIAMOND alignment tool [41]. The annotated results with the highest alignment
scores were selected as the gene functions of orthologous groups (OGs) for FPs. The relative
abundances of annotated genes at each functional level of the eggNOG OGs were also
calculated. The functional diversity of the obtained OG results was deciphered among FPs
of different ages, positions, and geographical regions. Genes not annotated in eggNOG
were considered to have unknown or novel functions. These genes were clustered using
BLAST and the Markov cluster algorithm (MCL) [42], with the definition of a gene family as
a cluster containing 20 new functional genes. Finally, predicted FP unigenes were annotated
in the CAZy database using the dbCAN tool [43]. This provided functional information on
the carbohydrate-active enzymes in FPs, including GHs, AAs, GTs, CEs, PLs, and CBMs.
The aligned functional results were subjected to statistical analysis, along with the other
two annotations.

2.7. Drawing the Overall Metabolic Pathway Profile of FPs

The annotated functional genes were categorized, statistically summarized, and
aligned to public pathways [39] to generate metabolic pathway maps of the FPs. In
these maps, nodes correspond to various chemical compounds, edges represent a series
of enzymatic reactions or protein complexes, and edge thickness represents the relative
abundance of functional genes or enzymes. The global metabolic pathway profile and
secondary metabolite biosynthesis profiles were generated to depict the overall biological
system of the FPs. The key genes that constitute the main metabolic characteristics of FPs
are explained in the metabolic network diagram.
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2.8. Construction of the Generative Pathways for the Main Flavor Compounds of CSAB

Starting from the functional gene sets of the FP metagenome, the focus was on the
main flavor compounds of CSAB previously detected [2] to construct the degradation
pathways of raw materials such as starch and cellulose, the generation and utilization
of compounds such as glucose and pyruvic acid, as well as the formation pathways of
key characteristic compounds of alcohols (including ethanol, butanol), acids (including
acetic acid, propionic acid, lactic acid, butyric acid, caproic acid), and esters (including
ethyl acetate, ethyl caproate, ethyl lactate, ethyl butyrate, ethyl propionate, and ethyl
valerate). Possible metabolic pathways for the formation of the main flavor compounds
were identified. The key catalytic enzyme gene information involved in the metabolic
pathways was extracted from the annotated functional gene sets of the FP metagenome.
Finally, the specific network pathways for the formation of the main flavor compounds in
CSAB were identified, summarized, and illustrated.

2.9. Statistical Analysis

Statistical analyses were conducted using R (v 4.3.1) (https://www.r-project.org/
(accessed on 10 June 2023)) with custom scripts under the available packages in the project.
The ggplot2 package in R was used to construct a hierarchical heat map. Venn analysis was
performed using ImageGP software (v 1) (http://www.ehbio.com/ImageGP/ (accessed
on 10 June 2023)). The statistical significance of the difference between the means of the
samples was tested using a two-way analysis of variance (ANOVA) with Duncan’s test
(p < 0.05).

3. Results and Discussion
3.1. Statistical Analysis of Fundamental Information for FPs Metagenomic Data

Metagenomic sequencing of the FPs from the Luzhou production area (Figure 1)
generated 1,648,547,602 reads, amounting to 167 Gb of data. For the Chengdu production
area, 515,952,346 reads, amounting to 51 Gb of data, were obtained. Similarly, for the
Mianyang production area, 410,809,062 reads, amounting to 41 Gb of data, were obtained.
Overall, 2,575,309,010 reads, equivalent to 259 Gb of data, were obtained from the FP
metagenomes. Therefore, the obtained data volume was sufficiently large to meet the
common standard requirements for the analysis of metagenomic data. The GC content
of the metagenomic sequences was extracted and statistically analyzed for FPs based on
the classification of ages, spatial layers, and geographical regions. The GC content, which
represents the overall DNA characteristics of the metagenome, was used as an evaluation
parameter to compare different environmental metagenomes. The relationship between the
GC content distribution and relative abundance of FPs is depicted in Figure 2. The analysis
of the relative abundance of the GC content revealed slight differences among the different
ages of FPs, layers within the FPs, and geographical regions, with a peak of approximately
42%. This indicates the presence of consistent characteristics in the microbial community
composition within the same category. In comparison, typical agricultural soil reference
metagenomes (available public data: NCBI ID 13699/MG-RAST ID 4441091.3) had a GC
content peak of approximately 63%, indicating a significant difference between these two
environments. This suggests that there are notable differences in the microbial composition
between FPs and typical agricultural soils, suggesting unique new resource characteristics
of FP metagenomes and microbial communities.

3.2. Assembly Results of FPs Metagenome

A total of 2,575,309,010 sequences were generated from the metagenomics of FPs. The
assembly results of this metagenomic study revealed 49,322 scaftigs with lengths greater
than 10 kb, amounting to a total size of 1,465,978,515 bp (Table 1). The longest single
sequence had a length of 938,471 bp, which was almost equivalent to the genome length of
a typical single microorganism. The average N50 value was 39,156 base pairs (bp). These
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results indicated that the assembled scaftigs possessed completeness, and the assembly
outcome was satisfactory.
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Table 1. Assembly results of the scaftigs for the samples (≥10 Kb).

Sample Classification Total Len.
(bp) Num.

Average Len.
(bp)

Max Len.
(bp)

N50 Len.
(bp)Region Age Position

Luzhou 440 years All-Bottom_layer 90,762,126 2882 31,492 684,286 43,776
Luzhou 440 years All-Middle_layer 90,425,571 3338 27,089 383,109 34,736
Luzhou 440 years All-Top_layer 66,059,291 2301 28,708 383,189 36,358
Luzhou 220 years All-Bottom_layer 67,906,746 2383 28,496 938,471 34,156
Luzhou 220 years All-Middle_layer 56,765,588 1953 29,065 454,806 36,701
Luzhou 220 years All-Top_layer 92,198,789 3334 27,654 362,757 34,395
Luzhou 140 years All-Bottom_layer 65,720,000 2266 29,002 465,956 36,112
Luzhou 140 years All-Middle_layer 82,135,058 2861 28,708 544,381 37,429
Luzhou 140 years All-Top_layer 78,202,504 2789 28,039 353,104 36,019
Luzhou 50 years All-Bottom_layer 70,386,979 2204 31,936 750,639 43,744
Luzhou 50 years All-Middle_layer 65,224,763 2307 28,272 294,874 34,635
Luzhou 50 years All-Top_layer 82,475,229 2717 30,355 426,276 41,806

Chengdu 50 years All-Bottom_layer 93,242,880 3151 29,591 365,438 38,234
Chengdu 50 years All-Middle_layer 116,609,574 3931 29,664 793,643 38,912
Chengdu 50 years All-Top_layer 84,719,849 2791 30,354 411,342 40,105
Mianyang 50 years All-Bottom_layer 97,967,763 3005 32,601 879,267 44,720
Mianyang 50 years All-Middle_layer 72,020,509 1928 37,355 689,896 56,266
Mianyang 50 years All-Top_layer 93,155,296 3181 29,284 644,239 36,710

3.3. Gene Prediction Characteristics of FPs

In total, 1,392,928 ORFs were predicted from the metagenomic data of the FPs. The
specific results for the number of genes obtained for each FP classification are listed in
Table 2. The total length of the predicted open ORFs was 1,292,881,866 bp. After removing
redundant genes, a total of 1,375,660 nonredundant genes (unigenes) with a cumulative
length of 1,292,669,970 bp were obtained. These nonredundant genes were defined as
the gene set used to establish a foundational database of the gene resource catalog for
CSAB FPs.

Table 2. The results of the scaftigs for the samples.

Sample Classification
Number of Genes Number of Unigenes

Region Age Position

Luzhou 440 years All-Bottom_layer 86,449 85,431
Luzhou 440 years All-Middle_layer 86,338 85,295
Luzhou 440 years All-Top_layer 63,079 62,273
Luzhou 220 years All-Bottom_layer 64,754 63,952
Luzhou 220 years All-Middle_layer 54,240 53,577
Luzhou 220 years All-Top_layer 88,622 87,547
Luzhou 140 years All-Bottom_layer 62,356 61,522
Luzhou 140 years All-Middle_layer 78,894 77,925
Luzhou 140 years All-Top_layer 74,567 73,631
Luzhou 50 years All-Bottom_layer 68,442 67,632
Luzhou 50 years All-Middle_layer 62,357 61,567
Luzhou 50 years All-Top_layer 78,485 77,561

Chengdu 50 years All-Bottom_layer 88,101 86,959
Chengdu 50 years All-Middle_layer 109,015 107,659
Chengdu 50 years All-Top_layer 80,540 79,564
Mianyang 50 years All-Bottom_layer 92,053 90,946
Mianyang 50 years All-Middle_layer 67,106 66,184
Mianyang 50 years All-Top_layer 87,530 86,435

3.4. Comparative and Differential Analysis of Gene Sets in FPs

Venn diagrams were constructed based on the confirmed shared and unique genes
and their classifications (KO classification) to display the diversity among the FPs with
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different ages, layers, and geographical regions (Figure 3). It was observed that the number
of shared functional genes among different ages of FPs was 3498, accounting for 67.2%.
Unique genes in the 50-year, 140-year, 220-year, and 440-year FPs accounted for 14.2%, 0.7%,
1.8%, and 1.7%, respectively. Functional genes exhibited a gradual stabilization pattern,
which may correspond to the evolution of the FP community. During the long-term, unin-
terrupted production and use of FPs, there is a subtle process of microbial domestication.
Over time, microorganisms suitable for the FP environment and those that are closely
related to brewing were gradually preserved, whereas unsuitable microorganisms were
gradually eliminated. Therefore, the microbial community in the FPs also exhibit a gradual
stabilization pattern over time. In an analysis of microbial communities [2], it was reported
that the number of microbial species in 50-year FPs was higher than that in 440-year FPs.
The presence of widely distributed “miscellaneous” microorganisms contributed to the
higher number of unique functional genes in the 50-year FPs. Venn analysis of the func-
tional genes from different layers of the FPs (top, middle, and bottom layers) revealed that
there were 3847 shared functional genes, accounting for 72.1% of the total. The top layer
of FPs contained 1030 unique genes, accounting for 19.3% of the total. The top layer of
the FP represents a relatively exposed space and has more opportunities to be influenced
by microorganisms from the external environment. Microorganisms from the external
environment can infiltrate the microbial community structure of the top layer, thereby
altering the genetic diversity. Analysis of the microbial taxonomy of contigs [2] revealed
that Bacteroidetes, Gammaproteobacteria, Opisthokonta (fungi), and Chloroflexi were
more abundant in the top layer of the FPs. This indicated that these microbial categories
potentially contribute to the diversity of functional genes in the top layer. After comparing
the functional genes of FPs from different geographical regions, it was concluded that
Luzhou, Chengdu, and Mianyang had 3603 shared functional genes, accounting for 67.5%
of the total. Luzhou shared more functional genes with Chengdu than with Mianyang.
Luzhou also had a significantly higher proportion of unique genes, reaching 21.9%. Venn
analysis of the microbial community structure [2] indicated that the diversity of CSAB-
related microbial species in Luzhou FPs was higher than those in Chengdu and Mianyang.
GC-MS analysis of CSAB produced in different geographical regions has confirmed that the
diversity of microbial communities in Luzhou is beneficial for CSAB quality [2]. Therefore,
the increased diversity of beneficial microbial communities contributed to the diversity of
functional genes in Luzhou. This explains the superior quality of CSAB produced in Luzhou
compared to Chengdu and Mianyang, providing a preliminary theoretical explanation for
the widely recognized superior quality of Luzhou CSAB.

By comprehensively analyzing the comparative results of functional genes from FPs
of different ages, layers, and geographical regions, it was observed that the 50-year FPs had
a higher number of unique genes than the 140-year, 220-year, and 440-year FPs. However,
older FPs produced higher-quality CSAB. Additionally, the top layer of FPs had a greater
number of unique genes than the middle and bottom layers; however, the CSAB quality of
the top layer was not as good as that of the middle and bottom layers. Surprisingly, the
functional gene sets of FPs in Luzhou had a higher number of unique genes, and the quality
of CSAB in Luzhou was superior to that in Chengdu and Mianyang. This indicates that
to ensure the quality of fine CSAB, a certain number of functional genes is required. The
particular characteristics of the functional gene structure of 440-year-old FPs contributed
to the formation of a metabolic network for high-quality CSAB production. Subsequently,
the metabolic tendencies of microbial communities progressed to specialization, with
beneficial functional genes being preserved and nonbeneficial genes gradually diminishing.
Therefore, the presence of other types of nonbeneficial genes may cause deviations in the
overall community metabolism, potentially affecting the quality of CSAB. Moreover, by
combining the comprehensive results of the Venn analysis of functional gene sets from all
the different characteristics of FPs, we concluded that approximately 3379 currently known
functional gene clusters were defined as the core functional gene catalog for FPs.
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3.5. Classificatory and Differential Analysis of Functional Genes in FPs

The analysis results of functional annotation and classification revealed that the func-
tional microbial genes in the FPs were involved in multiple metabolic pathways (Figure 4).
Among them, functional genes related to energy production and conversion, as well as
amino acid transport and metabolism were the most abundant, accounting for 6.59%
and 6.83%, respectively. Additionally, a relatively high proportion of functional genes
in the FPs were associated with carbohydrate transport and metabolism (6.00%), cell
wall/membrane/envelope biogenesis (6.02%), translation, ribosomal structure and biogen-
esis (6.35%), transcription (6.26%), replication, recombination and repair (6.24%), inorganic
ion transport and metabolism (5.15%), and lipid transport and metabolism (4.78%). The
main components comprising the raw materials used in the fermentation process, such
as sorghum, corn, wheat, rice, and glutinous rice, are carbohydrates and proteins, which
account for approximately 60–80% and 8–10%, respectively. The major distribution of
the functional genes associated with carbohydrate, energy, and amino acid metabolism
in microbial communities of FPs has been verified as the fundamental source of flavor
compounds in CSAB at the genetic level.

Furthermore, a substantial proportion of unknown functional genes accounted for
23.78% of the total genes. These abundant unknown genes reflect the uniqueness of the
FP ecosystem compared with other publicly known environmental microbial ecosystems.
These genes represent valuable tools for the exploration of new functional genes for indus-
trial fermentation; however, further research is required.
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Figure 4. The relative abundance of functional genes in the microbiota of FPs.

Further analysis was conducted to investigate the detailed distinguishable characteris-
tics and metabolic roles of the functional genes in different FPs. These results are displayed
in Figure 5. Overall, the differences in the functional gene distribution of microbial ecosys-
tems in FPs across all observed ages were not significant; however, the characteristics
were only suitable for the requirement of metabolic flavor compounds in the fermentation
production of CSAB. However, subtle differences were observed in key metabolic pathways.
As shown in Figure 5, the functional categories of C (energy production and conversion),
E (amino acid transport and metabolism), G (carbohydrate transport and metabolism), and
I (lipid transport and metabolism) increased in abundance with an increase in age. [G] Car-
bohydrate metabolism, C (energy metabolism), E (amino acid metabolism), and I (lipid
metabolism) were the main pathways involved in microbial utilization, decomposition,
and transformation of raw materials used in CSAB production. This could explain why
the old FPs produced CSAB with higher quality as opposed to new FPs. With an increase
in age, FPs contribute beneficial functional genes that facilitate the metabolism of CSAB
raw materials, thereby improving the quality of CSAB. These subtle adjustments in the
metabolism of the abovementioned substance categories led to differences in CSAB quality.
However, it was also observed that the proportion of unknown functional genes (S, function
unknown) slightly decreased with an increase in age. This could be because the functional
metabolism of the FP microbial community tends to develop in a more specialized direction
during CSAB production as age increases.
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Regarding the functional differences in genes in different layers of the FP, the middle
layer exhibited a slight superiority in C (energy production and conversion) and E (amino
acid transport and metabolism) compared to the bottom and top layers. The bottom layer
exhibited a slight advantage in terms of Q (secondary metabolite biosynthesis, transport,
and catabolism) compared to the middle and top layers. The top layer had a slightly higher
distribution of functional genes associated with J (translation, ribosomal structure, and
biogenesis) than the other two layers. By combining the characteristics of CSAB quality and
the microbial diversity of FPs [2], we concluded that the CSAB quality of the middle layer
was superior to that of the bottom and top layers, due to the slight enhancement in energy
metabolism and amino acid metabolism. The CSAB quality of the top layer was inferior to
that of the middle layer, possibly because G (carbohydrate transport and metabolism) was
slightly reduced in the top layer, resulting in lower levels of fermentation byproducts, such
as acetic acid and hexanoic acid, which affected the quality. As the fermentation process
progressed, a large amount of fermentation liquid gradually accumulated in the bottom
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layer of the FPs. Consequently, these environmental conditions may have enhanced Q
(secondary metabolite biosynthesis, transport, and catabolism) in the bottom layer when
compared to the middle and top layers. Regarding microbial diversity [2], the top layer
had more species abundance than the middle and bottom layers, and the abundance of
functional genes associated with J (translation, ribosomal structure, and biogenesis) was
slightly higher in the top layer, which is consistent with the observations relating to the
CSAB quality differences.

In terms of the functional genes of the microbial community in FPs from different
geographical regions, a previous analysis revealed that CSAB from the Luzhou region
differs from that of the Chengdu and Mianyang regions. This could be attributed to
the higher E (amino acid transport and metabolism) and G (carbohydrate transport and
metabolism) activities in the FP microbial community in the Luzhou region than in the
other two regions. Another possible reason is that the microbial community abundance was
higher in the Luzhou region in terms of functional genes related to J (translation, ribosomal
structure, and biogenesis).

In conclusion, functional gene distribution exhibited general consistency with regard
to the different FP characteristics. Metabolic pathways influence quantity and quality of
CSAB. However, the current research mainly focused on the ethanol metabolic pathway
derived from carbohydrate metabolism. Therefore, there is still a limited understanding of
the metabolic pathways associated with major flavor compounds, such as ethyl caproate,
ethyl lactate, ethyl acetate, and ethyl butyrate, which have a significant impact on the
quality of CSAB. Hence, it is challenging to analyze differences in the functional gene
metabolic classification of FPs. At the same time, this also indicates that the construction
and analysis of metabolic pathways, such as ethyl caproate, ethyl lactate, ethyl acetate, and
ethyl butyrate, in brewing fermentation would be a meaningful direction. Although it was
difficult to perform an in-depth and precise analysis, a general trend can be summarized:
the abundance of functional genes constituting the FP microbial community was slightly
enhanced in the key main characteristic metabolic classifications of C (energy produc-
tion), E (amino acid metabolism), G (carbohydrate metabolism), and I (lipid metabolism).
This enhancement was beneficial for improving the quality of CSAB, thus exhibiting a
positive correlation.

3.6. Overall Characteristics of the Constructed Metabolic Pathway Profile of FPs

The global metabolic network (Figure 6A) and secondary metabolic network diagram
(Figure 6B) of the FP microbial community was plotted based on the annotated categoriza-
tion and abundance of functional genes. The red lines represent the metabolic pathways
associated with FP microorganisms, and the thickness of the lines indicates the abundance
of the corresponding functional genes. In the FP microbial community, the summarized
metabolic support for CSAB was mainly observed in the highly active functional genes in
the G (carbohydrate metabolism), I (lipid metabolism), F (nucleotide metabolism), E (amino
acid transport and metabolism), and C (energy metabolism) pathways. These metabolic
pathways form the life framework of the FP microbial communities. Further analysis
revealed specific genes involved in starch and sucrose metabolism, including a glycosyl-
transferase gene (COG0438) and transaldolase gene (COG0176); in lipid conversion and
metabolism, including 3-oxoacyl-(acyl carrier protein) synthase gene (COG0304), phospho-
pantetheinyl transferase (holo-ACP synthase) gene (COG0736), and (acyl-carrier-protein)
s-malonyltransferase gene (COG0331); in starch and sucrose metabolism and energy pro-
duction and conversion, including a NAD-dependent aldehyde dehydrogenases gene
(COG1012) (NADH plays a functional role in bacterial alcohol fermentation to catalyze the
conversion of the pyruvic acid produced acetaldehyde to ethanol), and a predicted hydro-
lases or acyltransferases (alpha/beta hydrolase superfamily) gene (COG0596); in starch
and sucrose metabolism and lipid transport and metabolism, including acetyl-CoA acetyl-
transferase gene (COG0183), acyl dehydratase gene (COG2030), enoyl-CoA hydratase gene
(COG1024), dehydrogenases with different specificities gene (related to alcohol dehydro-
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genases) (COG1028), 3-hydroxyacyl-CoA dehydrogenase gene (COG1250), and acyl-CoA
dehydrogenases gene (COG1960, catalyzing the conversion of acetaldehyde to ethanol); in
nucleotide metabolism, including tRNA-dihydrouridine synthase gene (COG0042) and in-
tein/homing endonuclease gene (COG1372); and in amino acid transport and metabolism,
including acetylornithine deacetylase gene (COG0624) and aspartate/tyrosine/aromatic
aminotransferase gene (COG0436). These exhibited highly abundant and active gene
clusters that contributed to the characteristic microbial metabolic networks of the FPs.
Summary analysis indicated the presence of highly abundant and active genes predomi-
nantly associated with CoA hydrolase, CoA dehydrogenase, CoA transferase, and NAD
dehydrogenase in the FP microbial ecosystem, as well as the existence of abundant mi-
crobial species [2], such as Lactobacillus, Clostridium, and Saccharomycetales (Supporting
Table S1). This further helped elucidate the source mechanism of ethanol and the ma-
jor ester flavor compounds present in CSAB. The brewing materials, namely sorghum,
corn, wheat, and glutinous rice, mainly provide starch-derived sugars for fermentation.
The starch was metabolized and further converted to pyruvate, which, unlike in aerobic
conditions, was not directly oxidized to produce energy and CO2, and was recruited in
the microbial community. Instead, it underwent various fermentation metabolic conver-
sions via different high-abundance microorganisms in the FP, entering the heterolactic
fermentation metabolic pathway of Lactobacillus, the butyric acid fermentation metabolic
pathway of Clostridium, and the yeast-type alcoholic fermentation metabolic pathway of
Saccharomycetales (Supporting Table S2). Under metabolic catalysis by the main enzymes
CoA hydrolase, CoA dehydrogenase, CoA transferase, and NAD dehydrogenase, various
substrates of flavor compounds, such as lactic acid, ethanol, acetic acid, butyric acid, and
hexanoic acid, were generated. Consequently, the main flavor compounds representing the
strong aromatic characteristics of CSAB, including ethyl acetate, butyl acetate, hexyl acetate,
and ethyl lactate, were produced. This theoretically demonstrates the importance of FPs in
the production of CSAB, which provides abundant specific beneficial microorganisms and
functional genes for fermentation.

3.7. The Deciphered Generative Pathway Profile for the Main Flavor Compounds of CSAB

The detailed metabolic network profile for the formation of the main flavor com-
pounds detected using GC-MS in CSAB was constructed by progressively aligning the
annotated functional genes of the FPs with the metabolic pathways plotted in Figure 6.
The results are displayed in Figure 7. A total of 159 catalytic enzymes related to the for-
mation of the main flavor compounds in CSAB were identified. Specifically, fermentative
substrates, such as starch, cellulose, sucrose, and trehalose, provided by the raw mate-
rials were metabolized into glucose by ko00500, which was further transferred into the
cells of the microorganisms for metabolism. The transferred glucose was converted to
phosphoenolpyruvate by ko00010, and pyruvic acid was then formed. Pyruvic acid is an
important nodal substance in the metabolism and formation of flavor compounds in CSAB.
Pyruvic acid can be converted into various flavor compounds through different metabolic
pathways. First, acetaldehyde was formed by ko00620, which was then transformed into
ethanol by ko00010. Ethanol is the most abundant compound in CSAB and determines the
main taste and production yield during fermentation. The acetaldehyde formed in this step
can be further metabolized to acetic acid. The esterification reaction between acetic acid
and ethanol formed ethyl acetate, which is one of the four pivotal aromatic compounds in
CSAB. Pyruvic acid can also be converted into lactic acid, propionic acid, and acetyl-CoA
by ko00620. When esterified with ethanol, lactic acid and propionic acid form ethyl lactate
and ethyl propionate, respectively. Ethyl lactate is one of the four pivotal aromatic com-
pounds in CSAB. Propionic acid can also be metabolized to valeric acid by ko00290, and
valeric acid can be further esterified with ethanol to form ethyl valerate, which also plays a
role in the aromatic profile of CSAB. Acetyl-CoA is converted to butyric acid by ko00650,
which is then directly esterified with ethanol to form ethyl butyrate. One butyric acid
molecule reacts with one acetyl-CoA molecule to generate caproic acid. When esterified
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with ethanol, the caproic acid forms ethyl caproate. Ethyl butyrate and ethyl caproate are
the two remaining pivotal aromatic compounds in CSAB. Additionally, acetic, butyric, and
caproic acids are abundant acidic flavor compounds in CSAB. Butyric acid can also be
metabolized by ko00650 to form butanol and by ko00290 to form propanol. Both butanol
and propanol are abundant alcohols in CSAB. Another abundant alcohol, 2,3-butanediol,
is formed from pyruvic acid through ko00290 by metabolizing it to 2-acetolactic acid and
3-hydroxybutanone, which are further transformed through ko00650. Furthermore, the
proteins and amino acids provided by brewing raw materials can be metabolized through
ko00250 to ko00400, resulting in the production of various higher alcohols in CSAB, thus
obtaining the flavor characterized by the sensation of being “heady” after consuming CSAB.
Therefore, the metabolic network for the formation of the main flavor compounds in CSAB
is well understood.

1 
 

 

 

Figure 6. The microbial metabolic pathways of FP microbiotas (A); the biosynthesis of secondary
metabolites in the FP microbiotas (B).
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4. Conclusions

A functional gene catalogue of traditional industrial FPs for CSAB production was
established using a metagenomic analysis approach. A total of 259 Gb of metagenomic data
were obtained from FPs. After assembly, 1,392,928 ORFs were identified with a cumulative
length of 1,292,881,866 bp. Through homology comparisons, 1,375,660 nonredundant genes
(unigenes) were identified. Further annotation based on known public functional databases
and Venn analysis revealed 3379 known functional gene clusters as the core functional gene
set of FPs. Based on the KO annotation using the KEGG database and COG annotation
from the eggNOG database, the functional classification features of the microbial genes in
the microbial community of FPs were identified. The main functional genes were as fol-
lows: carbohydrate metabolism, 6.00%; energy metabolism, 6.59%; amino acid metabolism,
6.83%; cell wall/membrane formation, 6.02%; translation and genetic processes, 6.35%;
transcriptional processes, 6.26%; replication/recombination/repair processes, 6.24%; ion
transport processes, 5.15%; and lipid metabolism, 4.78%. Additionally, newly discovered
genes with unknown functions accounted for a significant proportion (23.78%). These
functional compositional features indicate that the microbial ecosystem of FPs is a commu-
nity system primarily driven by the utilization of carbohydrates and amino acids as the
main sources for metabolic consumption. This revealed that the flavor compounds formed
during CSAB were mainly derived from the conversion of carbohydrates and amino acid
metabolism. Global and secondary metabolic network profiles of the microbial community
in FPs were constructed based on known functional gene metabolic pathways. Approx-
imately 17 clusters of key genes affecting CSAB yield and quality were identified. The
underlying mechanisms that influence the production (ethanol) and quality (main flavor
compounds, such as ethyl caproate, ethyl lactate, ethyl acetate, and ethyl butyrate) of CSAB
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by FPs were elucidated. These mechanisms are formed through the specific metabolic
activities of highly abundant microbial species, such as Lactobacillus, Clostridium, and yeast
(Saccharomycetales), and through specific pathways involving highly active specific species
of functional genes, including CoA hydrolases, CoA dehydrogenases, CoA transferases,
and NAD dehydrogenases. The relationship between flavor compound formation and mi-
crobial metabolism was studied based on the main flavor compounds. In total, 159 catalytic
enzymes related to the formation of main flavor compounds in CSAB were annotated. The
pathways involved in the formation of flavor compounds were elucidated.

However, the number of new homologous gene clusters in the microbial ecosystem
of FPs was much larger than that in the known homologous groups. There are still a
significant number of unknown microbial genes in the FP ecosystem, indicating that the
functionality of FPs is still not fully understood. Further research is required to explore
these unknown genes, and continuous updates to functional gene databases are required.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9080772/s1, Table S1: The relative abundance of
the top 100 microorganisms in the microbial communities from FPs for the production of CSAB;
Table S2: The phylogenetic profile of the top 20 Eukaryotes in the FPs.
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ANOVA Analysis of variance
BLAST Basic local alignment search tool
CAZy Carbohydrate active enzyme
CBMs Carbohydrate-binding modules
CEs Carbohydrate esterases
CoA Coenzyme A
COG Clusters of orthologous genes
CSAB Chinese strong-aroma baijiu
eggNOG Evolutionary gene genealogy non-supervised orthologous groups
FP Fermentation pit
GC-MS Gas chromatography-mass spectrometry
GHs Glycoside hydrolases
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KO KEGG orthology
LC-MS Liquid chromatography-mass spectrometry
MCL Markov cluster algorithm
NAD Nicotinamide adenine dinucleotide
OGs Orthologous groups
ORFs Open reading frames
PE Paired-end
PLs Polysaccharide lyases
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Abstract: Polyphenols are important functional substances produced in the acetic acid fermentation
(AAF) of Shanxi aged vinegar (SAV). Previous studies have shown that the metabolic activity of
microorganisms is closely related to polyphenol production and accumulation. In this study, mi-
croorganisms in the AAF of SAV were analyzed to explore how to increase the polyphenol yield by
changing the microorganisms and reveal the potential mechanism of the microbial influence on the
polyphenol yield. Macrotranscriptome analysis showed that acetic and lactic acid bacteria dominated
the AAF fermentation process and initially increased and decreased. Spearman correlation analysis
and verification experiments showed that the co-addition of Acetobacter pasteurianus and Lactobacillus
helveticus promoted the accumulation of polyphenols, and the total polyphenol content increased by
72% after strengthening.

Keywords: Shanxi aged vinegar; polyphenols; acetic acid fermentation; microbial enhancement;
Acetobacter pasteurianus

1. Introduction

Shanxi aged vinegar (SAV) has a long history of use as a condiment and a popular
health food in China [1]. Sorghum, daqu, and bran are used for brewing SAV. SAV pro-
duction includes the following stages. In semi-solid alcohol fermentation (AF), starch and
proteins are hydrolyzed into glucose, ethanol, and other small-molecule compounds under
the action of Daqu and environmental microorganisms. During the acetic acid fermentation
(AAF), organic acids, such as acetic and lactic acid, are produced. In the Smoking pei
(SP) stage (solid form), the mash after acetic acid fermentation is continuously heated and
stirred daily. During the aging stage (in the liquid form), the vinegar is exposed to sunlight.
Usually, AF, AAF, and SP take more than 20 days, while the aging stage may take decades
or even centuries [2]. Due to its unique brewing process, SAV can produce many flavor sub-
stances and other functional compounds during fermentation. Polyphenols (PPs) are one of
the main bioactive substances in plants and can be classified as flavonoids, non-flavonoids,
and phenolic acids [3,4]. SAV is rich in PPs such as gallic acid, tannins, ferulic acid, catechin,
quercetin, anthocyanins, p-coumaric acid, and resveratrol [3]. Polyphenols have a variety
of biological activities and can prevent diseases such as cardiovascular diseases, liver injury,
nerve degenerative diseases, cancer, and hyperlipidemia [5–9]. Various methods exist to
obtain PPs from plant-based foods such as vegetables and grains [10,11]. They can also
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be produced via chemical synthesis or biotransformation [12]. In addition, PPs can be
biosynthesized de novo using microorganisms, such as fungi and bacteria, and microbial
metabolites as precursors or catalysts [13].

Many types of microorganisms are involved in the AAF of SAV, including yeast, mold,
acetic acid bacteria, lactic acid bacteria, and spore bacteria. During SAV fermentation, the
species and abundances of microorganisms change constantly. Under the interaction and
influence of these microorganisms, various compounds are metabolized and produced
during fermentation [14]. The composition of microbial communities affects the composi-
tion and concentration of compounds in the AAF process and vice versa, as compounds
also have essential effects on the growth and metabolism of microorganisms. Numerous
studies have shown that various volatile and non-volatile compounds in SAV are pro-
duced by microbial activity [15,16]. By constructing high-yield microbial chassis cells, de
novo microbial fermentation using a cheap carbon source as a substrate can effectively
improve the efficiency of PPs synthesis [17]. Polyphenols are fermented using microbially
modified synthases to yield high polyphenols [18]. However, our understanding of the
distribution of PPs in the AAF process is limited, and research on the relationships between
microorganisms and PPs in complex systems is scarce.

This study studied changes in the PPs in the AAF of the SAV phase using gas
chromatography-mass spectrometry (GC-MS). Correlations between PPs, environmen-
tal factors, and microorganisms were analyzed and verified. There are few studies on
SAV PPs, especially regarding the effect of microbial enhancement on key PPs in the AAF
process. Therefore, this research aimed to study the main PPs and the effects of microbial
enhancement on the AAF process using GC-MS to increase the accumulation of PPs in the
SAV AAF process. The results of this study provide significant guidance for the production,
operation, and quality optimization of SAV.

2. Materials and Methods
2.1. Microculture
2.1.1. Strains

Regarding the strains used in the experiment, Limosilactobacillus fermentum SMR-360
(Lac fer) was identified as SMR-3601, SMR-3602, and SMR-3603, Lactiplantibacillus plantarum
SMR-360 (Lac pla) was identified as SMR-3604 and SMR-3605, and Lactobacillus helveticus
SMR-360 (Lac hel) was identified as SMR-3606, SMR-3607, SMR-3608, SMR-3609, SMR-3610,
SMR-3611, SMR-3612, SMR-3613, SMR-3614, and SMR-3615. All strains were screened
and stored at the Microbiology Laboratory of the School of Biological Engineering, Tianjin
University of Science and Technology.

2.1.2. Media

The lactic acid bacteria fermentation medium (MRS, w/v) consisted of glucose 2%,
peptone 1%, beef extract 1%, yeast extract 0.5%, anhydrous sodium acetate 0.5%, Tween 80
0.1% (v/v), ammonium citrate 0.2%, dipotassium hydrogen phosphate 0.2%, magnesium
sulfate 0.058%, and manganese sulfate 0.025%, with a pH of 6.2−6.8.

The acetic acid bacteria fermentation medium (GP, w/v) consisted of glucose 2%,
peptone 2% and ethanol 5.0% (v/v). All chemical reagents used in this section were
obtained from Beijing Boxbio Science & Technology Co., Ltd. (Beijing, China).

2.1.3. Strain Culture

The strains were inoculated in the fermentation liquid medium. Lactobacilli were
incubated in MRS medium at 37 ◦C for 24 h, and Acetobacter was incubated in GP medium at
30 ◦C with shaking at 180 rpm for 24 h. When the cell concentration reached 1 × 108 CFU/mL,
it was used for subsequent experiments.
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2.2. Sample Collection

Samples were collected from Shanxi Aged Vinegar Group Co., Ltd. In the AAF process,
a uniform sample was obtained using methods described in the literature [19]. Vinegar-
fermented grain samples were collected on the 1st, 3rd, 5th, 7th, and 9th day of AAF of
SAV. Samples of acetamide were taken from a distance of approximately 30 cm from the
surface of the sauce. All samples were collected using a five-point sampling method, with
three copies of samples collected in parallel at each time point (i.e., one from three different
tanks with the same brewing time), and each sample of the vinegar-fermented grains was
approximately 200 g. Samples from the five-time points were mixed and placed in sterile
Ziplock bags. The collected samples were immediately refrigerated in an icebox and stored
in a refrigerator at −80 ◦C for subsequent use.

2.3. Analysis of PPs Contents and Composition during AAF

The PPs contents and composition analyses were carried out in the laboratory before
microbial enhancement and at the Shanxi Aged Vinegar Group Co., Ltd. after microbial
enhancement.

Before the assay, the solid vinegar paste sample was pretreated to obtain the extract.
The solid sample (5 g) was added to 45 mL of water, shaken well for 3 h at room temperature,
and centrifuged at 5000 rpm for 10 min (centrifuge TG16-WS, Xiangyi Co., Ltd., Changsha,
China). Supernatants were collected for the analysis. The optimized forinophenol method
was used to determine the PPs contents of the acetate samples.

The composition of PPs in the AAF phase samples was determined using GC-MS. First,
10 mL of the supernatant obtained in Section 2.2 was collected, and the PPs were extracted
using the method described above [20]. Then, 2,4,5-trihydroxybenzoic acid was used as the
internal standard, and 0.002 g was added to 10 mL of the extract during pretreatment. One
milliliter of bis (trimethylsilyl) trifluoroacetamide (Supelco, Bellefonte, PA, USA) and 1%
trimethylchlorosilane (Aladdin Biotechnology Co., Ltd., Shanghai, China) was added to
the polyphenol extract, which was then reacted in a water bath at 70 ◦C for 3 h (DK-8D,
Qiaofeng Co., Ltd., Shanghai, China). Compounds were identified by comparison with
the standard’s retention times and mass spectrometry results. Their concentrations were
calculated by comparing the peak areas of the internal standard compounds.

2.4. Macrotranscriptome Sequencing of Microbial Communities during AAF
2.4.1. Extraction of RNA

Total RNA was extracted using the Total RNA Extraction Kit (Mobio, document
number: 12866-25). Ribosomal RNA was removed using the Ribo-Zero Magnetic Gold
Kit (Epidemiology, article number: MRZE724). The TruSeq Chain mRNA LT Sample
Preparation Kit (Illumina, San Diego, CA, USA) was used for reverse transcription and
library construction.

2.4.2. Library Quality Checks and Sorting

One microliter of the library was accurately obtained, and 2100 quality checks were
performed on an Agilent Bioanalyzer using the Agilent Highly Sensitive Kit (Agilent
Technologies Inc., Santa Clara, CA, USA). A qualified library should have a single peak
and no adapters. Libraries were quantified on a Promega QuantiFluor using the Quant-
it PicoGreen double-stranded DNA Analysis Kit. For qualified libraries, we performed
2 × 150 bp double-ended sequencing on a NextSeq machine (Personal Bio, Shanghai,
China) using the NextSeq 500 High-Yield Kit (300 cycles). Quality control of the raw
data was performed by sequencing using FASTQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/, accessed on 23 June 2023). CutAdapt (v1.2.1) [21] was used to
screen and filter raw data from the sequencing machines. SortMeRNA (http://ioinfo.
lifl.fr/rna/sortmerna/, accessed on 23 June 2023) [22,23] was used to eliminate rRNA,
and Trinity (http://trinityrnaseq.github.io/, accessed on 23 June 2023) [24] was used for
sequence assembly and splicing. The redundancies with a similarity of 0.95 and minimum
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coverage of 0.9 were merged and removed using a high-consistency tolerance cluster
database, and the longest sequence was used as the representative sequence of UniGene to
construct the UniGene set. The databases included NR, GO, KEGG, eggnog, CAXY and
Swiss-Prot for Unigene feature annotation [23]. The metatranscriptome sequencing data
used in this study were uploaded to the NCBI database under the registration numbers
SRX7581352-SRX7581356.

2.5. Effects of Microorganisms on PPs

In the single-factor experiment carried out in the laboratory, the exogenous addition
of microorganisms was used to control the microbial composition of vinegar-fermented
grains. Exogenous microorganisms were added to a 500 mL conical flask containing 300 g of
vinegar-fermented grains. The vinegar-fermented grains in the control group (Control) did
not contain exogenous microorganisms. Lactobacillus helveticus, Lactiplantibacillus plantarum,
and Acetobacter pasteurianus were added to the vinegar-fermented grains in the experimental
groups. The addition amount and time were the same as those in the control group, and
superior strains were selected. The additional amount of the superior strains was set to
108 CFU/100 g of vinegar-fermented grains. On this basis, a suitable fermentation time
was selected to evaluate the additional effect of microorganisms.

2.6. Determination of Physical and Chemical Indices during AAF

The pretreated samples were used to determine the physical and chemical indices. The
pH was measured using a pH meter S20P (Mettler Toledo Company, Shanghai, China). The
total acid content was determined by titration with a standard solution (0.1 mol/L sodium
hydroxide) with phenol red as an indicator. The amino nitrogen content was determined
using the ninhydrin method of the European winemaking convention. Changes in the
pH, total acid content, and amino nitrogen content during AAF were detected using the
following methods [25]. The total reduced sugar content was determined using a film test.
A fully automatic Sykam amino acid analyzer S433D (Sykam Co., Ltd., Eresing, Germany)
was employed for the qualitative and quantitative detection of amino acids in accordance
with the manufacturer’s instructions. The temperature at the sampling point was measured
using a thermometer. The reduced sugar content of the sample was determined using
high-performance liquid chromatography (Agilent 1260, Agilent Technologies Inc., Santa
Clara, CA, USA) [26].

2.7. Statistical Analysis

R software (version 3.6.3)was used to draw a bar chart of the composition of the
dominant species in each sample (the species with the top 20 overall expressions) at each
classification level.

