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Editorial

Advances in the Use of Beneficial Microorganisms to Improve
Nutritional and Functional Properties of Fermented Foods

Palmira De Bellis 1,* and Carlo Giuseppe Rizzello 2

1 Institute of Sciences of Food Production (ISPA), National Research Council (CNR), Via G. Amendola 122/O,
70126 Bari, Italy

2 Department of Environmental Biology, Sapienza University of Rome, Piazzale Aldo Moro 5, 00185 Rome,
Italy; carlogiuseppe.rizzello@uniroma1.it

* Correspondence: mirella.debellis@ispa.cnr.it; Tel.: +39-080-5929459; Fax: +39-080-5929374

The World Health Organization [1] has highlighted the need to improve the nutritional
and functional characteristics of foods and beverages in order to enhance quality of life and
prevent chronic diseases. Many foods often present critical issues such as high glycemic
response, low biological protein value, high salt and fat concentrations, a lack of functional
compounds such as fibers and polyphenols, and the presence of ingredients associated with
hypersensitivity reactions. The use of beneficial microorganisms such as lactic acid bacteria
(LAB) is an excellent strategy to improve the nutritional and functional properties of foods
via the synthesis of bioactive compounds or through the degradation of antinutritional
factors. In recent years, many microorganisms with metabolic characteristics useful for
improving traditional and novel fermented foods have been identified, and the relationships
between their application and fermented food quality, safety, and health promoting features
have been elucidated.

In this Special Issue, an overview is provided of the latest scientific evidence on im-
proving the nutritional and functional properties of food resulting from the use of beneficial
microorganisms. Recent increases in scientific efforts have resulted in the developed of
both new and traditional fermented products that combine the beneficial characteristics
of microbial fermentation with the nutritional properties of animal- and plant-derived
matrices.

In detail, bioprocessing techniques (sprouting and sourdough fermentation) applied
to nonwheat grains, such as barley and lentil, can produce ingredients able to improve
the technological and nutritional properties of fortified wheat breads. The modulation of
fermentation parameters (native or sprouted cereal and legume flour, DY, and tempera-
ture) can lead to the production of a dextran-enriched sourdough that is suitable for the
production of bread with enhanced nutritional quality (low HI and pGI), functionality
(high soluble and total fiber content), and sensory attributes [2]. Some aspects related to
the production of EPS by a Weissella cibaria strain were explored in depth by De Bellis
et al. [3]. The strain selected as a high-EPS producer in the presence of sucrose was used to
produce an EPS-enriched sourdough suitable for use as a fat replacer in baked goods [4].
The authors characterized the EPS produced by W. cibaria C43-11 and investigated the
possible genetic regulatory elements responsible for the modulation of dextransucrase (dsr)
gene expression [3].

Sourdough and bread with improved features were developed using fermented water
extracts from Asian pears and Assam tea leaves with co-cultures of Lactiplantibacillus
plantarum and Saccharomyces cerevisiae strains as starter cultures. In particular, a sourdough
bread supplemented with fermented water had 10% less sugar, 12% higher dietary fiber,
and two to three times higher total phenolic content and antioxidant activity than common
sourdough bread [5].

Included in this Special Issue, a study addressed the microbial diversity associated with
different flatbread doughs leavened with traditional brewer’s yeast or type II sourdough.

Foods 2024, 13, 155. https://doi.org/10.3390/foods13010155 https://www.mdpi.com/journal/foods
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The latter was started with a strain of Leuconostoc citreum, which was selected for the
production of “yeast-free” bread. The authors explored, using an in-depth metagenetic
approach, the bacterial and fungal microbiota of the dough, highlighting how the use of a
microbial starter profoundly influenced the composition of the microbiota of the dough,
which was directly responsible for the product quality [6].

The promising results reported through several studies indicate a possible market
exploitation of innovative fermented beverages. In particular, He et al. [7] found that oats
are a suitable fermentation substrate. They evaluated the effects of fermentation on the
content of the bioactive components of oats, such as β-glucan, polyphenols, flavonoids, and
volatile compounds. The results differed depending on the strains used in oat fermentation,
indicating that oats can be used for the production of fermented beverages, providing
alternative products for vegetarians and those who are lactose-intolerant.

Demarinis et al. [8] identified a suitable combination of starters and legume grains that
can be used to produce a legume-based milk substitute containing high concentrations of
free peptides and amino acids. These lupin- and pea-based beverages may also be carriers
of probiotic LAB.

Soy drinks are an alternative to milk, especially for those who are allergic to milk pro-
teins, lactose-intolerant, or follow a vegan diet. However, the bean flavor of soy beverages
is the main factor limiting consumer acceptance. Sun et al. [9] proposed the use of a Chinese
indigenous edible and medicinal fungus, Naematelia aurantialba, to produce a fermented
soybean beverage with improved health-benefitting characteristics and a weaker beany
taste compared with typical soy beverages, which are essential for its commercialization [9].

