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Abstract: Sourdough is a composite ecosystem largely characterized by yeasts and lactic acid bacteria
which are the main players in the fermentation process. The specific strains involved are influenced
by several factors including the chemical and enzyme composition of the flour and the sourdough
production technology. For many decades the scientific community has explored the microbiological,
biochemical, technological and nutritional potential of sourdoughs. Traditionally, sourdoughs have
been used to improve the organoleptic properties, texture, digestibility, palatability, and safety of
bread and other kinds of baked products. Recently, novel sourdough-based biotechnological appli-
cations have been proposed to meet the demand of consumers for healthier and more natural food
and offer new inputs for the food industry. Many researchers have focused on the beneficial effects
of specific enzymatic activities or compounds, such as exopolysaccharides, with both technologi-
cal and functional roles. Additionally, many studies have explored the ability of sourdough lactic
acid bacteria to produce antifungal compounds for use as bio-preservatives. This review provides
an overview of the fundamental features of sourdoughs and their exploitation to develop high
value-added products with beneficial microorganisms and/or their metabolites, which can positively
impact human health.

Keywords: sourdough; yeasts; lactic acid bacteria; bioactive compounds; exopolysaccharides; anti-
fungal activity

1. Introduction

Sourdoughs, in all their different types produced worldwide, represent an awesome
ecosystem which can offer several opportunities for conventional and non-conventional
microbial exploitation to sustain the ecological and nutritional needs of new consumers [1].

Sourdough is a mixture of water and flour that is fermented by cultures of indigenous
yeasts and lactic acid bacteria (LAB) [2—4]. In addition to these microorganisms, Proteobac-
teria may also be present, specially at the beginning of fermentation [5,6]. Among them,
acetic acid bacteria (AAB), such as those belonging to Gluconobacter sp., Acetobacter sp.,
and Komagataeibacter sp., allow faster acidification of the dough and influence the volatile
attributes of the final product [7-10]. The indigenous microflora of sourdough is the result
of the microbial interaction among microorganisms coming from the flour, the bakery
environment, and the vegetable matrices, such as fruits, must, or vinegar, which can be
added to the original mixture to accelerate the start-up of fermentation [11].

For many decades the scientific community has explored the microbiological, bio-
chemical, technological, and nutritional potential of sourdoughs and the overall literature,
produced in the last 30 years, has been recently reviewed by Arora et al. [12]. What stands
out are the novel sourdough-based biotechnological applications proposed, in the last
decade, to meet the demand of consumers for healthier and more natural food [13,14].

This review highlights the fundamental features of sourdoughs and their exploitation
to develop high value-added products and offer new inputs for the food industry.
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In addition to the sourdough technology, this review deals with meaningful studies
on the enzymatic activities that have positive effects on human health and the production
of compounds with functional properties. Moreover, it reports the potential exploitation of
sourdough lactic acid bacteria as bio-preservatives against fungal growth.

2. Sourdough Technology

Based on the technology applied for their production, three main types of sourdough
can be distinguished: type I, which is the artisan bakery firm sourdough; type II, re-
ferring to industrial liquid sourdoughs; and type III, which indicates industrial dried
sourdoughs [15,16] (Figure 1).

Usually, mature type I sourdough contains a mixture of typical yeast and mesophilic
LAB strains that characterize sourdough-based products [6]. The stability of the dough
depends on the type of flour, the quality and nutritional value of the cereals, the temperature
and humidity during processes, and the microbial composition of the inoculum [17,18].

The common yeast species are mainly Saccharomyces cerevisiae, Kazachstania humilis
(formerly Candida humilis), Kazachstania exigua, Pichia kudriavzevii, and Torulaspora del-
brueckii [19,20]. Moreover, almost 95% of the traditional sourdough population is dom-
inated by heterofermentative LAB alone or in association with homofermentative lacto-
bacilli [15,21]. Lactobacillus sanfranciscensis (currently Fructilactobacillus sanfranciscensis)
was most frequently detected in association with yeasts belonging to Kazachstania species,
predominantly K. humilis [22-24]. Other frequently representative LAB include Lacto-
bacillus plantarum (currently Lactiplantibacillus plantarum), Lactobacillus brevis (currently
Levilactobacillus brevis), Leuconostoc spp., and Weissella spp. [1,5,25,26].