Based on the species-level composition spectrum of each sample annotated in the
database, R software was used to calculate the number of common groups, and the number
of common and unique species in each sample was visually presented using a Venn diagram
(https://en.wikipedia.org/wiki/Venn_diagram, accessed on 23 June 2023).

The data for each sample were measured at least three times, and the experimental data
were expressed as the mean ± standard deviation (mean ± SD). Spearman’s correlations
were analyzed using SPSS software (19.0). The correlations between microorganisms,
environmental factors, and PPs were analyzed, and a heat map was drawn using Multiple
Experiment Viewer software (version 4.9.0).
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3. Results
3.1. Correlation Analysis between PPs and Microorganisms during AAF of SAV
3.1.1. Change in the PPs Contents during AAF

The total ion strength chromatogram is shown in Figure 1B,C. From the 1st to 9th day
of AAF, the number of substances detected was 509 ± 77, 580 ± 104, 541 ± 53, 546 ± 49,
and 483 ± 11, respectively (Figure 1B,C). The number of PPs species gradually increased
from seven on the 1st day to nine on the 7th day and then decreased to seven on the
9th day (Figure 1A,D). The identity of the compounds was determined (Table 1). By
searching the NIST20 database, 10 types of PPs were found in the AAF of SAV: (1) p-
coumaric acid, (2) 4-hydroxy-3-methoxyphenylethylene Glycol, (3) vanillic acid, (4) ferulic
acid, (5) L-epicatechin, (6) gallic acid, (7) 3-(3-hydroxy-4-methoxyphenyl)propanoic acid,
(8) caffeic acid, (9) (E)-3-(3-hydroxyphenyl)acrylic acid ethyl ester, and (10) vanillin. The
type and contents of PPs in the AAF samples differed with time. The PPs types gradually
changed from the 1st to the 9th day. Polyphenols 1–4 were detected throughout the AAF
process, while PP6 and PP10 were observed in the middle and later AAF stages, respectively.
Polyphenol 8 and PP9 appeared on days 1 and 5 and 3 and 7 of the AAF process, respectively
(Table 1). The PPs contents changed during AAF. The PP6 and PP10 contents increased
gradually with increasing AAF time, whereas the PP1 contents first decreased and then
increased. The PP2, 3, 4, 5, 7, 8, and 9 contents showed no apparent trends; however, the
PP2, 3, and 5 contents at the end of AAF were higher than at the beginning.

During the AAF process, the total PPs contents gradually increased, reaching a maxi-
mum of 47.04 ± 2.74 mg/g of vinegar-fermented grains on the 9th day. Compared with the
first day of AAF, the total PPs contents increased by 37.42% (Figure 1A).
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Figure 1. Analysis of polyphenol changes in the acetic acid fermentation (AAF) of Shanxi aged
vinegar (SAV). (A): Change in the polyphenol contents during AAF; (B–D): gas chromatography–
mass spectroscopy total ion diagram during the AAF of SAV; * p < 0.05; ** p < 0.01. TIC, total
ion chromatograms.
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Table 1. Distribution of polyphenols in the acetic acid fermentation (AAF) of Shanxi aged vinegar (SAV).

Compound Identification CAS No.
Relative Content (%)

AAF 1d AAF 3d AAF 5d AAF 7d AAF 9d

p-Coumaric acid 501-98-4 0.102 ± 0.068 ab 0.053 ± 0.037 a 0.07 ± 0.06 ab 0.127 ± 0.053 ab 0.193 ± 0.017 b

4-Hydroxy-3-
methoxyphenylethylene

Glycol
534-82-7 0.156 ± 0.156 a 0.074 ± 0.106 a 0.013 ± 0.008 a 0.067 ± 0.153 a 0.0425 ± 0.047 a

Vanillic acid 121-34-6 0.127 ± 0.213 a 0.013 ± 0.017 a 0.05 ± 0.02 a 0.037 ± 0.017 a 0.047 ± 0.028 a

Ferulic Acid 1135-24-6 0.157 ± 0.077 a 0.077 ± 0.073 a 0.3 ± 0.08 a 0.263 ± 0.147 a 0.307 ± 0.083 a

L-Epicatechin 490-46-0 0.301 ± 0.419 a 0 0.075 ± 0.015 a 0.11 ± 0.05 a 0.053 ± 0.017 a

Gallic acid 149-91-7 0 1.727 ± 0.3347 a 2.59 ± 0.69 a 2.383 ± 0.483 a 2.865 ± 2.775 a

3-(3-Hydroxy-4-
methoxyphenyl)propanoic

acid
1135-15-5 0.163 ± 0.137 a 0.053 ± 0.037 a 0 0.107 ± 0.067 a 0

Caffeic acid 331-39-5 0.063 ± 0.097 a 0 0.05 ± 0.05 a 0 0
2-Propenoic acid,

3-(3-hydroxyphenyl)-, ethyl
ester, (2E)-

96251-92-2 0 0.018 ± 0.022 a 0 0.14 ± 0.11 b 0

Vanillin 121-33-5 0 0 0 0.007 ± 0.007 a 0.0175 ± 0.017 a

Data are expressed as means ± standard deviations; different letters indicate significant differences among the
groups (p < 0.05).

3.1.2. Changes in the Physical and Chemical Indices during AAF

Temperature, pH, acidity, reducing sugar, amino nitrogen, and alcohol contents were
the key physical and chemical indices monitored during AAF. Figure 2 summarizes the
analysis of the changes in the physical and chemical characteristics of AAF after the
intensive experiments. The temperature increased at first, then decreased slightly, reach-
ing a maximum of 44.73 ◦C on the third day (Figure 2A). The amino nitrogen and total
acid contents increased gradually and reached a maximum on the 9th day, reaching the
maximum values of 0.06 ± 0.012 and 3.94 ± 0.17 g/100 g of vinegar-fermented grains,
respectively (Figure 2C,D). The reduced sugar content first increased and then decreased
and reached the maximum on the 7th day, which was 2.45 ± 0.09 g/100 g of vinegar-
fermented grains (Figure 2B). The alcohol content gradually decreased during the AAF
process (Figure 2E). The pH fluctuated slightly in the range of 3.7–4.0, but there was no
apparent trend (Figure 2F).

Sixteen amino acids were detected in the AAF culture samples: glutamic acid, glycine,
alanine, valine, methionine, isoleucine, leucine, phenylalanine, threonine, aspartic acid,
serine, proline, tyrosine, histidine, lysine, and arginine. Regarding the total amino acid
concentration, there were significant differences among the different AAF stages. Changes
in the contents of various amino acids during AAF are shown in the Supplementary
Table S1, and with the exception of threonine, proline, histidine, and lysine, most increased
after AAF. Glutamic acid, arginine, and aspartic acid levels significantly increased. From
the 1st to the 9th day of AAF, the alanine content decreased slightly and then increased
gradually. The tyrosine content increased rapidly from the 1st to the 3rd day, and then its
increase slowed.

Six reducing sugars (Supplementary Table S2) were detected during AAF: xylose,
fructose, mannose, glucose, maltose, and trehalose. The xylose and mannose contents
increased gradually, while the fructose content first increased and then decreased before
increasing again, while the trehalose content first increased and then decreased. Changes
in the glucose and maltose contents were not obvious.
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3.1.3. Succession Law of the Microbial Community during AAF

During the AAF process, microorganisms play an essential role in accumulating PPs.
Changes in microbial succession during AAF were analyzed (Figure 3). The number of
microbial species constantly changed throughout the AAF process, with 133 species in
total and 255, 22, 375, 28, and 62 species unique to AAF1d, 3d, 5d, 7d and 9d, respectively.
Differences in the microbial species at different fermentation times were caused by the suc-
cession of open-fermentation microorganisms. The sum of the abundance of the top 20 most
abundant species accounted for more than 98% of the total microbial abundance. Among
these species, the abundance ratios of Acetobacter bustiensis in AAF1d-9d samples were:
0.49% (AAF1d), 0.04% (AAF3d), 12.23% (AAF5d), 13.02% (AAF7d), and 18.74% (AAF9d).
The abundance ratios of Lactobacillus acid fast in AAF1d-9d samples were: 30.74% (AAF1d),
94.55% (AAF3d), 36.22% (AAF5d), 26.42% (AAF7d), and 16.49% (AAF9d), showing an
initial increase followed by a decrease. Lactobacillus acetotolerans and Acetobacter pasteurianus
were the dominant flora in the AAF process. Microorganisms with higher abundances
included Lactobacillus helveticus, Unclassified Lactobacillales, and Unclassified Lactobacillus.
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3.1.4. Correlation Analysis between PPs and Microorganisms during AAF

Microorganisms are essential factors affecting PPs in AAF. Using microorganisms as
key environmental factors, Spearman’s correlation analysis was performed, and correla-
tions between microorganisms and PPs were analyzed (Figure 4). There were significant
correlations between many types of microorganisms and PPs. Among these, Lactobacillus
helveticus and Cryptococcus neoformans had significant positive correlations with PP5, PP3,
and PP8, Bacillus anthracis had a significant positive correlation with PP5 and PP3, and a
negative correlation with PP6, acetic acid bacteria had a significant positive correlation
with PP4, and Lactiplantibacillus plantarum, Lactobacillus rodentium, and Lentilactobacillus
buchneri had a significant positive correlation with PP1 and PP10. Therefore, Lactobacilli
and acetate bacteria may be essential microorganisms affecting the formation of PPs by
altering the production of PP1, 3, 4, 5, 8, and 10. We speculated that these may be the main
microorganisms affecting PPs (Figure 4).
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Figure 4. Spearman correlation analysis heat map between polyphenols (PPs) and microorganisms
during the acetic acid fermentation (AAF) of Shanxi aged vinegar (SAV). Red and green indicate
positive and negative correlations, respectively, and the shade suggests the size of the correlation
coefficient; * p < 0.05; ** p < 0.01. Please refer to Section 3.1.1. for the PPs associated with each
PP number.
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3.2. Single Factor Verification of Microorganisms Affecting PPs Contents

The above analysis showed that microorganisms may be an essential factor affecting
the total PPs content. The effect of microorganisms on the total PPs content was verified by
a microbial single-factor screening experiment (Figure 5).

First, the strains producing high levels of PPs were screened experimentally, showing
that the total PPs content was higher when adding Lactobacillus helveticus. Compared with
the control group, exogenous microorganism addition promoted the accumulation of total
PPs. On this basis, the microbial addition was screened, and the results showed that with
the increase in microbial addition, the total PPs content gradually increased. The total
PPs content was highest when Lactobacillus helveticus was added at 109 CFU/100 g of
vinegar-fermented grains or when Acetobacter pasteurianus was added at 107 CFU/100 g of
vinegar-fermented grains. Finally, the addition time was screened, and the total PPs content
reached a maximum on the 3rd day of the AAF process. These results showed that adding
exogenous microorganisms and increasing the number of microorganisms can increase
the total PPs content in the AAF process. In summary, on the 3rd day of AAF, a mixture
of Lactobacillus helveticus (109 CFU/100 g of vinegar-fermented grains) and Acetobacter
pasteurianus (107 CFU/100 g of vinegar-fermented grains) maximized the accumulation of
total PPs.
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Shanxi aged vinegar (SAV). (A,B): Screening of microbial species; (C): screening of microbial addition
amount; (D): screening of microbial addition time; * p < 0.05. Lac hel, Lactobacillus helveticus; Lac pla,
Lactiplantibacillus plantarum; Ace pas, Acetobacter pasteurianus.

3.3. In Situ Regulation of PPs during AAF

Based on the effects of microbial factors on PPs accumulation, exogenous microbial
enhancement experiments were performed. A schematic diagram of the GC × MS total ion
current and a comparison of the PPs content before and after enhancement are shown in
Table 2 and Figure 5. The results showed that the total number of detected substances was
higher in the experimental group than in the control group.

After the intensive experiment, the PPs type and contents, reducing sugars and amino
acid contents, and utilization rate of raw materials changed significantly during the AAF
process (Figure 6, Supplementary Table S1). Twelve types of PPs were detected in the
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experimental group, with (11) isoferulic acid and (12) salicylic acid detected in addition
to the 10 PPs detected in the control group (Table 1). The distribution of PPs in the AAF
process was analyzed after an intensive experiment. Like the control group, PP1, 4, and 6
were the main compounds in the experimental group. Compared with the control group,
the contents of five PPs in the test group increased: PP1, 2, 4, 6, and 10. Among these,
the largest increases were for PP4, 6, and 10. Therefore, the accumulation of PPs mainly
increased through the promoted production of PP4, 6, 10, 11, and 12.

Table 2. Comparison of the polyphenol contents during the acetic acid fermentation (AAF) of Shanxi
aged vinegar (SAV) before and after the enhancement experiment.

Compound Identification CAS No.
Relative Content (%)

Before Optimization After Optimization

1 p-Coumaric acid 501-98-4 0.193 ± 0.017 0.256 ± 0.019
2 4-Hydroxy-3-methoxyphenylethylene Glycol 534-82-7 0.0425 ± 0.0047 0.07 ± 0.005
3 Vanillic acid 121-34-6 0.047 ± 0.028 0.052 ± 0.012
4 Ferulic Acid 1135-24-6 0.307 ± 0.083 0.412 ± 0.075 *
5 L-Epicatechin 490-46-0 0.053 ± 0.017 0.043 ± 0.016
6 Gallic acid 149-91-7 2.865 ± 0.175 4.1 ± 0.21 **
7 3-(3-Hydroxy-4-methoxyphenyl)propanoic acid 1135-15-5 0 0
8 Caffeic acid 331-39-5 0 0
9 2-Propenoic acid, 3-(3-hydroxyphenyl)-, ethyl ester, (2E)- 96251-92-2 0 0

10 Vanillin 121-33-5 0.0175 ± 0.007 0.23 ± 0.009 ***
11 Isoferulic acid 1135-16-6 0 0.5 ± 0.05 ***
12 Salicylic acid 69-72-7 0 0.4 ± 0.05 ***

The data are expressed as means ± standard deviations, and the different symbols indicate significant differences
between groups (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 6. Gas chromatography–mass spectroscopy total ion diagram and polyphenols content during
the acetic acid fermentation (AAF) of Shanxi aged vinegar (SAV) before and after the enhancement
experiment. (A): Gas chromatography–mass spectroscopy total ion diagram. (B): Polyphenol contents.
* p < 0.05, ** p < 0.01, *** p < 0.001. TIC, total ion chromatogram. Please refer to Sections 3.1.1 and 3.3.
for the polyphenols associated with each number.

4. Discussion

Solid-state AAF is the primary process involved in SAV production and brewing.
The SAV samples were analyzed during AAF. SAV is rich in amino acids and functional
components, such as PPs [19]. The SAV brewing process involves natural fermentation,
which leads to the growth of various microorganisms. These microorganisms have an
important influence on vinegar quality. Polyphenols accumulate during the AAF process
and are affected by various environmental factors, such as microorganisms. In this study,
environmental factors affecting PPs, including microorganisms, were analyzed, providing
new research data for increasing the yield of PPs.
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Increased microbial diversity or abundance can enrich enzyme lineages, which may
facilitate the synthesis of functional substances, such as PP4 and PP10 [27,28]. Therefore,
adding microorganisms may be an effective means of increasing the polyphenol content.
As our results of in situ regulation showed, microorganisms can increase the total PPs
content, with the PP4 and PP10 contents increasing by 95.54% and 100%, respectively. PP8
disappeared at the end of the AAF. Simultaneously, the Spearman correlation analysis
also showed that PP8 was significantly related to Lactobacillus helveticus, Cryptococcus
neoformans, and other microorganisms. Previous studies have shown that the addition of
microorganisms can enhance the activity of caffeic acid 3-O-methyltransferase in catalytic
reactions, increase the methylation of PP8, and promote the transformation of PP8 to
PP4, resulting in the accumulation of PP4. In addition, microorganisms can produce
decarboxylases to decarboxylate PP4 into PP10 [29], which may be an essential reason for
the increased accumulation of PP10 (and total PPs).

Furthermore, we speculated that microorganisms may indirectly promote the synthesis
of PPs in the AAF process by affecting environmental, physical, and chemical conditions,
such as the contents of reducing sugars and amino acids. As shown in Figure 6, the PP4,
PP6, and PP10 contents increased significantly. Previous studies have shown that amino
acids, particularly aromatic amino acids, are essential precursors for the synthesis of PPs.
Therefore, the addition of exogenous microorganisms can promote the accumulation of PPs
precursors. For example, free amino acids can be produced by degradation by lactic acid
bacteria [30,31], such as tyrosine, which acts as a precursor that promotes PP6 [32]. Recent
studies have shown that microorganisms promote PPs production by participating in free
amino acid biosynthesis during AAF.

Moreover, the addition of exogenous microorganisms indirectly affects synthetic
reactions by promoting the transformation of reducing sugars to PPs. For example, mannose
can be a precursor to form PP4 under microbial catalysis [33]. Additionally, glucose and
phenylalanine can be precursors for PP10 biosynthesis [34,35].

Some studies have shown that temperature increases in the early stage of AAF con-
tribute to cell wall destruction, which promotes the release of intracellular or bound PPs
and increases the content of PPs such as PP4. Simultaneously, high temperatures promote
the transformation of PP4 into its corresponding isomers, which may also cause PP11
formation. In addition, some amino acids are non-neutral, which may cause changes in
environmental factors such as pH, affecting the release of PPs. The Spearman correlation
between PPs and environmental, physical, and chemical factors also showed that amino
acids and reducing sugars were significantly correlated with the yield of PPs (PP4, 6, and
10; Supplementary Figure S1).

Macrotranscriptomes were used to analyze the distribution of microorganisms and
their effects on vinegar community succession during AAF. As shown in Figure 2, bacterial
diversity increased at the initial fermentation stage and decreased gradually in the later
stages, consistent with previous community studies. The Spearman correlation analysis
between PPs and microorganisms also showed that acetic acid and lactic acid bacteria were
significantly correlated with PPs accumulation. Although PP8 was significantly correlated
with various microorganisms, it has little influence on vinegar’s nutritional and health
functions; therefore, it was not considered. In addition, Lactobacillus rodentium, Lactobacillus
buchneri, and other strains were not detected in the fermented grains of SAV vinegar.
Therefore, Lactobacillus helveticus, Lactiplantibacillus plantarum and Acetobacter pasteurianus
were selected as the dominant strains for the strengthening experiments to improve the PPs
yield. The results showed a strong correlation between the microorganisms and PPs during
AAF. The metabolic activities of microorganisms play key roles during the AAF stage.
Microbial diversity and flavor formation in SAV during fermentation is very different from
those of other vinegars [36]. SAV has a unique microbial community structure, phenolic
acid content, and physicochemical properties [37].

This study used Spearman correlation analysis and single-factor experiments to screen
and verify microbial factors. Based on the effects of microorganisms on PPs, regulatory
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strategies to promote the accumulation of PPs are proposed from the perspective of micro-
bial enhancement. First, the distribution of the PPs was analyzed. Ten PPs were detected
during the AAF of SAV. The effect of microorganisms on PPs yield was observed. By
adding exogenous microorganisms, it was verified that a mixture of lactic and acetic acid
bacteria could increase the accumulation of PPs. Although microbial factors promote the
accumulation of PPs, the mechanism of action of PPs in AAF requires further study. In the
future, we will simulate AAF conditions, build a reaction model, and comprehensively
study the formation mechanism of PPs in the AAF process.

5. Conclusions

Microorganisms are essential factors that affect the accumulation of PPs during AAF.
Metatranscriptomic analysis revealed that acetic and lactic acid bacteria were the dom-
inant bacteria affecting the PPs yield and participating in regulating the AAF process.
During fermentation, acetic acid bacteria gradually increase, whereas lactic acid bacteria
increase and decrease. Validation experiments with the exogenous addition of Acetobacter
pasteurianus and Lactobacillus helveticus also showed that the total PPs content increased
by 72% after their addition. Therefore, in the SAV AAF process, the production of PPs
can be increased by the exogenous addition of a mixture of Acetobacter pasteurianus and
Lactobacillus helveticus.
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correlation, respectively, and the shadow of color indicates the correlation coefficient between envi-
ronmental factors and polyphenols; Table S1: Changes of amino acid contents in the AAF of SAV;
Table S2: Changes of reducing sugar content in the AAF of SAV.
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Abstract: Evidence from the literature suggests that different inoculation strategies using either active
dry yeast (ADY) or freshly prepared yeast cultures affect wine yeast performance, thus altering
biomass and many primary and secondary metabolites produced during fermentation. Here, we
investigated how different inoculation methods changed the fermentation behaviour and metabolism
of a commercial wine yeast. Using a commercial Sauvignon blanc (SB) grape juice, fermentation
was carried out with two different inoculum preparation protocols using Saccharomyces cerevisiae
X5: rehydration of commercial ADY and preparation of pre-inoculum in a rich laboratory medium.
We also determined the effect of different numbers of yeast cells inoculation (varying from 1 × 106

to 1 × 1012) and successive inoculation on fermentation and end-product formation. The yeast
inoculation method and number of cells significantly affected the fermentation time. Principal
component analysis (PCA) using 60 wine metabolites showed a separation pattern between wines
produced from the two inoculation methods. Inoculation methods influenced the production of
amino acids and different aroma compounds, including ethyl and acetate esters. Varietal thiols,
3-mercaptohexanol (3MH), and 4-methyl-4-mercaptopentan-2-one (4MMP) in the wines were affected
by the inoculation methods and numbers of inoculated cells, while little impact was observed on
3-mercaptohexyl acetate (3MHA) production. Pathway analysis using these quantified metabolites
allowed us to identify the most significant pathways, most of which were related to central carbon
metabolism, particularly metabolic pathways involving nitrogen and sulphur metabolism. Altogether,
these results suggest that inoculation method and number of inoculated cells should be considered in
the production of different wine styles.

Keywords: grape juice; gas chromatography and mass spectrometry; wine yeast; metabolism; metabolite
profiling; aroma compounds

1. Introduction

Winemaking is a complex process that involves interactions between different biotic
and abiotic factors, including temperature, pH, juice composition, and wine yeasts. Wine
yeast plays a vital role in determining the quality and style of wine by directly affecting
the production of aroma and other flavour active compounds during fermentation [1,2].
Wine yeast cells are also exposed to multiple stresses (e.g., ethanol toxicity, starvation, heat,
and oxidative stress) during winemaking that affect their growth, viability, fermentation
capability, and, as a result, end-product (e.g., aroma compounds) formation [3,4]. Moreover,
uneven distribution of nutrients and conditions present within the fermentation tank also
may affect the growth and metabolism of wine yeasts.
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The inoculation of fermentation tanks with a starter culture of wine yeast is a relatively
new practice that has only been employed since the early 1970s. Now, many wineries
follow this practice mainly because it offers better process control by providing successful
completion of fermentation and consistent end-product formation [5]. Although rehy-
dration of commercially available active dry yeasts (ADY) is mostly used by wineries to
inoculate the grape must, many researchers are still concerned about the viability and fer-
mentation performances of those wine yeasts [6,7]. The cell membranes of wine yeasts can
be damaged during rehydration of ADY, thus causing the loss of cytoplasmic contents [8].
Moreover, inappropriate storage temperatures and the condition of the ADY also affect
the lipid composition of the cell membranes, especially by increasing the concentrations of
saturated fatty acids, which in turn reduces the viability of the yeast cells [9].

It has been reported previously that ADY cultures are less viable than wet yeast cul-
tures, thus leading to decreased fermentation performance [6]. Therefore, some studies
have already been conducted to determine the most appropriate and effective ways of
wine yeast rehydration, including addition of different nutrients during the rehydration,
and optimization of rehydration conditions [6,10–15]. For instance, Kontkanen, Inglis,
Pickering and Reynolds [10] studied the effects of inoculation rate, acclimatisation, and
nutrient addition on ice wine fermentation, and they found that stepwise-acclimatized
(in grape juice) yeast cells fermented more sugar and thus produced more ethanol than
direct inoculum. They also noted that nutrient addition to the yeast inoculum increased the
biomass production, decreased fermentation time, and reduced ethanol and acetic acid con-
centrations in the ice wines. In particular, nutrient addition (e.g., glutathione, vitamins, and
unsaturated fatty acids) while rehydrating the ADY has been recommended to increase the
vitality and to improve the aroma profiles of wines [7,16,17]. Other researchers have shown
that the amount of yeast inoculum significantly affects wine fermentation by changing the
production of aroma compounds [18,19]. Therefore, the yeast inoculum preparation step
is important and plays a direct role in the fermentation kinetics and in the production of
different fermentation end products.

Although ADY is commonly used in commercial wine fermentation in New Zealand,
most of the laboratory-scale winemaking here is still performed by using a pre-inoculum
of wine yeast grown on an enriched medium (e.g., yeast extract peptone dextrose) under
highly aerated conditions [20–22]. It is noteworthy that good aeration of the pre-inoculum
provides the molecular oxygen essential for the development of the components of yeast
membranes, such as ergosterol [23]. As a result, cell viability increases significantly, and the
yeast cells can survive different stresses (e.g., osmotic and ethanol stress) effectively; thus,
they might show better fermentation efficiency than the ADY cells. Therefore, the formation
of different aroma compounds and other end products (e.g., ethanol, glycerol, and acetic
acid) also could be affected by the type and quantity of inoculum used for winemaking.
However, more research is needed to confirm this.

To fill the current knowledge gap, our main goal for this project was to determine
the effects of two different wine yeast inoculation protocols—rehydration of ADY and
inoculum preparation using enriched medium—on fermentation time and other wine
parameters. We determined the primary and secondary metabolites in the resulting wines
to understand how the inoculum method and quantity impacts the formation of different
fermentation end products and thus overall wine composition.
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2. Materials and Methods
2.1. Collection and Characterization of Sauvignon Blanc Juice

A commercial, cold-settled Sauvignon blanc (SB) grape juice was collected in the 2017
harvesting year from the Pernod Ricard winery (Marlborough, New Zealand). The juice
was brought to room temperature (20 ◦C) and chemically sterilised by adding 400 µL/L of
food grade dimethyl dicarbonate (DMDC, Sigma-Aldrich, Germany), followed by vigorous
mixing. In aqueous conditions, DMDC reacts rapidly with proteins to inactivate yeast
cells, and any unreacted DMDC then breaks down into methanol and carbon dioxide [24].
DMDC-treated juices were kept at 20 ◦C overnight prior to starting the fermentation
process [25].

The total soluble solids content (◦Brix) of the starting fresh juice was determined
on a Mettler Toledo RM40 refractometer (Mettler Toledo, Columbus, OH, USA), while
a Mettler Toledo T70 autotitrator was used for determining the acidity (pH) and acid
content (titratable acidity). Total acid content was measured using an equivalence point
titration with aqueous sodium hydroxide (0.1 M) as the titrant and calculated in tartaric
acid equivalents (g/L) [26].

Glucose and fructose contents of the fresh juice were quantified by enzymatic assay kit
purchased from Megazyme (Wicklow, Ireland) based on the reduction of nicotinamide ade-
nine dinucleotide phosphate (NADP). Samples were appropriately diluted and quantified
in duplicate against an eight-point standard curve (R2 > 0.98) [27].

Primary amino acids (PAA) were quantified in duplicate in isoleucine (N) equivalents
using the orthophthaldialdehyde (NOPA) method adapted for the plate reader. Quan-
tification was performed using a five-point calibration curve (R2 > 0.98). Ammonium
content of the fresh juice was quantified by enzymatic assay kit obtained from Megazyme
(Bray, Ireland) by monitoring the deprotonation of NADPH at 340 nm. Juice was appro-
priately diluted (usually two-fold) and quantified in duplicate using a five-point standard
curve (R2 > 0.98). Yeast available nitrogen (YAN) was calculated as the sum of PAA plus
ammonium expressed in mg N/L.

Optical density of the juice was determined in duplicate in a UV-transparent 96-well
micro-plate at 280, 320, and 420 nm. Absorbance at 280 nm was used to quantify total
phenolics against a gallic acid standard curve (five-point, R2 > 0.98) [28].

All spectrophotometric assays were run on a Molecular Devices Spectramax 384 Plus
(San Jose, CA, USA) with a 1 cm path length cuvette reference correction.

2.2. Different Inoculum Preparation Methods

Saccharomyces cerevisiae X5 (Laffort, Bordeaux, France) was used for the inoculation of
the microferments. Two different inoculation protocols were used in this study as described
below and shown in Figure 1.
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2.2.1. Rehydration of Commercial ADY (RY)

Commercial ADY (S. cerevisiae X5) was rehydrated following the protocol used by the
research winery of The New Zealand Institute for Plant and Food Research Limited [28].
Briefly, 30 mL amount of distilled water in a beaker was kept in a water bath at 32–35 ◦C,
and 0.25 gm to 3 gm of ADY was added to the beaker depending on inoculated cell numbers
and kept for 20 min without stirring. Then, the beaker was removed from the water bath
and stirred and then sat on the bench for another 15 min. The beaker with rehydrated wine
yeasts was transferred to a chiller room to acclimatise them to a cooler temperature (15 ◦C).
Inoculation of grape juices was carried out within 45 min to avoid the loss of viability of
the rehydrated wine yeasts.
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2.2.2. Preparation of Pre-Inoculum in a Rich Growth Medium (PI)

S. cerevisiae X5 was grown in a rich culture medium, YPD broth (1% bacto-yeast
extract, 2% bacto-yeast peptone and 2% D-glucose), as described in Pinu, Jouanneau,
Nicolau, Gardner and Villas-Boas [25]. A single colony of the yeast grown in YPD agar was
inoculated into 30 mL of YPD broth in a series of 150 mL conical flasks (n = 50) and was
incubated at 28 ◦C, with shaking at 200 rpm for 24 h. Good aeration of the pre-inoculum
provides molecular oxygen, which is essential for the development of components of yeast
membranes, such as ergosterol, which helps yeast cells to tolerate high concentrations of
ethanol under anaerobic conditions [29]. Pre-inoculums were centrifuged at 3000 rpm for
5 min, and the YPD supernatant was discarded, and the yeast pellets were then washed
twice with sterilised milliQ distilled water to remove any YPD residues on the cells. The cell
pellet was resuspended with sterilised milliQ distilled water as required prior to inoculating
the grape juice [22]. Cell counts and viability testing were carried out prior to determining
the required amount of inoculum for each treatment described in Section 2.3.

2.3. Counting of Yeast Cells and Viability Testing

Prior to conducting the final fermentation experiments, a number of trial experiments
were performed to determine the cell numbers and viability for both of the inoculation
methods. As available methods for cell counting have both merits and demerits, especially
when counting the higher number of cells we used in this study, we compared two methods
to determine the viability of cells: using YPD medium and using a hemocytometer as
described below. Yeast cells were prepared as described in Sections 2.2.1 and 2.2.2. YPD
medium was inoculated with yeast cell suspension (100 µL) from both protocols and
incubated at 28 ◦C for 36 h. After that, visible colonies were counted as CFU/mL. While
awaiting for yeast cells to grow in YPD medium, the same suspensions were used to
determine the number of yeast cells from both methods using a Neubauer hemocytometer
as described in Pinu [30]. Briefly, a 1/20 dilution of culture was made and transferred
to hemocytometer for counting cell number per mL; the dilution was needed so that
cell numbers of 10 squares ranged between 30 and 400. A cover slip was placed on the
hemocytometer, and yeast cells were counted in five of the large squares in two separate
counting chambers under a 40× objective. Budding yeast cells were counted as one cell
unless they were the same size as the parent cell. Yeast cells on the top and left edges
of the squares were counted, but cells on the bottom and right edges were not counted.
From these cell count data, the volume of pre-culture required to inoculate 1 × 106 to
1 × 1012 yeast cells per mL of the final fermentation was determined (Figure 1). Methylene
blue (0.1%) was used to assess the number of viable yeast cells. A 1:1 dilution of pre-
culture was mixed with methylene blue and incubated for 5 min at room temperature
and yeast cells were counted as described before. Viable cells appeared as colourless, as
they reduced methylene blue, and dead cells were stained blue. The viability of cells from
both counting methods was determined. Viability for RY culture was around 75% in cells
grown in YPD medium, while it was 80% for PI. Approximately 75% of cells were viable
for both inoculation protocols in cell counting by using a Neubauer hemocytometer. As the
results were within similar ranges, and growing yeast cells in YPD medium needed 36 h
of incubation time, we decided to use hemocytometer to count the cells during our final
experiment. However, it is noteworthy that viability testing using YPD medium is more
reliable than the microscopy-based methods.

2.4. Experimental Design and Wine Fermentation

Fermentation was carried out in 750 mL bottles using 700 mL of sterilised grape juice
(Figure 1). The inoculum for each bottle was prepared separately to adjust to the right
amount of cell numbers, and inoculation was also performed separately with 250 µL of
inoculum to avoid dilution and extra nutrient inoculation in case of RY. The experiment was
designed to determine the effects of two different yeast inoculation protocols on different
primary and secondary metabolites produced by wine yeasts compared with control wines.
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The control wines for both methods (RY and PI; n = 4) were inoculated with approxi-
mately 1 × 106 yeast cells/mL. A set of ferments was inoculated with increased numbers of
approximate yeast cells, namely 1 × 108 (n = 3), 1 × 1010 (n = 3) and 1 × 1012 (n = 3) in the
must, as shown in Figure 1. Successive inoculation was also carried out for both methods:
treatment 1= 1 × 106, then 1 × 106 at 10 and 0 ◦Brix (n = 4) and treatment 2 = 1 × 106, then
1 × 106 at 0 ◦Brix (n = 4) (Figure 1). Yeast cells and their viability were determined within
3 h of inoculating the ferments using hemocytometer (see Section 2.3, data in Table S1).

All the microferments were kept in a chiller room at 15 ◦C without any agitation.
However, the contents were slightly mixed every day by swirling the bottles slowly to
avoid any loss of fermenting grape juice. Soluble solids content (measured as ◦Brix)
and temperature were monitored daily during fermentation using an Anton-Paar DMA
35 portable density meter. Once ◦Brix values dropped below 0, residual sugars were
monitored daily using Clinitest®. When residual sugars reached less than 2.0 g/L as
determined by an enzymatic assay kit, the ferments were stopped with the addition of
50 ppm SO2 (as potassium metabisulphite) and kept at the chiller (15 ◦C) overnight and
centrifuged at 4600 rpm for 5 min using a Thermo Scientific Heraeus Multifuge 3SR+
centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) prior to taking them to the
laboratory for chemical analysis.

2.5. Analysis of the Resulting Wines

All the resulting wines were analysed to determine their acidity (pH and titratable
acidity), sugar content (reducing sugars, glucose, and fructose), and total phenolics, as
described in Section 2.2. Alcohol was determined using an Anton Parr Wine Alcolyzer
(Graz, Austria).

2.5.1. Varietal Thiols

Thiols, 3-mercaptohexanol (3-MH), 3-mercaptohexyl acetate (3-MHA), and 4-mercapto-
4-methylpentan-2-one (4-MMP) were extracted and analysed by Hill Laboratories Limited
according to Green et al. [31]. In summary, varietal thiols in defrosted wines were analysed
by headspace–solid-phase micro-extraction (HS-SPME) with gas chromatography–two-
dimensional mass spectrometry (GC-MS/MS). Wine sub-samples were pipetted into 10 mL
headspace vials with NaCl added to “salt-out” thiols into the headspace. Vials were capped,
and then, deuterated internal standards for 3MHA and 3MH were robotically added to
each vial through the cap septa. Each sample was buffered to pH 6.5–7.0 with phosphate
buffer before analysis to avoid losses of thiols. Samples and calibration standards were
extracted by SPME (polyacrylate, 85 lm coating supplied by Supelco, Bellefonte, PA, USA),
using a robotic CTC CombiPal auto-sampler (Agilent Technologies, Santa Clara, CA, USA).
For analysis, the SPME fibre was inserted into the hot (270 ◦C) GC inlet to desorb extracted
thiols. Injections were in splitless mode, with a 0.75 mm i.d. glass liner (Restek, Bellefonte,
PA, USA) at a temperature of 270 ◦C. Thiols were separated from co-extracted wine volatiles
on a HP-5MS capillary column (30 m × 0.25 mm i.d. × 0.25 lm film thickness, Agilent
Technologies, Santa Clara, CA, USA).

2.5.2. Aroma Compounds

Wine aroma compounds belonging to esters, higher alcohols, volatile fatty acids, c6
compounds, and terpenes were quantified following the method described by Herbst-
Johnstone et al. [32] using SPME-GC-MS. Briefly, 10 mL of defrosted wine was mixed with
3.5 g of sodium chloride and transferred to an Agilent 20 mL amber screw cap vial. A
mixture of deuterated internal standards in methanol was added; each sample was purged
briefly with argon gas and sealed with a screw cap. Samples were placed for agitation
and left for further automated analysis. The GC-MS system was an Agilent 7890A GC
System coupled to 5975C mass selective detector. MassHunter software (v. B.05.00) (Agilent
Technologies, Santa Clara, CA, USA) was used for data analysis, and aroma compounds
were quantified using calibration curves. Odour activity value (OAV), which is the ratio of
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concentrations to perception thresholds, was determined to evaluate the impact of aroma
compounds [22].

2.5.3. Organic Acids

A Shimadzu Prominence high-performance liquid chromatography (HPLC) (Shi-
madzu Corporation, Kyoto, Japan) system was used to quantify organic acids (tartaric,
malic, ascorbic, shikimic, citric, and succinic acids) in wines using isocratic elution with
a phosphate buffer (140 mM, pH 2.4) on an Allure Organic Acids Restek column (5 µm,
240 × 4.6 mm). Defrosted wine samples were diluted 10-fold in a solution containing
internal standard (thiourea) and filtered through a 0.45 µm syringe filter before injec-
tion [33]. Samples were run in duplicate and quantified on a five-point standard curve. The
correlation coefficient (R2) of actual versus predicted concentration was >0.98.

2.5.4. Amino Acids

Quantification of amino acids in wines was performed on an Agilent 1200 series HPLC
(Santa Clara, CA, USA) using a gradient elution programme of phosphate/borate buffer
(10 mM each, pH 8.2) and organic solvent (MeOH: MeCN: H2O, 45:45:10) on a Phenomenex
Kinetix C18 column (5 µm, 240 × 4.6 mm) as described in Martin, Grose, Fedrizzi, Stuart,
Albright, and McLachlan [28]. Briefly, online derivatization of primary amino acids was
carried out with o-phthalaldehyde and 3-mercaptopropionic acid and detected by a diode
array detector (DAD) at 340 nm excitation and 450 nm emission. Defrosted wine samples
were treated with iodoacetic acid to encourage in the reduction of cysteine. Secondary
amino acids were derivatized online with 9-fluorenylmethyl chloroformate and detected
by DAD (260 nm excitation, 315 nm emission). A standard mix of 17 amino acids was pur-
chased from Agilent (Santa Clara, CA, USA). All standards and samples contained internal
standards sarcosine (100 mg/L) and α-aminobutyric acid (100 mg/L). Samples were diluted
4-fold in water and filtered through a 0.45 µm syringe filter before injection. Samples were
run in duplicate and quantified on a four-point standard curve (R2 > 0.98) [34].

2.6. Statistical Analysis

Independent Student’s t-tests were performed to compare the changes in different
parameters (e.g., alcohol content, varietal thiols concentrations, and other oenological
parameters) of each treatment (e.g., two methods of inoculation, different numbers of cell
inoculation, and successive inoculation) compared with their respective controls using
an in-house R script. False-discovery rates (FDR) were calculated to account for multiple
comparisons [27]. Principal component analysis (PCA), hierarchical cluster analysis (HCA),
and two-way ANOVA were performed using a web interface, namely Metaboanalyst
5.0 (http://www.metaboanalyst.ca, accessed during 10–17 April 2023) [35]. Heatmaps
were also produced to show the changes in different primary and secondary metabolites
due to the inoculation method used in this study [35]. Pathway analysis was also per-
formed based on the primary and secondary metabolites quantified in the resulting wines
using S. cerevisiae as the pathway library to determine the pathways that were signifi-
cantly affected due to inoculation methods. Global test and relative-betweenness centrality
algorithms were selected for pathway enrichment and pathway topology analyses, re-
spectively [27]. Debiased sparse partial correlation (DSPC) networks were created based
on Basu et al. [36] using the Network analysis function in Metaboanalyst 5.0 with the
quantified metabolites, for which KEGG ID is available.
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3. Results and Discussion

Pre- and post-fermentation manipulations are often performed to produce a desired
style of wine, often by changing the metabolism of wine yeasts [37,38]. Many other factors
also can be modified and optimised (e.g., temperature, grape juice composition, and even
the preparation of starting culture) to obtain different fermentation end products by wine
yeasts. In this study, we determined how inoculum preparation protocols and inoculated
yeast cell numbers affect overall fermentation behaviour of a commercial wine yeast strain
and how these approaches change wine metabolite composition.

