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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).

Health benefits

Reduce heart
desease risk

Antioxidant effects 4—\

Reduce various type
of cancer risk

Help to prevent obesity <—/

Notable compounds
RDI %

Vitamin C @

/—> Manganese
\—> Dietary fiber

:J]

<

Phenolic
compounds

@ W

Reduce neurodegenerative

diseases risk

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, CO;, 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-
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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]).

Lowest Reported Highest Reported
Blackberry Composition
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 gl
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
I'-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]).

. Lowest Reported Highest Reported
Raspberry Composition
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 0.20 420
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 gl
Total ascorbic acid 134 439
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 (ng) 21.0 36.0
Choline - 12.3
Vitamin A, RAE (ug) - 2.00
Lutein—zeaxanthin (ng) 136 360
Vitamin E 0.30 1.60
A-tocopherol 0.30 1.60
Vitamin K (ng) - 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]).

Lowest Reported Highest Reported
Blackcurrant Composition
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 gl
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 gl
Total ascorbic acid 98.0 284
Thiamin 0.08 0.11
Riboflavin 0.08 0.11
Niacin 37.6 411
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. Djordjevi¢ 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+ /1, 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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