To avoid any confusion for the Lactobacillus strains reported in previous studies with
the former classification of the genus, the old name of the species will be maintained in
the present review; the following link is suggested for the appropriate name conversion:
http:/ /lactobacillus.ualberta.ca, accessed on 17 March 2021.

The type I sourdough is prepared according to the traditional method, conducted
by daily refreshments, also called “back-slopping”, which keeps it metabolically active.
Accordingly, a selection of sourdough microbiota occurs, due to the back-slopping, which is
repeated five to ten times [8,27]. These sourdoughs are typical of various traditional Italian
sweet baked products, including those that are commercialized and consumed during
holiday seasons, such as Panettone and Colomba [3,18,28].

Type Il and III sourdoughs (the latter is made by dehydrating the stabilized form
of type II sourdough) were developed for industries with the aim of providing a more
standardized process [6]. Both are made with selected cultures added at a ratio of 100:1
(LAB to yeasts) to obtain specific features of the baked products and inhibit the growth of
unwanted microbiota [8].

The selection of microbial strains useful as starter cultures is fundamental for sour-
dough industries and relies on various metabolic traits that have both technological and
functional interest [29,30]. In this context, qualified microbial culture collections, constitute
a fundamental cornerstone for the investigation of sourdoughs’ microbiota to select strains
with desired features [31].

Among LAB, the selection of potential starters is generally made within the Lactobacil-
laceae and the most often used are acid-tolerant strains such as L. amylovorus, L. panis, L.
pontis, and L. reuteri [27,32,33].

Different non-lactobacillus strains have also been tested as suitable starters because
of the positive effect of their compounds on the sourdough flavor, which can open new
prospects in the sourdough industries. As reported by Montemurro et al. [34], Pediococcus
pentosaceus OA1 and S3N3 and Leuconostoc citreum PRO17 were selected on the basis of
optimal acidification and growth performance, as well as the intense proteolytic activity in
whole wheat flour doughs.

Recently, AAB have also been considered useful starters for the production of desired
metabolites [7]. Accordingly, Acetobacter pasteurianus IMDO 386B and Gluconobacter oxydans
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IMDO A845 strains were tested for type Il sourdough production processes and the latter,
in particular, had an attractive impact on the production of volatile organic compounds [7].
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Figure 1. Schematic description of the three main types of sourdough.

3. Nutritional and Functional Features of Sourdough

Sourdough fermentation is certainly the most conventional and efficient tool for
guaranteeing rheology, sensory, hygiene and shelf-life features [14]. Additionally, it has the
potentiality to enhance the nutritional and functional features of wheat flours [35-38].

The positive effects provided by sourdough technology can be summarized as:

e preservation of food through acetic acid, lactic acid, alcoholic, and alkaline fermenta-
tions;

e food enrichment with compounds that originate either from biochemical reactions
(e.g., essential amino acids, proteins and essential fatty acids), or biosynthesis (e.g.,
vitamins);
development of aromas, flavors and textures in food substrates;
detoxification during food fermentation processing.

Moreover, it has been reported that sourdough fermentation can lower glycemic
index, increase mineral bioavailability, reduce gluten content and reduce starch digestibility,
mainly through the organic acids production and other complementary mechanisms [12,39].
The main outcomes of sourdough fermentation are shown in Figure 2.

In recent years the development of high-quality gluten-free (GF) products has become
an important socio-economic issue and a new approach in this framework is represented
by the application of sourdough fermentation [40].