3.1. Fermentation Completion Time Depended on the Type of Inoculation Methods

Prior to fermentation, we determined the oenological properties of the starting com-
mercial SB juice: pH 3.2, TA (total acidity) 8.1 g/L total soluble solids content 19.2 ◦Brix,
and total reducing sugars 207.8 g/L (glucose 112.3 g/L and fructose 95.5 g/L). The YAN of
the starting juice was 195 mg/L; therefore, no nitrogen adjustment prior to starting fermen-
tation was performed, as YAN > 150 of the must is enough to avoid stuck fermentation [18].
Immediately after the yeast inoculation, we determined the cell numbers and their viability
from each ferments. While approximately 75% cells were viable for inoculation protocols
prior to inoculation, this number was around 70% in the ferments in the beginning of
fermentation. This is not unexpected, as grape juice is a comparatively harsh media with
low pH and high sugars. Moreover, typical New Zealand SB fermentation is carried out at
15 ◦C, which might have also affected the adaptation of the yeast cells into the ferments [37].

Our fermentation data clearly indicated that the ferments inoculated with rehydrated
ADY (RY) were completed at least 4–5 days earlier than the ferments inoculated with
pre-inoculum prepared in YPD medium (PI) (Table 1). Ferments inoculated with increased
numbers of yeast cells also finished the fermentation one or two days earlier than the control
ferments. Although an already-published study claimed that yeast cells were more viable
and performed better during fermentation when a pre-inoculum was prepared in a highly
aerated rich medium [6], our data from this experiment were not in agreement. However,
ADY was also produced in highly aerated conditions, dried, and packed with nutrients
and adjuvants, which might have a role in increased fermentation performance [7]. The
ferments that underwent successive inoculation were deliberately kept for longer, although
residual sugars were below 2 g/L. Therefore, we did not compare their fermentation
completion time with other ferments. Overall, our data suggest that yeast inoculation
protocol and inoculum quantity indeed affect the fermentation performance of wine yeasts.
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3.2. No significant Change Was Observed on Different Oenological Properties of the Wines Based
on Inoculation Methods

Table 1 also shows the oenological parameters of the wines produced in this study.
We observed no significant difference in pH, TA, glucose, or total phenolic content of the
wines compared with those of their respective control wines. As expected, glucose was
almost completely consumed by the wine yeasts regardless of the inoculum preparation
method or other treatments. However, fructose consumption varied among the ferments.
For instance, less fructose was consumed when ferments were inoculated with increased
numbers of yeast cells (for both RY and PI). This observation was expected, as it is well
known that glucose is the most preferred and utilised carbon source for S. cerevisiae dur-
ing fermentation [39]. On the other hand, yeast cells in ferments that were successively
inoculated used more fructose than their controls. This is mainly because these ferments
were kept for longer times, although their residual sugar concentrations were less than
2 g/L. Under fermentation condition, S. cerevisiae tends to utilise glucose at the beginning
of fermentation, and once glucose is depleted, the cells start to consume fructose and other
preferred carbon sources [39]. Our data suggest that fermentation stop time can influence
the consumption of major sugars by wine yeasts during fermentation.

All the ferments had less than 12% v/v of alcohol, which is slightly lower than a typical
“full-strength” New Zealand SB (12.5–13.5% v/v) [40]. As the TSS of the starting juice
was 19.2 ◦Brix, the ethanol content reported here was within expectation. Although no
statistically significant change was observed in the alcohol contents of the resulting wines
because of the different treatments used in this study, we noted a trend of reduced alcohol
when increased numbers of yeast cells were inoculated in the ferments (both RY and PI)
(Table 1). Potential reasons behind this pattern could be the formation of other fermentation
end products instead of ethanol or the metabolism of alcohol by higher number of yeast
cells used during the experiment. However, as we found no statistical difference between
the alcohol measurements, we did not explore this further here.

3.3. Inoculation Methods Altered the Overall Metabolite Composition of the Resulting Wines

To understand the effect of different wine yeast inoculation strategies, we determined
absolute quantification of 24 primary metabolites (2 major sugars, and16 amino and 6 car-
boxylic acids) and 37 aroma compounds, including varietal thiols, higher alcohols, esters,
terpenoids, and norisoprenoids. We analysed varietal thiol data separately given that they
are key aroma compounds for SB wines (see Section 3.4). The concentrations of these com-
pounds were within the ranges of previously published data of SB wines [22,40,41]. While
comparing controls from two inoculation methods, we found that 21 primary metabolites
were significantly different. The evaluation of secondary metabolites revealed that 15 aroma
compounds, including 11 esters, 3 alcohols, and 1 aldehyde, were significantly different
(p < 0.05, Figure 2).

We performed PCAs using all the metabolites quantified in the resulting wines
(Figure 3), where the clustering pattern of wines produced from both inoculation strategies
was more prominent for primary metabolites (PC1 and PC2 accounted for 80% of total
variance). On the other hand, the PCA score plot of secondary metabolites showed a
separation pattern with a slight overlap between the wine profiles produced from two
inoculation strategies (PC and PC2 accounted 69% of total variance). This type of difference
based on types of metabolites is not unusual, as production of primary metabolites is more
regulated in a cell system compared with the secondary metabolites [42,43]. Many primary
metabolites directly and indirectly contribute as precursors for many secondary metabolites,
and that is particularly true for the production of volatile compounds [44]. Moreover, the
primary metabolites analysed in this study are considered more stable during analysis
than aroma compounds. Altogether, our data indicated that inoculation methods indeed
influenced the metabolite composition of the wines (Figure 3).
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tion methods used in the study. Pink dots with names indicate the metabolites that were statistically
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lites (p > 0.05).

During commercial winemaking, little attention is usually paid towards the inoculated
yeast cell numbers, while research winemaking is different, where similar numbers of yeast
cells are inoculated. Published data that compare metabolites produced from commercial
and research wines are limited. Therefore, we also investigated if inoculated yeast cell
numbers had any impact on the metabolite composition of the resulting wines. As shown
in Figure 4, the impact of inoculated cell numbers on metabolite composition varied
between inoculation methods. For example, separation patterns were more visible for
wines produced by different inoculum levels for RY, where PC1 and PC2 accounted for
more than 60% of total variance. On the other hand, higher or lower levels of inoculum had
little impact on wines produced from PI, which was evident by lack of separations based
on cell numbers (Figure 4). Although this is an interesting observation, the reason behind
this is not clear and will require further studies in future. Typically, it is recommended
to use at least 105–106 CFU per mL [45]; in this experiment, we used 106 CFU per mL for
the control wines, while other ferments were inoculated with higher cell numbers ranging
from 108 to 1012 cells/mL. These are relatively high amounts of inoculation, and our data
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indicated that we should consider the inoculation method and the number of inoculated
cells while conducting fermentation to achieve the expected outcomes.
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3.4. Varietal Thiols Are Affected by the Inoculation Methods

Varietal thiols are one of the most important aroma compounds in SB wines, and
New Zealand SBs are known to have higher concentration of these tropical aroma com-
pounds [40]. As their concentration in the wines is well within ng/L as compared to µg or
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mg/L for other aroma compounds analysed in this study, we analysed the varietal thiols
data separately to determine the real impact of wine yeast preparation on this group of com-
pounds. The perception threshold of these varietal thiols is very small: 0.8 ng/L for 4MMP,
4 ng/L for 3MHA, and 60 ng/L for 3MH [41], and OAV well-exceeded the ranges where
the human olfactory system can detect them: OAV- 30–165 for 4MMP, 730–828 for 3MH,
and 202–254 for 3MH. It is noteworthy that even if there was a difference of 20–30 ng/L of
these thiols in wine, it would influence the overall aroma of the resulting wines.

Varietal thiol production, specifically 3MH and 4MMP, during fermentation was
affected by the method of inoculum preparation (Table 2). The control wines produced
using the PI contained almost 3000 ng/L more 3MH than the control wines inoculated
with RY. The opposite was found for 4MMP, and its concentration was much higher in
all the wines produced from RY. Moreover, we observed a positive correlation between
the numbers of yeast cells inoculated and 3MH production regardless of the inoculation
method, although this increase was not linear. In the case of 4MMP, this increase was linear
for all the wines produced from RY when higher numbers of cells were inoculated. For
3MHA, the inoculation method and numbers of inoculated cells had little impact. However,
successive inoculation seemed to have increased the concentration of 3MHA while reducing
the concentration of 4MMP in wines for RY treatments. However, this was not the case for
PI wines. All these observations suggest that the influence of method of inoculation and
numbers of inoculated cells is dependent on the individual varietal thiol.

Table 2. Three major varietal thiols in Sauvignon blanc wines made after different yeast fermentations.

Wine No of Inoculated
Yeast Cells

3MH
(ng/L)

3MHA
(ng/L)

4MMP
(ng/L)

Inoculation of rehydrated ADY
Control RY 1 × 106 11,498 (2717) 3242 (843) 62 (41)

RY 1 1 × 108 12,657 (1414) a 3197 (250) 69 (14)
RY2 1 × 1010 14,217 (829) b 3146 (175) 105 (15) a

RY3 1 × 1012 14,066 (742) b 2943 (77) 157 (59) b

SI RY 1 1 × 106, then 1 × 106

at 10 and 0 ◦Brix
13,947 (1210) a 3588 (492) 29 (5) b

SI RY 2 1 × 106, then 1 × 106

at 0 ◦Brix 14,626 (636) b 4037 (131)a 27 (9) b

Inoculation of pre-inoculum
Control PI 1 × 106 14,382 (802) 3147 (335) 20 (8)

PI 1 1 × 108 15,573 (596) a 3131 (216) 25 (2)
PI 2 1 × 1010 14,502 (2010) 3095 (301) 21 (8)
PI 3 1 × 1012 15,914 (692) a 3078 (117) 38 (8) b

SI PI 1 1 × 106, then 1 × 106

at 10 and 0 ◦Brix
13,879 (2846) 3091 (522) 17 (5)

SI PI 2 1 × 106, then 1 × 106

at 0 ◦Brix
15,679 (859) a 3382 (305) 24 (4)

p-values are shown as superscripts that were calculated by comparing with respective control wines; a < 0.05
and b < 0.01. ADY, active dry yeast; RY, rehydrated yeast; SI, successive inoculation; PI, pre-inoculum; 3MH,
3-mercaptohexanol; 3MHA, 3-mercaptohexylacetate; 4MMP, 4-methyl-4-mercaptopentan-2-one. Standard devi-
ations of replicates in each treatment and control wines are shown within brackets. Numbers shown in italics
indicate the statistical differences when comparison was made between RY and PI with same inoculated cell
numbers (RY vs. PI).

3.5. Interactions between Inoculation Methods and Inoculated Cell Numbers on
Metabolite Composition

As we observed differences in metabolite composition based on inoculation methods,
and a method depended on the influence of inoculated cell numbers, we carefully looked
at both primary and secondary metabolite data to determine which compounds are more
affected by these factors. Figures 5 and 6 show the heatmaps produced using primary and
secondary metabolites, respectively. When interaction between inoculation methods and
inoculated cell numbers was considered using a two-way ANOVA, 9 out of 24 quantified
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primary metabolites, including lysine, arginine, leucine, isoleucine alanine, glutamic acid,
glycine, glucose, and tartaric acid, were statistically different (p-value < 0.05) between
treatments. However, the method of inoculation affected 19 of them, as discussed earlier
(see Section 3.3), while cell numbers influenced 10 of the primary metabolites. This indicated
that the method of inoculation (wine yeast preparation) was a more important factor
than the number of inoculated cells that drives the differentiation in primary metabolite
composition of wines. We observed a general trend of increased concentration of most
of the amino acids in wines produced from cells grown in rich medium (shown as PI in
Figure 5). Amino acid concentrations in these wines also increased when a higher number
of cells were inoculated. This was expected and may result from the released amino acids
from yeast autolysis at the end of fermentation [46]. The concentration of proline and valine
was relatively higher in wines produced using RY. As proline is one of the most abundant
amino acids in wines, total amino acid contents of resulting wines did not vary significantly
between the inoculation methods and cell numbers used as inoculum.
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We determined the OAV of all the aroma compounds analysed in this study to evaluate
if these compounds can be perceived by the human olfactory system [41]. Out of 34 aroma
compounds belonging to esters, higher alcohols, volatile fatty acids, monoterpenoids, and
norisoprenoids, 16 of them had OAV > 1 (Table S2), indicating their importance in the
overall aroma perception of wine. As expected, OAVs for most of the monoterpenoid and
norisoprenoid aroma compounds were below 1, while esters, higher alcohols, and a few
volatile fatty acids were the compounds with higher levels of OAV (>1). The results we
observed here in terms of relevance to aroma perception are in accordance with previously
published data on SB wine aroma [41,47]. Results from the two-way ANOVA using
secondary metabolites showed that 6 out of 34 aroma compounds were affected when the
interaction between inoculation methods and inoculated cell numbers was considered.
These compounds were ethyl dihydrocinnamate (spicy, fruity notes), ethyl isovalerate
(apple note), ethyl isobutyrate (fruity note), ethyl acetate (nail polish remover), ethyl 2-
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methyl butanoate (berries and apples), and nerol (sweet rose odour) [30]. Similar to what we
observed for primary metabolites, 18 aroma compounds were influenced by the inoculation
method used, while only 3 (ethyl dihydrocinnamate, ethyl isovalerate, and ethyl acetate) of
the aroma compounds were affected by cell numbers. This again suggested that choice of
suitable inoculation method was important to produce different aroma compounds, while
cell numbers should also be considered, as this factor seemed to affect the production of a
few important ethyl esters.

As shown in Figure 6, we observed another general trend that inoculation method
using RY increased the production of most of the aroma compounds in the resulting wines,
particularly the concentrations of esters that contributed towards the fruity and sweet note
of the wines. In comparison, the concentration of most of these aroma compounds was
generally lower in the PI wines. The reason behind these observations could be traced back
to the primary metabolite data, where we found higher concentration of most of the amino
acids in PI wines and lower concentration in RY wines. As mentioned earlier, the primary
and secondary metabolisms are interlinked [42]. In central carbon metabolism, different
types of amino acids (e.g., leucine, isoleucine, valine, and phenylalanine) contribute to the
production of various intermediate molecules (e.g., acetyl-CoA) and aroma compounds,
including higher alcohols and medium-chain volatile fatty acids [48]. These groups of
compounds then result in the production of esters either by condensation reactions between
acetyl-CoA and higher alcohols (acetate esters) or by the esterification of ethanol and acyl-
CoA intermediates because of esterase and transferase enzyme activity (ethyl esters) [48].
One reason behind observing higher esters and lower amino acids in RY wines could be
the metabolic activity of the wine yeasts during fermentation, where conditions in the RY
ferments were more suitable for producing relevant aroma compounds [18,19,37,38]. In
the case of PI ferments, the opposite trend was found, indicating the impact of tailoring
different parameters, including fermentation conditions, media, and yeast preparation, on
the development of targeted aroma compounds in the resulting wines.

3.6. Pathway Analysis Indicates the Changes in Metabolic Pathways Due to the Differences in
Inoculation Methods

Our data suggest that inoculation methods indeed influence the overall metabolite
composition of the resulting wines; therefore, metabolic pathways are most likely to be
affected as well. As inoculation methods seemed to affect wine composition more than
the inoculated cell numbers, we only performed pathway analysis to gain insights on the
changes in yeast metabolism due to the two wine yeast preparation methods. As shown in
Figure 7a, 11 metabolic pathways related mainly to nitrogen and sulphur metabolism were
significantly influenced by the inoculation methods (p < 0.05).

Two metabolic pathways, aspartate and glutamate metabolism and cysteine methion-
ine metabolism, particularly stood out compared with other pathways when their impact
(shown in the x-axis in Figure 7a) and significance (shown in the y-axis in Figure 7a) were
taken into account. Both pathways were upregulated for PI, which could be traced back
to the presence of relatively higher concentrations of amino acids (nitrogen compounds)
and varietal thiols (sulphur-containing compounds) in the wines produced using PI. On
the other hand, the metabolic pathway related to aromatic amino acids (phenylalanine,
tyrosine, and tryptophan biosynthesis) was slightly upregulated for RY, even though the
concentration of most of these amino acids was comparatively lower in RY wines than PI.
However, levels of esters, medium-chain fatty acids, and higher alcohols were higher in
RY wines, indicating these amino acids were catabolized and aided in the production of
these aroma compounds [49]. We also performed DSPC network analysis to determine the
relationship between the metabolites analysed in the wines. There were 3 subnetworks:
subnetwork 1 with 21 different notes (Figure 7b), subnetwork 2 with 5 nodes, and subnet-
work 3 with 3 nodes. Subnetwork 1 provided the comprehensive picture that supported
our observation from the pathway analysis, as we could see the positive correlation (red
lines) among most of the primary metabolites and negative correlation of primary metabo-
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lites with the major aroma compounds (blue lines). This again confirmed that most of
the primary metabolites were consumed by the wine yeasts during the fermentation that
ultimately resulted in the production of the associated aroma compounds, including esters
and higher alcohols (Figure 7b).
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4. Conclusions

Based on previously published studies, we know that wine yeast metabolism during
fermentation changes depending on the pre-fermentative manipulations, fermentation
medium, and conditions [18,27,38,50]. Our investigation here involved the use of two
different inoculation strategies to generate understanding of how two wine yeast prepara-
tion methods either used commercially (RY) or in a research laboratory (PI) affect overall
metabolism of wine yeasts. We indeed found differences in fermentation time, metabo-
lite composition, and related metabolic pathways depending on inoculation methods.
Although the impact of inoculum size during wine fermentation is a less-studied area,
we provided some insights on how differences in inoculated cell numbers also affect the
production of different classes of aroma compounds. Our findings agreed with Carrau,
Medina, Farina, Boido, and Dellacassa [18], who also found an unpredictable pattern of
impacts on wine composition based on inoculated cells in two different wine yeast strains.
We found that the method of inoculation was a more impactful determinant of fermentation
end-product formation than inoculum quantity. Interestingly, and in contrast to previously
published work, inoculation with RY increased the fermentation performance of wine
yeasts, as evident from the fermentation completion time [6]. While wines produced by
RY contained a higher amount of esters, higher alcohols, and 4MMP, 3MH and amino acid
concentrations were considerably higher in PI wines. Successive inoculation also resulted
in the production of higher concentration of varietal thiols in the wines. Altogether, these
data suggest that production of wines with desirable aroma compounds is achievable via
adopting a suitable wine yeast inoculation protocol, while attention should also be paid
towards inoculum size wherever possible.
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Abstract: Kombucha is a sweet and sour beverage made by fermenting a liquid base with a sym-
biotic culture of bacteria and yeast. Different tea substrates, carbohydrate sources, and additional
ingredients are used to create beverages with different physical and chemical characteristics. The
purpose of this work was to create a recipe and technology to study the properties of the beverage
based on kombucha with a given chemical composition. The content of added functional ingredi-
ents (vitamins and inulin) in quantities comparable with reference daily intake was the specified
parameter characterizing the distinctive features of the enriched beverages. For fermentation using
symbiotic cultures of bacteria and yeast, a black tea infusion sweetened with sucrose was used as
a substrate. The changes in the physicochemical characteristics of the fermented tea beverage base
were evaluated. The dynamics of changes in pH, acidity, the content of mono- and disaccharides,
ethanol, organic acids, polyphenolic compounds, and volatile organic substances were shown. The
fermentation conditions were selected (pH up to 3.3 ± 0.3, at T = 25 ± 1 ◦C, process duration of
14 days) to obtain the beverage base. Strawberry and lime leaves were used as flavor and aroma
ingredients, and vitamins with inulin were used as functional ingredients. Since the use of additional
ingredients changed the finished beverage’s organoleptic profile and increased its content of organic
acids, the final product’s physical–chemical properties, antioxidant activity, and organoleptic indica-
tors were assessed. The content of B vitamins in the beverages ranges from 29 to 44% of RDI, and
100% of RDI for inulin, which allows it to be attributed to the category of enriched products. The
DPPH inhibitory activity of the beverages was 82.0 ± 7%, and the ethanol content did not exceed
0.43%. The beverages contained a variety of organic acids: lactic (43.80 ± 4.82 mg/100 mL), acetic
(205.00 ± 16.40 mg/100 mL), tartaric (2.00 ± 0.14 mg/100 mL), citric (65.10 ± 5.86 mg/100 mL), and
malic (45.50 ± 6.37 mg/100 mL). The technology was developed using pilot equipment to produce
fermented kombucha tea enriched with inulin and B vitamins.

Keywords: fermented beverages; kombucha; black tea; physical and chemical characteristics;
vitamins; inulin; volatile organic substances

1. Introduction

Kombucha is a beverage obtained through the fermentation of sweetened black or
green tea using a symbiotic culture of bacteria and yeast (SCOBY) [1–3]. It is believed that
the first references to the use of such a beverage date back to 220 BC in Manchuria [1,2,4].
The beneficial health properties attributed to kombucha have led to its present distribution
in Europe, the United States, and other countries [4–6]. Kombucha is a popular beverage in
many countries, as evidenced by the growth in its production, the constant expansion of its
range, and numerous studies [7,8]. According to the results of a multidimensional scaling
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of the results of articles searched using the “kombucha” keyword (Figure S1) obtained
using the KH Coder software [9], several research areas can be identified: composition of
symbiotic cultures of bacteria and yeast; factors influencing development and metabolism;
the influence of technological parameters on quality and safety; antioxidant properties,
including changes in polyphenolic composition during fermentation; and factors influenc-
ing the formation of bacterial cellulose, its application in various industries, and in vivo
beverage studies.

Various studies of the kombucha production process and kombucha-based beverages are
aimed at increasing the functional properties of the end product by selecting optimal production
parameters (temperature [10,11], oxygen access [11], fermentation duration [10–12], the ratio
of SCOBY to tea substrate, and size and shape of the fermentation tank [11]); basic ingredient
composition (nitrogen sources [10,13–15], carbohydrate sources [13,16], and microbiological
composition of SCOBY [17]); and additional flavor and functional ingredients [7,8,18].

An algorithm for the development of food products and the development of beverages
includes the stage of the choice of ingredients based on the study of their chemical compo-
sition, properties, and physiological functions that provide health benefits. Apples [19,20],
lemons [21], snake fruit [22], goji berry [15], cherry [23], dragon fruit [24], kiwi [24], red
raspberry [25], blackthorn fruits [25], black carrot [25], strawberry tree [26], and others
in fresh form, or as juices, purees, and extracts, are used as ingredients that form the
taste and aroma of kombucha. [2,8]. Fresh and dried herbs and spices such as ginger [27],
cherry leaf [28], sage [29,30], mint [29,31], linden [29], cinnamon [32], cardamom [32],
thyme [30,32], echinacea [33], and functional ingredients [34] can be added at the stage
of tea base preparation before its fermentation by SCOBY [31,32] or in the fermented
base [7] for secondary fermentation and formation of the sensory profile of the beverage.
These ingredients can be added at the stage of base preparation before fermentation by
SCOBY [31,32] or in the fermented base [7] for secondary fermentation and formation of
the sensory profile of the beverage. The use of combinations of ingredients allows not only
to obtain a better taste of the beverages but also to regulate the composition of biologically
active substances with beneficial health effects [35,36].

Along with the positive effects, kombucha also has negative effects associated with
high acidity, in particular, the development of halitosis and potential negative effects on
tooth enamel due to enamel degradation [37]. In this regard, it is reasonable to enrich
kombucha in order to minimize its negative effects. Direct reduction of its acidity is
not acceptable because a sour taste is expected and desired by the consumer. Therefore,
searching for indirect ways to correct the negative effects of kombucha is an urgent task.

In order to provide additional health benefits, it is advisable to enrich kombucha-based
beverages with physiologically important ingredients, which include soluble dietary fiber,
prebiotics of polysaccharide nature, and vitamins.

Vitamins are essential micronutrients, which are low-molecular-weight organic com-
pounds necessary for the enzymatic catalysis mechanisms, the normal course of metabolism,
the maintenance of homeostasis, and the biochemical support of all vital functions of the
body [38]. The need for vitamins is significantly influenced by a person’s age, health condi-
tion, nature, and intensity of work. Inadequate consumption of vitamins is a risk factor for
many nutrition-dependent diseases [39]. In this regard, it is advisable to include vitamins in
the composition of beverages in sufficient amounts to correct their insufficient consumption.

Among the water-soluble ingredients are vitamin C and the complex of B vitamins,
whose antioxidant effect neutralizes the reactive oxygen species (ROS) causative of many
oral pathologies [40]. Vitamin C is the most common vitamin in kombucha, and its content
in a single serving of kombucha varies within the reference daily intake (RDI). Supplemen-
tation with this vitamin is, therefore, not necessary. In turn, the content of B vitamins is
an order of magnitude less than the RDI, so enrichment with vitamins of this group can
increase the positive effects of kombucha consumption and is advisable [3].

In addition, for healthy bones and teeth, adequate dietary calcium intake is essen-
tial [41,42]. The direct introduction of soluble calcium salts will lead to an increase in pH
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and consequently to a deterioration of the consumption properties of kombucha; therefore,
the solution may be to use substances that increase the adsorption of calcium from the
normal diet. This substance is inulin, a soluble dietary fiber (DF). The role of DF as a
nutritional factor that actively influences metabolic processes in the human body has been
repeatedly proven in a number of biological and clinical studies [43–45]. Among the proven
physiological effects manifested by DF, the most pronounced include the normalization of
the motor and evacuatory functions of the large intestine, prebiotic action, and influence on
the state of lipid and carbohydrate metabolism. Soluble DF (alginates, pectin, β-glucans,
gum arabic, some types of hemicelluloses, and modified cellulose) has a positive effect on
lipid and carbohydrate metabolism [43,46], as does inulin. Inulin is contained in the tubers
and roots of dahlias, artichokes, chicory, dandelion leaves, and asparagus; it is a mixture of
oligomers and polymers of fructose and belongs to the group of fructosans [47,48]. As a
prebiotic, inulin has a favorable effect on the human body in that it selectively stimulates
the growth and activity of probiotic bacteria in the large intestine, thereby increasing the
adaptive capabilities of the organism [47,49]. Besides stimulating the growth and activity
of bifido- and lactobacilli, inulin increases calcium absorption in the large intestine, which
has a positive effect on bone mineralization [47]. Inulin has a low glycemic index (from 4 to
7) and a low caloric value (1 kcal/g), as well as a distinctly sweet taste, neutral color, and
odor [50]. This would replace some of the sucrose in the kombucha formulation, which
would also have a positive effect on caries prevention with prolonged consumption of
sugary beverages [41]. Inulin can also be used in the diet of patients with type 2 diabetes, as
well as patients with impaired glucose tolerance. Similar to dietary fiber, inulin is resistant
to the effects of digestive enzymes in the stomach and small intestine. This is due to their
structure since, in the human body, there are no enzymes specific to the cleavage of bonds
present in the molecules of such polysaccharides [50,51].

The introduction of these components can significantly change the properties of
kombucha; therefore, the purpose of this work was to develop a kombucha containing
vitamin B complex and inulin and evaluate its properties.

2. Materials and Methods
2.1. Materials

To obtain the fermented beverages, we used black Indian big leaf tea (Moscow, Russia),
sugar (Moscow, Russia), a symbiotic culture of bacteria and yeast—SCOBY (Moscow,
Russia), frozen strawberry fruit and Kaffir lime leaves (provided by a local supermarket),
inulin (90% of the main substance) (Belgium), and vitamin premix RUS 28,174 by DSM
Nutritional Products Europe Ltd. (Basel, Switzerland) (the composition is shown in Table 1).
For analytical studies, we used NaOH, Folin-Ciocalteu reagent (Sigma-Aldrich), gallic acid
(98%) (Diaem), Na2CO3, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) (ABCR GmbH and Co.
KG, Karlsruhe, Germany). Analytical grade reagents (Sigma-Aldrich, St. Louis, MO, USA)
were used for chromatography.

Table 1. Composition of vitamin premix.

Compound Concentration, mg/kg

Thiamine (Vitamin B1) 48,750

Riboflavin 44,000

Pyridoxine (Vitamin B6) 57,000

Niacin 479,998

Folic acid 7500

2.2. Fermented Beverage Base Production Technology

Black tea (0.5 wt.%) was added to boiled water at 94 ± 2 ◦C and brewed for 10 min
with occasional stirring. Then, sugar was added in an amount of 5.0 wt.% and stirred for
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5 min until complete dissolution. The obtained solution was filtered to remove tea leaves
and cooled to 23 ± 2 ◦C. Then, the SCOBY culture was added (10.0 wt.%), and the container
was covered with a permeable cloth. Fermentation was carried out in 25 L fermenters
(Brew Bucket Brewmaster, Pittsburg, CA, USA). The duration of the fermentation process
was 14 days at 25 ± 1 ◦C. After fermentation, the resulting base was filtered through a filter
(70 µm) and pasteurized at 72 ± 2 ◦C for 40 min. The resulting base was then cooled to a
temperature of 25–30 ◦C and used to prepare a beverage or stored in hermetically sealed
containers at 5 ◦C until use. During fermentation with a periodicity of 0 days, 3 days, 7 days,
and 14 days, acidity, pH, total content of polyphenolic compounds, content of mono- and
disaccharides, organic acids, ethanol, and the profile of volatile substances were controlled.

2.3. Methods
2.3.1. Titratable Acidity Determination

The acidity value was determined using the titrimetric method [52]. The method is
based on titration with NaOH solution (0.1 N) of all acidic substances. Before the study, the
samples were freed from carbon dioxide formed during fermentation by boiling. Acidity
was expressed in cubic centimeters of sodium hydroxide solution with a concentration of
1 N, which was used to titrate 100 mL of the beverages.

2.3.2. pH Determination

The pH changes were monitored using an electronic pH meter S20_K Mettler Toledo
(Greifensee, Switzerland) [31].

2.3.3. Determination of Carbohydrates Profile

The composition of carbohydrates (mono- and disaccharides) was determined using
standard high-performance liquid chromatography on an Agilent Technologies 1260 chro-
matograph (Agilent Technologies, Santa Clara, CA, USA) with a refractometric detector
Agilent 1260 RID, G1362A (Agilent Technologies, Santa Clara, CA, USA) according to [53].
Before analysis, the samples were centrifuged at 990× g for 15 min (if necessary, diluted
with water at a ratio of 1:5 (by volume)). In order to determine the mass concentration of
sucrose, glucose, and fructose, the samples were diluted with distilled water in a 1:20 ratio.
Then, 1–2 mL of the sample was taken and filtered through a filter with a 0.45 µm pore
diameter into a vial.

2.3.4. Determination of the Dry Matter Content

Total soluble substances were determined using an Atago refractometer (Tokyo, Japan)
and expressed in degrees Brix (◦Brix), according to [54].

2.3.5. Determination of Ethanol Content

The determination of ethanol content in the samples was carried out on an Agilent Tech-
nologies 7890A gas chromatograph with a flame ionization detector (Agilent Technologies,
Santa Clara, CA, USA) and an analytical column Supelcowax 10 (60 m × 0.53 mm × 1 µm)
from Supelco (Bellefonte, PA, USA), according to [55] with modifications. Temperature
program: 78 ◦C for 2 min, heating to 110 ◦C at 3 ◦C/min, rising to 220 ◦C at 30 ◦C/min,
with a 10 min delay. The carrier gas was helium, and the flow rate was 2.8 mL/min. A
20 mL vial was placed on the scale, 5 mL of water was added, 2 mL of sample was added
(weight of the added sample was recorded with an accuracy of 1 mg), then 1 mL of internal
standard solution (0.8% 1-butanol solution, the weight of internal standard solution was
recorded with an accuracy of 1 mg) was added, and another 10 mL of water was added.
After being stirred, 2 mL was taken into a 2 mL centrifuge tube and centrifuged at 18,400× g.
Then, 1 mL was taken into a 2 mL glass vial, and 2 mL was injected into the chromatograph.
The chromatograph was calibrated in the concentration range of 3 to 300 µg/g.
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2.3.6. Determination of Organic Acids

Organic acids were determined by standard reversed-phase high-performance liquid
chromatography on an Agilent Technologies 1100 chromatograph (Agilent Technologies,
Santa Clara, CA, USA), according to [56]. Organic acids were separated in a chromato-
graphic column filled with octadecyl silica gel. Concentrations were determined using a
spectrophotometric detector at 210 nm using the external standard method.

2.3.7. Determination of Total Polyphenol Content

The total content of polyphenolic compounds during fermentation was determined
by the Folin-Ciocalteu spectrophotometric method using a SpectroQuest 2800 spectropho-
tometer (UNICO, Suite E, Dayton, NJ, USA), according to [57] with modifications. Before
analysis, the beverage sample was diluted with distilled water in a ratio of 1:9. To 1 mL of
the sample, 5 mL of 10% Folin-Ciocalteu solution was added and incubated for 5 min. After
this time, 4 mL of 7.5% Na2CO3 solution was added, thoroughly mixed, and incubated in a
dark place for 1 h. The optical density of the samples was measured at 765 nm. Gallic acid
was used as a standard.

2.3.8. Determination of Volatile Substances

The analysis was performed on an Agilent Technologies 7890A gas chromatograph
with an Agilent Technologies 5975C mass detector (Agilent Technologies, Santa Clara, CA,
USA) and a Supelcowax 10 60 m × 0.53 mm × 1 µm chromatographic column (Supelco,
Bellefonte, PA, USA), according to [58] with modifications. Divinylbenzene/carboxene/
polydimethylsiloxane (50/30 µm) fiber with manual holder (Supelco, Bellefonte, PA, USA)
was used for the extraction of aroma components. The fiber was preconditioned before
the analyses, according to the instructions of the manufacturer. A total of 10 mL of sample
was placed in a 20 mL headspace vial, sealed with a septum and an aluminum cap. The
fiber was placed in the space above the sample and incubated for 30 min on a tile heated
to 110 ◦C. Then, it was placed into the gas chromatograph injector, and the analysis was
performed. Temperature program: 35 ◦C for 5 min, heating to 220 ◦C at a rate of 4 ◦C/min,
isotherm 40 min. Helium was used as a carrier gas. Injector was operated in splitless
mode at a temperature of 225 ◦C. Operation parameters of the mass detector: scanning
range 35–400 m/z, ionization source temperature 230 ◦C, quadrupole temperature 150 ◦C,
and electron impact ionization with energy 70 eV. The results were processed using the
program “MSD ChemStation E02.02.1431” (Agilent Technologies, Santa Clara, CA, USA),
the program “The NIST Mass Spectral Search Program for the NIST/EPA/NIH Mass
Spectral Library Ver. 2.0 gm” (National Institute of Standards and Technology, Gaithersburg,
MD, USA), and a set of commercially available mass spectral libraries. Components with a
spectral coefficient of agreement with the library of more than 700 were considered to be
identified. Subsequent processing of the obtained data was performed using the “Microsoft
Office Excel 2007 SP3 MSO” software package.

2.3.9. Modeling of Reaction Kinetics

An analysis of reaction kinetics was performed according to the principle outlined
in [59]. In order to determine the reaction rate constant (k), the conformity of changes
in the concentration of volatile substances with the models of zero (Equation (1)), first
(Equation (2)), and second (Equation (3)) order reactions were evaluated:

C − C0 = kt (1)

ln
(

C
C0

)
= kt (2)

1
C
− 1

C0
= kt (3)
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where C0 is the initial concentration (%), C is the concentration (%) at time t (days), and k is
the reaction constant.

The value of the reaction constant was calculated using the linear equation of the relation-
ship between concentration and reaction time. In addition to the reaction constant, we also
determined the half-life (t1/2) of the studied substances according to Equations (4) and (5) for
first- and second-order reactions, respectively.

t1/2 =
ln 2

k
(4)

t1/2 =
1
k
· 1
C0

(5)

2.4. The Technology of Fermented Beverage Production

Before use, the prepared fermented base (technology of obtaining described above)
was brought to a temperature of 25–30 ◦C. Preliminary organoleptic studies (data not
shown) allowed us to identify preferences and determine the number of ingredients that
form the taste and aroma of fermented beverages: frozen strawberries and lime leaves.
Strawberries and lime leaves were crushed, added to the prepared fermented base, and
left for 24 h at 23 ± 2 ◦C for infusion and secondary fermentation. Further filtration was
carried out in stages from 70 µm to 5 µm. For enrichment, pre-dissolved inulin and vitamin
premix, which included water-soluble B vitamins B1, B2, B6, PP, and folic acid, were added
to the beverages after filtration. Then, the beverages were placed into a cylindroconical tank
“SS Brewtech Unitank” (USA) equipped with a circulating cooler “Termex” and a bottling
nozzle (Tomsk, Russia) for carbonization of the beverages (10 ◦C, 1.1 MPa) with subsequent
bottling into glass bottles. To stop further fermentation and ensure microbiological purity,
the bottles with the beverages were pasteurized (72 ± 2 ◦C, 40 min) in a Binder BD53
(Tuttlingen, Germany). The line with the pilot equipment is shown in Figure 1.
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The finished beverages were characterized according to the indicators: acidity, pH,
total soluble substances, the content of mono-, disaccharides, ethanol, organic acids (the
methods for determining the indicators are presented above), inulin, vitamins, antioxidant
activity, and organoleptic evaluation.
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2.5. Methods for Investigation of Fermented Beverages
2.5.1. Determination of Inulin Content

Inulin content in the finished beverages was determined with a standard method
using high-performance liquid chromatography on an Agilent Technologies 1260 (Agilent
Technologies, Santa Clara, CA, USA) chromatograph with refractometric detector Agilent
1260 RID, G1362A (Agilent Technologies) [60].

2.5.2. Determination of Vitamin Content

The content of vitamins B1, B2, B6, PP, and folic acid was determined according to the
method [61].

2.5.3. Assessment of Antioxidant Activity

The study of the antioxidant activity of the finished beverages was carried out using
free radical DPPH [62]. Before the study, the beverages were filtered and diluted twice. The
filtered beverages in an amount of 100 µL were mixed with 2 mL of DPPH solution in ethanol
(250 µM) and incubated in a dark place for 1 h at 24 ± 1 ◦C. The obtained solutions were
studied on an electron paramagnetic resonance spectrometer SPINSCAN X (Republic of
Belarus) operating at a frequency of X-band. Conditions for obtaining electron paramagnetic
resonance (EPR) spectra: central field 336 mT, sweep amplitude 15 mT, modulation amplitude
200 µT, and power 20 dB. The obtained spectra were processed using the program e-Spinoza
(Republic of Belarus). The percent inhibition of the EPR spectrum was calculated according
to the following equation: % inhibition = [(I0 − I)/I0] × 100%, where I0 is the area of the
EPR spectrum of DPPH (control sample), and I is the area of the EPR spectrum of DPPH
with sample.

2.5.4. Organoleptic Evaluation

The sensory assessors were selected, trained, and monitored according to ISO 8586
standards [63,64]. The sensory panel consisted of 8 trained assessors (5 females and 3 males;
mean age: 37.2 ± 1.3). They were required to be healthy and not smoke, drink coffee, or eat
spicy food for 3 h before analysis.

The conditions of the sensory evaluation environment, including the area of sample
preparation, sensory evaluation, and concentrative discussion, met the requirements of
the ISO 8589 standard [65]. The sensory evaluation area was kept in an adequately air-
conditioned environment, and the temperature in the booths was controlled at about 25 ◦C.
The conventional sensory profile of the kombucha samples was established according to
the ISO 13299 standard [66]. Organoleptic evaluation of the finished beverages was carried
out on a 5-point scale by indicators: appearance, smell, consistency, taste, and color.

2.6. Statistical Processing

Obtained data are presented in the form of average values. Statistical data processing
and graphing were carried out using the software package R studio (version 3.5.3) [67],
using the module ggplot2 [68]. The Kruskal–Wallis test with the Mann–Whitney test as post
hoc was used to compare changes of measured parameters during the fermentation (the
first day was used as control) [69]. Results are shown as H and p-values. All measurements
were conducted in triplicate. p values < 0.05 were considered significant.