Researches have focused on the production of new fermented foods with functional
properties, the consumer demand for which is increasing. Canonico et al. [10] produced
a craft beer with functional properties through the conjunction of a legume-fortified beer
with functional yeasts. In particular, this craft beer was fortified with hydrolyzed red lentils
using selected nonconventional yeasts (Lachancea thermotolerans and Kazachstania unispora)
through both pure and mixed fermentation.

The management of food waste and by-products is crucial for the agri-food indus-
try both for managing the costs relating to disposal and to meet current environmental
regulations. Cheese whey represents the main by-product of the dairy industry; however,
this whey is also a source of functional and bioactive compounds, in particular, proteins
and peptides. A biotechnological protocol aimed at the valorization of exhausted ricotta
whey enriched the substrate in bioactive peptides, thus creating a supplement to produce a
functional ricotta [11].

Finally, Ha et al. [12] performed the fermentation of Tenebrio molitor larvae by Cordyceps
militaris mycelium to increase the contents of nutrients such as total protein, total fiber, β-
glucan, and cordycepin contents. The proposed method could allow the bio-fortification of
several foods, which is crucial for populations that do not have a proper and balanced diet.

This Special Issue also includes an in-depth review on the potential of LAB as bio-
preservatives through the production of various antifungal metabolites [13]. Foods are
highly susceptible to spoilage due to numerous fungi, which cause economic and pro-
duction losses and represent a toxicological risk to humans through the production of
mycotoxins. Furthermore, consumers are increasingly demanding healthier foods that
are prepared with the minimal use of chemical preservatives. Therefore, the use of LAB
as biopreservatives is among the safest strategies to inhibit the growth of fungi in foods,
resulting in a lengthening of their shelf life.

In summary, this Special Issue provides insights into the recent application of beneficial
microorganisms to improve nutritional and functional properties of various fermented
foods. We hope that readers will find this Special Issue interesting.

Author Contributions: Writing—original draft preparation, P.D.B.; writing—review and editing,
C.G.R. and P.D.B. All authors have read and agreed to the published version of the manuscript.

Funding: This study received no external funding.

2



Foods 2024, 13, 155

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. WHO World Health Organization. Healthy Diet. Fact Sheet N◦394. 2018. Available online: http://www.who.int/mediacentre/
factsheets/fs394/en/ (accessed on 30 October 2023).

2. Perri, G.; Rizzello, C.G.; Ampollini, M.; Celano, G.; Coda, R.; Gobbetti, M.; De Angelis, M.; Calasso, M. Bioprocessing of Barley
and Lentil Grains to Obtain In Situ Synthesis of Exopolysaccharides and Composite Wheat Bread with Improved Texture and
Health Properties. Foods 2021, 10, 1489. [CrossRef] [PubMed]

3. De Bellis, P.; Ferrara, M.; Bavaro, A.R.; Linsalata, V.; Di Biase, M.; Musio, B.; Gallo, V.; Mulè, G.; Valerio, F. Characterization of
Dextran Produced by the Food-Related Strain Weissella cibaria C43-11 and of the Relevant Dextransucrase Gene. Foods 2022, 11,
2819. [CrossRef] [PubMed]

4. Bavaro, A.R.; Di Biase, M.; Conte, A.; Lonigro, S.L.; Caputo, L.; Cedola, A.; Del Nobile, M.A.; Logrieco, A.F.; Lavermicocca, P.;
Valerio, F. Weissella cibaria short-fermented liquid sourdoughs based on quinoa or amaranth flours as fat replacer in focaccia bread
formulation. Int. J. Food Sci. Technol. 2021, 56, 3197–3208. [CrossRef]

5. Supasil, R.; Suttisansanee, U.; Santivarangkna, C.; Tangsuphoom, N.; Khemthong, C.; Chupeerach, C.; On-nom, N. Improvement
of Sourdough and Bread Qualities by Fermented Water of Asian Pears and Assam Tea Leaves with Co-Cultures of Lactiplantibacillus
plantarum and Saccharomyces cerevisiae. Foods 2022, 11, 2071. [CrossRef] [PubMed]

6. Ferrara, M.; Sisto, A.; Mulè, G.; Lavermicocca, P.; De Bellis, P. Metagenetic Analysis for Microbial Characterization of Focaccia
Doughs Obtained by Using Two Different Starters: Traditional Baker’s Yeast and a Selected Leuconostoc citreum Strain. Foods 2021,
10, 1189. [CrossRef] [PubMed]

7. He, Z.; Zhang, H.; Wang, T.; Wang, R.; Luo, X. Effects of Five Different Lactic Acid Bacteria on Bioactive Components and Volatile
Compounds of Oat. Foods 2022, 11, 3230. [CrossRef] [PubMed]

8. Demarinis, C.; Verni, M.; Pinto, L.; Rizzello, C.G.; Baruzzi, F. Use of Selected Lactic Acid Bacteria for the Fermentation of
Legume-Based Water Extracts. Foods 2022, 11, 3346. [CrossRef] [PubMed]