Common products for celiacs available on the market are often characterized by poor
palatability and lack of minerals and fibers [41]. Moreover, they usually have a low amount
of health promoting nutrients, such as B vitamins groups, which are essential in the human
diet; for instance, folate (B11) is involved in fundamental metabolic reaction, biosynthesis
of nucleotides, building blocks of DNA and RNA and prevent neural tube defects in
newborns [40]. Consequently, fermentation with LAB and yeasts can be considered an
effective methodology in food production suitable for the development of new kinds of
GF products with nutraceutical and health-promoting features [42]. Applying microbial
selected cultures to suitable raw materials, the fermentation process can be modulated, also
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enhancing the content of bioactive metabolites and other compounds, such as glutathione,
which exert an antioxidant activity [22,43-45].

Moreover, the sourdough fermentation can be useful in preserving some good sen-
sory characteristics, such as products’ structure and/or softness maintenance during
storage, which are usually compromised by the lack of gluten [46,47]. Therefore, the
selection of specific sourdough cultures has been considered as a new tool for GF food
processing [14,48,49].

Various ecological studies have provided useful information on the presence of com-
petitive LAB and yeasts strains, which can be used as candidates for starter develop-
ment [50]. In rice, maize, teff, and amaranth sourdough, for instance, is frequently used
to isolate microorganisms such as: L. fermentum, L. plantarum, and L. paralimentarius [51].
Above them, strains of L. helveticus, L. pontis, and S. cerevisiae are most competitive in
different kind of cereals, pseudo-cereals, and cassava sourdoughs [10,52]. Positive cooking
performance, obtained with the use of sourdough in GF products, in terms of definite
volume, flavor, texture and mouthfeel encourages further studies and the development of
an industrial production [40].

Protein
degradation
Stability of
s Release of
compounds e
S compounds
and vitamins
SOURDOUGH
Release of Delay of
EPS and FERMENTATION pid .
prebiotics OUTCOMES
Reduction in Increase of
phytate mineral
content availability
Enhance of
fibre
solubilisation

Figure 2. Main technological effects of sourdough on rheology, flavor and shelf life (in yellow), and
main health-promoting features (in light blue).

In particular, the flavor profile of the product can be greatly affected by the use
of sourdough, depending on type of starter cultures, fermentation conditions, baking
conditions and raw material. Recently, researchers have proposed the use of sourdough-
fermented ingredients to reach new sensorial profile and enhance nutritional value in
pasta [13]. The use of sourdough for pasta fortification has been explored under several
aspects and has also been applied with success to mixed flour composed by pseudo-cereals
and legumes, allowing an increasing of y-aminobutyric acid (GABA) levels [53]. GABA
is a non-protein amino acid with several physiological functions, such as induction of
hypotension and prevention of diabetes as well as diuretic and tranquilizer effects [54,55]. A
systematic review on its production from LAB has been recently reported by Cui et al. [56].
The use of non-conventional flours to obtain food products characterized by peculiar
flavor, abundance of proteins with high nutritional value, dietary fibers, polyphenols,
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and minerals, represent an attractive feature to be explored by food industries for new
applications of sourdough microbiota [26,42].

3.1. Enzymatic Activities with Beneficial Effects on Human Health

It is known that cereal grains are significant sources of minerals such as magnesium,
potassium, iron and zinc. However, they also contain phytic acid or myo-inositol hex-
akiphosphate (IP6) (1-4% of dry weight) [57,58]. This compound is an anti-nutritional
factor for humans and animals, in fact, the central hexaphosphate ring is highly charged
due to six anionic groups and acts as a chelator of dietary minerals reducing their bioavail-
ability [59,60]. Sourdough fermentation, owing to the pH reduction, provides suitable
conditions for cereal endogenous phytase activities [36,61]. The phytases that take part
in the process are also exogenous and they are produced by a large number of microor-
ganisms among which are sourdough yeasts and LAB. Their activity reduces to less than
a half the phytate content of whole wheat bread and allows to increase bioavailability of
minerals, free amino acids, and proteins. A recent screening on 152 LAB, isolated from
cereal-based substrates, revealed a widespread capacity of the isolates (95%) for degrading
phytic acid. Among the isolates, strains L. brevis LD65 and L. plantarum PB241, showed
the highest phytase activity; on the contrary, Weissella confusa strains showed low or no
phytase activity [62].