3. Results and Discussion

Studies on kombucha and beverages based on it are mainly conducted on a laboratory
scale, with volumes ranging from 200 mL to 2 L [11]. However, a number of researchers studied
the fermentation process in larger volumes [70,71], and it was shown that regardless of the size
and volume of the vessel, with a constant value of the interfacial surface, it is possible to obtain a
beverage with similar properties [11]. In order to optimize the industrial production of enriched
kombucha, the main fermentation process was carried out in 25 L fermenters.
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3.1. Preparation and Study of Fermented Beverage Bases

The processes of obtaining fermented tea beverages have their own technological
features, which depend on cultural traditions, the raw materials used, the concentration of
tea and sugar, and the duration of fermentation [72]. However, the basic technological steps
are common and consist of brewing the tea, adding sucrose or other carbohydrate sources,
filtering and cooling to room temperature, adding SCOBY and/or starter fluid (fermented
kombucha from a previous batch), and fermentation [72,73]. The fermentation process of
sweetened tea begins after the addition of SCOBY and/or starter liquids. Under the action
of enzymes formed in yeast cells, hydrolysis of sucrose to glucose and fructose occurs at
room temperature, which are subsequently converted to ethanol and carbon dioxide as
a result of alcoholic fermentation [74]. The change in the profile of carbohydrates during
fermentation is shown in Figure 2.
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Figure 2 shows that during the fermentation process for 14 days, there is a decrease
in saccharose content by an average of 45% (H = 8.897, p = 0.045). The concentration of
glucose also significantly decreased (H = 9.051, p = 0.029), but the change in the fructose
concentration had only an insignificant tendency (H = 0.723, p = 0.868), indicating the
different metabolism of these carbohydrates by SCOBY microorganisms. The change in the
concentration of glucose and fructose during fermentation depends on the composition
of the SCOBY [5]. Thus, acetic acid bacteria assimilate fructose and glucose to produce
various organic acids and form a cellulose film [74], while the assimilation of glucose and
fructose is not the same [75]. Yeast mainly assimilates glucose with the formation of carbon
dioxide and ethanol; however, yeast of the genus Saccharomyces prefers glucose, whereas
certain yeast of the genus Zygosaccharomyces prefer fructose. In our study, the fermentation
process was continued for 14 days, after which the fermented base contained residual
sugars. However, there are alternative methods. For example, prolonged fermentation
for more than 30 days allows the use of a fermented base with 0% sugar content, due to
which its caloric value is lower than that of a base containing sugar. For the preparation of
the beverages, the base is necessarily diluted with juices, herbal infusions, etc., while for
sweetening, stevia extract or other sweeteners can be used. In our study, the criterion for
the completion of the primary fermentation process was the pH value. Residual sugar in
the studied base gave a sour-sweet taste and reduced the perception of the sour taste of the
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beverages. During fermentation, due to the accumulation of organic acids, mainly acetic
acid, the pH value decreases, and the acidity increases [74]. Control of these indicators
allows for the preparation of a beverage with the desired organoleptic characteristics. The
results of changes in pH and acidity during the fermentation of the beverage base are
shown in Figure 3.
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As shown in Figure 3, the rate of change in the pH and acidity of the beverage base
during fermentation is non-linear. At the beginning of the fermentation process (up to
3 days), there is an intense decrease in pH values with a subsequent decrease in rate
(H = 13.5, p = 0.0091). At the same time, the change in acidity is reversed: during the
first 7 days, acidity increases slightly, then increases sharply, which is associated with the
accumulation of organic acids in the substrate, in particular acetic acid (Figure 4). It should
be noted that the sharp increase in acidity (H = 13.5, p = 0.0091) does not have a strong
correlation (r = −0.864, p < 0.001) correlate with the change in pH value, which may be due
to the manifestation of buffering properties of the fermented beverages [76]. Fermentation
was continued until reaching pH values of 3.3 ± 0.3.

Due to alcoholic fermentation, ethanol was formed during the first stages of the
fermentation process [74]. It was found that the ethanol content on day 7 of fermentation
was 0.12%, and on day 14, it did not exceed 0.22%. When selecting a tea substrate for
kombucha, the dynamics of ethanol accumulation during fermentation should be taken
into account [77,78].

The fermentation process begins with the hydrolysis of sucrose into fructose and
glucose by enzymes produced in the yeast cells. Part of the glucose and fructose is then
used by the yeast to produce ethanol and carbon dioxide [11,79]. Another part of the
fructose and glucose and the resulting ethanol is used by acetic acid bacteria to produce
cellulose and organic acids, of which acetic acid is the main one [11,79]. In addition to acetic
acid, other organic acids, such as gluconic acid, lactic acid, malic acid, citric acid, tartaric
acid, and others, are accumulated in much smaller amounts during fermentation [80].
Regulation of the concentration and type of organic acids formed is achieved by varying
the component composition of the tea base and carbohydrate sources [81,82]. In this work,
to obtain a fermented beverage base, traditional raw materials were used: black tea and
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sugar; therefore, the main organic acid formed in the process of fermentation was acetic
acid (Figure 4).
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It was found that the accumulation of acetic acid in the first three days of fermentation
occurs slowly, and subsequently, the rate of accumulation increases (H = 10.531, p = 0.015).
The character of the curve of acetic acid accumulation correlates with the change in the
acidity of the base during fermentation (Figure 3). In the period from the 10th to the
14th day, there is an accumulation of acetic acid, which negatively affects the organoleptic
properties of the base due to the appearance of a sharp smell and sour taste. Accumulation
of other major organic acids was much lower and was statistically significant for lactic acid
(H = 9.581, p = 0.023) and insignificant for malic acid (H = 1.049, p = 0.789).

Consumption of beverages with a high organic acid content is unsafe and poses
potential risks to consumers. To eliminate the negative influence of the temperature factor
on the technological process and the formation of undesirable fermentation products in
fermenters, they were maintained at a temperature of 25 ± 1 ◦C.

The popularity of fermented tea beverages is due not only to their original taste and
odor but also to their health-promoting properties, in particular, their antioxidant properties.
The biological activity of SCOBY is primarily related to the chemical composition of the tea
itself used in the preparation of the beverage [6]. Flavonoids such as flavanols (flavan-3-ols),
flavonols, flavones, flavanones, and anthocyanidins are the main components of tea leaves,
which together account for up to 30% of the dry weight of tea leaves [83]. The composition of
polyphenolic compounds and their content depend on the type of tea, growing conditions,
processing and storage technology, etc. [84]. The results of the evaluation of the total content
of polyphenolic compounds in the beverage base and their change during fermentation are
shown in Figure 5.

During the fermentation process under the influence of SCOBY during the first 7 days,
there is an increase in the total content of polyphenolic compounds (H = 7.308, p = 0.042).
As the process continues, their content decreases. Data from other researchers support
our conclusions [85]. The transformation of phenolic compounds from their conjugated
forms into their free forms, as well as the oxidation and dimerization of tea catechins
with the increased catalytic ability of polyphenol oxidase, are all linked to changes in this
indicator during fermentation [85]. The conversion of flavonoids during fermentation, e.g.,
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thearubigin to theaflavin, leads to a change in the color of the fermented base from dark to
light [86].
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The type of tea plant, growing conditions, and a variety of other factors affect how the
flavor profile of the finished product develops [87]. In the process of fermentation, there
is the formation of volatile compounds that form a specific category of beverages’ flavor
profile. As a result of this research, 70 volatile compounds were identified in the initial
infusion of black tea before the beginning of the fermentation process. On the 14th day of
fermentation (the completion of the fermentation process), 55 volatile compounds were
identified. From the total list of identified volatile organic compounds, substances with a
high content in the aromatic profile were selected. These substances were subdivided into
four main groups: aldehydes, acids, alcohols, and terpenes (Figure 6).

During the fermentation, the profile of volatile substances changes: some identified
in the initial tea infusion disappeared while the concentration of others increased. As
can be seen from Figure 6, at the starting point, aldehydes and terpenes have the highest
concentrations in the tea base, with hexanal (12.1%) and linalool (8.2%) predominating in
these groups, respectively. The presence of hexanal and linalool imparts an herbaceous
and floral aroma to the beverages, which disappears during fermentation. On the third
day of fermentation, due to the alcoholic fermentation, the content of ethanol in the vapor
phase increases rapidly (59%). On the 7th day, the content of organic acids increases
significantly, mainly due to acetic (13.5%), pentanoic (4.3%), and octanoic (3.1%) acids.
On the 7th day, the concentration of alcohols (phenylethyl, ethanol, dimethylphenol, and
3-methyl-1-butanol) decreases naturally. The maximum content was observed for ethanol
(40%). On the 14th day of the study, the alcohol content decreased to below 3%, except
for ethanol, where the concentration in the vapor phase above the fermented beverage
sample was 35.2%. However, the ethanol content in the fermented base was 0.22%. A
low alcohol content of up to 1% may not be felt by the consumer because the threshold
of taste for ethanol ranges from 1 to 2% [88], while a concentration of more than 1% may
result in a bitter taste. The content of acetic acid on the 14th day increased to 23.4%, and
the content of 3-methylbutanoic acid also increased significantly. The results obtained are
generally characteristic of the process of tea fermentation by SCOBY [89] and indicate that
aldehydes and terpenes are the main volatile organic compounds that are metabolized in
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the fermentation process. This may be an indication of the loss of the traditional black tea
aroma in the final product.
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The kinetics of the accumulation and degradation of volatile substances in kombucha
were analyzed. For substances whose content was measured throughout the experiment
and varied at selected measurement intervals, information on the order and constants of
reactions as well as on the time of semi-transformation of substances was obtained (Table 2).
The table shows information on the models with the highest values of linear correlation
coefficients (r2).

Only the accumulation of acetic acid fitted well (r2 = 0.960) with the zero-order reaction
kinetic model. This indicates that the process of vinegar synthesis from ethanol under the
action of acetic acid bacteria does not depend on ethanol concentration. Thus, we can say
that up to the 14th day of fermentation, ethanol was in excess for the synthesis of acetic
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acid. This may be due, in particular, to the low rate of metabolization of ethanol, which has
a half-life time of 18.05 days. The decrease in ethanol (after the third day) proceeds as a
second-order reaction with the lowest reaction constant among those studied. In contrast
to ethanol, the change in the content of 3-methyl-1-butanol proceeds faster as a first-order
reaction with a half-life of 1.15 days.

Table 2. Kinetic parameters of degradation or synthesis of volatile compounds in kombucha.

Compound Reaction Order r2 K t1/2, Days

Acetic acid Zero 0.960 ± 0.012 1.22 ± 0.03 (M·d−1) -

Ethanol Second 0.854 ± 0.010 9.39 ± 0.11 × 10−4 (M−1·d−1) 18.05 ± 1.28

3-methyl-1-Butanol First 0.999 ± 0.014 5.99 ± 0.02 × 10−1 (d−1) 1.15 ± 0.16

Linalool Second 0.996 ± 0.013 2.95 ± 0.07 × 10−1 (M−1·d−1) 0.42 ± 0.09

Hexanal Second 0.984 ± 0.021 1.4 ± 0.06 (M−1·d−1) 0.06 ± 0.01

“-”—not applicable.

The decrease in linalool and hexanal, which were initially present in the tea, also
corresponds to the kinetics of the second-order reaction. They are characterized by a high
rate of degradation: 0.42 days for linalool and 0.06 days for hexanal. The rate constants of
these reactions are 3–4 orders of magnitude higher than the rate constant of the ethanol
metabolization reaction. Nevertheless, the order of these reactions indicates that the
decrease in the concentration of linalool and hexanal is not a simple process but is caused
by a number of factors, such as the action of aldehyde dehydrogenase in acetic acid
bacteria [90].

3.2. Preparation and Study of the Fermented Beverage

A kombucha base was used as a matrix for the beverages. The use of fresh berries,
fruits, and vegetables in the composition of beverages is due to their content of vitamins,
minerals, polyphenolic compounds, phenolic acids, tannins, etc. [91,92]. Lime leaves give a
special flavor to the product due to the essential oils. Crushed strawberries and lime leaves
were introduced into the prepared fermented base and incubated at 23 ± 2 ◦C for 24 h
for infusion and secondary fermentation, followed by filtration. The composition of the
fermented strawberry and lime beverages is shown in Table 3.

Table 3. Composition of the fermented strawberry and lime beverages.

Ingredient Amount, g

Kombucha base 1038.0

Strawberry 173.0

Kaffir lime leaf 3.7

Total 1214.7

Yield after filtration 1000

The addition of flavoring ingredients leads to secondary fermentation and the extrac-
tion of biologically active substances. The effect of the addition of flavoring ingredients
(strawberry fruit and lime leaves) and secondary fermentation on the physicochemical
parameters of the fermented base is presented in Table 4.

Based on the data obtained (Table 4), it was found that the addition of ingredients
leads to secondary fermentation, as evidenced by the decrease in sucrose content and
increase in alcohol and organic acids. Changing the profile of organic acids is associated not
only with the process of secondary fermentation but also with the extraction of acids from
strawberry fruits. According to [93,94], strawberry fruits mainly contain citric and malic
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acids and, in small amounts, tartaric, oxalic, and fumaric acids. The increase in the content
of citric, malic, and tartaric acids in the fermented beverages after the second fermentation
relative to the fermented base (Table 4) indicates their extraction from strawberry fruits.
The increase in alcohol content (from 0.22 to 0.43%) and decrease in sugar content (from
3.6 g/100 mL to 0.18 g/100 mL) indicate the progress of alcoholic fermentation. There is
also a dramatic increase in acetic acid content after secondary fermentation. At the same
time, the pH value increased insignificantly. As noted earlier, the change in pH is not
always associated with a change in the content of organic acids because the fermented base
may have buffering properties [76].

Table 4. Comparison of physicochemical parameters of fermented base and base after secondary
fermentation.

Parameter
Value Value

Kombucha Base Fermented Beverages

Acidity, mL 1 mole/L NaOH/100 mL 4.10 ± 0.26 4.72 ± 0.38

pH 3.31 ± 0.08 3.57 ± 0.07

Solids content, ◦Brix 4.60 ± 0.25 4.95 ± 0.25

Ethanol content, % 0.22 ± 0.01 0.43 ± 0.01

Content of organic acids, mg/100 mL
- lactic 0.025 ± 0.001 43.80 ± 4.82
- acetic 39.80 ± 1.82 205.00 ± 16.40
- tartaric - 2.00 ± 0.14
- citric - 65.10 ± 5.86
- malic 2.04 ± 0.11 45.50 ± 6.37

Carbohydrates contents (mono-,
disaccharides), g/100 mL
- glucose 0.70 ± 0.11 1.45 ± 0.13
- fructose 0.22 ± 0.12 1.47 ± 0.12
- saccharose 3.60 ± 0.04 0.18 ± 0.02

“-”—not detected.

In order to increase the nutritional value of the beverages, they were enriched with
B vitamins and inulin, nutrients with clinically proven health benefits. Inulin was pre-
dissolved in boiled water at 60–70 ◦C, and then the solution was cooled to room temperature.
We added vitamin premix and stirred until it completely dissolved. When calculating the
number of enriching ingredients, we proceeded from the recommendation to ensure the
content in a beverage portion (220 g) of inulin was in the amount corresponding to the
RDI for vitamins, from 15 to 50% of the RDI. The composition of the enriched fermented
beverages is shown in Table 5.

Table 5. Composition of the enriched fermented beverage.

Ingredient Amount, g

Filtered fermented beverage 903.34

Water 84.0

Inulin 12.6

Vitamin premix 0.06

Total 1000
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The content of B vitamins in the enriched fermented beverages was as follows: vitamin
B1—0.27 ± 0.02 mg/100 g, vitamin B2—0.25 ± 0.02 mg/100 g, vitamin B6—0.34 ± 0.03 mg/
100 g, folic acid—0.04 ± 0.01 mg/100 g, and vitamin PP—2.76 ± 0.22 mg/100 g. Inulin content
was 1.21 ± 0.12%. In the manufacturing process of enriched food products, vitamins are
subjected to physical and chemical treatment, which may adversely affect their safety. The
results of analytical studies have stated that the technological processes of beverage production,
in particular carbonization and pasteurization, have a negative impact on the stability of folic
acid (12% loss).

The antioxidant properties of tea and tea beverages are influenced by their high
polyphenolic compound content [6]. The DPPH inhibitory activity of the kombucha base
was 89.9%. According to the proposed technology (Section 2.4), crushed strawberry fruits
and lime leaves were added to the base, which can lead to the extraction of substances that
have antioxidant properties. At the same time, according to the recipe (Table 3), dissolved
inulin was added to the kombucha base, which could lead to dilution of the base and a
slight decrease in antioxidant activity. Moreover, the technology of obtaining enriched
fermented beverages involves a pasteurization stage (72 ± 2 ◦C, 40 min), in which the
destruction of biologically active substances that have antioxidant properties may occur.
Analysis of the enriched fermented beverages showed that the DPPH inhibitory activity
was 82.0%.

Consumer properties of beverages are decisive for successful market promotion (or
sale). In the finished product, the ethanol content did not exceed 0.43%, which classifies the
developed beverages as non-alcoholic [95]. Organoleptic properties of the developed bev-
erages were formed as a result of fermentation processes as well as the extraction of flavor
and aromatic substances from introduced strawberries and lime leaves. Characteristics of
the organoleptic and the characteristics of the developed enriched beverages are presented
in Table 6.

Table 6. Organoleptic characteristics of kombucha base and fermented beverages.

Parameter Description
Value

Kombucha Base Fermented Beverages

Appearance
Non-transparent liquid. Sludge due to the

characteristics of the raw material used is allowed,
without foreign inclusions.

5.00 ± 0.00 5.00 ± 0.00

Color Red with a brownish hue due to the color of the raw
material used. 5.00 ± 0.00 5.00 ± 0.00

Odor Inherent in the ingredients used with the aroma of a
fermented beverage. 4.25 ± 0.71 4.71 ± 0.48

Taste Sweet and sour with strawberry flavor and
pronounced kaffir lime leaf flavor. 4.25 ± 0.71 4.71 ± 0.48

Consistency Liquid with low viscosity and rich body. 4.38 ± 0.50 5.00 ± 0.00

The results of the study of organoleptic properties, shown in Table 6, show a high
estimate of the developed beverages by the indicators of “odor”, “consistency”, and “taste”.

At the stage of secondary fermentation, there is an extraction from the introduced
ingredients of flavors, aromatics, sugars, vitamins, minerals, polyphenols, and other biolog-
ically active substances. This technological stage is very important for the formation of the
organoleptic properties of the beverages. The resulting enriched fermented beverages have
a pleasant color and exquisite aroma, not characteristic of traditional beverages. However,
the dominant flavor and aroma of lime were noted by some tasters as a drawback.

The content of vitamins in a portion (220 g) of a developed beverage refers to en-
riched products. Inulin content does not exceed the upper allowable level of consumption
(Figure 7).
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The technological scheme for producing kombucha enriched with inulin and B vita-
mins was developed (Figure 8).
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Basic and auxiliary processes in fermented beverage technology can be distinguished [73].
The developed technology of obtaining fermented beverage kombucha includes the main
stages: brewing tea, cooling, fermentation, and filtration, i.e., stages that allow obtaining
classic unpasteurized fermented beverage without the additional introduction of other ingre-
dients. The auxiliary stages of the process (pasteurization, addition of flavors and functional
ingredients, secondary fermentation, and carbonation) allow for a broader range of beverages
and additional health benefits. A clinical study of the developed beverage enriched with
inulin and vitamins presented in [96] showed a decrease in the intensity of the complaints
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significant for irritable bowel syndrome with constipation due to the normalization of stool
frequency and consistency.

4. Conclusions

Changes in physical and chemical indicators of the tea base sweetened with sucrose
under the influence of a symbiotic culture of bacteria and yeast have been investigated. The
conditions for obtaining fermented tea bases with stable physicochemical characteristics on
the pilot equipment were described. The change in the profile of volatile flavor-forming
substances in the beverages during fermentation has been studied, and the kinetics of
their accumulation have been described. The formulation and technology of fermented
tea beverage kombucha with strawberry and lime enriched with vitamins and inulin
were developed. As practical recommendations for the preservation of vitamins during
long storage, it is recommended to bottle the developed fermented beverage kombucha,
enriched with vitamins and inulin, into dark glass bottles. The results of these studies
testify that kombucha can serve as a basis for new specialized beverages with tailored
consumer properties, and the addition of B vitamins and inulin leads to an acceptable
organoleptic profile.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/fermentation9060552/s1, Figure S1: Results of multidimensional scaling of the
search results for articles on the keyword “kombucha”.
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14. Vitas, J.S.; Cvetanović, A.D.; Mašković, P.Z.; Švarc-Gajić, J.V.; Malbaša, R.V. Chemical composition and biological activity of novel
types of kombucha beverages with yarrow. J. Funct. Foods 2018, 44, 95–102. [CrossRef]

15. Abuduaibifu, A.; Tamer, C.E. Evaluation of physicochemical and bioaccessibility properties of goji berry kombucha. J. Food
Process. Preserv. 2019, 43, e14077. [CrossRef]

16. Francisco, Á.R.; Igor, H. Development of a no added sugar kombucha beverage based on germinated corn. Int. J. Gastron. Food
Sci. 2021, 24, 100355. [CrossRef]

17. Li, R.; Xu, Y.; Chen, J.; Wang, F.; Zou, C.; Yin, J. Enhancing the proportion of gluconic acid with a microbial community
reconstruction method to improve the taste quality of Kombucha. LWT 2022, 155, 112937. [CrossRef]

18. da Silva Júnior, J.C.; Magnani, M.; da Costa, W.K.A.; Madruga, M.S.; Olegário, L.S.; Borges, G.D.S.C.; Dantas, A.M.; Lima, M.S.; de
Lima, L.C.; de Limo Brinto, I.; et al. Traditional and flavored kombuchas with pitanga and umbu-caja pulps: Chemical properties,
antioxidants, and bioactive compounds. Food Biosci. 2021, 44, 101380. [CrossRef]

19. Zubaidah, E.; Yurista, S.; Rahmadani, N.R. Characteristic of physical, chemical, and microbiological kombucha from various
varieties of apples. IOP Conf. Ser. Earth Environ. Sci. 2018, 131, 012040. [CrossRef]

20. Liamkaew, R.; Chattrawanit, J.; Danvirutai, P. Kombucha production by combinations of black tea and apple juice. Prog. Appl. Sci.
Technol. 2016, 6, 139–146.

21. Zazueta, A.C.L.; Zavala, P.G.; Arguilez, C.G.Z. una Estandarización química de una bebida fermentada de Kombucha a base de
té verde, té de limón ye infusión hojas de guayaba. Rev. De Investig. Académica Sin Front. Div. Cienc. Económicas Soc. 2022, 38.
[CrossRef]

22. Zubaidah, E.; Dewantari, F.J.; Novitasari, F.R.; Srianta, I.; Blanc, P.J. Potential of snake fruit (Salacca zalacca (Gaerth.) Voss) for the
development of a beverage through fermentation with the Kombucha consortium. Biocatal. Agric. Biotechnol. 2018, 13, 198–203.
[CrossRef]

23. Yavari, N.; Assadi, M.M.; Larijani, K.; Moghadam, M.B. Response surface methodology for optimization of glucuronic acid
production using kombucha layer on sour cherry juice. Aust. J. Basic Appl. Sci. 2010, 4, 3250–3256.

24. Tang, Z.; Zhao, Z.; Chen, S.; Lin, W.; Wang, Q.; Shen, N.; Qin, Y.; Xiao, Y.; Chen, H.; Bu, T.; et al. Dragon fruit-kiwi fermented
beverage: In vitro digestion, untargeted metabolome analysis and anti-aging activity in Caenorhabditis elegans. Front. Nutr. 2022, 9,
1052818. [CrossRef] [PubMed]

25. Ulusoy, A.; Tamer, C.E. Determination of suitability of black carrot (Daucus carota L. spp. sativus var. atrorubens Alef.) juice
concentrate, cherry laurel (Prunus laurocerasus), blackthorn (Prunus spinosa) and red raspberry (Rubus ideaus) for kombucha
beverage production. J. Food Meas. Charact. 2019, 13, 1524–1536.

26. Tejedor-Calvo, E.; Morales, D. Chemical and Aromatic Changes during Fermentation of Kombucha Beverages Produced Using
Strawberry Tree (Arbutus unedo) Fruits. Fermentation 2023, 9, 326. [CrossRef]

27. Budiari, S.; Mulyani, H.; Maryati, Y.; Filailla, E.; Devi, A.F.; Melanie, H. Chemical properties and antioxidant activity of sweetened
red ginger extract fermented with kombucha culture. Agrointek: J. Teknol. Ind. Pertan. 2023, 17, 60–69. [CrossRef]

28. Nintiasari, J.; Ramadhani, M.A. Uji Kuantitatif flavonoid dan Aktivitas Antioksidan Teh Kombucha Daun Kersen (Muntingia
calabura). Indones. J. Pharm. Nat. Prod. 2022, 5, 174–183.

29. Kayisoglu, S.; Coskun, F. Determination of physical and chemical properties of kombucha teas prepared with different herbal
teas. Food Sci. Technol. 2020, 41, 393–397. [CrossRef]
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Abstract: The content of 2,3-butanediol ((R,R) and meso isomers) and 1,2-propanediol in grape
berries and “liquid samples” (all non-berry extracts) from the Tokaj wine region of Hungary was
investigated. Our aim was to find out how the activity of Botrytis cinerea influences the concentrations
of these compounds compared with healthy grapes. Based on the measured concentrations, we can
make a distinction between healthy berries and noble, rotted, so-called aszú berries. We also investi-
gated if there is a difference between finished aszú wines and liquids intended for aszú production.
We wanted to investigate the amount and distribution of the stereoisomers of 2,3-butanediol and
their proportions. The results of the HS-SPME-GC-FID analysis of the samples showed significant
differences in the 2,3-butanediol content between healthy and botrytised, aszú berries and between
liquid samples for aszú production and aszú wines. In the berry samples, meso-2,3-butanediol could
not be detected, whereas in the liquid samples, we found good amounts of this isomer. This may be
due to the fact that the appearance of the meso form of 2,3-butanediol is a consequence of alcoholic
fermentation. Significant differences were found between wines from healthy grapes and wines from
botrytised grapes in terms of the levo-2,3-butanediol content, so that from an analytical point of
view, a difference can be made between wines from healthy and botrytised grapes. No significant
differences were found between berry and liquid samples in terms of 1,2-propanediol concentrations
during our tests.

Keywords: Botrytis cinerea; levo-2,3-butanediol; meso-2,3-butanediol; 1,2-propanediol

1. Introduction

Alcoholic fermentation produces a number of secondary products, and 2,3-butanediol
is the second most abundant as a normal constituent of wine, making it an important
potential source of aroma. Because of its very high threshold value (about 150 mg/L),
2,3-butanediol does not usually have a noticeable effect on the organoleptic properties of
alcoholic beverages. In contrast, its amount in wine can considerably vary, with concen-
trations ranging from 0.2 to 3 g/L, averaging around 0.57 g/L. This high concentration
can affect the wine’s aroma due to its slightly bitter taste and the wine’s body due to
its viscosity [1]. During fermentation processes, measurable amounts of 1,2-propanediol
(propylene glycol (1,2-PG)) are also formed. These compounds are virtually absent in
unfermented must but are present in wines within certain limits [2].

1,2-Propanediol is well-known as a legal solvent in the food and beverage, pharma-
ceutical and cosmetic industries and is, therefore, found in many products of our daily
lives. As a common solvent, it is used in the flavouring industry and can also be found in
flavoured drinks and in flavoured drinks containing wine [3]. However, since wine cannot
be flavoured per se [4], knowledge of its formation and presence in wine is also important
from a legal point of view, especially with regard to the authenticity of wine. Previous
results [5] have given naturally occurring concentrations between 10 and 30 mg/L in white
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and red wines, but concentrations between 40 and 50 mg/L have also been described [5].
Some wines made with higher concentrations of crushed or enriched berry material showed
elevated concentrations up to 140 mg/L. An important consideration in authenticity studies
is the possible influence of wine fermentation conditions and yeast strains on the final
concentration or enantiomeric ratio of 1,2-PG [5] and on malolactic fermentation (MLF).
Taking into account the possibility of the natural production of 1,2-PG, some yeast species,
considered as wild yeasts, such as Hansenula, Candida, Pichia or Rhodoturola, have been
described to metabolise 1,2-PG under aerobic conditions in synthetic media. Su-zuki
and Onishi described the ability of several different yeast genera and species to convert
L-ramnose to 1,2-PG under aerobic conditions [6].

2,3-Butanediol is a well-known by-product of fermentation. A 2,3-butanediol content
of between 0.4 and 1.0 g/L is an indicator of fermentation and shows whether ethyl alcohol
and glycerol are the result of fermentation. It nominally occurs in four stereoisomeric forms
(Figure 1), but two are identical mesoisomers, which form an easily crystallisable hydrate.
The mesoisomer is optically inactive [7].
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Jung and co-workers [7] concluded that only the (R,R)- and meso isomers of 2,3-butanediol
occur in wine, and that (S,S)-2,3-butanediol is not the true compound of wine. In addition,
(R,R)-2,3-butanediol is the dominant isomer of 2,3-butanediol in wine. Its average value is
3.1 ± 0.7–1 g/L. The (R,R)/meso-butanediol ratio ranges from 1.6 to 5.2 g/L. It is considered
that, in the future, the (R,R)/meso-2,3-butanediol ratio can be used to judge the authenticity
of wines.

This seems to be contradicted by the study of Dankó and colleagues [8], who identified
illiquid components in berries kept under conditions that induce nematode or bunch rot.
In total, 30 volatile components were quantified. The Furmint berry samples affected by
bunch rot also contained volatile organic compounds enriched in volatile matter [S,S]-2,3-
butanediol. It was found that the progression of grey mould disease of furmint grapes was
associated with increased volatile compound emissions, including [S,S]-2,3-butanediol.

The epidermal tissue, enzymatically loosened or destroyed by Botrytis, becomes per-
meable to must or surface saprobiont mycobacteria, so that other moulds, yeasts and
acetic acid bacteria are also involved in the rotting process. Dankó et al. [8] observed that
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the presence of acetic acid in must increases the formation of acetoin and its derivative
2,3-butanediol, possibly as a result of yeast activity.

The appearance of 2,3-butylene glycol in wine is, in fact, derived from acetoin, much
of it being produced by yeasts during the fermentation of carbohydrates by the enzyme
reduction of acetoin. Acetoin is produced by Saccharomyces cerevisiae in the early stages
of fermentation, reaching a maximum about halfway through the fermentation process,
and then rapidly decreases in the final stages of fol-yamat as it is reduced to 2,3-butylene
glycol [9].

Several studies [8,10–12] have addressed the relationship between the mould Botrytis
cinerea and 2,3-butanediol. B. cinerea is one of the most studied pen-fungi in viticulture
because of its negative and positive effects. It is widespread and responsible for serious
vineyard diseases that can damage yields and wine quality. Several studies have addressed
the impact of B. cinerea on wine aroma, either in its harmful form or in its positive effects in
causing noble rot [10].

The development of noble rot is considered as a beneficial process, resulting in the
formation of bursting, chocolate-brown berries—aszú grains. These raisin-like berries are
the main sources of flavour and aroma in botrytised sweet wines such as Hungarian aszú,
French Sauternes and German Trockenbeerenauslese.

Hungary’s most famous wine variety is Tokaji aszú. Its unique, delicate aroma and
flavour are the result of a special wine-making technique involving the extraction of
botrytised (aszú) grapes from noble rot, the extraction of the aszú grapes with new dry
wine (sometimes with fermenting must) and a few years of ageing in small oak barrels.

Infection of grapes with B. cinerea leads to a change in the chemical composition of the
grapes and associated wine, thus affecting the quality of the wine. The metabolic effect of
Botrytis infection in Champagne base wine was investigated by Hong and colleagues [12].
They identified a number of components in grape must and wine, including 2,3-butanediol,
and found that these components contributed to the metabolic differences between healthy
and botrytised wines, both from an analytical and sensory point of view [12].

Although noble rot caused by B. cinerea is desirable for the production of good-quality
sweet white wines, grey rot leads to undesirable or negative wine quality effects mainly
through the degradation of aroma compounds and the production of off-flavours such as
“mouldy” and “earthy” aromas.

Lower levels of 2,3-butanediol were found in the tested botrytised base wines than in
healthy base wines [12].

Leskó and colleagues (2015) [13] investigated the amount of 2,3-butanediol and
1,2-propanediol produced after the fermentation of high sugar musts. They observed
that higher initial sugar concentration promoted the formation of these fermentation by-
products up to a certain point, but above the 250 g/L sugar content, the formation of these
compounds was inhibited. Using a gas chromatography technique, they were also able to
determine the stereoisomers of the resulting 2,3-butanediol [13].

Guymon and Crowell (1967) [14] investigated the levo and meso stereoisomers of
2,3-butanediol formed during the fermentation of grape juice (must) by gas chromatogra-
phy. The effect of various parameters was investigated. It was found that the formation of
2,3-butanediol significantly increased with increasing fermentation temperature and with
increasing initial sugar content of must [14].

The aim of this study is to investigate how the 2,3-butanediol content and isomer
(levo/meso ratio) distribution of grape berries and liquid samples from the Tokaj-Hegyalja
region of Hungary and the 1,2-propanediol content of grape berries and liquid samples
accordingly evolve, whether it is a healthy berry or a berry neat rotten by B. cinerea,
and whether it is a liquid of healthy grapes used for making aszú wine or aszú wine.
Our question was if there is a significant difference in the amount of components tested
according to whether the sample is botrytised or healthy.
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2. Materials and Methods
2.1. Materials

All chemicals were analytical reagents. NaCl was purchased from Merck (Merck Life
Science Kft., an affiliate of Merck KGaA, Darmstadt, Germany). Alcohol standard solutions
of levo-2,3-butanediol, meso-2,3-butanediol, 1,2-propanediol and 1,3-propanediol (Internal
standard) were from Merck. A stock solution (10 g/L of each compound) was prepared
from the relative standard solutions and stored at 4 ◦C. Solutions at different concentrations
were obtained by diluting stock standard solutions at the desired concentration.

2.2. Wine Sampling

Grape berry and “liquid samples” (everything that is not berry extract: wine, must)
collected from the Tokaj wine region (Hungary) were analysed. The 62 different grape
berries were healthy (33 berries) and botrytised (29 berries). Our liquid samples, 26 in
total, were liquids for aszú production (10 types) and fermented aszú wines (16 types).
The liquids for aszú production were must from healthy grape berries, partially fermented
grape must, new wine in the process of fermentation and wine of the same vintage as the
aszú berries; all of them are accepted in practice according to the “Product description of
the Tokaj protected designation of origin”, Version 9 [15]. The samples were provided by
the producers, and, therefore, especially in the case of the berries, we accepted and did not
overrule their judgement.

2.3. Preliminary Chemical Analysis on Wine Samples

The pH, total acidity (g/L as tartaric acid) and reducing sugar (g/L) were analysed
according to the official methods established by the European Commission (EC) [16].

2.4. Sample Preparation

The berry samples had to be extracted for analytical tests. The extraction was per-
formed with a 100 g berry sample. It was mixed with 100 mL of 10% v/v ethanol [11]. After
standing for half an hour, it was centrifuged and then filtered. The filtrate was collected
in a 200 mL volumetric flask and then filled with 10% v/v ethanol. Ethanol was chosen
as the extraction agent because ethanol is also produced during alcoholic fermentation,
and the concentration of ethanol determines the solubility of glycols in the final prod-
uct. In summary, we have tried to model the extraction process that occurs during the
winemaking process.

2.5. HS-SPME-GC-FID Analysis

The concentrations of 2,3-butanediol (levo- and meso-) and 1,2-propanediol were
determined by gas chromatography (GC) using a flame ionisation detector (FID) and an
automatic headspace (HS) solid-phase micro-extraction (SPME) procedure. For sample
preparation, automated headspace–solid-phase micro-extraction (HS-SPME) analysis was
used. About 10 mL of wine samples was pipetted and placed into a 20 mL headspace vial
with 2 g of NaCl. Each sample was spiked with 500 µL of a solution of 1,3-propanediol
(10 g/L in distilled water containing 15% v/v of ethanol). The HS-SPME extraction proce-
dure was carried out with a Combi PAL autosampler (from CTC Analytics AG, Zwingen,
Switzerland) using an 85 µm CAR/PDMS fibre coating of 1 cm in length. Sample con-
ditioning, extraction and headspace sampling were conducted using the agitator of the
Combi PAL autosampler. The samples were incubated for 15 min at 85 ◦C followed by an
extraction time of 3 min at 85 ◦C at a stirring rate of 400 rpm. Desorption was performed
in the split/splitless injector of the gas chromatograph (GC) at a temperature of 200 ◦C.
Desorption time was 5 min. Cleaning and conditioning of the fibre was conducted at
280 ◦C for 5 min under a nitrogen flow of 6 mL/min in the conditioning station of the
autosampler before and after each analysis. Gas chromatographic analyses were conducted
with a Shimadzu-2030 with FID detection. The separation column used was an HP 20M
capillary column with 25.0 m × 0.20 mm i.d. and 0.20 µm film thickness. The GC was
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used in splitless mode (splitless time in 2 min). The carrier gas was helium at a flow rate
of 0.80 mL/min. The detector temperature was 250 ◦C. The GC oven was programmed as
follows: the initial temperature was 50 ◦C (held for 2.40 min), then ramped at 13.3 ◦C/min
to 200 ◦C and held for 12.05 min. The total run time was 25.73 min.

2.6. Statistical Analysis

Statistical evaluation of the measurement results was performed using the ANOVA pro-
gram of Microsoft Excel (version 18.2106.12410.0, license: Microsoft Corporation, Redmond,
Washington). The analytical results were evaluated by one-factor analysis of variance. The
amounts of levo-2,3-butanediol (R,R-isomer), meso-2,3-butanediol and 1,2-propanediol
were measured in berry samples and liquid samples of different qualities, and the evo-
lution of concentrations is illustrated by boxplot diagrams. We compared whether there
was a significant difference at the 95% (p = 0.05) probability level between the measured
concentrations depending on whether the berries were healthy or infected with B. cinerea
and whether the sample was a basic wine made from healthy grapes or an aszú.

3. Results

We tested mature, healthy and botrytised clusters from several vineyards in the Tokaj
wine region, producing high-quality berries with noble rot. We also tested samples of grape
juice from the same area at different stages of aszú wine production (liquid samples for
soaking aszú berries). The mean values of the basic analysis and the ±standard deviation
are given in Table 1.

Table 1. Basic analysis of the samples, mean and ±standard deviation of the measured values.
Concentrations are given per unit berry weight (g/kg) for berry samples and per unit volume (g/L)
for liquids.

Reducing Sugar (g/kg), (g/L) pH Total Acidity
(g/kg), (g/L)

Berry samples Healthy 208.8 ± 21.7 3.4 ± 0.2 5.8 ± 0.3
Noble rotten 305.5 ± 63.2 3.3 ± 0.2 8.2 ± 0.9

Liquid samples
Liquid for aszú

Production 15.7 ± 37.4 3.0 ± 0.2 7.0 ± 0.9

Aszú wine 142.5 ± 34.6 3.1 ± 0.2 8.9 ± 1.6

In case of reducing the sugar content, the large variation between the results is due to
the fact that there was a very large difference in the sugar content of the samples tested,
both in terms of the sugar content of the berries at harvest and also among the liquid
samples: there were some that were fermented completely dry and some that still had a
low sugar content. In the course of the work, we did not require that the sugar contents
were similar.

In the analysis of the 2,3-butanediol content of the berries, the meso-form could not be
detected. Figure 2 shows the evolution of the levo-2,3-butanediol (R,R-isomer; hereafter
referred to as R,R-isomer) content of berry samples at different stages. When tested by
one-factor analysis of variance, it was found that there was a significant difference between
the healthy grape berries and aszú berries at the 95% significance level (p = 0.05). Thus,
the amount of levo-2,3-butanediol distinguishes these berry varieties from each other. The
highest amount of le-vo-2,3-butanediol (1219.8 mg/kg) was measured in the aszú berries.

When analysing “liquid samples” (everything that is not berry extract: wine, must),
we were able to measure both the levo and meso isomers of 2,3-butanediol. This leads
to the primary conclusion that the appearance of the meso form of 2,3-butanediol is a
consequence of alcoholic fermentation. The aszú wines contained both levo-2,3-butanediol
(717.3 mg/L) and meso-2,3-butanediol (411.7 mg/L) in the highest concentrations.
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Figure 2. Boxplot of levo-2,3-butanediol concentrations of different types of berries.

The average levo- and meso-2,3-butanediol concentrations of the liquid and berry
samples are shown in Figure 3. The amount of meso-2,3-butanediol was lower than
that of levo-2,3-butanediol in both liquid types. In case of berry samples, however, the
levo-2,3-butanediol content was higher in the healthy berries.
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Figure 3. Comparison of average amounts of levo- and meso-2,3-butanediol measured in liquid and
berry samples.

The results were analysed by one-factor analysis of variance and showed that at the
95% (p = 0.05) significance level, there was a difference between the aszú wines and the
liquors for aszú production, both in terms of the amount of levo-2,3-butanediol and the
amount of meso-2,3-butanediol.

We examined how the average amounts of levo-2,3-butanediol and meso-2,3-butanediol
in the liquid samples relate to each other (Figure 4).
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Figure 4. Ratio of average concentrations of levo- and meso-2,3-butanediol measured in liquid samples.

The trend of the levo/meso ratio shows that the ratio is higher for aszú wines
(Figure 4).

Figures 5 and 6 show the evolution of 1,2-propanediol concentrations in the berry and
liquid samples. The 1,2-propanediol content in berry samples varies within a wide range
(healthy berries: 36.6–248.2 mg/kg, fortified berries: 21.6–510.8 mg/kg) (Figure 5), and
the highest concentration was measured in the case of the aszú berries (510.8 mg/kg). By
comparing the healthy berries and dried berries by one-factor analysis of variance, we found
that there was no significant difference between them in terms of their 1,2-propanediol
concentration at the 95% (p = 0.05) probability level.
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Figure 5. Boxplot of 1,2-propanediol concentrations of different types of berries (◦outliers).

When looking at the concentrations of 1,2-propanediol in the liquids (Figure 6), it is
observed that, apart from a few outliers (693.5; 394.4; 224.1; 103.1 mg/L), the concentrations
measured in the samples remain below 100 mg/L. In case of liquids for aszú production, we
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measured concentrations between 43.1 and 103.1 mg/L and between 30.9 and 693.5 mg/L
in aszú wines, which is a very wide range.
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Figure 6. Boxplot of 1,2-propanediol concentrations of different types of liquid (◦outliers).