Allergies, intolerances, and sensitive individuals are also positively influenced by the
LAB present in the sourdough, as they can show specific enzymatic activities toward gluten
proteins. The proteolytic activity carried out by endogenous and exogenous proteases
during the fermentation process with sourdough seems to lead to a complete hydrolysis of
gluten, meeting the needs of individuals affected by celiac disease [32].

3.2. Effects of Organic Acids

Most of the valuable properties attributed to sourdough are due to the acidification
activity, due to LAB and AAB. In fact, during fermentation, several organic acids, e.g., lactic,
acetic, citric, pyruvic and succinic acid are produced. Among them, lactic and acetic acid are
the most important as they can greatly affect the aroma profile and rheological properties
of sourdoughs [58]. Their production depends upon several factor including flour type,
starter used, metabolic activity, technological performance, and acidification properties
of the wheat sourdoughs [63]. Organic acids produced during sourdough fermentation
can have preservative and antimicrobial effects, improving storability and safety [64], as
well as have positive health effects. For instance, acetic acid, propionic and lactic acid have
the capacity of lowering the insulin response [65]. The mechanisms of these acids seem
to vary; lactic acid acts to lower the rate of starch digestion in bread while propionic and
acetic acids seem to extend the gastric emptying rate [66].

As suggested by the work of Ostman et al. [67], lactic acid, in particular, is designed
to lower blood sugar and promote an interaction between starch and gluten favoring the
reduction of starch bioavailability.

4. Exopolysaccharides

Exopolysaccharides (EPS) are biopolymers of high molecular weight produced by
several microorganisms, such as LAB, AAB and microalgae [68-70].

Based on the chemical composition and biosynthesis mechanisms, microbial EPS
are classified into two distinct groups: (1) homopolysaccharides (HoPS), such as glucans
and fructans, (2) heteropolysaccharides (HePS), e.g., gellan and xanthan [71]. Among the
HoPS, dextran, levan, and cellulose are mostl important in the food industry for their
significant features [71,72]. In particular, EPS-producing LAB are attractive for application
in bakery products thanks to their ability as viscosifiers, texturizers, emulsifiers, and
syneresis-lowering agents [62,70]. In addition to polysaccharides naturally occurring in
cereal grains flour and dough, microbial EPS from sucrose can be produced in sourdough
through the activity of glycosyltransferases [73]. It has been reported that fructan from L.
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sanfransiscensis can positively affect the dough rheology and bread texture more than the
external addition of the same polysaccharides [74]. Furthermore, it has been shown that
dextran produced in situ can improve texture and cover unpleasant flavors of wholegrain
bread suggesting microbial EPS as a possible substitute of sweeteners [75].

Sourdough technology using EPS-producing LAB strains seem to be a valid solution
to improve GF baked products [70]. For instance, microbial EPS can replace hydrocolloids,
which are fundamental components in GF products to get acceptable quality levels in terms
of texture, volume, and shelf life [76].

Other evidence has been recently reported by Franco et al. [77], who described EPS,
produced by Pediococcus, Leuconostoc, and Weisella strains in quinoa sourdough, able to
improve the organoleptic and rheological attributes in GF-free doughs. Consequently, the
development of EPS-producing starter cultures for different types of flour sourdoughs has
been receiving a growing-interest in the last years, also due to the potential health benefits
associated with EPS themselves as prebiotics, which can be exploited to make added-value
functional products [78]

5. Bioactive Compounds

Cereals contain different phytochemicals, such as phenolic acids, phytosterols, alkyl-
resorcinols, tocols, lignans, and folate [79]. Among other processing conditions, e.g.,
milling and malting, the sourdough fermentation is the one that most affects the levels
and bioavailability of phytochemicals and increases the level of extractable phenolic com-
pounds [14,80]. Furthermore, bioactive compounds are synthesized during fermentation,
while other components involved in grain-related digestion problems or pathologies, such
as gluten sensitivity or gastrointestinal syndromes, are reduced [81].