There is no significant difference at the 95% (p = 0.05) probability level between the
1,2-propanediol content of liquids intended for aszú production and aszú wines.

4. Discussion

The tests were carried out on grapes subjected to noble rot (botrytisation) and wines
from these grapes. The concentrations of 2,3-butanediol isomers and 1,2-propanediol were
compared with healthy grapes and wines from healthy grapes. The aim of the work was
to find out how the amount of levo-2,3-butanediol (R,R-isomer) and meso-2,3-butanediol
and 1,2-propanediol in the samples tested varied depending on whether the sample was
botrytised or not.

First, we analysed the results of the berry samples and found that meso-2,3-butanediol
could not be detected, whereas for the liquid samples, we found good measurable amounts
of this isomer. The primary conclusion drawn was that the appearance of the meso form of
2,3-butanediol is a consequence of alcoholic fermentation.

The mean levo-2,3-butanediol content of the healthy berry samples was 635.7 mg/kg
(N = 33), and the mean levo-2,3-butanediol content of the aszú berry samples was 397.7 mg/kg
(N = 29). The average levo-2,3-butanediol concentration in the liquids for aszú was
198.8 mg/L (N = 10), and for aszú wines, it was 449.6 mg/L (N = 16) (Figure 3) [17].
The average levo-2,3-butanediol content of healthy berries was higher than that measured
in the aszú berries, yet the aszú wines had the higher levo-2,3-butanediol content compared
with the samples used for aszú production. This can be explained by the higher sugar
content of the aszú berries compared with the sugar content of the healthy berries. Son and
colleagues (2009) [17] found that the 2,3-butanediol level in wines may be related to the
sugar level in grapes, with a positive correlation. In addition to this, infection of grapes
with B. cinerea is always associated with the development of acetic acid bacteria on the
berries [18,19]. These bacteria produce acetic acid, which during the fermentation process is
converted into acetoin and then into 2,3-butanediol. This results in a higher 2,3-butanediol
content in botrytised wines compared with healthy wines.

For both berry samples and liquid samples, results of the statistical analysis showed
that there were significant differences for both isomers tested (levo- and meso-2,3-butanediol);
thus, these isomers contribute to the differences between healthy and botrytised grapes
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and their wines (healthy and botrytised wines) from an analytical point of view. Thus,
the amounts of levo- and meso-2,3-butanediol distinguish the berry varieties and liquid
samples tested. This result is consistent with the observations of Hong and colleagues
(2011) [12].

We found that botrytised wines had higher concentrations of both isomers (levo- and
meso-) than liquids intended for distillation. These liquids for distillation are musts from
healthy grapes, partially fermented grape musts, new wines still in fermentation and wines.
It was also observed that levo-isomer is produced in higher quantities than meso-isomer.
This contradicts the finding of Hong and colleagues (2011) [12]. Hong and co-workers
used 1H NMR techniques to investigate the amount of 2,3-butanediol in Botrytis-infected
sparkling base wine and healthy base wine. They found lower 2,3-butanediol levels in
botrytised base wines than in healthy base wines.

When looking at the levo/meso ratio in the liquids, the trend showed that this ratio
is higher in aszú wines than in liquids intended for aszú production. In order to obtain
a more accurate picture, it is necessary to investigate the levo- and meso-2,3-butanediol
content of more wines from healthy grapes and aszú wines.

No significant differences were found between berry samples and liquid samples in
terms of 1,2-propanediol concentrations in the samples tested.
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Abstract: Delaying flavour staling has been one of the greatest and most significant challenges for
brewers. The choice of suitable raw materials, particularly malting barley, is the critical starting
point to delay the risk of beer staling. Malting barley and the malting process can have an impact
on beer instability due to the presence of pro-oxidant and antioxidant activities. Malt contains
various compounds originating from barley or formed during the malting process, which can play
a significant role in the fundamental processes of brewing through their antioxidant properties.
This review explores the relationship between malt quality, in terms of antioxidant and pro-oxidant
activities, and the flavour stability of beer.

Keywords: beer staling; malt quality; beer stability; beer flavour; antioxidant activity; pro-oxidant
activity

1. Introduction

There has been controversy about the pathways involved in the synthesis of beer
staling compounds. Although the filling and packaging processes and storage conditions
are widely recognised as playing a central role, attention is being increasingly directed
towards the properties of barley malt and the malting technique to better understand
the factors affecting beer flavour stability. Malt is responsible for providing the principal
colour of beer, and different malt types and malting conditions are responsible for both
positive and negative flavours in beer [1]. The scarce knowledge on the significance of the
balance between the antioxidant and pro-oxidant potential exhibited by barley and malt has
motivated our research team to conduct studies aiming at elucidating the contribution of
individual components to the overall antioxidant capacity of malt. A comprehensive review
of the overall antioxidant properties of malt and how they are influenced by individual
constituents of barley and the malting process may be accessed [2].

Although the staling of beer is a complex phenomenon, volatile carbonyl compounds
have attracted most attention in the context of beer flavour instability. However, the myriad
of flavour notes changing during staling is due to a much broader range of chemical entities.
Unsaturated aldehydes, especially those with very low sensory thresholds having 7 to
10 carbon atoms, are considered to be the most important. Amongst them, E-2-nonenal,
with an extremely low flavour threshold of 0.11 µg/L (Table 1), has long been the most
frequently cited as the cause of a cardboard character typical of aged beer [3]. These
aldehydes are potentially formed during malting and mashing by a number of different
routes, in which the enzymatic and non-enzymatic degradation of polyunsaturated fatty
acids is assumed to be the major source [4].

Acetaldehyde is the predominant carbonyl compound present in beer, making up
around 60% of all aldehydes [5]. Despite this, its high flavour threshold (Table 1) means
that it does not typically contribute significantly to beer flavour, except in rare cases such
as when it causes a “green taste” in young beers [6]. In contrast, the most prominent aroma
in a 6-month-old beer sample is often identified as E-β-damascenone, a terpenic ketone
characterized by a “stewed apple,” fruity, and honey-like note (Table 1, [7]). According
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to some authors, E-β-damascenone may be just as significant to the flavour of aged beer
as E-2-nonenal [8,9]. Furanic aldehydes, such as furfural and 5-hydroxymethyl furfural,
are often associated with the development of caramelized stale flavours, but it is widely
accepted that these compounds are not directly responsible for such flavours [10].

The Strecker degradation is a chemical reaction between an amino acid and an alpha-
dicarbonyl compound, such as those that are intermediates in the Maillard reaction. This
reaction converts the amino acid into an aldehyde with one less carbon atom. While the
aldehydes produced through the Maillard reaction and Strecker degradation are not typ-
ically considered to be the primary beer staling compounds, recent research has shown
that aldehydes resulting from the Strecker degradation, such as 2-methylpropanal, 3-
methylbutanal, and phenylacetaldehyde, can be found in higher concentrations in malt
compared to other types of aldehydes. 3-Methylbutanal was found in the highest con-
centration (1213–8218 µg kg−1), followed by 2-methylpropanal (612–3469 µg kg−1), and
phenylacetaldehyde (198–5105 µg kg−1) [11,12].

In brief, nearly all the aldehydes that are considered aging indicators in beer are
already present in malt [13]. Fickert and Schieberle (1998) identified several aldehydes in
the volatile fraction of barley malt, including E-2-nonenal, which suggests that both lipid
peroxidation and the Strecker degradation are important reactions for generating flavours
during malt production [14].

Table 1. Sensory descriptors and flavour threshold values of carbonyl compounds in lager beers.

Compound Flavour Threshold (mg/L) Sensory Descriptor

Carbonyl Compounds

Acetaldehyde 25 a Green leaves, fruity
(E)-2-nonenal 0.00011 a Papery, cardboard

(E)-β-damascenone 0.15 b Stewed apple, honey-like
Furfural 150 a Sweet, bready, caramellic

5-Hydroxymethyl-furfural 1000 a Fatty, waxy, caramellic
Diacetyl 0.1–0.2 c Butterscotch, rancid

2,3-Pentanedione 1 c Fruity, sweet
a [15]; b [16]; c [17].

2. From Barley to Malt

The barley is transformed into malt through the malting process, which is mainly the
transformation of insoluble starch into simple sugars. The malting process consists of three
technological steps: steeping, germination, and kilning or roasting (final heat treatments).

During the steeping stage, the raw barley is soaked in water to increase the grain’s
moisture content from approximately 12% up to 46%. The moisture increase induces the
beginning of germination and the early growth of the embryo, resulting in the activation
and development of diastatic enzymes. The starch is then released from the endosperm
and converted into simple sugars. Usually, the steeping step consists in alternating periods
where the grains are submersed in water with rest periods or dry periods, with a duration
of 36–48 h at a temperature of 15–20 ◦C [18,19].

The next step consists of the germination of steeped barley to obtain “green malt”. The
“green malt” is characterized by high moisture contents (up to 47%) and high enzymatic
activity, resulting in the hydrolysis of cell walls and starch mediated by α-amilase, β-
amylase, and β-glucanases. The germination step lasts for 4–6 days and it is conducted
at temperatures around 15–22 ◦C. The moisture of the grains is kept around 45% and the
growth of the rootlets is controlled to evaluate the degree of sprouting [18,19].

After germination, the moisture content of “green malt” must be reduced (to approxi-
mately 5%) in order to stop germination and assure optimal conditions for the conservation
and storage of the grains. This is achieved by submitting the grains to a final heat treatment
step (kilning), which will halt the sprouting process and avoid all the starch reserves that
are consumed by deactivating enzymatic activity. The kilning process consists of a first
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phase called the withering phase, where the grains are exposed to temperatures between
50–65 ◦C for 12, reducing the moisture content to approximately 12% and halting the
germination (above 40 ◦C). The second phase (curing phase) is carried out at temperatures
up to 82–85 ◦C for 4 h, reducing moisture to values around 4% and ensuring enzyme
inactivity. The grains are then cooled down to ensure an ideal temperature for discharge
and storage [18,19].

The thermal processing steps have the greatest impact on the colour and flavour of
malt. The obtained malted grains are usually called pale malt and are applied in almost all
types of beer. Light malt is commonly fast-dried to limit the formation of Maillard reaction
products, while for specialty dark malts the moisture is reduced slowly in order to achieve
higher grain temperatures, inducing the Maillard reaction [20].

Specialty malts are produced to provide characteristic flavours and colours to beer,
but they are typically used in very small amounts (<5%) compared to pale malt. They can
be produced by roasting barley, green malt, or kilned pale malt [2,20]. resulting in low
enzymatic activity and low levels of fermentable sugars and amino acids. Specialty malts
are primarily used to add colour and aroma to beer. Specialty dark malts are generally
classified into coloured malts, caramel malts, and roasted malts, which are obtained through
roasting at temperatures ranging from 110 to 220 ◦C. Different degrees of roasting, which
are determined by time and temperature, result in various intensities of colour and flavour
through the Maillard and caramelization reactions, as well as pyrolysis reactions at high
temperatures (>150 ◦C) [2,20,21].

The primary flavour characteristics of malt are developed during the malting process.
However, recent studies have focused on understanding the impact of different barley
varieties on the flavour of the beer. Through analysis of various barley varieties, researchers
have identified how different metabolites influence the chemistry and flavour of the beer.
The presence of various compounds, such as aldehydes, ketones, alcohols, furans, and
aromatic compounds, contributes to the unique chemical composition of the final beer and
thus, imparts its distinctive sensory attributes [22,23].

3. Malt Antioxidant Activity

Antioxidants can be broadly defined as compounds that inhibit oxidative reactions by
decreasing molecular oxygen levels, scavenging chain-initiating and chain-propagating
free radicals, chelating metals, or decomposing peroxides [24]. As such, they are believed
to play a crucial role in malting and brewing by inhibiting oxidative damage.

Sulphites and ascorbic acid are commonly used as antioxidants during brewing to
produce beers with high antioxidant activity [25]. However, due to consumer demand and
stricter regulations, there has been a trend toward reducing the use of added antioxidants.
Consequently, more attention is now being given to the brewing process and the properties
of raw materials. Barley malt already contains various endogenous antioxidants such
as phenolic compounds, phytic acid, ascorbic acid, and enzymes [26]. Protecting the
endogenous antioxidants present in barley during malting can increase the brew’s reduction
potential, thus inhibiting oxidative processes harmful to flavour stability and avoiding
the use of exogenous antioxidant compounds [27]. Important antioxidant compounds in
malting and brewing include:

(i) Melanoidins and reductones

Maillard reaction products (MRPs) are formed by the reaction between carbonyl
groups of reducing sugars and amino groups of amino acids, peptides, or proteins, yielding
a complex mixture of compounds with different molecular weights. The polymerization of
low molecular weight compounds into high molecular weight compounds, also designated
as melanoidins (MLD), may occur in the late stages of the Maillard reaction. MLD (Figure 1)
are important for the quality and characteristics of many types of foods and beverages not
only due to their colour and aroma, but also due to their health benefits and antioxidant
properties [2]. MRPs act as scavengers for reactive oxygen species such as superoxide,
peroxide, and hydroxyl radicals. They are known to be highly efficient antioxidants in the

120



Fermentation 2023, 9, 464

production and storage of food. MRPs have been found to have metal chelating properties,
to be effective at reducing hydroperoxides to non-radical products, and to break the radical
chain by donating a hydrogen atom [26]. Studies have reported that the antioxidant capacity
of malt can increase during kilning and roasting as a result of the Maillard reaction, which
leads to the development of reductones and MRPs [28–32]. MRPs have been identified as
the primary contributors to the antioxidant activity of roasted malts [30,33], with a positive
influence on the maintenance and development of malt-reducing properties [34].
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Figure 1. Chemical structures for some important antioxidant species, naturally present in barley
malt.

(ii) Phenolic substances (phenolic acids and polyphenol compounds)

Barley contains 100 to 400 mg/kg of phenolic compounds, consisting of 80% of flavan-
3-ols, 13% of flavonols, 5% of phenolic acids, and 2% of apolar compounds. Among
flavan-3-ols, the most abundant compounds are the monomer forms, (+)-catechin and
(−)-epicatechin, and polymer forms, constituted mainly by units of (+)-catechin and (+)-
gallocatechin (Figure 1). Monomeric, dimeric, and trimeric flavan-3-ols accounted for 58%
to 68% of the total phenolic content, with a predominance of trimeric flavan-3-ols [35].

Phenolic compounds are effective radical scavengers and can inhibit non-enzymatic
lipid peroxidation. They also act as enzymatic lipid peroxidation inhibitors, as discussed
below. Malt and hops both contribute these substances to wort and beer, but the majority
comes from the malt. Malt-derived polyphenols account for about 70–80% of the polyphe-
nols in the wort, with the remaining 20–30% coming from hops. The properties of the
polyphenols from these two sources are likely to be different and highly dependent on the
degree of polymerization. Lower molecular weight polyphenols are particularly effective
as antioxidants, with the reducing power and solubility of polyphenols decreasing with
increasing molecular weight.

The contribution of malt to the redox potential, and its status throughout the brewing
process and in the final beer, depend on various factors and the interactions between
different reducing agents. It is important to note that in certain situations, reducing agents
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can become pro-oxidants. Therefore, the oxidation/reduction state plays a crucial role in
the deterioration of beer, and an increase in reducing activity is beneficial for enhancing
flavour stability.

The antioxidant capacity of barley is primarily attributed to its polyphenols, which
can vary depending on the barley variety. Therefore, selecting the appropriate barley
variety is the first step in reducing the potential for oxidation. Research has shown that
most of the polyphenols found in malt are already present in barley, indicating that the
natural antioxidants in barley make a significant contribution to the antioxidant activity
of malt [36]. Low-molecular-weight polyphenols (<5 kDa) are responsible for 80% of the
antioxidant activity in malt and beer samples [37]. The kilning stage during malt production
also has a considerable impact on the antioxidant levels and reduction potential of malt.
The formation of melanoidins and reductones during kilning significantly influences the
concentration of MRPs in malt, and this is affected by the kilning temperature and time.
The malting process, in particular the kilning regimes and roasting temperatures, may have
an important impact in terms of the phenolic composition and antioxidant features. Among
the malts studied, extracts from light types (kilning temperature ≤160 ◦C) contained higher
amounts of total and individual phenolic compounds, ferulic and p-coumaric acids in
particular, than dark extracts (malt kilning temperature ≥200 ◦C) [38].

Recent studies have revealed that phenolic compounds can inhibit lipoxygenases
from germinating barley [39]. The effectiveness of phenolic compounds in inhibiting
autoxidation and enzymatic oxidation can vary widely, ranging from 1 to 100 depending
on their chemical structure [27]. During malting, there is a reduction in phenolic content,
with catechin monomers being the most affected, as shown by Goupy et al. (1999) [33].
The antioxidant (+)-catechin and ferulic acid decreased the rate of formation of some
carbonyl compounds during beer forced-ageing in the presence of air, but had no impact
during the extended storage of beer at low levels of oxygen [4]. The beer produced
from proanthocyanidin-free barley called Caminant was considered to be slightly inferior
by a tasting panel compared to reference beers brewed from barley varieties cultivated
under comparable conditions. This may be attributed to the deficient polyphenol level,
particularly the catechin fraction, in the Caminant barley variety. As a result, this variety
poses challenges in terms of flavour stability [40]. Even though the potential benefit of
polyphenols to the colloidal stability of beer, by forming non-biological haze with proteins,
is now largely recognised, their beneficial role for flavour stability is still an open question.
To prove this, it was recently demonstrated that the partial removal of polyphenols by
polyvinylpolypyrrolidone has no impact on flavour stability [41]. PCA analysis has revealed
that the chemical composition and sensory characteristics of aged beer are affected by the
varietal differences in barley [42]. The presence of natural polyphenols in barley has been
found to have a positive impact on beer flavour stability. However, it should be noted that
technological factors can also significantly influence beer flavour stability, as evidenced by
the significant heterogeneity observed in the malt bed during industrial kilning.

Boivin et al. (1993) demonstrated that malt contains compounds that can inhibit the
lipoxygenase activity of germinating barley, prevent lipid oxidation, and exhibit reducing
power, according to various methods for evaluating antioxidant properties. The malt’s
reducing compounds are produced during germination and increase during the first stage
of kilning, but decrease at higher temperatures. The amount of reducing compounds in
malt depends on the barley cultivar and the kilning conditions applied [26]. The kilning
regime not only affects the malt’s antioxidant properties but also influences the colour and
flavour profile of the final beer product [29].

Barley and germinating barley produce enzymes that exhibit antioxidant activity. One
such enzyme is superoxide dismutase (SOD, EC 1.15.1.1), which catalyses the conversion
of superoxide radicals to hydrogen peroxide, which is subsequently broken down into
water and oxygen by catalase (CAT, EC 1.11.1.6). Together, SOD and CAT maintain oxygen
in a stable, less reactive state by reducing the levels of superoxide and hydroperoxide.
Barley contains both of these enzymes and their activities increase during germination.
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They can also survive pale kilning regimes but are destroyed at mashing temperatures
exceeding 65 ◦C [43]. Peroxidase (POD, EC 1.11.1.7) is a primary antioxidant that can
protect against medium oxidation by removing hydrogen peroxide. However, malt POD
can also oxidize endogenous barley phenolic compounds, such as ferulic acid, (+)-catechin,
and (−)-epicatechin, which could have negative effects on beer quality [44]. The residual
enzyme activities in malt depend on both the barley cultivar and the malting process.
Natural antioxidant compounds in malt, such as phenolic compounds and MRPs, may
play a significant role in inhibiting oxidative processes during malting and brewing. These
antioxidants can inhibit lipoxygenase action during malting and mashing and decrease
the autoxidation reaction during the brewing process and beer storage. While enzyme
antioxidants can only act during malting and at the beginning of mashing, phenolic com-
pounds and MRPs can act throughout the process and even after the beer has been stored.
Therefore, careful selection of barley cultivars and malting regimes can help maximize the
antioxidant potential of malt and improve beer quality.

4. Malt Pro-Oxidant Activity

Pro-oxidant malt compounds are primarily associated with the enzymes that are
responsible for the breakdown of lipids. These enzymes include lipase (EC 3.1.1.3), lipoxy-
genase (LOX, EC 1.13.11.12), and the hydroperoxide-reactive enzyme system (Figure 2).
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Figure 2. The enzymatic oxidation of lipids: lipase, lipoxygenase, and hydroperoxidase-reactive
enzyme system. HL: hydroperoxide lyase. HD: hydroperoxide dehydrogenase (after [43]).

Oxidation of malt phenolic compounds by the catalytic action of polyphenol oxidase
(PPO, EC 1.14.18.1) also occurs during the malting process. All these enzymes are found
in most cereals, including barley [44], but they may also be synthesized by microflora
developing during malting.

Pro-oxidant enzymes are primarily involved in lipid degradation. Lipase is the first
enzyme to act on the ester bond between fatty acid and glycerol of triglycerides and di-
glycerides, releasing free fatty acids from lipids. Lipoxygenase catalyzes the oxidation of
polyunsaturated free fatty acids, such as linoleic acid (C18:2), forming hydroperoxides.
Lipoxygenase may also be involved in the creation of oxidative cross-linking between
thiol-rich proteins via reactions, resulting in macromolecular reticulations that could alter
the filterability performance of wort and beer, possibly affecting their quality [43]. The
primary oxidation products of lipoxygenase activity, hydroperoxides, are decomposed into
off-flavour compounds, such as unsaturated aldehydes, by hydroperoxide reactive enzyme
systems, namely, hydroperoxide lyase and hydroperoxide isomerase (EC 4.2.1.92) [26]. High
moisture content (above 40%) and low temperatures (below 60 ◦C) promote lipoxygenase
(LOX) activity during the withering phase of kilning, resulting in the synthesis of E-2-
nonenal and adduct formation. These nonenal adducts, also known as malt-RNP, which
account for approximately 25% of the nonenal potential in the mash, can have a negative
impact on the flavour stability of beer [45]. However, Carlsberg Research Laboratory
developed a low-lipoxygenase barley cultivar in 2002, which expresses mutant LOX-1
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protein. This barley variety can produce beer with significantly enhanced flavour stability
and reduced levels of E-2-nonenal. Through mutation breeding, a LOX-1-null barley line
was obtained, which can improve the flavour stability of beer without affecting other
important beer qualities [46]. The results of a recent study clearly indicated that the LOX-
less barley malt showed less nonenal potential than the control, and the beer brewed from
the LOX-less barley malt contained much lower concentrations of trans-2-nonenal (T2N)
and gamma-nonalactone, especially after the (forced or natural) aging of the beer, compared
with the beer brewed under the same conditions using the control malt [47].

Polyphenol oxidase is able to catalyse the oxidation of polyphenols compounds with
oxygen in very reactive quinonic compounds (Figure 3). In the oxidized state, they can
cross-link and polymerize with proteins or cell-wall polysaccharides, directly influencing
the formation of non-biological haze in wort and beer. Polyphenol oxidase is primarily
responsible for enzymatic browning in fruits and vegetables. Enzymatic or chemical
oxidation of polyphenols typically results in a loss of their antioxidant capacity. However,
recent studies suggest that partially oxidized polyphenols may exhibit higher antioxidant
activity than non-oxidized phenols [48].
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Figure 3. The action of polyphenol oxidase (PPO).

The pro-oxidant activity of malt extracts can also be attributed to flavonoids, procyani-
dins, and certain MRPs [29]. Many phenolic compounds act as antioxidants only at high
concentrations, but at lower levels, they may have pro-oxidant effects [49]. Apart from their
well-established antioxidant properties, MRPs may also exhibit pro-oxidant properties.
Highly reactive radicals are generated in the initial stages of the Maillard reaction, and their
disappearance is accompanied by the gradual development of browning. The level of these
radicals depends on the intensity and duration of the heat treatment applied because at low
temperatures, the reaction steps contributing to the formation of pro-oxidant compounds
last longer than with high-temperature treatments [50]. High molecular weight brown-
ing compounds, generated by roasting barley, have been shown to act as pro-oxidants in
metal-catalyzed oxidation reactions [51].

Figure 4 illustrates some possible routes of the pro- and antioxidant enzymatic activity
in the malting and brewing process.

Through their sequential action, these enzymes are most active during the malting
and mashing processes. Enzymatic activity is destroyed during the kilning and mashing
steps, except for POD, which is a highly heat-stable enzyme. However, POD, which can
oxidize phenolic compounds, appears to have limited action in the finished product due
to the extremely low levels of hydrogen peroxide. In contrast, phenolic compounds and
MRPs may play a significant role throughout the entire process and even after beer storage.
Evidence has been provided for the inhibitory action of malt polyphenols on lipoxygenase
(LOX) activity in finished malts. The anti-radical power, which is highly correlated with
polyphenolic content, was found to be similar for both malt and barley, highlighting the
essential role of barley’s endogenous polyphenols on beer flavour stability [52]. The radical
scavenging properties of highly polymerized phenolic compounds may also be effective
against oxidative reactions during the malting and mashing stages. A deeper understanding
of this issue could be achieved by investigating the mechanism by which malt polyphenols
exert their protective action throughout the malting, mashing, or filtration steps against
oxidative reactions.
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Figure 4. Implication of pro- and antioxidant enzymes in the malting and brewing process.

5. Concluding Remarks

The quality of malt can impact beer instability due to the presence of lipids, oxidative
enzymes (such as lipoxygenase, hydroperoxide lyase, and hydroperoxide dehydrogenase),
polyphenols, and phenolic acids. Polyphenols and phenolic acids present in malt are
natural antioxidants capable of delaying, retarding, or preventing oxidation processes.
Therefore, they are considered to have a significant effect on malting and brewing as
inhibitors of oxidative damage. As a result, increasing attention is being directed toward
the final properties of raw materials. For example, protecting the endogenous antioxidants
present in barley during malting could increase the reduction potential of the brew, thus
helping to inhibit oxidative processes that are detrimental to flavour stability and avoid
the use of exogenous antioxidant compounds. Among the measured variables for malts,
malt anti-radical power is the major contributor to beer flavour stability. In conclusion, it
is clear that malt quality in terms of pro-oxidant and antioxidant activity plays a central
role in beer flavour instability. This can be improved through a suitable choice of barley
and malting process. Malt with low lipoxygenase activity, low residual nonenal potential,
free phenolic compounds with high antioxidant activity, and a high amount of reducing
compounds provide an excellent starting point.
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34. Čechovská, L.; Konečný, M.; Velíšek, J.; Cejpek, K. Effect of Maillard reaction on reducing power of malts and beers. Czech J. Food
Sci. 2012, 30, 548–556. [CrossRef]

35. Goupy, P.; Hugues, M.; Boivin, P.; Amiot, M.J. Antioxidant composition and activity of barley (Hordeum vulgare) and malt extracts
and of isolated phenolic compounds. J. Sci. Food Agric. 1999, 79, 1625–1634. [CrossRef]

36. Chandra, C.S.; Buggey, L.A.; Peters, S.; Cann, C.; Liegeois, C. Factors Affecting the Development of Antioxidant Properties of
Malts during the Malting and Roasting Process. Hgca Proj. Rep. 2001. Available online: https://ahdb.org.uk/factors-affecting-
the-development-of-antioxidant-properties-of-malts-during-the-malting-and-roasting-process (accessed on 14 April 2023).

37. Pascoe, H.M.; Ames, J.M.; Chandra, S. Critical stages of the brewing process for changes in antioxidant activity and levels of
phenolic compounds in ale. J. Am. Soc. Brew. Chem. 2003, 61, 203–209. [CrossRef]

38. Moreira, M.M.; Morais, S.; Carvalho, D.O.; Barros, A.A.; Delerue-Matos, C.; Guido, L.F. Brewer’s spent grain from different
types of malt: Evaluation of the antioxidant activity and identification of the major phenolic compounds. Food Res. Int. 2013, 54,
382–388. [CrossRef]

39. Boivin, P.; Malanda, M.; Clamagirand, V. Evaluation of the organoleptic quality of malt. Evolution during malting and varietal
influence. Proc Congr. Eur. Brew. Conv. 1995, 159–168.

40. Back, W.; Forster, C.; Krottenthaler, M.; Lehmann, J.; Sacher, B.; Thum, B. New research findings on improving taste stability.
Brauwelt Int. 1999, 17, 394–405.

41. Bushnell, S.E.; Guinard, J.X.; Bamforth, C.W. Effects of sulfur dioxide and polyvinylpolypyrrolidone on the flavor stability of beer
as measured by sensory and chemical analysis. J. Am. Soc. Brew. Chem. 2003, 61, 133–141. [CrossRef]

42. Guido, L.F.; Curto, A.; Boivin, P.; Benismail, N.; Gonçalves, C.; Barros, A.A. Predicting the organoleptic stability of beer from
chemical data using multivariate analysis. Eur. Food Res. Technol. 2007, 226, 57–62. [CrossRef]

43. Bamforth, C.; Clarkson, S.; Large, P. The relative importance of polyphenol oxidase, lipoxygenase and peroxidases during wort
oxidation. Proc. Congr. Eur. Brew. Conv. 1991, 23, 617–624.

44. Boivin, P. Pro-and anti-oxidant enzymatic activity in malt. Cerevisia 2001, 26, 109–116.
45. Guido, L.F.; Boivin, P.; Benismail, N.; Gonçalves, C.R.; Barros, A.A. An early development of the nonenal potential in the malting

process. Eur. Food Res. Technol. 2005, 220, 200–206. [CrossRef]
46. Hirota, N.; Kuroda, H.; Takoi, K.; Kaneko, T.; Kaneda, H.; Yoshida, I.; Takashio, M.; Ito, K.; Takeda, K. Brewing performance of

malted lipoxygenase-1 null barley and effect on the flavor stability of beer. Cereal Chem. 2006, 83, 250–254. [CrossRef]
47. Yunhong, Y.; Huang, S.; Dong, J.; Fan, W.; Huang, S.; Liu, J.; Chang, Z.; Tian, Y.; Hao, J.; Hu, S. The influence of LOX-less barley

malt on the flavour stability of wort and beer. J. Inst. Brew. 2014, 120, 93–98.
48. Manzocco, L.; Calligaris, S.; Mastrocola, D.; Nicoli, M.C.; Lerici, C.R. Review of non-enzymatic browning and antioxidant capacity

in processed foods. Trends Food Sci. Technol. 2000, 11, 340–346. [CrossRef]
49. Yen, G.C.; Chen, H.Y.; Peng, H.H. Antioxidant and pro-oxidant effects of various tea extracts. J. Agric. Food Chem. 1997, 45, 30–34.

[CrossRef]
50. Nicoli, M.C.; Anese, M.; Parpinel, M. Influence of processing on the antioxidant properties of fruit and vegetables. Trends Food Sci.

Technol. 1999, 10, 94–100. [CrossRef]
51. Carvalho, D.O.; Øgendal, L.H.; Andersen, M.L.; Guido, L.F. High molecular weight compounds generated by roasting barley

malt are pro-oxidants in metal-catalyzed oxidations. Eur. Food Res. Technol. 2016, 242, 1545–1553. [CrossRef]
52. Guido, L.F.; Curto, A.F.; Boivin, P.; Benismail, N.; Gonçalves, C.R.; Barros, A.A. Correlation of malt quality parameters and beer

flavor stability: Multivariate analysis. J. Agric. Food Chem. 2007, 55, 728–733. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

127



Citation: Brugnoli, M.; Cantadori, E.;

Arena, M.P.; De Vero, L.; Colonello,

A.; Gullo, M. Zero- and Low-Alcohol

Fermented Beverages: A Perspective

for Non-Conventional Healthy and

Sustainable Production from Red

Fruits. Fermentation 2023, 9, 457.

https://doi.org/10.3390/

fermentation9050457

Academic Editors: Maria

Dimopoulou, Spiros Paramithiotis,

Yorgos Kotseridis and Jayanta

Kumar Patra

Received: 21 April 2023

Revised: 4 May 2023

Accepted: 8 May 2023

Published: 10 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Review

Zero- and Low-Alcohol Fermented Beverages: A Perspective for
Non-Conventional Healthy and Sustainable Production from
Red Fruits
Marcello Brugnoli 1 , Elsa Cantadori 1,2, Mattia Pia Arena 1, Luciana De Vero 1 , Andrea Colonello 2

and Maria Gullo 1,3,*

1 Department of Life Sciences, University of Modena and Reggio Emilia, 42122 Reggio Emilia, Italy;
marcello.brugnoli@unimore.it (M.B.); elsa.cantadori@unimore.it (E.C.); mattiapia.arena@unimore.it (M.P.A.);
luciana.devero@unimore.it (L.D.V.)

2 Ponti SpA, 28074 Ghemme, Italy; andrea.colonello@ponti.com
3 NBFC, National Biodiversity Future Center, 90133 Palermo, Italy
* Correspondence: maria.gullo@unimore.it

Abstract: The growing health consciousness among consumers is leading to an increased presence
of functional foods and beverages on the market. Red fruits are rich in bioactive compounds such
as anthocyanins with high antioxidant activity. In addition, red fruits contain sugars and are rich in
phenolic compounds, vitamin C, dietary fibers, and manganese. Due to these characteristics, they
are also suitable substrates for fermentation. Indeed, nowadays, microbial transformation of red
fruits is based on alcoholic or lactic fermentation, producing alcoholic and non-alcoholic products,
respectively. Although products fermented by acetic acid bacteria (AAB) have been thoroughly
studied as a model of health benefits for human beings, little evidence is available on the acetic and
gluconic fermentation of red fruits for obtaining functional products. Accordingly, this review aims
to explore the potential of different red fruits, namely blackberry, raspberry, and blackcurrant, as raw
materials for fermentation processes aimed at producing low- and no-alcohol beverages containing
bioactive compounds and no added sugars. AAB are treated with a focus on their ability to produce
acetic acid, gluconic acid, and bacterial cellulose, which are compounds of interest for developing
fruit-based fermented beverages.

Keywords: red fruits; acetic acid bacteria; vinegar; non-alcoholic beverages; gluconic acid; acetic acid

1. Introduction

Nowadays, the consumption of functional fermented foods and beverages is a well-
established habit as consumers are strongly interested in products with health claims.
As a matter of fact, since ancient times, fermented products have been a part of human
nutrition. Originally, their production was performed to improve the shelf life of perishable
raw materials from agriculture and animal husbandry. Subsequently, many different
microorganisms have been selected in order to obtain disparate fermented products with
favorite quality characteristics, mostly regarding shelf life, taste, texture, mouthfeel, flavor,
and color [1–6]. More recently, in addition to researching certain sensory and technological
characteristics, the challenge goes so far to obtain products with the added quality of
beneficial influencing human health. In this frame, zero- and low-ethanol beverages
production is an expanding globally promoted market, although availability, acceptability,
and affordability are still issues and current gaps that need to be filled [7].

Thus, a diversity of fermented products is obtained starting from disparate raw
materials, depending on their availability and diffusion in the territories of origin. Therefore,
milk, meat, cereals, vegetables, and fruits are widely used in both traditional and modern
food manufacturing processes.
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In general, fruits are suitable raw materials due to their fermentative aptitudes, such
as high content of sugars, in particular glucose and fructose. It has been reported that
fermentation enhances the nutritive value of the final products, which are generally charac-
terized by lower amounts of glucose and great antioxidant content [8]. Among the different
kinds of fruits, red fruits are extremely beneficial for human health and, with their intense
flavor, are appreciated by consumers. Several studies have stated their phytochemical
composition, which includes minerals, fibers, and antioxidant compounds able to exert a
protective effect against many chronic diseases [9–12] (Figure 1).
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Figure 1. Raspberry, blackcurrant, and blackberry are the main health benefits reported in the literature.
Notable compounds are listed, and the recommended daily intake (RDI) is reported as a percentage
covered by a 100 g portion of raspberry (dark red), blackcurrant (blue), and blackberry (violet).

Polyphenols, carotenoids, and anthocyanins are the main kinds of antioxidant phyto-
chemicals found in red fruits.

Anthocyanins are responsible for the red/dark color of fruits and are the major
flavonoid family molecules present in raspberry, blackberry, and blackcurrant. The most
common naturally occurring anthocyanins are the 3-O-glycosides or 3,5-di-O-glycosides of
cyanidin, delphinidin, peonidin, petunidin, pelargonidin, and malvidin. Numerous studies
have shown that they can have various biological activities, including antimicrobial and
anti-inflammatory activities, protective action against various degenerative diseases, and
an important role in decreasing the invasiveness of tumor cells [13–17]. Nevertheless, the
profile and concentration of anthocyanins are different depending on the fruit. Some red
fruits, for example, strawberries, have lower concentrations of anthocyanins, and others,
such as black currants, have higher concentrations [18].

Other than anthocyanins, red fruits also contain vitamin C, ellagitannins, and several
minerals such as manganese, giving berries and derivative products outstanding health
benefits for human beings [19]. Amongst health benefits, the antioxidant effect is a major
characteristic of red fruits [20].

However, health-based recommendations include reducing alcohol consumption and
calories, thus promoting zero/low-ethanol and no added sugars beverages [21].
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For these reasons, owing to outstanding functional properties, red fruits represent
valid non-conventional raw materials for producing low- and no-alcohol fermented bev-
erages with health benefits. This is in line with the recent increasing trend to exploit
non-conventional raw materials containing fermentable sugars for producing new func-
tional beverages. Date palm fruits, for instance, were proven to be a valid starting substrate
for the formulation of functional foods and beverages, as they show a high amount of
sugars, which makes them highly fermentable and dietary fibers, minerals, vitamins, and
phenolic compounds, which confer functional features to end-products [22].

Moreover, legumes, single-cell protein, bee pollen, and tropical fruits assume a greater
role in the food market as non-conventional matrices suitable to produce dairy-free func-
tional products [23]. The recognition of the beneficial effects of consuming functional
products on a daily basis led to the scientific interest in developing new products; in this
perspective, quince, kiwifruit, prickly pear, and pomegranate juices have been explored as
fermentable substrates to developing new non-dairy fermented beverages [24].

In addition to health reasons, sometimes using alternatives to traditional raw materials
can also have an economic return since the resources existing in a territory can be exploited
in the best possible way. This is the case, for example, of non-conventional edible plants
that are spontaneous, wild, or cultivated vegetable species, e.g., wax mallow, used in
certain regions and cultures as therapeutic herbs and can be opportunely used to produce
fermented beverages showing beneficial bioactivity [25,26]. In this frame, fermented
beverages, such as vinegar with different content of acetic acid, gluconic beverages, and
kombucha tea, fit as functional products with health benefits for human beings. These
beverages are the result of the fermentative activity of different microbial groups, including
yeasts, acetic acid bacteria (AAB), and lactic acid bacteria (LAB).

Vinegars and vinegar-based beverages are produced via a double fermentation: an
alcoholic fermentation performed by yeasts and then an acetic acid fermentation by AAB.
Yeast hydrolyzes sucrose into glucose and fructose, which are used to produce ethanol.
AAB oxidizes ethanol into acetic acid, which is the main organic acid that characterizes
vinegar-based beverages, even though the concentration is significantly lower compared to
vinegar [27].

Gluconic beverages are produced by a single-step fermentation in which glucose is
oxidized into gluconic acid. The latter is a weak organic acid exploited to improve the
sensorial complexity of foods and beverages. Gluconic acid can be further oxidized into
2,5-diketo-D-gluconate acid and 5-keto-D-gluconic acid [28].

Kombucha tea is produced by the activity of a consortium of microorganisms grow-
ing on sugared tea. AAB and yeasts are the most present, whereas LAB occurs less
frequently [29]. Kombucha fermentation starts with the hydrolyzation of sucrose into
glucose and fructose by yeasts, then bacteria start oxidative and fermentative processes
of glucose, fructose, and ethanol [30]. The result is a beverage containing a mix of organic
acids, mainly acetic and gluconic acids, ethanol in small amounts, CO2, and a floating layer
of bacterial cellulose produced by AAB [31]. In addition, kombucha is reported to have
beneficial effects on human health, such as anticancer, antimicrobial, antioxidant properties,
and anti-aging activity [32].

In this review, raspberry, blackcurrant, and blackberry are focused on their composition
and aptitude to develop fermentations. Alcoholic and lactic fermentations are described as
the more applied microbial transformations. Acetic acid fermentation for producing low-
and non-alcoholic products, namely vinegar and acetic and gluconic beverages (Figure 2),
are discussed, highlighting their potential as well as the limited availability of existing
marketed products.
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Figure 2. Microbial transformations and interactions in the production of gluconic beverages, kom-
bucha, and vinegar-based beverages starting from a sugared substrate.

2. Red Fruits Features
2.1. Blackberry Fruit (Rubus Subg. Rubus)

Blackberry is a worldwide consumed fruit, mostly produced in North America, Europe,
and Asia [33]. The major producers are North America and Europe, producing 65,000 and
45,000 tons/year, respectively [34]. Amongst European countries, Serbia and Hungary lead
the production, representing almost all European annual production.