As reported by Katina et al. [82], folate and other free phenolic acids increased up
to seven and ten times in germinated rye during sourdough fermentation. Moreover,
comparing the capability of different yeasts and LAB to affect the folate content in a rye
sourdough, it was demonstrated that the synthesis of folate by bacteria was minimal, while
the yeasts were able to increase its content over three-fold in the best case [83].

Regarding the vitamin E, tocopherol and tocotrienol, a reduction during the sourdough
preparation and dough making has been reported, probably due to the sensitivity of the
compounds to the air [14].

Several authors have stated LAB as the microbes most suitable in bioactive peptides
enrichment [55,84]. According to Rizzello et al. [49,55], selected sourdough lactobacilli
with specific proteinase and peptidase activities toward cereal proteins, were effectively
used for releasing Angiotensin I-Converting Enzyme (ACE)-inhibitory peptides during a
long-time sourdough fermentation. These peptides are of great interest for functional foods
as they may be used for avoiding hypertension and for other therapeutic purposes [55].
Another study showed that sourdough LAB can increase the concentration of lunasin, a
cancer-preventing peptide, during fermentation of various flours, including those of wheat,
barley, amaranth, soybean, or rye [85]. Specifically, L. curvatus SAL33 and L. brevis AM7
strains used as sourdough starters were able to synthesize this compound, increasing its
concentration up to 2—4 times during fermentation.

6. Antifungal Compounds

One of the big issues in the bakery product industries are moulds — the primary cause
of spoilage, off-flavors and potentially producing harmful secondary metabolites commonly
called mycotoxins. Aflatoxins are the most common hazardous mycotoxins, causing both
chronic and acute toxicity to humans and cattle. Usually, chemical preservatives are
successfully used against fungal growth, however, the exploitation of sourdough LAB, as
bio-preservatives, has gained great interest among researchers and industries driven by
the growing demand for clean label products in which chemically derived ingredients are
replaced by natural alternatives [86].



Appl. Sci. 2021, 11, 3694

7 of 13

Generally, LAB can be considered protective microorganisms not only for their pro-
duction of lactate and acetate, which act as effective preservatives, but also for releasing
other active compounds during fermentation. Indeed, a synergistic effect between pH and
antifungal metabolites seems to be responsible of the LAB protective activity [87,88]. The
majority of antifungal substances produced from LAB include organic acids, hydrogen
peroxide, reuterin, proteinaceous and phenolic compounds, hydroxyl fatty acids, and other
low-molecular-weight compounds [89,90].

Several studies have investigated the ability of sourdough LAB to prevent moulding
events on leavened goods; some examples referred to specific strains are reported in Table 1.
A comprehensive review on the ability of LAB to serve as antifungal and anti-mycotoxigenic
agents have been recently provided by Sadiq et al. [86].

Table 1. Some lactic acid bacteria strains from sourdoughs tested for their antifungal activity.

LAB Strains

Compounds with Antifungal Activity Fungal Target Tested Reference

L. sanfrancisencis CB1

Acetic, caproic, formic, propionic, butyric

and n-valeric acids Fusarium graminearum 623 [91]

L. plantarum 21B

Phenyllactic acid and

Ahydroxyphenyllactic acid Aspergillus niger FTDC3227 [92]

L. plantarum CRL 778
L. reuteri CRL 1100
L. brevis CRL 772
L. brevis CRL 796

Penicillium sp.
Lactic, acetic, and phenyllactic acids Aspergillus niger [93]
Fusarium graminearum

Aspergillum clavatus

L. buchneri FUA 3525 . Cladisporium spp.
L. diolovorans DSM 14421 Propionate and acetate Mortierella spp. 541
Penicillium Roquefort
L. rossiae LD108, Lactic acid, acetic acid, phenyllactic acid Asperoillum iaponicus [95]
L. paralimentarius PB127 and diacetyl perg Jap
Lactic acid, acetic acid, Fusarium culmorum FST 4.05
3-phenylpropanoic acid, p-coumaric, Aspergillus niger FST4.21
L. amylovorus DSM 19280 (E)-2-methylcinnamic acid, 3-phenyllactic ~ Penicillium expansum FST 4.22 (96,971
acid and cyclic dipetides Penicillium roqueforti FST 4.11

L. paracasei subsp. tolerans L17

Fusarium proliferatum M 5991
Fusarium proliferatum M 5689 [98,99]
Fusarium graminearum R 4053

Cell-wall binding and enzyme-mediated
degradation

7. Sourdough Effectiveness on Rheology, Shelf-Life and Safety

The impact of sourdough on properties and rheological behavior of dough has been
widely investigated. Generally, changes may be attributed to several intrinsically related
factors, including variations in the rate or amount of acid produced [100].

For instance, a low proteolytic degradation of wheat proteins affects the physical
properties of gluten and, thus, influences the firmness and staling of the final baked
product [101]. The specific proteolytic activity of sourdough microorganisms also has a
great impact [102]. As proved by Clarke et al. [103], the use of sourdough, prepared either
from a single strain or a mixed strain starter culture, significantly influenced the rheological
properties of wheat flour dough; sourdough prepared with starter cultures increased the
softening level of the dough.

Regarding gas production in sourdoughs, Hammes and Génzle [27] proved that the
contribution of yeasts and LAB changes according to the type of starter and the dough
technology. This aspect is particularly important in the GF products where the lack of
the viscoelastic gluten system is responsible for low expansion and gas retention dur-
ing leavening [104]. The efficiency of the addition of sourdough on GF bread quality
was demonstrated in various formulations made of a different kind of flour by Picozzi
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et al. [105], which used a Type I GF-sourdough with a stable association between L. san-
franciscensis and C. humilis. The positive effects of sourdough on rheology and texture, in
terms of volume and softness, led to an extended shelf-life of the baked products. This
aspect is certainly of great interest for the bakery industry which has recently reevaluated
the traditional sourdough fermentation to contrast the short shelf-life of baked products,
like bread, mainly caused by spoilage microorganisms.

In fact, sourdough can act as a natural preservative able to replace the use of chemical
preservatives. Above the antifungal activity described in the previous section, antibacterial
activity has been also scientifically proven [106]. Bread quality and safety can be affected
by spore-forming bacteria, such as Bacillus subtilis, which mainly occur on the outer parts
of grains, and consequently can contaminate also the other ingredients and/or bakery
environment [107,108]. The antibacterial effect of sourdough is generally attributed to the
synergistic activity of several compounds produced by yeasts and LAB, which includes the
synthesis of organic acids, EPS, antimicrobial compounds, bioactive peptides as well as the
conversion of phenolic compounds and lipids [106,109,110].

Therefore, sourdough technology combined with the use of high-quality flours rep-
resent a tool for improving both organoleptic and healthy features of the baked goods.
Optimized sourdoughs obtained with non-conventional flours are the new input for food
companies which want to satisfy the needs of consumers affected by allergies and food
intolerance.

Legumes and pseudocereals, such as amaranth and quinoa, which have very different
chemical composition and technological properties compared to wheat, can be a valid
alternative useful for the development of new food products included in different kinds of
bread, pasta, or snacks [13]. Regarding the allergies issue, the European Regulation No.
1169/2011 have been adopted with the aim to improve the labeling of foods with the clear
indication of ingredients and nutritional values. Accurate food labeling can, in fact, allow
consumers suffering from allergies or intolerances of knowing the specific ingredients
present in food products and help them to make healthier choices [111].

8. Conclusions

Sourdough fermentation has emerged in human history and since then, it has been
empirically used for the improvement of the organoleptic properties, texture, digestibility,
palatability, and safety of different food matrices. Nowadays, sourdough fermentation is
widely employed to enrich food with beneficial microorganisms and/or their metabolites,
which positively impact human health. This result can be achieved either through the
exploitation of the wild microbiota naturally associated to raw materials or as the result of
the inoculation of selected starters.

The wide and successful use of sourdough, maintained over time for its peculiar and
unique features, confirms this ancient biotechnology as an effective answer to the modern
world demand for natural, healthy, and eco-friendly food.
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