At the industrial level, blackberries are used for different productions, such as dietary
supplements or jams. However, they are mostly consumed as fresh fruits or sold as
individually quick-frozen packs. Although blackberries’ chemical composition is strictly
dependent on several factors, such as the cultivar or the stage of ripeness [35], generally, they
are rich in sugars, minerals, and phenolic compounds [33,36]. Total sugars, soluble solids,
and total anthocyanin increase as the fruit ripens. On the other hand, protein content and
total phenolic compounds significantly decrease along the maturation steps [37]. Glucose
and fructose are the main sugars, with sucrose present in traces. Potassium and magnesium
are the main minerals detected in blackberries, followed by calcium and manganese [37]
(Table 1).

Table 1. Chemical composition of fresh blackberries per 100 g at ripe stage (adapted from [33,38–43]).

Blackberry Composition
Lowest Reported Highest Reported

Content [g/100 g]

Water 85.8 90.3
Protein 1.00 1.49

Total lipids 0.42 0.53
Ash 0.21 1.20

Total fiber 0.80 6.6
Total sugars 4.88 10.22

Sucrose 0.07 1.08
Glucose 2.31 2.61
Fructose 2.40 3.38
Maltose - 0.07

Galactose - 0.03
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Table 1. Cont.

Minerals Content [mg/100 g]

Calcium 7.25 29.0
Iron 0.62 4.70

Magnesium 10.7 21.4
Phosphorus 7.25 22.0
Potassium 79.7 185.5

Sodium 0.30 1.00
Zinc 0.18 0.31

Copper 0.05 0.17
Manganese 0.42 1.47

Vitamins Content [mg/100 g]

Total ascorbic acid 1.50 44.0
Thiamin - 0.02

Riboflavin - 0.03
Niacin - 0.65

Pantothenic acid - 0.28
Vitamin B6 - 0.03

A-tocopherol - 1.17
B-tocopherol - 0.04
Γ-tocopherol - 1.34

Blackberry contains a high amount of citric and malic acid. In addition, various studies
reported the presence of shikimic, fumaric, and succinic acids [44,45]. Organic acid content
is of fundamental importance for evaluating fruits’ quality levels since they act as a stabi-
lizer for anthocyanins. The health benefits of blackberries are associated with anthocyanins
and other phenolic compounds such as ellagitannins, flavonols, and procyanidins [33,46].
Anthocyanins are responsible for the characteristic color of blackberry and are strong antiox-
idant compounds with potential antidiabetic, anticancer, anti-inflammatory, antimicrobial,
and anti-obesity effects, as well as prevention of cardiovascular diseases [47,48].

2.2. Raspberries (Rubus idaeus)

Raspberries hold a special position due to their culinary versatility, the ideal nutritional
profile of low calories, high fiber, mineral, potassium, sodium, and vitamins, the presence
of several essential micronutrients, and phytochemical composition (Table 2).

Table 2. Composition of fresh red raspberries per 100 g (adapted from [9,42,49–52]).

Raspberry Composition
Lowest Reported Highest Reported

Content [g/100 g]

Water 85.7 88.6
Protein 1.00 1.80

Total lipids 0.10 0.65
Carbohydrate 10.1 11.90
Dietary fiber 6.50 11.94
Total sugars 3.60 6.50

Sucrose 0.20 4.20
Glucose 1.86 2.50
Fructose 2.35 3.65
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Table 2. Cont.

Minerals Content [mg/100 g]

Calcium 24.0 35.6
Iron 0.55 0.80

Magnesium 9.00 23.0
Phosphorus 30.0 35.0
Potassium 133 184

Sodium 0.02 4.00
Zinc 0.30 0.42

Copper - 0.09
Manganese 0.11 0.67

Vitamins Content [mg/100 g]

Total ascorbic acid 13.4 43.9
Thiamin 0.03 0.10

Riboflavin 0.04 0.10
Niacin 0.03 0.70

Pantothenic acid 0.01 0.50
Vitamin B6 0.06 0.30

Total folate (µg) 21.0 36.0
Choline - 12.3

Vitamin A, RAE (µg) - 2.00
Lutein—zeaxanthin (µg) 136 360

Vitamin E 0.30 1.60
A-tocopherol 0.30 1.60

Vitamin K (µg) - 7.38
Raspberries are consumed as fresh or frozen fruits or as processed products such as juices, jams, or jellies [49,53].

Worldwide, 822,493 tonnes of raspberry are produced per year. Mexico, Serbia, and
the Russian Federation altogether produce more than 50% of the world’s total raspberry.
The major raspberry producer in the world is the Russian Federation, with 174,000 tonnes
of production per year; Mexico comes second with 128,848 tonnes of yearly production,
and the third largest producer of raspberry with 120,058 tonnes of production per year is
Serbia [9].

Raspberries are a good source of phenolic compounds and many nutrients, such as
vitamins, minerals, and fatty acids [54]. Raspberries are also rich in fructose and contain
small amounts of glucose and sucrose. Among vitamins, vitamin C is the most abundant,
followed by riboflavin, folic acid, and niacin. It is worth noting that a 100 g portion of
raspberries provides 50% of the recommended intake of vitamin C [49]. Raspberries are also
a good source of manganese, potassium, copper, and iron. The nutrient profile of raspberry
potentially helps regulate blood sugar levels by slowing digestion and contributes to a
satiety effect (given by the high fiber content) [12].

Likewise, other red fruits, such as raspberries, contain high levels of anthocyanins
and ellagitannins. Ellagic acid and ellagitannins exhibit a wide range of beneficial effects
on human health, such as antioxidant, antimutagenic, anticarcinogenic, and antiviral.
Besides anthocyanins and ellagitannins, raspberries contain other phenolic compounds,
including quercetin, kaempferol, and gallic acid, reaching a total phenolic content between
160–645 mg/100 g of fresh fruit [55–57].

2.3. Blackcurrants (Ribes nigrum)

Black currants represent an important cultivation among small fruits, with an annual
production of 185,000 tonnes. Most of the world’s production is concentrated in Europe,
which represents the largest world producer with 160,000 tonnes per year [34]. Globally,
Germany, Poland, and the United Kingdom contribute to about 80% of the total production
of blackcurrant.

Blackcurrant is widely recognized for containing high concentrations of phenolic com-
pounds (125–151 mg/100 g fresh weight), especially of proanthocyanins and anthocyanins,
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which together constitute 80% of total phenolics [55,58]. Furthermore, blackcurrants con-
tain high levels of vitamin C, about five times more than oranges [47,54], high minerals
(potassium, calcium, magnesium, and sodium), and monosaccharides [33] (Table 3).

Table 3. Nutrient composition of fresh blackcurrant per 100 g (adapted from [20,59–64]).

Blackcurrant Composition
Lowest Reported Highest Reported

Content [g/100 g]

Water 77.0 83.0
Dietary fiber 5.30 6.20
Total sugars 7.10 14.0

Sucrose 0.10 1.30
Glucose 1.71 3.42
Fructose 0.85 1.52

Minerals Content [mg/100 g]

Calcium 31.3 64.2
Iron 1.13 6.36

Magnesium 17.0 65.9
Phosphorus 35.0 40.0
Potassium 251 320

Sodium 0.98 2.50
Zinc 0.16 0.36

Copper 0.15 0.20
Manganese 0.002 0.52

Vitamins Content [mg/100 g]

Total ascorbic acid 98.0 284
Thiamin 0.08 0.11

Riboflavin 0.08 0.11
Niacin 37.6 41.1

Vitamin B6 0.10 0.50
Vitamin A 17.8 20.0

A-tocopherol 0.50 0.90

Vitamin C levels range from 98 to 284 mg/100 g of fresh fruit, covering 100% of recom-
mended daily intake with a portion of just 25 g. High levels of vitamin C, anthocyanins,
and phenolic compounds suggest that blackcurrant can be used as a potential nutraceutical
ingredient. Therefore, the phytochemicals present in blackcurrant have been extensively
studied for their antioxidant activity [65], anti-inflammation activity [66], neuroprotective
actions [67], anti-obesity properties [66,68], and anti-cancer properties [69].

Blackcurrants could be consumed as fresh fruit or as juices obtained from frozen pro-
cessed berries. However, when berries are frozen, chemical changes can occur, including the
concentration of solutes and chemicals, oxidative reactions, and enzyme activity. Contrarily,
total phenolic and anthocyanin contents decrease during the processing of berry fruits
into juices. Djordjević and co-workers [63] reported a strong reduction in anthocyanins,
varying from 12% to 80%, and a slight decrease in total phenolics during the processing of
berry fruits into juice. However, the content of total phenolics increased by 46.09–171.76%
when berries were frozen and stored for 1 year, while in juices, total phenolics increased by
107.58%. Contrarily, the content of total anthocyanins in berries and juices after 1 year of
storage decreased by 5.63–52.76% and 13.04–36.82%, respectively.

3. Red Fruits’ Conventional Fermentation through Lactic Acid Bacteria and Yeasts

LAB are among the most used microorganisms to transform vegetables and fruits into
more stable products. During fermentation, microbial enzymes produce newly derived
compounds impacting aroma and functionality, reduce sugar content, improve nutritional
value, and extend the shelf life of products.
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Frozen fruits, juices, or smoothies can be fermented by LAB, obtaining healthy and
functional products rich in bioactive compounds. To produce low-alcohol or non-alcoholic
berry beverages, various LAB species (Lactiplantibacillus plantarum, Levilactobacillus brevis,
Lactocaseibacillus rhamnosus, Lactobacillus acidophilus, Lactocaseibacillus casei) strains have
been used in berry fermentation [59,70,71].

During fermentation, microbial enzymes produce new derived compounds impact-
ing aroma and functionality (e.g., vitamins, phenolic compounds, or bioactive peptides),
reduce sugar content, improve nutritional value, and extend the shelf life of fruit-based
beverages [72,73]. Hence, depending on the juice and starter culture mix, fermented bever-
ages with outstanding beneficial effects related to phenolic content, bioactive compounds
presence, vitamin content, and probiotic activity could be obtained.

L. casei showed good adaptation when inoculated in blackberry juice, providing a
beverage with functional characteristics [74].

Wu and co-workers [69] fermented blueberry and blackberry juices using three poten-
tial probiotic strains, reaching the recommended level for probiotic effects in both juices
with each strain. In addition, fermentation improved the overall acceptability of both juices.
Authors observed an increasing trend in syringic acid, ferulic acid, gallic acid, and lactic
acid during fermentation. On the other hand, p-coumaric acid, protocatechuic acid, chloro-
genic acid, and anthocyanins decreased during fermentation, with cyanindin-3-glucoside
and peonidin-3-glucoside being the most affected, with a reduction of over 30%.

Low-ethanol blackcurrant beverage was obtained via sequential fermentation with
Metschnikowia yeasts, showing promising future prospects for the development of low-
ethanol content beverages [75]. The feasibility of efficient alcoholic fermentation using
red fruits as raw material to produce fruit wine is well documented and is a common
practice worldwide. Raspberry wines are characterized by high anthocyanins content
and aromatic descriptors associated with volatile compounds such as ethyl pyruvate and
ethyl butyrate [76,77]. In addition, raspberry wine is a rich source of phenolic compounds
and represents a traditional product in Asian countries, especially Korea [78]. Comparing
the proanthocyanidin content of grape wine with raspberry wine, the latter’s results are
three times richer, which explains the characteristic bitterness and astringency of raspberry
wine [79]. Blackberry, raspberry, and blackcurrant wines are established products in the
USA, mainly due to the peculiar flavor which distinguishes them from grape wine. In
addition, blackberry wine showed higher total phenolic and total anthocyanin contents
compared to grape wine and other fruit wines, as reported by Johnson and de Mejia [80].

4. Acetic Acid Bacteria-Based Beverages
4.1. Vinegar and Vinegar-Based Beverages

Vinegar is widespread in the world, and it is mainly known as a condiment and a
preservative of foods. However, more recently, vinegars with healthy attributes were rising
in the market. Some benefits to consuming vinegar include enhanced immunity, reduced
risk factors for cardiovascular diseases, improved digestion, appetite suppression, and
reduced fasting blood glucose, blood pressure, and serum cholesterol [81].

Conventionally, vinegar is produced from several raw materials, such as grapes,
apples, rice, and diluted ethanol, according to established practices [82,83]. Moreover,
several works highlight the feasibility of vinegar production from other fermentable raw
materials, mainly fruits such as dates, oranges, strawberries, pineapples, and prickly
pears [18,84–87].

Basically, in order to obtain vinegar both in submerged and static fermentation regimes,
mixed AAB starter cultures are used [88,89]. In vinegar, AAB drives the production of acetic
acid, thereby preventing the growth of microbial competitors. Some AAB also produce a
cellulosic layer when growing in media containing sugars. Bacterial cellulose is a biopoly-
mer of interest in the biotechnological industry, as well as a compound occurring in some
fermented beverages [90,91]. Cunha and co-workers [92] produced blackberry vinegars
through successive acetification cycles and evaluated bioactive compound variation from
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raw material to the final product. Vinegars were characterized by an average acetic acid con-
tent of 51.6 g/L and considerable quantities of phenolic compounds. Interestingly, phenolic
compounds, antioxidant potential, and anthocyanins content were observed to be stable
along several acetic fermentation cycles. On the other hand, a slight decrease in phenolic
compounds, antioxidant potential, and anthocyanins content was observed when com-
paring blackberry wine and vinegar after acetic fermentation. However, the anthocyanins
content in blackberry vinegar was appreciable (32.78 mg cyanidin 3-glucoside/L).

Su and Chien [93] obtained a blueberry vinegar with an anthocyanins content of
3.22 mg/100 mL via fermenting fruits and barks. In addition, Dogaru and co-workers [94]
reported a higher antioxidant capacity of raspberry and blackberry vinegars compared
to bilberry and apple vinegars, reaching a total antioxidant capacity of 16.0 and 15.2 mM
Fe2+/L, respectively.

The high phenolic compounds content and high antioxidant capacity of red fruit
vinegars, along with the presence of organic acids and amino acids, could have health-
promoting effects on human beings. Indeed, bioactive compounds of red fruit vinegars
have been correlated with positive effects, such as an increase in digestion absorption and
decreases in cardiovascular disease, serum cholesterol level, arterial stiffening, and blood
pressure, by various studies [18,95–99]. In addition, the bioactive compounds in vinegars
can be produced and/or increased through the overall vinegar fermentation process, where
phenolic compounds are transformed into new antioxidative molecules.

Next to the production of vinegar, a range of non-dairy products consists of low-
alcoholic and non-alcoholic fermented beverages. These products, although they could be
an alternative to dairy-based beverages in terms of texture, flavor, as well as nutritional
value, have received little attention from consumers and industry, especially in Western so-
ciety [100]. Instead, the production and consumption of vinegar-based beverages obtained
from fruits are more developed in Asian countries such as China or Korea [101].

Kim and co-workers [102] extensively investigated the physicochemical properties of
various commercially available vinegar-based beverages at low- or non-alcohol content
consumed in the Korean market, including their pH, acidity, sugar, total soluble sugar, total
acid, and total amino acid content. Acetic acid content ranged between 0.84 to 1.91 g/L, rep-
resenting more than 50% of total acid content. Oxalic, citric, malic, succinic, and lactic acids
were also present. The authors also evaluated total phenolic compounds, anthocyanins,
flavonoid content, and antioxidant activity. Specifically, blackberry vinegar-based bever-
ages had high total anthocyanin content (13.21 mg/100 mL), antioxidants activity (10.98 %),
total polyphenol content (87.25 mg/100 mL), and flavonoid value (51.12 mg/100 mL).

4.2. Kombucha and Gluconic Beverages

Kombucha is a slightly sweet and sparkling beverage obtained from fermented green
or black tea with sugar via a microbial consortium composed of several AAB, yeasts, and
LAB [103]. This microbial consortium forms a powerful symbiosis capable of inhibiting the
growth of potentially contaminating microorganisms. The fermentation process also leads
to the formation of a cellulose pellicle due to the activity of AAB, mainly belonging to the
Komagataeibacter genus [104]. Actual food trends toward minimally processed products,
without additives, with high nutritional value and health benefits, have increased with
consumer awareness. In this context, traditional Kombucha tea has recently captured
the attention of researchers and consumers. In addition, Kombucha consumption has
been associated with a wide range of health functions, such as anti-inflammatory and
hypoglycemic effects, and antioxidant, antimicrobial, and antiproliferative properties,
and mainly related to the presence of organic acids, vitamins, minerals, and phenolic
compounds [105].

Although studies [106] confirmed that the fermentation process breaks down larger
compounds already present in the liquid into small molecules with greater bioavailability,
initial substrate composition in terms of bioactive compounds is fundamental. Indeed,
recently, different substrates have been tested in the fermentation of kombucha tea, re-
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sulting in new kombucha beverages with different sensorial properties and functional
properties [107].

Salak, commonly known as snake fruit in Indonesia, was used to produce Salak kom-
bucha, fermenting salak juice over 14 days. The obtained functional fermented beverage,
rich in antioxidants, such as tannins and polyphenols, and organic acids, such as acetic,
citric, and lactic, was demonstrated to have anti-hyperglycemia activity [108].

Moreover, kombucha prepared using black tea, sugar, and different berry fruits (black-
berry, raspberry, and red goji berry) resulted in much richer in mineral and phenolic
contents compared to standard kombucha [109]. Blackberry kombucha was the most
appreciated and was characterized by the highest catechins content (92.38 mg/100 g)
and good contents in potassium (1487.52 mg/kg), calcium (271.45 mg/kg), and magne-
sium (236.41 mg/kg). On the other hand, raspberry kombucha had higher potassium
(1486.323 mg/kg) content but was lower in calcium (236.47 mg/kg) and phosphorus
(197.52 mg/kg).

Likewise, in red fruit vinegar production, the total phenol content of kombucha
increases due to the release of small molecules with higher antioxidant activities caused by
enzyme activity or acidity increase during the fermentation process. On the other hand,
as observed by Ulusoy and co-workers [110], extended storage time could affect total
phenol content in black carrot kombucha, blackthorn kombucha, and raspberry kombucha.
However, even though the reduction in total phenol content, raspberry kombucha showed
high antioxidant capacity primarily constituted by anthocyanins and ellagitannins.

Other than antimicrobial and anti-proliferative properties, kombucha produced from
red fruits could have a potential gastroprotective effect given by the high phenolic content,
as reported by Barbosa and co-workers [111]. Indeed, phenolic compounds have been
reported to stimulate e Prostaglandin E2 and to improve the status of different oxidative
stress biomarkers [111,112]. By choosing initial substrates rich in phenolic compounds, the
beneficial effects of kombucha could be further improved.

An innovative trend of the last years is acidic beverages containing mainly gluconic
acid as an acidifier. These beverages are based on the fermentation by Gluconobacter
sp., which transforms the glucose present in the fruit juice into gluconic acid. However,
few examples of beverages from fruits containing no ethanol obtained by AAB exist on
the market.

The study of Hornedo-Ortega and co-workers [113] demonstrated that alcoholic
fermentation of strawberry purees decreased the anthocyanin content, while gluconic
fermentation preserved these compounds, which is an advantage of this last process.
Following these results, the authors reported that the chemical composition and antioxidant
activity of strawberry gluconic beverage are stable for 60 days of storage at 4 ◦C [113].

However, the use of kombucha microbial consortium to ferment alternative raw
matrices is becoming even more popular in trying to achieve the aim of producing novel
pro-healthy and eco-friendly products. Moreover, in the agricultural and food field, there
are numerous by-products coming from other food productions that still have an exploitable
potential use. As a matter of fact, many times, the waste products of food processes still
contain nutritional valuable compounds, such as proteins, sugars and polysaccharides,
minerals, and secondary metabolites. Thus, matrices such as soybean whey and banana
peel extract have been shown to be suitable for microbial fermentation, leading to beverages
containing bioactive compounds with antioxidant and antimicrobial features [114,115].

5. Opportunities and Challenges

Currently, zero- and low-ethanol fermented beverages available on the market are
produced mainly from fermentation processes by LAB. Most of these products are milk-
based beverages [100]. Nowadays, there is an expanding market of zero- and low-alcohol
beverages due to major awareness about the long-term effects of ethanol intake, and societal
and individual vulnerability factors on alcohol consumption, in conjunction with a greater
propensity of consumers to purchase healthier foods [116–118]. However, the habit of
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consuming alcoholic beverages is still very widespread despite the health and religious
aspects, being linked to deeply rooted cultural factors and food styles. The consumption of
zero- and low-alcohol beverages could be enlarged and supported by the introduction of
new fermentation processes.

In this light, exploring AAB for producing non-conventional beverages from red
fruits meets different needs which cross the consumer health and acceptance, as well as
sustainable principles, reducing food wastes and recovering seasoning surplus. Moreover,
considering fruits or leaves (as in the case of kombucha-based beverages), it is possible to
set up bioprocesses for obtaining beverages at zero- and low-ethanol content and with no
added sugars.

Numerous raw materials could be suitable as a substrate for fermentation by AAB,
but few examples of marketed beverages, except for vinegar and, more recently, kombucha
tea, are available. In particular, to obtain functional beverages, red fruits could represent
suitable substrates bringing a positive impact on human health [119]. Eventually, even red
fruit waste or by-products, such as leaves or seeds, could be used as raw materials rich in
bioactive compounds. Ziemlewska and co-workers [120] utilized the kombucha microbial
community as a starter culture to ferment red fruit leaves, obtaining an extract rich in
bioactive compounds. Fermented and raw extracts were compared in terms of antioxidant
potential and anti-aging properties. Results showed higher effects in fermented extracts,
highlighting the positive impact of AAB on bioactive compounds.

In this frame, the know-how acquired in vinegar production can be the starting point
for vinegar-based, zero- and low-ethanol, and gluconic beverages. Indeed, established
techniques, such as static and submerged methods, could be suitable for developing new
healthy products [121–123]. Future challenges that need to be considered include the
optimization of vinegar fermentation methods for non-conventional raw materials and the
increase in consumer awareness for new healthy products.

However, AAB fermentation could play a key role in the emerging market of zero-and
low-alcohol beverages, contributing to more sustainable productions of beverages and
positively impacting public health.
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Abstract: Despite the important roles of lipids in winemaking, changes in lipids during grape ripening
are largely unknown for New Zealand (NZ) varieties. Therefore, we aimed to determine the fatty acid
profiles and total lipid content in two of NZ’s major grape varieties. Using gas chromatography–mass
spectrometry, absolute quantification of 45 fatty acids was determined in Sauvignon blanc (SB) and
Pinot noir (PN) grapes harvested at two different stages of ripeness. Lipid concentrations were as
high as 0.4 g/g in seeds of both varieties, while pulp contained the least amount. Many unsaturated
fatty acids were present, particularly in grape seeds, while skin contained relatively higher amounts
of saturated fatty acids that increased throughout ripening. For both varieties, a significant increase
in lipid concentration was observed in grapes harvested at the later stage of ripeness, indicating
an association between lipids and grape maturity, and providing a novel insight about the use of
total lipids as another parameter of grape ripeness. A variety-specific trend in the development and
extraction of grape lipids was found from the analysis of the must and ethanolic extracts. Lipid
extraction increased linearly with the ethanol concentration and with the extended pomace contact
time. More lipids were extracted from the SB pomace to the must than PN within 144 h, suggesting a
must matrix effect on lipid extraction. The knowledge generated here is relevant to both industry and
academia and can be used to develop lipid diversification strategies to produce different wine styles.

Keywords: GC-MS; wine; ripening indices; lipid extraction; varietal differences; juice matrix

1. Introduction

Lipids are an important group of molecules that directly contribute to wine aroma
development, and recent work has suggested they may also play a role in wine mouthfeel [1,2].
Lipids, including fatty acids, phospholipids, sterols and others have important biological
functions in all cell types such as energy storage, cellular communication, biological process
regulation and maintenance of cell membrane structure [3,4]. This group of metabolites is
distributed within different grape tissues, particularly concentrating in the skin and seeds.
A study of six different grape varieties revealed that lipid concentration ranged from 0.15%
to 0.24% of fresh berry weight [5]. Grape seeds usually contain the highest proportion of
lipids and are rich predominantly in mono- and polyunsaturated fatty acids. Grape skins
contain a range of lipids that act as the main protective barrier to prevent evaporation of
water and cellular contents [6].

Very little research has been carried out thus far to characterize lipids in different
grape varieties compared with other primary metabolites (e.g., sugars, organic and amino

144



Fermentation 2023, 9, 357

acids). As the grape juice matrix mostly consists of water, there was a misconception
among scientists that lipids are not extracted from the pomace to the juice, especially in
the production of white wines as no, or very little, skin contact is used in this process.
However, a pilot study on New Zealand Sauvignon blanc (SB) juices showed that the total
lipid concentration of grape juices can be as high as 2.8 g/L, with <15% available as free
fatty acids [7]. Moreover, the SB juices sampled during commercial processing were shown
to contain a diverse range of lipid species, including odd-numbered and hydroxy fatty
acids, as well as other common saturated and unsaturated free and bound fatty acids.
Quantitative data from a recently published study also showed that a variety of free fatty
acids ranging from C6 to C24 are present in New Zealand SB juices [8]. Palmitic, stearic,
linoleic, and γ-linolenic acids were the four most abundant free fatty acids detected in the
380 juice samples analyzed [7,8]. In another study, Arita, et al. [9] carried out comprehensive
lipidome analyses of Pinot noir (PN) and Koshu grape berries and found clear differences
in fatty acids and other lipid components. For example, at least 36 of 49 lipid components
were significantly higher in PN skins than Koshu skins. PN skins also contained more lipids
that had alkyl chains with >18 carbons, and a loss of C18:3 fatty acids during the ripening
of Koshu grapes was observed, which may have been converted into (Z)-hex-3-enal, the
precursor of C6-aroma compounds.

As grape pulp contains comparatively less lipid and fatty acids than grape skins and
seeds, most of these compounds are extracted by the grape juice from the pressing of grapes
and through prolonged skin/pomace contact. Studies have shown that extended pomace or
skin contact and different pressing conditions alter the fatty acid composition of the grape
juices either by increasing specific fatty acids (C18:2 and C18:3 fatty acids) or by reducing
the amount of C6 compounds [10]. Comparison among different white and red varieties of
grapes indicated a variety and grape tissue–specific differences in lipid composition [4]. For
example, grape seeds usually contain ~60% unsaturated fatty acids, with linoleic acid being
the predominant, and a high concentration of glycerophospholipids. Moreover, lignoceric
acid was one of the main free saturated fatty acids in grape skin along with palmitic and
stearic acids [4,11]. These results clearly highlight the diversity of grape lipids across grape
varieties and their localization in different grape tissues.

Lipids and fatty acids play a significant role in wine yeast metabolism, particularly
under anaerobic winemaking conditions. Saccharomyces cerevisiae and many other wine
yeast strains are not able to produce fatty acids while growing in the absence of oxygen [12].
Under winemaking conditions, yeast cells are subjected to various stresses arising from
osmotic pressure, ethanol toxicity and anaerobiosis. Lipids, specifically fatty acids, present
in fermentation media then become an important source of nutrients that ensure optimum
growth and fermentation performance of wine yeasts [13]. The literature evidence shows
that lipids and fatty acids can modulate wine yeast metabolism, thus influencing the pro-
duction of wine aroma compounds [14–18]. Pre-fermentative supplementation of common
saturated and unsaturated fatty acids usually presents in grape juices significantly affected
the growth and metabolism of wine yeasts, albeit in different ways [15,18]. Therefore,
the availability of different fatty acids, even during the pre-inoculum preparation, causes
significant variations in the yeast cells, thus modifying their metabolism and overall aroma
production during winemaking.

In addition to modifying their metabolic activity, availability of fatty acids and other
lipids changes the membrane composition of S. cerevisiae cells, thereby providing better
protection against different stresses [19,20]. Supplemented fatty acids (e.g., palmitic and
palmitoleic acids or mixture of fatty acids) are promptly consumed by wine yeasts and
incorporated into the cell, allowing the yeast cells to be more viable in different fermentation
conditions, which resulted in better survival and fermentation performance [21,22]. In
addition to providing protection at low temperature, different lipids and fatty acids present
in the yeast cell membrane proved to provide protection against ethanol toxicity during
fermentation [23]. Modification and rearrangement of yeast cell lipid composition by
changing the availability of lipid molecules in the exogenous media could be used to
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produce different styles of wines from grape juices with modulated lipid and fatty acid
contents. Additionally, recent research by Phan and Tomasino [24] found that the PN
lipidome could be used to predict wine origin, showing that lipids persist in wines after
fermentation, albeit at very low concentrations (<0.1%). Investigations into potential
sensory impacts of lipids in finished wines found that phospholipids could induce a
detectable increase in perceived viscosity of model wine [1]. However, attempts to increase
the concentrations of lipids in real wines by adding yeast product were unsuccessful, and
therefore the implications for mouthfeel perception unclear [25].

Most of the studies carried out on New Zealand wines investigated the influence of
fatty acids on wine yeast metabolism and aroma production. The only study completed
on the comprehensive lipidome of grape juices in New Zealand was on SB juices [7].
Therefore, there is a lack of knowledge about lipid composition in different grape varieties
and how these molecules contribute to the wine quality and sensory properties. This project
aimed to fill the gap in knowledge, mainly by determining total lipid content and fatty
acid composition of two main New Zealand grape varieties. Here, we investigated the
differences in lipid and fatty acid composition at different stages of ripening of SB and
PN grapes while determining the effect of skin (pomace) contact time on lipid extraction
into the must. We also explored the influence of alcohol concentration (mimicking wine
fermentation) on lipid extraction from grape pomace.

2. Materials and Methods
2.1. Experimental Design-Collection of Grapes and Sampling Protocols

Approximately 30 kg of grapes was harvested from the same blocks at two different
ripening stages (harvest 1 = unripe grapes and harvest 2 = ripe grapes). SB was sourced
from the Marlborough Research Centre’s Rowley Vineyard (harvest 1 on 23 March 2019
and harvest 2 on 30 March 2019) while PN grapes were harvested from Omaka Settlement
Vineyard of Dog Point situated in Marlborough wine region, New Zealand (harvest 1 on
15 March 2019 and harvest 2 on 22 March 2019). These vineyards follow the standard
seasonal canopy management used in New Zealand.

After harvest, a representative sample of 100 grapes was collected from approximately
25 different bunches from each harvest to separate and collect the different grape tissue
types (skin, seeds, and pulp). Then, 25 kg of grapes was weighed, crushed, and destemmed
using dry ice and 100 ppm potassium metabisulfite (PMS) was added. Using a hydro-
bladder press (Fratelli Marchisio & C.S.p.A., Pieve di Teco, Italy), crushed grapes were
immediately pressed following protocols for SB developed in our research winery and the
juice collected under CO2 cover. Resulting juices and pomaces were weighed separately and
the juice-to-pomace ratio was determined for the reconstitution of the musts and pomaces.
A further 60 ppm PMS was added to each treatment to minimize oxidation. Figure 1 shows
a schematic diagram of the sample preparation protocol (total n = 122 including grape
skin, seeds, and pulp). Approximately 100 mL fresh juice after each press was collected in
triplicate for various analyses. Juices and pomaces were reconstituted with the same juice
and pomace ratio determined after pressing (final volume ~2 L) in triplicate to simulate
extended pomace contact under standard cold soak conditions at 6 ◦C. Pomace contact time
varied depending on grape variety to make it relatable with commercial winery practices:
SB juices were kept in contact with pomace for 12 and 24 h while PN juices were in contact
with pomace for 72 and 144 h. Another set of samples was prepared by reconstituting
pomace using aqueous ethanol solutions in triplicate (final volume ~2 L) using the same
juice and pomace ratio after pressing at three different ethanol concentrations (0%, 9% and
13% ethanol). Moreover, 0% mimicked the beginning of fermentation, while 9% and 13%
represented mid and late stages of fermentation. Pomace contact was maintained for 72 and
168 h; however, the temperature regime was different for the grape varieties. SB ethanolic
extractions of pomaces were carried out at 15 ◦C resembling commercial SB winemaking in
New Zealand and PN ethanolic extractions of pomaces were performed at 24 ◦C, similar to
commercial PN production (Figure 1).
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Figure 1. Sample preparation protocol for the project. Here, PMS = potassium metabisulphite,
T0 = fresh juices without pomace contact. T denotes the time of pomace contact, number of samples
from each stage is shown in red. Green represents Sauvignon blanc while purple shows Pinot noir
sampling method. The total number of samples was 122.

2.2. Determination of Major Oenological Parameters

Total soluble solids (TSS) content of all samples was determined using a handheld
digital refractometer (Atago, Tokyo, Japan). Titratable acidity and pH were determined
using a Mettler Toledo (Columbus, OH, USA) T70 autotitrator with an end-point titration
to pH 8.2 and calculated in tartaric acid equivalents (g/L) [26]. Aqueous sodium hydroxide
(0.1 M) was used as the titrant. Wine samples were degassed prior to analysis.

Primary amino acid (PAA) concentrations were measured using the nitrogen by
o-phthaldialdehyde (NOPA) assay adapted for small volumes [27]. The reaction was mea-
sured using a Molecular Devices (San Jose, CA, USA) Spectramax 384 Plus plate reader
with a 1-cm pathlength cuvette reference correction. Sample PAA concentrations were
quantified in duplicate against a five-point isoleucine standard curve (R2 > 0.98). Ammo-
nium concentrations were measured by an enzymatic assay monitoring the deprotonation
of NADPH at 340 nm using the plate reader. Enzymes were purchased from Megazyme
(Bray, Ireland); ketoglutaric acid was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Samples were appropriately diluted (usually two-fold) and quantified in duplicate against
a five-point standard curve (R2 > 0.98). Yeast available nitrogen (YAN) was calculated as
the sum of PAA plus ammonium expressed in mg/L of nitrogen.

Glucose and fructose were quantified by enzymatic assay based on the reduction
in NADP to NADPH, and the reaction was monitored at 340 nm using the plate reader.
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Enzymes and cofactors were purchased from Megazyme (Bray, Ireland). Samples were
appropriately diluted and quantified in duplicate against an eight-point standard curve
(R2 > 0.98). This method was adapted from the Compendium of International Methods of
Analysis OIV-MA-AS311-02.

The optical density of the juice was determined in duplicate directly in a UV-transparent
96-well microplate at 280, 320, and 420 nm based on the method described in Martin, et al. [26].
Absorbance at 280 nm was used to quantify total phenolics against a five-point gallic acid
standard curve (five-point, R2 > 0.98).

2.3. Quantification of Major Organic and Amino Acids

A Shimadzu Prominence high performance liquid chromatography (HPLC) (Shimadzu
Corporation, Kyoto, Japan) system with a diode array detector (DAD) equipped with an
Allure Organic Acids Restek column (Bellefonte, PE, United States; 5 µm, 240 × 4.6 mm)
was used to quantify organic acids (tartaric, malic, ascorbic, citric and succinic acids)
in samples based on the method reported by Shi et al., 2011 [28] and validated in our
laboratory. Briefly, samples were diluted five-fold and filtered through a 0.22 µm syringe
filter before injection. A 25-min isocratic method using phosphate buffer (25 mM, pH 2.3)
was run at 0.6 mL/min and 30 ◦C. Samples were run in duplicate and quantified on a
six-point standard curve (R2 > 0.98).

Quantification of amino acids in grape juices was performed on an Agilent 1200 series
HPLC (Santa Clara, CA, USA) equipped with a Thermo Fisher Scientific Hypersil Gold
C18 column (Waltham, MA, USA; 5 µm, 250 × 3.0 mm) using gradient elution with a
phosphate/borate buffer (10 mM each, pH 8.2) containing 0.1 v/v% tetrahydrofuran (THF)
and a combination of methanol, acetonitrile and water as the organic solvent (45:45:10), run
at 1.5 mL/min and 40 ◦C. The method was adapted from an application note by Henderson
and Brooks [29], validated in the laboratory and described in Martin et al. [26,27]. Briefly,
online derivatization of primary amino acids was carried out with o-phthalaldehyde
and 3-mercaptopropionic acid and detected by a DAD at 340 nm excitation and 450 nm
emission. Samples were treated with iodoacetic acid to encourage the reduction in cysteine.
Secondary amino acids were derivatized online with 9-fluorenylmethyl chlo-roformate and
detected by fluorescence (260 nm excitation, 315 nm emission). A standard mix of 17 amino
acids was purchased from Agilent (Santa Clara, CA, USA). Internal standards sarcosine
(100 mg/L) and α-aminobutyric acid (100 mg/L) were added to all standards and samples
to account for potential injection volume variability. Samples were analyzed both undiluted
and diluted ten-fold in water for the quantification of low and high abundance amino acids
respectively and filtered through a 0.45-µm syringe filter before injection. All samples were
analyzed in duplicate and quantified on a six-point standard curve (R2 > 0.98) [29].

2.4. Lipid Extraction and Transesterification

Lipid extraction of the samples was performed using a modified protocol published
by Díaz de Vivar, et al. [30]. As different types of samples were generated during this study,
optimization of the extraction method was carried out to determine the amount and volume
of sample required for extracting lipids. For juice and alcoholic extracts, 2 mL of the sample
provided optimum results while 10 mg of the sample was required for analyzing seeds,
skin, and pulp. Grape seeds, skins and pulp were freeze-dried and ground into a powder,
which was then used for the extraction of lipids and fatty acids. Lipids were extracted by
adding 250 µL of distilled water to 2 mL of juice and alcoholic extracts and 10 mg powder
of seeds, skins and pulp. After this, 125 µL of chloroform with internal standard (C23:
0.48 mg in 50 mL of chloroform) and 250 µL of methanol were added and mixed thoroughly.
The samples were centrifuged at 2500 rpm for 5 min and transferred to new glass vials.
Another 250 µL of distilled water and 250 µL of chloroform were added to the samples,
mixed, and again centrifuged at 2500 rpm for 5 min. The top layer was discarded and the
bottom layer containing the lipids in chloroform was transferred to a gas-chromatography
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(GC) vial. Using a SpeedVac (Savant SP5121P, ThermoFisher, Waltham, MA, USA) the
chloroform layer was concentrated prior to transesterification.

Transesterification was performed using a modified protocol published by Díaz de
Vivar, et al. [30]. Lipid extract (1 mL) was transferred to screw-cap glass culture tubes and
2 mL of internal standard (C19:0) solution dissolved in methanol: toluene 4:1 (v/v) was
added. For the seed samples, a 1:10 dilution was performed using toluene. A magnetic stir
bar was placed inside the tube and 200 µL of acetyl chloride was added to the tube over
a period of 1 min. The tube was tightly closed with the Teflon cap prior to determining
the weight and it was then placed in a heating/stirring dry block at 100 ◦C for 1 h. After
this, the tube was cooled in water, dried and the weight was determined again to check for
any leakage. To stop the reaction and neutralize the mixture, 5 mL/sample of 6% K2CO3
solution was added very slowly and mixed by vortexing prior to centrifuging at 2500 rpm
for 5 min. Approximately 200 µL of the upper toluene phase was transferred to a vial for
analysis by gas chromatography–mass spectrometry (GC-MS).

2.5. GC-MS Analysis

The transesterified lipid extracts were injected on to a GC-MS (Agilent GC 7890 cou-
pled to a MSD 5975, Agilent Technologies, Santa Clara, CA, USA) with a quadrupole mass
selective detector (EI) operated at 70 eV using helium as the carrier gas. Instrument analyti-
cal parameters were based on those developed by Kramer et al. [31]. Column selection was
based on the recommendations from the Official Methods for the determination of trans
fat (American Oil Chemists Society). The column was a fused silica Rtx-2330 100 m long,
0.25 mm internal diameter, 0.2 µm highly polar stationary phase (90% biscyanopropyl 10%
cyanopropylphenyl polysiloxane, Shimadzu, Kyoto, Japan). The carrier gas was instrument
grade helium (99.99%, BOC). One microlitre of the sample was injected using a CTC PAL
autosampler into a glass 4-mm ID straight inlet liner packed with deactivated glass wool
(Restek Sky®, Bellefonte, PA, USA). The inlet temperature was 250 ◦C, in splitless mode,
and the column flow was set at 1 mL/min, with a column head pressure of 9 psi, giving an
average linear velocity of 19 cm/s. Purge flow was set to 50 mL/min 1 min after injection.
After injection at 60 ◦C, the oven temperature was raised to 150 ◦C at a rate of 40 ◦C min−1,
and then to 230 ◦C at 3 ◦C min−1 and finally held constant for 30 min. The GC oven
temperature programming started isothermally at 45 ◦C for 2 min, increased 10 ◦C/min
to 215 ◦C, held 35 min, increased 40 ◦C/min to 250 ◦C and held 10 min. The transfer line
to the mass spectrometric detector (MSD) was maintained at 250 ◦C, the MSD source at
230 ◦C and the MSD quadrupole at 150 ◦C. The detector was turned on 14.5 min into
the run. The detector was run in positive-ion, electron-impact ionization mode, at 70 eV,
with the electron multiplier set with no additional voltage relative to the autotune value.
Data were acquired at 1463 amu/s in scan mode from 41 to 420 atomic mass units, with a
detection threshold of 100 ion counts.

Fatty acid methyl ester (FAME) peaks were identified by comparing their retention
times with those of 52 authentic FAME standards (Nu-Chek-Prep, Inc., Elysian, MN, USA-
52 component FAME mix; GLC reference standard 674) and based on the in-house MS
library. A five-point calibration curve was prepared in order to quantify the fatty acids
positively identified in the samples.

2.6. GC-MS Data Mining

Data analysis was automated and performed with in-house R package developed at
the University of Auckland metabolomics laboratory [7,8]. The raw data output from the
GC-MS was converted to AIA format (.cdf) and analyzed using automated mass spectral
deconvolution and identification software (AMDIS, http://www.amdis.net/, accessed on
4 April 2020) and an in-house MS library of 52 fatty acids derivatized compounds and
one extra standard (C19:0). The reference ion used as a measure of abundance for each
compound is usually the most abundant fragment and is not the molecular ion. As the
output from AMDIS returns zero values that are not suitable for statistical analysis, an
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in-house R-script MassOmics was used in conjunction with the AMDIS output to produce
data that include trace levels of metabolites normally excluded by AMDIS. The values
are generated from the maximum height of the reference ion for the compound peak.
Unlike peak area, peak height is affected by chromatographic disturbances such as column
contamination, and as a result early eluting peaks may sometimes be under-represented.
Data were checked against negative controls and obvious contamination, or artifacts were
highlighted in the uncorrected results and removed in the corrected results. Coeluting
peaks were highlighted, checked and corrected. Where two identifications were equally
likely for one peak, both identifications have been reported. The resulting dataset was
then normalized by the internal standard “nonadecanoic acid” and average peak responses
from experimental “blank” samples were deducted from experimental samples to account
for baseline response. Quantification was performed using calibration curves obtained
from the analysis of standard mix samples. Lastly, sample biomass/volume normalization
and dilution correction (if required) were performed to obtain the final quantified data.
Approximate total lipid content was calculated by summing the concentrations of all
detected free fatty acids in the samples according to Van Wychen and Laurens [32].

2.7. Statistical Analysis

Data were log-transformed prior to performing any statistical analyses. Independent
Student’s t-tests were performed to compare the changes in the total lipids, fatty acids
and oenological parameters (e.g., alcohol content, volatile thiol concentrations, amino
and organic acids) of each treatment compared with their respective controls using an
in-house R script. One-way analysis of variance (ANOVA) was also performed to compare
different treatments. Microsoft Excel 2010 was used to determine mean and standard
deviation of triplicate controls and treatments. A web-based platform Metaboanalyst 4.0
(http://www.metaboanalyst.ca, accessed on 4 April 2020) was used to perform different
unsupervised and supervised statistical analyses including principal component analysis
(PCA), partial least square-discriminant analysis (PLS-DA), variance in projection (VIP)
and also to generate the heatmap (distance measure: Euclidean and clustering algorithm:
Ward). A machine learning algorithm in Metaboanalyst 4.0 “pattern searching” was also
used to determine the top 25 features correlated (using Pearson correlation method) with
the total lipids and major fatty acids [33].

3. Results and Discussion
3.1. Chemical Composition of the Sauvignon Blanc (SB) and Pinot Noir (PN) Juices and Alcoholic
Extracts

We determined the chemical composition of both the SB and PN juices just after press-
ing, juices with prolonged pomace contact and ethanolic extracts of the grape pomaces.
Table 1 details the main oenological measurements and organic and amino acids present in
the SB and PN juices. Although we intended to collect the SB grapes at 18 ◦Brix for harvest
1 and 21.5 ◦Brix for harvest 2, the TSS in our final samples was 19.9 ◦Brix and 21.8 ◦Brix,
respectively. Similarly, the TSS in the PN grapes was 22.1 ◦Brix (instead of 20 ◦Brix) and
24.7 ◦Brix (instead of 23.5 ◦Brix) for harvest 1 and harvest 2, respectively. As the Marlbor-
ough region experienced a much warmer summer in 2019, the grape ripening was faster
than previous vintages. However, there was at least a 2 ◦Brix difference in the TSS between
the harvests, and titratable acidity and YAN data also reflected the different fruit maturities
at each harvest (Table 1).

Most of the chemical parameters shown in Table 1 varied between harvests, depending
on the grape variety. We observed no significant variation in pH and ammonium (p > 0.05)
between harvest 1 and 2 in both the SB and PN juices. In the PN juices, both tartaric
and malic acid concentrations were significantly lower and sugar concentrations were
much higher in the harvest 2 juices. Tartaric acid and total reducing sugar concentrations
changed little between harvests in the SB juices, but a significant reduction in malic acid
concentration and titratable acidity was observed in the harvest 2 juices, suggesting a more
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advanced ripeness stage compared to with harvest 1. SB and PN amino acids showed
varietal differences, and most of their concentrations increased in the harvest 2 samples
(Table 1). Additionally, total polyphenols increased 3.5-fold in the PN harvest 2 grape juices
compared with harvest 1, suggesting that the harvest 2 grapes were indeed more mature.

Table 1. Chemical properties of harvest 1 and 2 Sauvignon blanc and Pinot noir juices prior to
pomace contact.

Sauvignon
Blanc Pinot Noir

Harvest 1 Harvest 2 p-Value Harvest 1 Harvest 2 p-Value

Total soluble solids (◦Brix) 19.9 (0.1) 21.8 (0.0) <0.05 22.1 (0.1) 24.7 (0.1) <0.05
Titratable acidity (g/L) 11.7 (0.04) 9.77 (0.02) <0.05 9.09 (0.06) 6.95 (0.05) <0.05

pH 3.02 (0.01) 3.05 (0.00) >0.05 3.12 (0.01) 3.22 (0.01) >0.05
Tartaric acid (g/L) 7.66 (0.14) 7.09 (0.02) >0.05 6.30 (0.07) 3.30 (0.08) <0.01
Malic acid (g/L) 5.74 (0.11) 4.70 (0.01) <0.05 4.68 (0.05) 3.62 (0.01) <0.05
YAN (mg N/L) 155 (14) 179 (4) <0.05 191 (3) 219 (0) <0.05

Ammonium (mg N/L) 61 (14) 67 (2) >0.05 82 (0) 81 (1) >0.05
PAA (mg N/L) 94 (0) 112 (2) <0.05 109 (2) 139 (1) <0.03

Total reducing sugar (g/L) 221 (19) 237 (4) >0.05 231 (1) 293 (11) <0.05
Glucose (g/L) 122 (7) 129 (3) >0.05 121 (2) 155 (7) >0.05
Fructose (g/L) 99 (11) 108 (7) <0.05 110 (3) 138 (4) <0.01

Total Phenolics (mg gallic
acid/L) * 252 (2) ND 424 (5) 1517 (69) <0.01

Aspartic acid (µmol/L) 237 (7) 397 (3) <0.01 254 (3) 161 (4) <0.01
Glutamic acid (µmol/L) 827 (14) 861 (14) <0.05 751 (6) 786 (15) >0.05

Serine (µmol/L) 281 (5) 357 (6) >0.05 377 (5) 504 (12) <0.01
Arginine (µmol/L) 1243 (22) 1476 (37) <0.05 1473 (20) 2143 (51) <0.01
Alanine (µmol/L) 682 (11) 806 (7) <0.01 807 (8) 1181 (21) <0.01

Histidine (µmol/L) 810 (12) 901 (17) <0.05 767 (32) 1102 (29) <0.01
Threonine (µmol/L) 454 (6) 446 (4) >0.05 551 (9) 682 (10) <0.05

Valine (µmol/L) 143 (4) 158 (6) >0.05 153 (8) 171 (4) >0.05
Proline (µmol/L) 873 (107) 1032 (93) <0.05 681 (92) 636 (54) >0.05

Methionine (µmol/L) 77 (6) 106 (2) <0.05 142 (2) 213 (4) <0.01
Isoleucine (µmol/L) 48 (2) 59 (1) >0.05 89 (1) 107 (2) >0.05
Leucine (µmol/L) 51 (6) 72 (1) >0.05 124 (0) 168 (3) <0.05

Phenylalanine (µmol/L) 39 (0) 64 (1) <0.05 45 (0) 59 (1) >0.05

* indicates missing data; ND = not determined; PAA = primary amino acids; YAN = yeast available nitrogen.
p-values were determined by comparing harvest 1 and harvest 2 values using independent t-test. Standard
deviations are shown within brackets.

Chemical analyses of the musts from extended pomace contact (24 and 48 h contact for
SB; 72 and 144 h contact for PN) revealed that the composition of the musts changed because
of pomace contact, with the duration of contact an important factor in these variations.
There was a significant reduction in total reducing sugars after 24 h of pomace contact in
the harvest 1 SB must, which was not expected. This may be due to fermentation starting
despite the higher SO2 addition rates and cold temperature, or insufficient precision of
analysis of high sugar concentration samples by the plate reader assay [34].

Concentrations of polyphenols, tannins and monomeric anthocyanins increased signif-
icantly (p < 0.05) in the PN musts because of extended pomace contact. As winemakers are
aware, these secondary metabolites are extracted better with time during pomace contact,
which is also widely reported in the literature, for example by [35].

3.2. Overview of Fatty Acids Present in Grapes and Their Extracts Harvested at Different Time
Points

The main aim of our project was to determine the lipid content and composition in
two main New Zealand grape varieties, and to explore how pomace contact and ethanolic
extraction (mimicking winemaking conditions) influence lipid and fatty acid composition.
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This is the first study of this kind in New Zealand, which has allowed us to generate
unique datasets on SB and PN grape tissues, juices, and extracts. The method we used
here provided an overview of fatty acids that are found in both bound and free form.
Table 2 shows the complete list of fatty acids detected in all the samples. Using an in-house
MS library, 45 fatty acids were positively identified and quantified in grape juices and
extracts while 44 fatty acids were determined in grape seeds, skin, and pulp (Table 2). These
fatty acids ranged from C8 to C24, the majority of which were unsaturated. This was in
accordance with previously published data [4,7]. At least two medium-chain fatty acids,
undecanoic and tridecanoic acids, were unique to grape skin and seeds, while four other
long-chain fatty acids including oleic, trans- vaccenic, trans-elaidic and 11-cis-eicosenoic
acids were only found in the grape juices and extracts. Therefore, either these long-chain
fatty acids were too low in concentration to be detected in the grape tissues, or somehow,
they were produced as a result of the extraction process. It is possible that some lipid and
fatty acid oxidation occurred during the extraction process despite our measures to exclude
oxygen (i.e., using N2 gas prior to closing the vessels and adding 60 ppm PMS).

Table 2. List of saturated and unsaturated fatty acids detected and identified in grape juices, extracts
and tissues.

Fatty Acids Other Known Names No of Carbons and
Double Bonds Type of Fatty Acid

1 Octanoic acid Caprylic acid C8:0 Saturated
2 Decanoic acid Capric acid C10:0 Saturated
3 Undecanoic acid * Undecylic acid C11:0 Saturated
4 Dodecanoic acid Lauric acid C12:0 Saturated
5 Tridecanoic acid * Tridecylic acid C13:0 Saturated
6 Tetradecanoic acid Myristic acid C14:0 Saturated
7 Pentadecanoic acid C15:0 Saturated
8 Hexadecanoic acid Palmitic acid C16:0 Saturated
9 Heptadecanoic acid Margaric acid C17:0 Saturated

10 Octadecanoic acid Stearic acid C18:0 Saturated
11 Eicosanoic acid Arachidic acid C20:0 Saturated
12 Heneicosanoic acid Heneicosylic acid C21:0 Saturated
13 Docosanoic acid Behenic acid C22:0 Saturated
14 Tetracosanoic acid Lignoceric acid C24:0 Saturated
15 9-cis-Tetradecenoic acid Myristoleic acid C14:1 Unsaturated
16 9-trans-Tetradecenoic acid Myristelaidic acid C14:1 Unsaturated
17 10-cis-Pentadecenoic acid C15:1 Unsaturated
18 10-trans-Pentadecenoic acid C15:1 Unsaturated
19 9-cis-Hexadecenoic acid Palmitoleic acid (cis) C16:1 Unsaturated
20 (E)-9-hexadecenoic acid Palmitoleic acid (trans) C16:1 Unsaturated
21 10-cis-Heptadecenoic acid C17:1 Unsaturated
22 10-trans-Heptadecenoic acid C17:1 Unsaturated
23 9-trans-Octadecenoic acid+ Elaidic acid (trans) C18:1 Unsaturated
24 9-cis-Octadecenoic acid+ Oleic acid C18:1 Unsaturated
25 11-trans-Octadecenoic acid+ trans-Vaccenic acid C18:1 Unsaturated
26 11-cis-Octadecenoic acid cis-Vaccenic acid C18:1 Unsaturated
27 9,12,15-cis-Octadecatrienoic acid alpha-Linolenic acid C18:3 Unsaturated
28 9,12-cis-Octadecadienoic acid Linoleic acid C18:2 Unsaturated
29 9,12-trans-Octadecadienoic acid Linolelaidic acid C18:2 Unsaturated
30 cis-6,9,12-octadecatrienoic acid gamma-Linolenic acid C18:3 Unsaturated
31 10-trans-Nonadecenoic acid Nonadecylic acid C19:1 Unsaturated
32 7-trans-Nonadecenoic acid C19:1 Unsaturated
33 11,14,17-cis-Eicosatrienoic acid Eicosatrienoic acid C20:3 Unsaturated
34 11,14-cis-Eicosadienoic acid Eicosadienoic acid C20:2 Unsaturated
35 11-trans-Eicosenoic acid Eicosenoic acid C20:1 Unsaturated
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Table 2. Cont.

Fatty Acids Other Known Names No of Carbons and
Double Bonds Type of Fatty Acid

36 11-cis-Eicosenoic acid+ C20:1 Unsaturated
37 8,11,14-cis-Eicosatrienoic acid C20:3 Unsaturated
38 5,8,11,14,17-cis-Eicosapentaenoic acid C20:5 Unsaturated
39 5,8,11,14-cis-Eicosatetraenoic acid C20:4 Unsaturated
40 13,16-cis-Docosadienoic acid C22:2 Unsaturated
41 13-cis-Docosenoic acid C22:1 Unsaturated
42 13-trans-Docosenoic acid C22:1 Unsaturated
43 7,10,13,16,19-docosapentaenoaic acid C22:5 Unsaturated
44 4,7,10,13,16,19-Docosahexaenoic acid C22:6 Unsaturated
45 7,10,13,16-cis-Docosatetraenoic acid Docosapentaenoic acid C22:4 Unsaturated
46 4,7,10,13,16-docosapentaenoaic acid C22:5 Unsaturated
47 15-cis-Tetracosenoic acid C24:1 Unsaturated

* indicates the fatty acids were only present in grape skin and seed; + indicates the fatty acids were only found in
grape juices and extracts.

3.3. Total Lipids and Fatty Acids in Sauvignon Blanc and Pinot Noir Grape Tissues

Determination of the total lipids from transesterification of lipids to fatty acid methyl
esters is a common and widely used analytical practice [36,37]. In grapes, different classes
of lipids are distributed among the different tissue types. Therefore, we used this transes-
terification protocol to accurately quantify 45 fatty acids in the various grape tissues. The
summation of all the fatty acids presents in the sample provided us an indication of the
total lipid content of the samples [7]. As shown in Table 3, grape pulp contained the least
amount of lipid as expected. Total lipid content was significantly higher in the PN pulp
(p < 0.05) and skins (p < 0.01) than the SB from both harvests, while seeds from both varieties
had similar amounts of lipids. However, grape lipids were mostly concentrated in seeds for
both grape varieties, which was expected [4]. Lipids and fatty acids are usually extracted
to the grape must during pressing and from subsequent skin/pomace contact [10].

Table 3. Saturated and unsaturated fatty acids detected and identified in Sauvignon blanc (SB) and
Pinot noir (PN) juices, extracts and tissues. Standard deviations are shown within brackets.

Pulp (g/g) Seeds (g/g) Skin (g/g)

SB harvest 1 0.009 (0.001) 0.311 (0.075) 0.013 (0.004)
SB harvest 2 0.016 (0.008) 0.486 (0.089) 0.023 (0.001)

Comparison (fold-change, SB harvest 1 vs. harvest 2) 1.84 1.83 1.56
PN harvest 1 0.016 (0.005) 0.221 (0.025) 0.025(0.007)
PN harvest 2 0.029 (0.008) 0.438 (0.077) 0.072 (0.009)

Comparison (fold-change, PN harvest 1 vs. harvest 2) 1.78 1.99 2.92

Our data show an interesting trend of increasing lipids (1.5- to 3-fold) in the harvest
2 grapes for both varieties, indicating that lipid concentrations increase as grapes mature
(Table 3). Many studies discuss the role of sugars and organic and amino acids in deter-
mining the ripeness of grapes [37–41], but the development of lipids and fatty acids during
grape ripening is largely unknown. Our data provide novel information on how lipids can
be strongly related to grape maturity and ripeness. It is noteworthy that traditionally used
ripeness parameters including total soluble solids and titratable acidity are not necessarily
linked with improving wine aroma and quality. However, lipids, specifically fatty acids,
play a vital role during wine fermentation and particularly can contribute to the produc-
tions of various aroma compounds [15–18]. Therefore, if the total lipids or a specific lipid
(fatty acid) marker are directly related with grape ripeness, this will provide researchers
or even industries an option to make winemaking decisions, allowing them to diversify
wine styles.
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As expected, seeds from both varieties contained much higher amounts of unsaturated
fatty acids than saturated ones [4]. However, the SB skins had comparatively higher
concentrations of saturated fatty acids for both harvests. The PN skins from harvest
1 contained more unsaturated fatty acids while saturated fatty acids increased significantly
in the harvest 2 grape skins. Therefore, there might be an increased rate of saturation in
fatty acids in the PN grape skin during the ripening process. Interestingly, the SB pulp
from the harvest 1 grapes had higher unsaturated fatty acids, while the harvest 2 grape
pulps had more saturated fatty acids. However, the PN grape pulp showed an opposite
trend. Therefore, the evolution of fatty acid saturation during grape ripening might vary
between varieties.

In addition to determining the total lipid content, we also investigated the specific
fatty acids that are predominantly present in different grape tissues of both SB and PN.
Figure 2 presents the abundance of major fatty acids found in the pulp, seeds and skin of
both grape varieties. Stearic acid was the most abundant fatty acid both in the SB and PN
grape pulp and skin (Figure 2), while the seeds contained a high amount of linoleic acid (at
least >0.1 g/g). This observation was in accordance with previously published studies [4,5].
Among other fatty acids, grape seeds and skin also contained a high concentration of oleic
and palmitic acids (>0.05 g/g). Concentrations of other fatty acids present in different
grape tissues and varieties were <0.01 g/g. However, even in such small concentrations,
these fatty acids play important biological roles during grape development [6].
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Figure 2. Concentrations of major fatty acids in Pinot noir (PN) and Sauvignon blanc (SB) grape pulp,
seed and skin. Fatty acid profiling was completed using 10 mg of each sample type.

3.4. Total Lipid and Fatty Acid Contents in Sauvignon Blanc and Pinot Noir Grape Juices and
Extracts
3.4.1. Effect of Harvest Time on Total Lipids and Fatty Acids in Grape Juices

Table 4 shows the ranges of the total lipids in the SB and PN grapes just after pressing
and without any pomace contact. A comparison between the harvest 1 and 2 data shows a
significant increase (p < 0.01; >30% increase) in lipids in harvest 2 compared with harvest
1 for the SB juices. However, lipid concentrations were not significantly different in the PN
grapes harvested at the two time points (p > 0.05). Therefore, lipid development in grapes
may vary depending on variety, and we indeed found a varietal difference in total lipid
contents (p > 0.05) as the PN juices from both harvests contained more lipid than the SB
juices. A more comprehensive multi-seasonal study on lipids is required to confirm these
observations as a seasonal variation is largely observed in grape metabolites [8].
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Table 4. Total lipids present in Sauvignon blanc and Pinot noir grape juices and the influence of
pomace contact on extraction of lipids in the must.

Sample Pomace Contact Time
(h)

Total Lipids-Harvest 1
(g/L)

Total Lipids-Harvest 2
(g/L)

Change in Lipid Level
(%)

Sauvignon blanc 0 0.14 (0.01) 0.22 (0.03) 36.13
24 0.41 (0.03) 0.61 (0.05) 32.55
48 0.72 (0.04) 1.12 (0.08) 35.84

Pinot noir 0 0.27 (0.03) 0.33 (0.01) 16.24
72 0.23 (0.02) 0.59 (0.04) 60.95

144 0.39 (0.05) 0.93 (0.06) 58.02

Standard deviations are shown within brackets.

Absolute quantification of 45 different fatty acids ranging from C8 to C24 allowed
us to determine the differences observed in the SB and PN grapes harvested at different
time points, thus representing variation caused by the different degree of ripeness of the
grapes. Not all the fatty acids present in the grape juices were responsible for the variation.
In the SB grape juices, at least 30 fatty acids were significantly different (p < 0.05) between
harvest 1 and 2, while 23 fatty acids were found to be considerably different (p < 0.05) in
the PN juices. Therefore, we used the 23 most significant (p < 0.05) and common fatty acids
found in SB and PN to perform a PCA (Figure 3) where principal component (PC) 1 and
PC 2 explained more than 57% of the variation. We observed a clear difference in fatty acid
composition between the SB and PN juices. In particular, long-chain polyunsaturated fatty
acids such as linoleic acid and gamma-linolenic acid were more abundant in the PN juices
than SB.
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While comparing the fatty acid profiles of the two different harvests, we saw a visible
difference between SB harvest 1 and 2 that was not prominent for the PN juices (Figure 3).
In SB, levels of some saturated fatty acids including palmitic, stearic and pentadecanoic
acids increased significantly in the harvest 2 juices. The PN juice profiles showed no such
trend except that the concentration of lignoceric acid was higher in harvest 2 than harvest 1
juices. These data indicate that there is a varietal difference in fatty acid developments in
grape juices. Moreover, variation in fatty acids between harvests/maturity also may occur
for some varieties, but not for all.

3.4.2. Effect of Pomace Contact Time on Lipid Extraction and Fatty Acids in Grape Must

Our next objective was to explore how pomace contact influences lipid extraction
in grape juices. Although pomace contact is an uncommon practice for commercial SB
wine production, a short contact time (24–48 h) was applied. As shown in Table 3, lipid
concentrations increase 2.5- to 5-fold at 24 and 48 h when compared with juices without
any pomace contract for both harvests. In addition, a substantial increase in total lipid in
the SB must was observed when comparing harvest 1 and 2 after the pomace contact. As
the grape juice matrix can be significantly different at different maturity levels, harvest 2
most probably provided more suitable lipid extraction conditions.

To make this study relatable to commercial practice, we used an extended pomace
contact for the PN juices. The PN must data showed a different trend, particularly for
harvest 1 (Table 3). There was a slight decrease in the total lipids after 72 h pomace
contact in the harvest 1 samples, and the reasons for this are unknown. However, lipid
concentration increased 1.5-fold after 144 h when compared with the juices without pomace
contact (Table 3). Similar to the SB must, comparison between the harvest 1 and 2 data
show an increased rate of extraction of lipids after both 72 and 144 h pomace contact, which
reinforces our theory on the role of the juice matrix.

Lipid extraction in the SB must was comparatively higher than in PN even though
the PN pomace contact time was much longer. We can again relate this observation to the
differences in the juice matrices. The SB juice is generally more acidic, which might have
influenced the lipid extraction. Additionally, the SB seeds are usually larger than the PN
seeds. Moreover, the PN skins contain a larger number of polyphenols and anthocyanins
than SB, and thus extracted more of these secondary metabolites than lipids. Therefore,
we speculate that the SB cold soak conditions may allow a better lipid extraction than PN.
These data confirm that lipids in commercially produced grape musts (especially for white
varieties) can be increased by extending the duration of pomace contact depending on the
style of wines to be produced.

As shown in Table 3, lipid contents significantly increase in the must due to the
prolonged skin/pomace contact. We observed a similar trend in fatty acids. Figure 4
presents the heatmaps that show those fatty acids that changed significantly (p < 0.05) due
to the pomace contact. Particularly for SB, levels of more fatty acids (15) increased with time
during pomace contact than PN. Only two fatty acids, 7-trans-nonadecanoic and myristoleic
acids, were more abundant in juices with no pomace contact. There is a possibility that
these fatty acids may have undergone some degradation or transformation process during
pomace contact, thus contributing to the development of other fatty acids [7]. For instance,
the concentration of myristelaidic acid increased over the time of pomace contact while
myristoleic acid decreased. These two fatty acids are closely related to each other (C14:1)
and might have just transformed during pomace contact. Some of fatty acids also could
be consumed and/or produced by natural microorganisms present in the pomaces and
musts [15,42].
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3.5. Effect of Ethanol Concentration Relevant to Fermentation on Lipid Extraction from Grape
Pomace

This part of the experiment was designed to simulate different stages of fermentation
to observe how different ethanol concentrations affect lipid and fatty acids extraction. We
replaced the must juices with two different aqueous ethanol solutions (9 and 13% v/v)
to contrast lipid extraction in the absence of ethanol (0%, water only) at 72 and 144 h.
Different temperatures were applied to the extractions to reflect commercial winemaking
conditions, with the SB extracts incubated at 15 ◦C and PN at 24 ◦C (Figure 1). Table 5
shows the summarized data and indicates that lipid extraction increased linearly with the
ethanol concentration and also with time. Similar to our observation shown in Table 3,
extraction of lipids was greater from the SB pomaces (as high as 3.11 g/L at 144 h) than PN
(1.85 g/L at 144 h). Although lipid extraction was expected be better at the higher tem-
perature used for PN, our data proved it otherwise. However, more work is needed to
determine the exact reasons behind this observation. As indicated earlier, spontaneous
fermentation occurred in some of the extraction conditions, particularly when we used
0 and 9% ethanol, suggesting that some of the lipids may have been originated from the
native microbes. This is also evident in commercial winemaking, where winery microbes
can contribute to extraction of different metabolites (including flavor precursors) during
the maceration process [43,44].
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Table 5. Effect of ethanol concentrations on lipid extraction from Sauvignon blanc and Pinot noir
grape pomace. Standard deviations are shown within brackets.

Variety Sauvignon Blanc

Ethanol (% v/v) 0 0 Increase
(%) 9 9 Increase

(%) 13 13 Increase
(%)

Pomace contact time (h) 72 168 72 168 72 168
Total lipids-harvest 1

(g/L) 0.70 (0.04) 1.09 (0.05) 35.51 0.86 (0.16) 1.80 (0.19) 52.02 1.04 (0.18) 1.75 (0.14) 40.43

Total lipids-harvest 2
(g/L) 0.69 (0.04) 1.14 (0.10) 39.45 0.99 (0.10) 1.84 (0.12) 45.96 1.53 (0.09) 3.11 (0.30) 50.93

Variety Pinot Noir

Ethanol (% v/v) 0 0 Increase
(%) 9 9 Increase

(%) 13 13 Increase
(%)

Pomace contact time (h) 72 168 72 168 72 168
Total lipids-harvest 1

(g/L) 0.38 (0.02) 0.85 (0.06) 54.62 0.48 (0.08) 1.06 (0.13) 54.15 1.05 (0.08) 1.60 (0.17) 34.65

Total lipids-harvest 2
(g/L) 0.54 (0.03) 0.89 (0.07) 38.60 0.89 (0.05) 1.24 (0.04) 28.51 1.44 (0.02) 1.85 (0.14) 22.09

We also monitored the changes in the fatty acid profiles during ethanolic extractions
of the SB and PN pomaces. For both the SB and PN pomaces, most of the fatty acids were
better extracted when ethanol was present, which was expected. However, some of the
fatty acids were extracted better when there was no ethanol including linoleic acid for both
SB and PN and octanoic, trans-vaccenic acids only for SB. Therefore, we assume that the
fatty acid composition of grape must can not only be changed through prolonged pomace
contact, but also can be manipulated during the winemaking condition, particularly when
ethanol starts to be produced during the fermentation. These results also indicate that
different types of fatty acids are available at the different stages of fermentation with the
progress of ethanol production. Moreover, fatty acids and lipid components from yeast cells
would also contribute to the lipid availability from mid- and late-fermentation, particularly
when exogenous lipid sources are all consumed [15]. Therefore, this knowledge would
assist us in developing strategies to manipulate fatty acids and lipids during winemaking,
thus influencing the final aroma bouquet of wines as many of these fatty acids serve as a
pre-cursor for the formation of ethyl and acetate esters [10].

3.6. Correlation of Lipids and Fatty Acids with Major Oenological Parameters

We performed a correlation analysis to investigate if lipids and major fatty acids found
in the SB and PN juices have any relationship with major amino acids and other oenological
parameters. Figure 5 presents the top 25 features that positively or negatively correlated
with the total lipids in the juices. While primary amino acids, YAN and ammonium
show strong positive correlation with the total lipids, individual amino acids exhibit
negative correlation. The reasons for this remain unknown at this point and warrant
further investigation.

Among fatty acids, stearic and linoleic acids also show positive correlation with
these ripeness parameters (Figure 6). These two fatty acids are also major fatty acids
present in different NZ grape varieties [8]. Although stearic acid strongly correlated
with the total lipids (Figures 5 and 6), linoleic acid did not show such trend. We assume
that as a polyunsaturated fatty acid, linoleic acid is more prone to oxidation and other
chemical changes during the lipid extraction time, while stearic acid is more stable. There-
fore, stearic acid has more potential to be a ripeness indicator and a simple user-friendly
test to determine stearic acid can be developed to be applied for the determination of
berry ripeness.
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The relationships between lipids/fatty acids and different ripeness parameters have
largely been overlooked and while searching the literature we found them only in a few
studies. For instance, Bauman et al. [45] investigated the lipid composition and fatty
acid distribution of Concord grapes over four different stages of maturation. They re-
ported that crude lipid content was highest at véraison (0.23%) while neutral lipids in-
creased and polar lipids decreased during maturation, indicating that lipid composition
of grapes evolves at different stages of grape development. Another study published by
Le Fur et al. [46] investigated the changes in phytosterols (ß-sitosterol, campesterol, stigmas-
terol and lanosterol) in grape skins during the last stages of ripening of Chardonnay grape
variety in Burgundy. Barron and Santa-María [47] investigated the relationship between
triglycerides and different ripeness and energy indices. Their results indicated a strong
correlation of different triglycerides species with energy indices while showing a moder-
ate correlation with different ripeness indices. In a more recently published study using
comprehensive lipidomics approach, Masuero et al. [11] reported positive and negative cor-
relation with certain lipid classes with total soluble solids, indicating a relationship among
grape ripeness with lipids. However, they did not determine the correlation between
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the total lipids or major fatty acids with grape ripeness. Our data, therefore, provide a
novel insight and we hypothesize that lipid concentration increases with grape maturation,
which is related to the different stages of ripening. Thus, lipids could be another parameter
for determining grape ripeness alongside sugars/acids. Using this information, further
research could be undertaken to develop either a colorometric industry friendly test or
non-destructive near infrared spectroscopy (NIRS) method to determine the total lipids
or a specific lipid biomarker linked with ripeness. This would provide the industry an
important tool to determine grape quality prior to harvest. This in turn would provide
vital knowledge for winemakers to select appropriate yeast strains to produce wines with
good aromatic quality.
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As is evident from the available published data, lipids and fatty acids are less studied
classes of compounds in oenology. Most of the research in this space has focused on the role
of fatty acids in aroma development and yeast metabolism [12,13,15,19,21,48–51]. Research
by Sherman [2] already demonstrated the prospective role of unsaturated fatty acids as
predictors of perceived PN wine body as lipids persist in wines after fermentation, thus
contributing to wine sensory properties. Therefore, more research is needed to extend
different aspects of utilization of lipid molecules in winemaking and also in grape growing.
There is a large knowledge gap and we found no multi-season study that focused on
the lipid developments during grape growing and how lipids/fatty acids evolve during
different stages of winemaking.

4. Conclusions

In this study, we generated some novel insights on the evolution of lipid and fatty
acids in grapes at different stages of maturity by analyzing grape juices, grape tissues
and ethanolic extracts. We found that the total lipids and fatty acid composition vary
between harvests at different stages of ripeness depending on the grape variety. We
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observed a strong correlation between lipids/major fatty acids and other commonly used
ripeness parameters including total soluble solids, sugars, titratable acidity and YAN, thus
indicating a potential role of lipids as another ripeness parameter. Our data also showed
that lipid concentrations increased significantly because of prolonged skin/pomace contact
depending on the grape variety. Moreover, lipid and fatty acid extraction increased linearly
with the ethanol concentration and time of pomace contact while extraction of lipids and
fatty acids was greater in SB maceration conditions than PN, suggesting a matrix effect.
As our data are based on only one season, observations might not be conclusive and
there is a need for a comprehensive multi-season study to confirm these data-generated
hypotheses. Research should also be carried out to determine the effect of different vineyard
management practices on the developments of lipids in grapes. If this type of research is
successfully undertaken, the wine industry will ultimately benefit from the knowledge
generated to produce diverse styles of wines via manipulating different lipid classes and
fatty acids during grape growing and winemaking.
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Abstract: Fermented beverages have been a constant companion of humans throughout their history.
A wide range of products have been developed with time, depending on the availability of raw
materials and ambient conditions. Their differentiation was based on the specific characteristics of
each product, resulting from the cultivation of different varieties and the variability of environmental
conditions and agricultural practices, collectively described by the term ‘terroir’ that was developed
in winemaking. The health benefits that have been associated with their consumption, which include
the control of blood pressure and glycemic control, along with immunomodulatory, hypocholes-
terolemic, hepatoprotective, and antiproliferative activities, directed their re-discovery that occurred
over the last few decades. Thus, the dynamics of the microbial communities of fermented bever-
ages during fermentation and storage have been thoroughly assessed. The functional potential of
fermented beverages has been attributed to the chemical composition of the raw materials and the
bioconversions that take place during fermentation and storage, due to the metabolic capacity of the
driving microbiota. Thus, the proper combination of raw materials with certain microorganisms may
allow for the modulation of the organoleptic properties, as well as enrichment with specific functional
ingredients, enabling targeted nutritional interventions. This plasticity of fermented beverages is
their great advantage that offers limitless capabilities. The present article aims to critically summarize
and present the current knowledge on the microbiota and functional potential of fermented beverages
and highlight the great potential of these products.

Keywords: wine; kefir; kombucha; functional ingredients

1. Introduction

Fermented beverages are produced since antiquity, with wine being the most char-
acteristic example. They can be classified according to the nature of the raw materials,
or the type of fermentation employed. According to the first, two classes of fermented
beverages are distinguished: plant-based and dairy. The plant-based ones can be further
subdivided into cereal-based products, such as boza, cheka, pozol, kvass, the various
types of beer, etc. [1–6]; fruit-based products, such as the various types of wine, cider,
gilaburu, etc. [7–11]; and herbal-based products, such as kombucha [12,13]. As far as
fermented dairy beverages are concerned, several types have been described, such as kefir,
kumis, viili, acidophilus milk, etc. [14], each with a unique history, production procedure
and microecosystem composition. If the predominant type of fermentation is taken as a
criterion, fermented beverages can be classified into acidic, alcoholic, and mixed fermented
products; kefir and kombucha can serve as examples of acidic beverages, wine of alcoholic,
and boza of mixed fermented beverages.
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The term ‘terroir’ has been developed and is currently in use in wine technology.
It indicates a specific geographical area along with the associated grape cultivars and
oenological practices, which altogether define the specific features of the produced wines.
Nowadays, the health benefits that accompany food consumption have also been at the
epicenter of consumer interest. This trend has led to the intensive study of fermented
beverages throughout the world, their functional ingredients as well as the molecular
mechanisms that are implicated. Apart from grape wine, two fermented beverages have
also been distinguished for their functional potential, namely kefir and kombucha.

Thus, moderate wine consumption has been correlated with reduced risk of cardio-
vascular events [15,16], neurodegenerative diseases [17,18], and type 2 diabetes [19,20], as
well as systolic blood pressure decrease [21–23], improvement of the gastrointestinal tract
function [24–26] and the main symptoms of fibromyalgia [27]. These have all been princi-
pally attributed to the phenolic compounds that it contains. Kombucha consumption has
been correlated with a series of effects, such as antidiabetic, antihypertensive, antimicrobial,
antiproliferative, hepatoprotective, hypocholesterolemic and immunomodulatory [28–37].
As in the case of grape wine, these activities have been attributed to kombucha phenolic
content. Finally, kefir consumption has been correlated with a series of effects, including an-
tiproliferative and immunomodulatory capacity, effective glycemic control, prevention and
treatment of atherosclerosis and liver damage, as well as control of blood pressure [38–44].
These activities have been attributed to the amino acid and peptide content of kefir.

The present study aimed to comprehensively and critically present the microbiota
of fermented beverages, the functional properties that have been associated with the con-
sumption of the most prominent ones, along with the underlying molecular mechanisms,
as well as the strategies that have been employed towards their customization, in order to
summarize the current knowledge and facilitate the identification of research gaps.

2. The Microbiota of Traditional Fermented Beverages

In Table 1, the microbiota of traditional fermented beverages around the world is
presented. Three aspects are immediately noticed: (1) the diversity of the raw materials
employed, (2) the diversity of the microorganisms implicated in each type of fermentation,
and (3) some products have attracted scientific attention and are therefore heavily studied,
while the microecosystem of others has been less intensively assessed.

The availability of raw materials combined with suitable environmental conditions
has led to the development of a wide range of fermented beverages, some of which
are considered as characteristic of certain geographical areas. Indeed, products such as
kombucha and bhaati jaanr, which are based on tea and rice, respectively, have Asian
origins; products based on maize, such as pozol, chicha, and atole agrio originate from
America, whereas milk and cereal-based fermented beverages are abundant in Africa and
Europe. Despite the current globalization of production, traditional knowledge may still be
derived from the cradle in which each product was originally developed.

In the majority of the cases, the microbial consortium that drives fermentation of the
products reported in Table 1 consists of yeasts and bacteria, and more specifically, lactic
and acetic acid bacteria. This can be attributed to the composition of the raw materials and
the conditions used for fermented product manufacture but is biased by the number of
samples analyzed and the identification methodology employed. In general, the higher
the number of samples analyzed, the more likely is to enrich the biodiversity already
reported in the literature. A wide range of techniques are currently available, the correct
application of which may lead to reliable identification at species or subspecies level.
The specific nutritional and growth requirements of each microorganism, at strain level,
define the nature of the relationships that will be developed within the microecosystem.
Despite the large number of studies, at least in the case of kombucha and kefir, the trophic
relationships between the microorganisms are still far from being understood. The only
exception seems to be wine must fermentation. In that case, the requirements and the
capacity of the implicated yeast species have been extensively studied, and this knowledge
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is already considered as established. On the other hand, research is currently focused
on understanding the physiological attributes of the lactic acid bacteria that carry out
malolactic fermentation [45].

Table 1. The microbiota of representative traditional fermented beverages around the world.

Product Main Ingredient Microbiota References

Kombucha Sweetened black
or green tea

LAB: O. oeni, Lq. nagelii
AAB: A. aceti, A. musti, A. okinawensis, A. pasteurianus, A. peroxydans, A.
senegalensis, A. tropicalis, A. xylinoides, A. xylinum, Ga. europaeus, Ga.
hansenii, Ga. intermedius, Ga. xylinus, Gb. oxydans, Kb. europaeus, Kb.
hansenii, Kb. intermedius, Kb. rhaeticus, Kb. saccharivorans, Kb. xylinus
Yeasts: Br. anomalus, Br. bruxellensis, Br. lambicus, Ca. albicans, Ca. boidinii,
Ca. colleculosa, Ca. guilliermondii, Ca. kefyr, Ca. krusei, Ca. sake, Ca. stellata,
De. anomala, De. bruxellensis, H. valbyensis, K. marxianus, Kz. unispora, Lh.
fermentati, Pi. fermentans, Pi. membranifaciens, R. mucilaginosa, S. cerevisiae, S.
uvarum, Sd. ludwigii, Sz. pombe, T. delbrueckii, Z. bailii, Z. lentus, Z. parabaillii,
Zt. fiorentina

[12,13,46–54]

Kefir Milk

LAB: E. durans, E. faecalis, La. casei, La. paracasei, Lp. plantarum, Lb.
acidophilus, Lb. amylovorus, Lb. delbrueckii, Lb. crispatus, Lb. helveticus, Lb.
kefiranofaciens, Lc. lactis, Lt. buchneri, Lt. kefiri, Lt. parabuchneri, Lt. parakefiri,
Le. parakefiri, Ln. mesenteroides, Ln. paramesenteroides, Ln.
pseudomesenteroides, Lq. uvarum, Lq. satsumensis, Lv. brevis, Str. durans, Str.
thermophilus
AAB: A. aceti, A. fabarum, A. lovaniensis, A. okinawensis, A. orientalis, A.
rancens, A. syzygii, Gb. frateurii, Gb. japonicus
Yeasts: Br. anomalus, Ca. colliculosa, Ca. inconspicua, Ca. kefyr, Ca. krusei, Ca.
lambica, Ca. maris, De. anomala, K. lactis, K. marxianus, Kz. aerobia, Kz. exigua,
Kz. kefir, Kz. unispora, Lh. meyersii, M. guilliermondii, Pi. kudriavzevii, Pi.
guilliermondii, S. cerevisiae, S. fragilis, S. turicensis, T. delbrueckii

[55–81]

Wine Fruits

Yeasts: Au. pullulans, Ca. fermentati, Ca. intermedia, Ca. parapsilopsis, Ca.
pulcherrima, Ca. quercitrusa, Ca. zemplinina, H. uvarum, H. guillermondii, H.
uvarum, H. valbyensis, I. occidentalis, I. orientalis, I. terricola, Kc. apiculata, Lh.
thermotolerans, Pi. fermentans, R. graminis, R. mucilaginosa, S. bayanus, S.
cerevisiae, S. italicus, S. pastorianus, S. uvarum, Sd. ludwigii, Sz. pombe, T.
delbrueckii, T. globispora, Y. lipolytica, Z. bailii, Z. fermentati

[9,10,82–86]

Apple cider Apples Yeasts: H. osmophila, H. uvarum, H. valbyensis, M. pulcherrima, Pi.
guillermondii, S. bayanus, S. cerevisiae [8]

Amabere
amaruranu Milk LAB: Ln. mesenteroides, Lp. plantarum, Str. thermophilus

Yeasts: Ca. albicans, Ca. famata, S. cerevisiae, Tr. mucoides [87]

Andean chicha Cereals
Yeasts: H. guiermondii, H. opuntiae, H. uvarum, Ko. ohmeri, R. slooffiae, Mz.
guillermondii, Pi. kluyveri, Pi. kudriavzevii, R. mucilaginosa, Wi. anomalus, S.
cerevisiae, Y. lipolytica

[88]

Atole agrio Maize

LAB: Ag. composti, E. hirae, La. casei, La. paracasei, La. rhamnosus, Lc. lactis,
Lc. piscium, Li. aviarius, Ln. garlicum, Ln. mesenteroides, Ln.
pseudomesenteroides, Lo. coryniformis, Lp. fabifermentans, Lp. paraplantarum,
Lp. pentosus, Lp. plantarum, Lt. curvatus, Lv. brevis, P. pentosaceus, P. stilesii,
W. cibaria, W. confusa, W. hellenica, W. paramesenteroides, Str. equinus
AAB: A. estunensis, A. indonesiensis, A. pasteurianus, A. tropicalis, Gb. frateurii

[89]

Bacaba chicha Oenocarpus bacaba LAB: E. durans, E. hirae, Ln. lactis
Yeasts: Pi. caribbica, Pi. guillermondii [90]

Bhaati jaanr Rice LAB: Lo. bifermentans, P. pentosaceus
Yeasts: Ca. glabrata, Pi. anomala, S. cerevisiae, Sp. fibuligera [91]

Bili bili Sorghum Yeasts: Ca. melibiosica, Cr. albidius, D. hansenii, De. bruxelensis, K. marxianus,
R. mucilaginosa, S. cerevisiae, T. delbrueckii [92]

Borde Cereals LAB: Lv. brevis, P. pentosaceus, W. confusa, W. viridescens [93]
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Table 1. Cont.

Product Main Ingredient Microbiota References

Boza Cereals

LAB: Fr. sanfransiscensis, La. casei, La. paracasei, Lb. acidophilus, Lc. lactis, Li.
salivarius, Lm. fermentum, Ln. amelibiosum, Ln. mesenteroides, Ln.
paramesenteroides, Ln. pseudomesenteroides, Lo. coryniformis, Lp. plantarum, Lt.
buchneri, Lt. parabuchneri, Lt. sakei, P. parvulus, W. confusa
Yeasts: Ca. glabrata, Ca. tropicalis, Pi. fermentans, Pi. guillermondii, Pi.
norvegensis, S. cerevisiae, S. uvarum

[94–96]

Burukutu Sorghum LAB: Lb. acidopilus, Lc. lactis, Lm. fermentum, Lp. plantarum, Lv. brevis
Yeasts: S. cerevisiae [97]

Chicha Maize LAB: Lm. fermentum, Lp. plantarum, W. cibaria, Str. alactolyticus, Str. luteciae
AAB: A. okinawensis [98]

Ikigage Sorghum Yeasts: Ca. humilis, Ca. inconspicua, Ca. magnolia, S. cerevisae, I. orientalis
LAB: Le. buchneri, Lm. fermentum [99]

Gilaburu European
cranberry

LAB: La. casei, La. pantheris, Le. buchneri, Le. parabuchneri, Ln.
pseudomesenteroides, Lp. plantarum, Lv. brevis, Sc. harbinensis [11]

Mahewu Cereals

LAB: E. hermanniensis, E. lactis, Fu. rossiae, Lc. lactis, Lm. fermentum, Ln.
holzapfelii, Ln. pseudomesenteroides, Lp. plantarum, P. pentosaceus, W. cibaria,
W. confusa
Yeasts: Ca. glabrata, S. cerevisiae

[100]

Fermented
masau

Ziziphus
mauritiana

LAB: Cb. divergens, Le. hilgardii, Li. agilis, Lo. bifermentans, Lm. fermentum,
Lp. plantarum, W. minor
Yeasts: Ca. glabrata, H. opuntiae, I. orientalis, Pi. fabianii, S. cerevisiae, Sp.
fibuligera

[7]

Pito Cereals Yeasts: Ca. tropicalis, Ha. anomala, K. africanus, Kc. apiculata, S. cerevisiae, Sz.
pombe, T. delbrueckii [1]

Pozol Maize

LAB: C. alimentarius, E. saccharolyticus, La. casei, Lb. delbrueckii, Lc. lactis, Lm.
fermentum, Lp. plantarum, Str. bovis, Str. suis
Yeasts: Ca. guilliermondii, Cs. cladosporioides, D. hansenii, Ge. candidum, K.
lactis, Pe. fellutanum, Ph. fimeti, Ph. glomerata, R. minuta, R. mucilaginosa

[2,101,102]

Pulque Agave spp.

LAB: Fr. sanfranciscensis, Lb. acetotolerans, Lb. acidophilus, Lb. delbrueckii, Lc.
lactis, Le. hilgardii, Le. kefiri, Ln. citreum, Ln. gasocomitatum, Ln. kimchi, Ln.
mesenteroides, Ln. pseudomesenteroides, Lp. plantarum, P. urinaeequi, Se.
paracollinoides, Str. deviesei
AAB: A. aceti, A. malorum, A. orientalis, A. pomorum, Gb. oxydans
Yeasts: Ca. parapsilosis, Ca. valida, Cl. lusitaniae, D. carsonii, H. uvarum, Ge.
candidum, K. lactis, K. marxianus, Pi. guilliermondii, Pi. membranifaciens, R.
mucilaginosa, S. bayanus, S. cerevisiae, S. pastorianus, T. delbrueckii

[103–106]

AAB: Acetic acid bacteria; LAB: lactic acid bacteria. A.: Acetobacter; Ag.: Agrilactobacillus; Au.: Aureobasidium;
Br.: Brettanomyces; C.: Companilactobacillus; Ca.: Candida; Cb.: Carnobacterium; Cl.: Clavispora; Cr.: Cryptococcus;
Cs.: Cladosporium; D.: Debaryomyces; De.: Dekkera; E.: Enterococcus; Fr.: Fructilactobacillus; Fu.: Furfurilactobacillus;
Ga: Gluconacetobacter; Gb., Gluconobacter; Ge.: Geotrichum; I.: Issatschenkia; Kb.: Komagataeibacter; H.: Hansenias-
pora; Ha.: Hansenula; K.: Kluyveromyces; Kc.: Kloeckera; Ko.: Kodamaea; Kz.: Kazachstania; La.: Lacticaseibacillus;
Lb.: Lactobacillus; Lc.: Lactococcus; Le.: Lentilactobacillus; Lh., Lachancea; Li.: Ligilactobacillus; Lm.: Limosilactobacillus;
Ln.: Leuconostoc; Lo.: Loigolactobacillus; Lp.: Lactiplantibacillus; Lq. Liquorilactobacillus; Lt.: Latilactobacillus; Lv.: Lev-
ilactobacillus; M.: Metschnikowia; Mz.: Meyerozyma; O.: Oenococcus; P.: Pediococcus; Pe.: Penicillium; Ph.: Phoma;
Pi.: Pichia; R.: Rhodotorula; S.: Saccharomyces; Sc.: Schleiferilactobacillus; Sd.: Saccharomycodes; Se.: Secundilactobacillus;
Sp.: Saccharomycopsis; Str.: Streptococcus; Sz.: Schizosaccharomyces; T.: Torulospora; Tr.: Trichosporon; W.: Weissella;
Wi.: Wickeramomyces; Y.: Yarrowia; Z.: Zygosaccharomyces; Za.: Zygoascus; Zt.: Zygotorulaspora.

3. Functional Properties of Fermented Beverages

The consumption of fermented beverages has been associated with a series of func-
tional properties. These have been attributed to the chemical composition of the raw
materials employed and the bioconversions that take place during the fermentation pro-
cess. Thus, the same functional properties may be assigned to the same or different
bioactive compounds, the formation of which depends upon the metabolic capacity of the
microorganisms that constitute the driving micro-community. In the next paragraphs, the
functional properties of wine, kombucha and kefir, the most studied fermented beverages,
are summarized.
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3.1. Functional Properties of Wine

A series of functional properties have been associated with wine and are mainly
attributed to the phenolic compounds that it contains. The type and amount of pheno-
lic compounds depend upon factors such as grape variety, environmental conditions,
agricultural practices and winemaking technology [107]. In general, the major phenolic
compounds of wine are distinguished into flavonoids and non-flavonoids. Flavonols
(quercetin, kaempferol and myricetin), anthocyanins (cyanin, petunin, peonin and malvin),
and flavan-3-ols (catechin, epicatechin, gallocatechin, procyanidins and condensed tannins)
belong to the first category, while phenolic acids (hydroxybenzoic and hydroxycinnamic
acids), volatile phenols (ethyl phenol, vinyl phenol, guaiacol, etc.), and stilbenes (resveratrol
and its polymers) belong to the second one [108,109]. The total amount of flavonoids in
white and red wines has been reported to range between 25–30 and 700–1000 mg of gallic
acid equivalent (GAE/L), respectively. Catechins and soluble tannins are quantitatively the
most abundant classes of compounds in white and red wines, respectively. On the other
hand, the total amount of non-flavonoids has been reported to range between 160–260 and
230–500 mg GAE/L in white and red wines, respectively, with cinnamates being, in both
cases, the most abundant class of compounds, with approximately 150 mg of GAE/L [108].
The bioavailability of the aforementioned compounds is a key issue as it affects their bio-
logical function. In general, wine phenolic compounds are only partially bioavailable, not
only because of their chemical structure but also due to the biotransformations that take
place during digestion [110]; it has been reported to range between 2–25% [111–113].

Excessive alcohol consumption has been correlated with an increased incidence of
disease [114]. On the contrary, moderate alcohol consumption, particularly wine, seems
to have a protective role on human health [115]. The concept of moderate or low-risk
wine consumption has been exhaustively debated [115,116]. From a quantitative point
of view, the consumption of up to 25–40 g alcohol per day for males and 13–25 g for
females is generally accepted as moderate [117]. A range of health benefits have been
associated with moderate wine consumption, such as lowering the risk of cardiovascular
disease and neurodegenerative disease development, protection against type 2 diabetes,
and generally life span prolongation. The capacity of wine to confer these health benefits
has been assessed through in vitro, in vivo and clinical studies. The next paragraphs focus
on the underlying mechanisms that validate the latter.

An association between moderate wine consumption and reduced risk of cardiovascu-
lar events, even among persons with established heart diseases, has been reported [15,118].
This has been attributed to the modulation of circulating cholesterol and anti-platelet activ-
ity of alcohol and to the antioxidant, anti-inflammatory and anti-platelet activities of the
phenolic compounds [119,120]. The antioxidant activity is expressed through free radical
scavenging and through the upregulation of Nrf2, which in turn induces antioxidant gene
expression [121]. Regarding their anti-inflammatory activities, a series of mechanisms
have been proposed, such as switching off the NF-κB pathway [122], blocking oxysterol-
related NOX1 induction [123], suppression of NLRP3 inflammasome activation [124], sup-
pression of the JAK/STAT inflammatory pathway and modulation of Nrf2 activity [125],
as well as decrease in IL-1β, IL-6 and IL-8 secretion [126,127]. Finally, the capacity of
red wine to inhibit thrombin, ADP- and PAF-induced platelet aggregation has been re-
ported [128–133] and attributed to ethanol and polyphenols, particularly quercetin, tyrosol
and trans-resveratrol [132,133]. In addition, the inhibition of PAF biosynthesis by tyrosol
and resveratrol has also been reported in U-937 cells under inflammatory conditions [134].

An association between moderate wine consumption and reduction in the risk of
neurodegenerative diseases has also been developed [17]. The mode through which wine
consumption may affect the onset of Alzheimer’s and Parkinson’s diseases has been ex-
tensively studied. In the first case, protection may take place through the antioxidant and
anti-inflammatory activities of wine, as well as through more specific functions such as the
modulation of secretase enzymes, the enhancement of amyloid clearance, the inhibition of
amyloid aggregation and the prevention of tau protein hyperphosphorylation [135–137]. In-
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deed, the activation of α-secretase activity by 6% Cabernet Sauvignon, myricetin, quercetin,
resveratrol, and caffeic acid [138–143], along with the inhibition of BACE1 activity by
resveratrol and some of its oligomers, epicatechin, myricetin, quercetin, kaempherol and
caffeic acid [142–154] and inhibition of γ-secretase by resveratrol, oxy-resveratrol, and
piceatannol [155,156], have been reported. In addition, amyloid accumulation and aggrega-
tion seem to be prevented by a variety of mechanisms. Amyloid clearance or the induction
of degradation mechanisms, activities that have been reported for resveratrol [157–159]
and quercetin [160], have been reported to prevent amyloid accumulation. On the other
hand, resveratrol, quercetin, and grape seed pro-anthocyanidin consisting of catechin,
epicatechin, and epicatechin gallate, have presented an anti-aggregation capacity [161–165].
Finally, the inhibition of tau protein hyperphosphorylation has been reported for resvera-
trol, quercetin and caffeic acid [166–169]. Regarding Parkinson’s disease, protection may
take place through the antioxidant activity and neuroprotective effects of resveratrol, which
seem to be related to its SIRT-activating potential [170–174], and quercetin, which seems to
be related to the induction of the PKD1/CREB/BDNF axis [175,176]. In addition, other con-
stituents such as caffeic acid, gallic acid and catechins have also been reported to contribute
to the aforementioned activities [177–179].

The association between wine consumption and a reduced risk of type 2 diabetes has
been repeatedly reported [19,20]. This association was further improved by Ma et al. [180],
which highlighted that this protective action takes place when moderate alcohol drink-
ing, especially wine, takes place with meals. The mode of action includes the inhibition
of α-amylase and α-glucosidase activities, the inhibition of sodium-dependent glucose
transporter 1 (SGLT1) and the activation of 5-adenosine monophosphate-activated pro-
tein kinase (AMPK) [181–184]. Regarding diabetic patients, wine consumption has been
reported to attenuate insulin resistance, with no effect on vascular reactivity and nitric
oxide production [185], to reduce the diastolic blood pressure and total cholesterol but
not glucose parameters and other cardiovascular risk factors [186], and to reduce the risks
of cardiovascular events and all-cause mortality [187]. In addition, the initiation of red
wine consumption has been associated with increased high-density lipoprotein cholesterol
(HDL-C) and apolipoprotein(a)1 level and decreased the ratio of total cholesterol to HDL-
C [188]. In addition, wine consumption improved glycemic control, in terms of fasting
plasma glucose, homeostatic model assessment of insulin resistance and hemoglobin A1c,
but only in patients carrying the alcohol dehydrogenase alleles [ADH1B*1], i.e., the slow
ethanol metabolizers.

Several other health benefits have been correlated with moderate wine consumption,
such as the decrease in systolic blood pressure [21–23], the improvement of gastrointestinal
tract function [24–26] and the improvement of the main symptoms of fibromyalgia [27].
However, further research is still necessary in order to identify the responsible molecular
mechanisms.

3.2. Functional Properties of Kombucha

Kombucha is commercially available as a non-alcoholic beverage; therefore, the ethanol
content should not exceed 0.5% alcohol by volume (ABV). However, in many cases, this
limit is not respected [189–191] and the production of kombucha with ethanol content as
high as 5.83 mg/mL has been reported [49]. A series of functional properties, such as
antioxidant, antiproliferative, immunomodulatory, antihypertensive, antidiabetic, hypoc-
holesterolemic, hepatoprotective and antimicrobial, have been attributed to kombucha.
In all cases, the functional properties have been attributed, at least partially, to specific
compounds that are either present in the raw materials or are formed during fermentation.
Therefore, every factor that affects the production of the raw materials or the fermentation
procedure is expected to affect the functional properties of the final product, to a greater or
lesser degree [32,192–196]. Below, a short description of studies assessing these properties
is offered.
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The antioxidant capacity of kombucha has been principally attributed to the presence
of phenolic compounds. The phenolic concentration and diversity in black-tea kombucha
have been reported to be greater than those of green-tea kombucha [35]. This has been
attributed to the processing steps that are necessary for black tea production. During these
steps, the concentration of theaflavins and thearubigins increases, and they become the
main polyphenols in black tea [197]. During fermentation, these compounds are subjected
to enzymatic or chemical biotransformation, resulting in the formation of a wealth of lower-
molecular-weight phenolic compounds. Indeed, Cardoso et al. [35] identified 126 phenolic
compounds in the samples of green and black-tea kombucha that they analyzed, of which,
50 compounds were common, 75 were unique to black-tea kombucha, and only one,
namely verbascoside, was unique to green-tea kombucha. Interestingly, the occurrence of
five phenolic compounds in green-tea kombucha and 30 phenolic compounds in black-tea
kombucha was solely assigned to the fermentation process.

The antioxidant activity of kombucha is usually assessed in vitro through free-radical
scavenging assays such as DPPH, FRAP, ABTS, MCA, Curpac, etc. [35,198,199]. In vivo
studies are generally lacking; only a few are currently available, the main findings of
which are described in the following lines. Dipti et al. [200] used a lead acetate solution to
induce oxidative stress on male albino (Sprague Dawley) rats and studied the antioxidant
effect of black-tea kombucha. The results of kombucha oral administration included the
reduction of DNA damage and lipid peroxidation, as well as the increase of glutathione
level and GPx activity. Yang et al. [201] used mice from the Institute of Cancer Research
and fed them with a hypocholesterolemic diet (HCD) combined with 66 mL Kg−1 DW
of traditional kombucha tea (TKT) or modified kombucha tea (MKT) (sweetened black
tea fermented with Gluconoacetobacter sp. strain A4) or 60 mg Kg−1 DW of D-saccharic
acid-1,4-lactone (DSL) for 12 weeks. The antioxidant activity, measured as total antioxidant
capacity (TAOC), superoxide dismutase (SOD) and malonaldehyde (MDA) was assessed
in the serum after the end of the 12 weeks of the treatment. The hypocholesterolemic diet
resulted in a statistically significant decrease in TAOC and SOD and an increase in MDA
values. These values were restored when the HCD was supplemented with TKT, MKT, or
DSL. Vazquez-Cabral et al. [202] measured the antioxidant activities of kombucha and a
kombucha analog (KAO) made of Quercus resinosa leaves against the oxidative damage
caused by H2O2 in activated THP-1 human monocyte cells and reported the capacity
of KAO to decrease oxidative stress. Finally, Gaggia et al. [49] studied the capacity of
kombucha made from Aspalathus linearis leaves, fermented for 7 and 14 days, to decrease
oxidative stress in L929 mouse fibroblasts caused by H2O2. When the treatment with the
kombucha preceded the H2O2 application, the cell viability was partially restored by both
products. When the treatment with the kombucha followed the application of H2O2, only
the kombucha fermented for 14 days was able to restore the viability of the cells.

The antioxidant capacity of kombucha has also been reported to result in hypocholes-
terolemic and antidiabetic effects. Indeed, kombucha administration has been reported
to decrease total and LDL cholesterol in rabbits and mice fed a high-cholesterol diet, as
well as attenuate histological effects, such as lesions in the intima [30,34,201–203]. As
far as the antidiabetic effect is concerned, this is attributed not only to the antioxidant
capacity of kombucha, which addresses the oxidative stress caused by diabetes, but also
to the reduction in blood glucose and the increase in plasma insulin, which have been
reported as the effects of kombucha administration in experimental rats with induced
diabetic consequences [31,33,204,205].

The antiproliferative capacity of kombucha has been demonstrated in vitro using
human cancer cell lines. More precisely, the cytotoxicity against lung carcinoma (A549), os-
teosarcoma (U2OS), renal carcinoma (786-O), ileocecal colorectal adenocarcinoma (HCT8),
colorectal adenocarcinoma (CACO-2), rhabdomyosarcoma (RD), cervix carcinoma (Hep2c),
prostate cancer (PC-3), colon cancer (HCT-116), breast cancer (MCF-7) and a murine fi-
broblast (L2OB) has been exhibited [32,35,206,207]. Jayabalan et al. [206] proposed that
Dimethyl 2-(2-hydroxy-2-methoxypropylidene) malonate and vitexin may contribute to
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these cytotoxic effects. Cardoso et al. [35] attributed the higher antiproliferative capacity of
green-tea kombucha, compared to that of black-tea kombucha, to the presence of higher con-
centrations of catechins and verbascoside, the antitumor activity of which has already been
reported [208,209]. However, not all cell lines were affected by black-tea kombucha [210].
In addition, Srihari et al. [211] reported that the survival of the prostate cancer cell line
(PC-3) decreased after treatment with lyophilized kombucha extract, most likely due to the
downregulation of the angiogenesis-associated genes HIF-1α, VEGF, IL-8, COX-2, MMP-2,
and MMP-9. Despite these promising results, clinical studies are still lacking.

Strong indications of the immunomodulatory capacity of kombucha have been re-
ported. More precisely, black-tea kombucha administration in male Swiss albino mice
with indomethacin-induced stomach ulceration resulted in effective healing, which was at-
tributed to the antioxidant activity and the reduction of gastric acid secretion [28]. The delay
in the onset and severity of experimental autoimmune encephalomyelitis induced in female
C57BL/6 mice through black-tea kombucha administration was reported by Marzban
et al. [212]. In addition, the suppression of TNF-α and IL-6 levels in lipopolysaccharide-
stimulated macrophages, as well as the in vitro inhibition of 5-LOX enzyme activity by
black-tea kombucha extract, has also been reported [32,201].

As far as the antihypertensive activity is concerned, this is indicated by the detection
of ACE inhibitory capacity. Certain flavonoids [213] with certain structural features [214]
have an excellent antihypertensive capacity. The ACE inhibitory activity of green- and
black-tea kombucha, as well as a series of analogues, has been reported [37,215].

The hepatoprotective activity of kombucha has been repeatedly exhibited in ani-
mal models. Indeed, the protective effect of black-tea kombucha against tertiary butyl
hydroperoxide-induced cytotoxicity in murine hepatocytes of male albino Swiss mice,
by reducing ROS generation, as well as through the inhibition of glutathione depletion
and the attenuation of malonaldehyde levels, was reported by Bhattacharya et al. [216].
Abshenas et al. [29] induced hepatotoxicity in male Balb/c mice through acetaminophen
treatment. Kombucha consumption for 7 days before acetaminophen treatment reduced its
toxicity through the reduction of the serum aspartate aminotransferase, alanine aminotrans-
ferase, lactate dehydrogenase, and alkaline phosphatase levels. In addition, the decrease
of histopathological changes, such as hepatocellular glycogen storage degeneration and
necrosis, mononuclear cell infiltration in the portal area, dilation of central veins and capil-
larization, was also reported. Acetaminophen was also used by Wang et al. [160] to induce
hepatotoxicity in male ICR mice. The administration of traditional black-tea kombucha as
well as kombucha fermented only by Gluconoacetobacter sp. strain A4 effectively inhibited
the increase of alanine aminotransferase, alkaline phosphatase, triglyceride and malondi-
aldehyde, which were induced by acetaminophen treatment. These positive effects were
largely attributed to the D-saccharic acid-1,4-lactone produced by the bacterial strain. Kabiri
et al. [217] induced hepatotoxicity in male Wistar rats with thioacetamide and studied the
effect of black-tea kombucha. Administration of kombucha for 3 weeks before TAA or after
TAA treatment had all biochemical parameters assessed (alanine aminotransferase, aspar-
tate aminotransferase, alkaline phosphatase, lactate dehydrogenase, total, LDL and HDL
cholesterol, triglycerides, and bilirubin) at comparable levels to the control group, accompa-
nied by normal histology. Hyun et al. [218] induced hepatic steatosis in male C57BLKS and
C57BLKS db/db mice through a methionine/choline-deficient diet. Black-tea kombucha
administration was reported to reduce the liver weight/body weight ratio to control-group
levels through the reduction of fatty acids uptake and triglyceride synthesis, which were
also indicated through the application of reverse-transcription quantitative PCR.

The antimicrobial activity of kombucha, as well as a series of analogues, has been
extensively assessed. The methods of choice are diffusion and microdilution. The inhibition
of the growth of a series of microorganisms, including molds such as Aspergillus flavus and
As. niger; yeasts such as Candida albicans, Ca. glabrata, Ca. krusei, and Ca. tropicalis; Gram-
positive bacteria such as Alicyclobacillus acidoterrestris, Bacillus cereus, Listeria monocytogenes,
Micrococcus luteus, Staphylococcus aureus, and St. epidermidis; and Gram-negative bacteria
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such as Aeromonas hydrophila, Agrobacterium tumefaciens, Campylobacter jejuni, Enterobacter
cloacae, Escherichia coli, Esch. coli O157:H7, Haemophilus influenzae, Klebsiella pneumoniae,
Proteus mirabilis, Pr. vulgaris, Pseudomonas aeruginosa, Salmonella Enteritidis, Sa. Typhi, Sa.
Typhimurium, Shigella dysenteriae, Sh. sonnei, Vibrio cholerae, and Yersinia enterocolitica has
been reported [35,36,207,219–224].

The ingredients to which this antimicrobial activity has been primarily attributed are
organic acids, mainly acetic acid, as well as a series of compounds with antimicrobial capac-
ity, such as catechins, unsaturated lactones, hydroxylactones and verbascoside [225–227].
Qualitative and quantitative differences between different types of kombucha have also
been attributed to differences in their chemical composition [35,220,224].

In summary, kombucha seems to possess a wealth of functional properties, which
have been assessed either in vitro or using animal models. Further study is still necessary,
including clinical trials [228].

3.3. Functional Properties of Kefir

Kefir is another thoroughly studied non-alcoholic beverage. As in the case of kom-
bucha, the limit of 0.5% ABV is not always respected [229], and the production of kefir
with as much as 10% ethanol has been reported [230]. Many functional properties have
been described for kefir and attributed to its amino acid and peptide content. The type of
milk, the proteolytic capacity of the micro-consortium that drives fermentation, and the
storage time [231] greatly affect these properties. The most important kefir activities that
play an essential role in its functional properties are the antioxidant and anti-inflammatory
ones. The first is attributed to a series of enzymatic and non-enzymatic systems. Catalase,
superoxide dismutase, and glutathione peroxidase account for the enzymatic ones, while
vitamin E and β-carotene—along with peptides resulting from the proteolytic breakdown
of casein and amino acids, especially methionine, lysine and tryptophan, which seem to
possess higher antioxidant activity than threonine, serine, alanine, valine, isoleucine and
phenylalanine—account for the non-enzymatic ones [232–235]. The anti-inflammatory
activity of kefir is evidenced through the reduction of the levels of proinflammatory media-
tors, such as TNF-a and IL-6β, and the increase of the levels of anti-inflammatory cytokines
such as IL-10 [236–242]. The bacteria themselves [238], their extracellular vesicles (as in the
case of Lactobacillus kefiranofaciens subsp. kefirgranum PRCC-1301 [243]), their micro integral
membrane protein (such as the one of Lactiplantibacillus plantarum [244]) as well as kefir
peptides [44,245] seem to contribute to this activity.

The association between kefir consumption and effective glycemic control through
reduction of IL-1β and increase of IL-10 expression, as well as a reduction of fasting glucose
and insulin levels and reduction of insulin resistance, has been reported [39,40,239,246,247].
Although the exact mode of action is still to be elucidated, it includes the release of bioac-
tive peptides from caseins, most likely through the proteolytic activity of the kefir mi-
crobiota [247]. These bioactive peptides may also include ACE-inhibitory ones [38,248],
which contribute to the effective control of blood pressure. Indeed, a series of studies
have highlighted the antihypertensive capacity of kefir and indicated that ACE-inhibitory
activity is among the most important mechanisms [249–251]. Kefir has also been reported
to have an immunomodulatory capacity [43] and act towards the prevention and treat-
ment of atherosclerosis [44] and liver damage [41], mostly due to its antioxidant and
anti-inflammatory activities. In addition, it may also act as a psychobiotic due to the
occurrence of LAB capable of producing gamma-aminobutyric acid, a major inhibitory
neurotransmitter of the mammalian central nervous system [252], combined with anti-
inflammatory activities [253,254].

The anti-carcinogenic capacity of kefir has been assessed in a variety of human cancer
cell lines, such as the gastric AGS and SGC7901, mammary MCF-7, myeloid leukemia
HL60/AR, colorectal Caco-2 and HT-29, etc. [255–259]. In the majority of cases, inhibition
of proliferation and apoptosis induction were reported, mediated by molecular mechanisms
that included downregulation of TGF-α and Bcl-2, decreased polarization of mitochondrial
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membrane potential, as well as the upregulation of TGF-β1, Bax, caspase 3, caspase 8,
caspase 9, etc. [42,256–258,260–262].

4. Customization of Fermented Beverages

In the previous paragraphs, the importance of raw materials in terms of their chemical
composition, as well as the importance of the microbiota involved in fermentation in
terms of metabolic capacity, have been highlighted. The functional properties of fermented
beverages are achieved through the combination of these two parameters.

Product customization is as old as fermentation itself. The use of starter cultures is a
form of customization, which, before the dawn of microbiology, took place through back-
slopping. Nowadays, customization is facilitated by a wealth of information regarding the
molecular mechanisms of disease and the mode of action of bioactive compounds. The
customization of fermented beverages aims at achieving reproducibility, and therefore,
the standardization of the product, and enhancing its functional properties. The first
is principally achieved through the use of starter cultures. Indeed, the use of defined
monocultures or micro-consortia allows the acceleration of the fermentation procedure,
as well as the predictability of the outcome [263]. On the other hand, the enhancement
of functional properties has been achieved mostly through the use of alternative and/or
supplementary raw materials. In Table 2, representative studies on the customization of
fermented beverages are exhibited.

Table 2. Representative studies on customization of fermented beverages.

Product Customization Strategy-Outcome References

Fruit-based fermented
beverage

Improvement in the antioxidant activity of kiwifruit pulp through fermentation with a Lp.
plantarum strain. The increase in DPPH and ABTS scavenging activities were correlated
with the increase in total phenolic and flavonoid content.

[264]

Fruit-based fermented
beverage

Pomegranate juice was fermented with Lp. paraplantarum CRL2051 and Lp. plantarum
CRL2030 and administered to C57BL/6 mice fed a high-fat diet. The fermented juice
offered protection against weight gain, liver damage, and dyslipidemia.

[265]

Fermented mango
juice

Different mango cultivars were subjected to lactic acid fermentation with two LAB strains,
namely Lp. plantarum 75 and Ln. pseudomesenteroides 56. The latter strain improved the
retention of carotenoids, while the former enhanced the phenolic content and the
antioxidant activity of all mango cultivars.

[266]

Whey-based
fermented beverage

Commercially available probiotic LAB cultures, capable of producing conjugated linoleic
acid (CLA), were used to ferment whey that was enriched with walnut oil lipolyzed by
endogenous lipases as a source of free linoleic acid. After the optimization of the
fermentation conditions, the whey-based beverage, apart from the CLA content, which
could reach 36 mg/g fat, also presented a remarkable antioxidant capacity, most likely
due to the presence of phenolic compounds and tocopherol in the walnut oil.

[267]

Kombucha analog

A kombucha analog with the use of coffee (Coffea arabica) by-product infusion, instead of
Camellia sinensis infusion, was developed. The antioxidant activity (as estimated through
the reduction in intracellular ROS and uric acid concentration in HK-2 model cells) and
the anti-inflammatory activity (as estimated through a reduction in NO formation in
LPS-induced macrophages of the kombucha analog and black-tea kombucha) were
comparable.

[268]

Kombucha analog

Hops (Humulus lupulus L.), madimak (Polygonum cognatum), and hawthorn (Crataegus
monogyna) were used to supplement black-tea kombucha, using the same SCOBY. After
fermentation, the antioxidant activity of traditional kombucha was higher than that of the
ones supplemented with herbs. All kombuchas exhibited comparative antiproliferative
capacity against two cancer cell lines, namely HCT116 and Mahlavu.

[269]
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Table 2. Cont.

Product Customization Strategy-Outcome References

Kombucha analog
Hibiscus sabdarifa L. leaves and stems were used to develop kombucha analogs. The
products exhibited similar antioxidant capacity and no cytotoxicity against
noncancer cells.

[270]

Kombucha analog

Infusions of blackcurrant (Ribes nigrum), black chokeberry (Aronia melanocarpa), and
blueberry (Vaccinium myrtillus) were fermented using the same SCOBY, resulting in
products with a significant content of polyphenolic compounds. The kombucha analogs
exhibited significant antioxidant activity, assessed both in vitro and with the use of
human keratinocytes (HaCaT) and fibroblasts (BJ).

[271]

Enhanced kombucha

Incorporation of Echium amoenum in kombucha resulted in a significant increase in the
total phenol, anthocyanin, and flavonoid content, as well as the antioxidant activity. The
kombucha prepared solely via E. amoenum infusion exhibited enhanced cytotoxicity
against the human prostate cancer cell line (PC3) compared to the products containing
both black tea and E. amoenum infusions.

[272]

Fermented soy
beverage

Commercially available probiotic strains La. rhamnosus GG and B. longum BB536, along
with isolates with probiotic potential, namely B. breve INIA P734, B. longum INIA P132, La.
paracasei INIA P272 and La. rhamnosus INIA P344, were used to ferment a commercially
available soy beverage. The product obtained with La. rhamnosus GG and La. rhamnosus
INIA P344 contained high levels of bioactive isoflavone aglycones. The viability of the
strains, along with the bioactive compounds, was maintained during refrigerated storage
for 28 d.

[273]

B.: Bifidobacterium; La.: Lacticaseibacillus; Ln.: Leuconostoc; Lp.: Lactiplantibacillus.

The employment of alternative raw materials, as partial or complete replacements of
traditional ones, has been extensively exercised in the case of kefir and kombucha beverages.
In fact, this strategy has been so extensively employed that it has led to a whole new class
of products, namely kefir analogs and kombucha analogs. In both cases, the aim was to
meet the consumer needs of nutritionally dense and organoleptically appealing products.
Especially the latter seems quite a challenge, taking into consideration the varying taste
preferences [274]. Therefore, a variety of raw materials have been employed, resulting in
variable nutritional and sensorial outcomes. In the case of kefir analogs, the utilization
of fruits, vegetables, and sugar solutions is most commonly reported [275–282], while for
the production of kombucha analogs, the employment of herbal infusions and fruits is
most frequently encountered [283–297]. Apart from using kefir or kombucha cultures to
ferment their analogs, the development of fruit- and vegetable-based beverages through
the fermentation of substrates not traditionally considered for that purpose, using cultures
that could effectively carry out fermentation and enhance their functional potential, has
been extensively assessed. Indeed, a series of fruit or vegetable juices and pulps have
been subjected to fermentation, principally lactic acid fermentation [298–308]. Apart from
the organoleptically interesting products, in the majority of cases, the results exhibited an
increase in the concentration of bioactive compounds, such as the total phenolic content,
vitamin C, shikimic acid, etc., along with an increase in the antioxidant capacity, which, in
some cases, was further verified through in vitro experimentation.

The enhancement of functional properties has also been achieved through the direct
addition of compounds or their precursor molecules. An example of the first strategy
is the study by Frolova et al. [309], in which pre-dissolved inulin and a vitamin premix
consisting of thiamine, riboflavin, pyridoxine, folic acid and niacin were added to the
already fermented black-tea kombucha at concentrations corresponding to 100% of the
recommended daily intake (RDI) of inulin and 29–44% of the RDI of the vitamins. In
addition, an infusion of frozen strawberries and lime leaves was created and added after
the primary fermentation, and a secondary one was allowed, at 23 ◦C, for 24 h. The final
product exhibited a 82% DPPH inhibitory activity and it was highly accepted by the sensory
evaluation panel. Another example of the direct addition of functional compounds is the
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study by Shahbazi et al. [292]. In that study, medicinal plants, namely cinnamon, cardamom,
and shirazi thyme, were added to the green-tea concoction and allowed to ferment using
the same SCOBY. The cinnamon-flavored kombucha exhibited higher antioxidant and
antimicrobial activity, as well as better sensorial scores, than the green-tea kombucha that
served as the control and the cardamom- and shirazi thyme-flavored ones. Based on
these results, cinnamon was used to partially or completely replace green tea. Increasing
the cinnamon concentration resulted in an increased total phenolic content and radical
scavenging activity and had a variable effect on the minimum inhibitory concentration
against the Gram-positive and Gram-negative pathogenic bacteria that were examined; the
authors noted that the Gram-negative ones seemed to be more susceptible. Similarly, Ozturk
et al. [269] combined black tea leaves with hops (Humulus lupulus L.), madimak (Polygonum
cognatum), or hawthorn (Crataegus monogyna) dry leaves and created a concoction that
was left to ferment into kombucha. The herbs employed had no additive effect on the
antioxidant capacity of the black-tea kombucha that served as the control and all products
had a comparable antiproliferative activity against the human colorectal carcinoma cell
line HCT116 and the human hepatocellular carcinoma cell line Mahlavu. Both studies,
along with many similar ones, can be considered as a non-targeted attempt to improve
the functionality of the final product. The term ‘non-targeted’ is used to highlight that the
aim of the studies was to enhance the total phenolic content, and therefore, the antioxidant
capacity, and not the concentration of a specific compound. In the case of kombucha, an
example of such a compound would be epigallocatechin gallate (ECGC), the most studied
bioactive compound of green tea. There is a strong indication that ECGC exhibits significant
antiproliferative and antihypertensive activity through a variety of mechanisms [310,311].
Therefore, targeting the increase in this compound would create a product with specific
capacities. However, research is still necessary in order to verify these actions and elucidate
the underlying molecular mechanisms. This targeted approach was employed by Moslemi
et al. [267], aiming to enhance the conjugated linoleic acid (CLA) concentration of a whey-
based beverage. CLA is a group of linoleic acid isomers, the consumption of which has
been correlated with a series of health benefits [312,313]. In that study, walnut oil that
was already lipolyzed by endogenous lipases was added to a whey-based formulation,
homogenized, and allowed to ferment with commercially available starter and probiotic
cultures. The lipolysis of the walnut oil was necessary in order to liberate the esterified
linoleic acid and thus enable the microorganisms to use it as a precursor for conjugated
linoleic acid synthesis. Although the maximum produced amount of 36 mg/g of fat
does not meet the recommended daily intake, this study proved that supplementation
with substrates used by microorganisms for the production of bioactive compounds is an
effective strategy and definitely worth further assessment.

Finally, the valorization of market surplus food, especially bread, into fermented
beverages with functional potential has also been considered. Indeed, Massa et al. [314]
reported the development of a non-alcoholic beverage using Saccharomyces bayanus 995,
a SCOBY, or water kefir grains. The authors proposed a saccharification pre-treatment
with Aspergillus oryzae and the supplementation of the thermally treated infusion with
1% w/v multiflora honey. The final product was sensorially evaluated, and the beverage
prepared with S. bayanus was more preferred. On the other hand, Nguyen et al. [315]
inoculated a sterilized slurry made after the homogenization of finely cut bread and water
with La. rhamnosus GG and/or S. cerevisiae CNCM I-3856. Before sterilization, the addition
of commercially available zero-calorie sweetener mix and a stabilizer took place. After
fermentation at 37 ◦C for 72 h, the beverage fermented with a consortium of both strains
contained the highest amount of amino acids, such as leucine, valine, glycine and GABA,
throughout storage at 5 and 30 ◦C for 6 w. More recently, Siguenza-Andres et al. [316]
applied desalting and treatment with a-amylase and glucoamylase to dried and milled
surplus bread before inoculation with La. rhamnosus GG or a microconsortium consisting
of Bifidobacterium sp., Lb. delbrueckii subsp. bulgaricus, and Streptococcus thermophilus.
Fermentation took place at 38 ◦C for 24 h. The authors reported that the enzyme treatment
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allowed faster acidification to occur, whereas desalting restricted the maximum rates of
growth, pH reduction and acidification.

5. Conclusions

Fermented beverages have a long tradition and a very promising future due to their
great capabilities, spanning from their capacity to fit into the mentality of subsequent
generations, including the current ‘on the go’ generation, to their customization potential.
Especially regarding the latter, the wide range of raw materials that can be used, combined
with the metabolic potential of food-grade microorganisms, can give birth to customized
products that meet the extensive range of organoleptic preferences and enable targeted
nutritional interventions. Although a lot of research is still necessary, this exciting future
seems to be within reach.
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