9. Sun, T.; Jiang, H.; Yang, K.; Li, X.; Wang, S.; Yao, H.; Wang, R.; Li, S.; Gu, Y.; Lei, P.; et al. Nutritional Function and Flavor
Evaluation of a New Soybean Beverage Based on Naematelia aurantialba Fermentation. Foods 2022, 11, 272. [CrossRef] [PubMed]

10. Canonico, L.; Agarbati, A.; Zannini, E.; Ciani, M.; Comitini, F. Lentil Fortification and Non-Conventional Yeasts as Strategy to
Enhance Functionality and Aroma Profile of Craft Beer. Foods 2022, 11, 2787. [CrossRef] [PubMed]

11. Pontonio, E.; Montemurro, M.; De Gennaro, G.V.; Miceli, V.; Rizzello, C.G. Antihypertensive Peptides from Ultrafiltration and
Fermentation of the Ricotta Cheese Exhausted Whey: Design and Characterization of a Functional Ricotta Cheese. Foods 2021, 10,
2573. [CrossRef]

12. Ha, N.-I.; Mun, S.-K.; Im, S.-B.; Jang, H.-Y.; Jeong, H.-G.; Kang, K.-Y.; Park, K.-W.; Seo, K.-S.; Ban, S.-E.; Kim, K.-J.; et al. Changes
in Functionality of Tenebrio molitor Larvae Fermented by Cordyceps militaris Mycelia. Foods 2022, 11, 2477. [CrossRef] [PubMed]

13. Nasrollahzadeh, A.; Mokhtari, S.; Khomeiri, M.; Saris, P.E.J. Antifungal Preservation of Food by Lactic Acid Bacteria. Foods 2022,
11, 395. [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.

3





foods

Article

Bioprocessing of Barley and Lentil Grains to Obtain In Situ
Synthesis of Exopolysaccharides and Composite Wheat Bread
with Improved Texture and Health Properties

Giuseppe Perri 1, Carlo Giuseppe Rizzello 2, Marco Ampollini 3, Giuseppe Celano 1, Rossana Coda 4,5,

Marco Gobbetti 6, Maria De Angelis 1 and Maria Calasso 1,*

Citation: Perri, G.; Rizzello, C.G.;

Ampollini, M.; Celano, G.; Coda, R.;

Gobbetti, M.; De Angelis, M.;

Calasso, M. Bioprocessing of Barley

and Lentil Grains to Obtain In Situ

Synthesis of Exopolysaccharides and

Composite Wheat Bread with

Improved Texture and Health

Properties. Foods 2021, 10, 1489.

https://doi.org/10.3390/foods

10071489

Academic Editor: Claudia

Monika Haros

Received: 24 May 2021

Accepted: 23 June 2021

Published: 27 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Department of Soil, Plant and Food Science, University of Bari Aldo Moro, 70126 Bari, Italy;
giuseppe.perri483@virgilio.it (G.P.); giuseppe.celano@uniba.it (G.C.); maria.deangelis@uniba.it (M.D.A.)

2 Department of Environmental Biology, University of Roma La Sapienza, 00185 Roma, Italy;
carlogiuseppe.rizzello@uniroma1.it

3 Puratos Italia S.r.l., 43122 Parma, Italy; mampollinI@puratos.com
4 Department of Food and Nutrition, University of Helsinki, 00100 Helsinki, Finland; rossana.coda@helsinki.fi
5 Helsinki Institute of Sustainability Science, Department of Food and Nutrition, University of Helsinki,

00100 Helsinki, Finland
6 Faculty of Science and Technology, Free University of Bozen, 39100 Bozen, Italy; marco.gobbetti@unibz.it
* Correspondence: maria.calasso@uniba.it; Tel.: +39-080-544-2948

Abstract: A comprehensive study into the potential of bioprocessing techniques (sprouting and
sourdough fermentation) for improving the technological and nutritional properties of wheat breads
produced using barley and lentil grains was undertaken. Dextran biosynthesis in situ during fer-
mentation of native or sprouted barley flour (B or SB) alone or by mixing SB flour with native or
sprouted lentil flour (SB-L or SB-SL) by Weissella paramesenteroides SLA5, Weissella confusa SLA4,
Leuconostoc pseudomesenteroides DSM 20193 or Weissella confusa DSM 20194 was assessed. The acidifi-
cation and the viscosity increase during 24 h of fermentation with and without 16% sucrose (on flour
weight), to promote the dextran synthesis, were followed. After the selection of the fermentation
parameters, the bioprocessing was carried out by using Leuconostoc pseudomesenteroides DSM 20193
(the best LAB dextran producer, up to 2.7% of flour weight) and a mixture of SB-SL (30:70% w/w)
grains, enabling also the decrease in the raffinose family oligosaccharides. Then, the SB-SL sour-
doughs containing dextran or control were mixed with the wheat flour (30% of the final dough)
and leavened with baker’s yeast before baking. The use of dextran-containing sourdough allowed
the production of bread with structural improvements, compared to the control sourdough bread.
Compared to a baker’s yeast bread, it also markedly reduced the predicted glycemic index, increased the
soluble (1.26% of dry matter) and total fibers (3.76% of dry matter) content, giving peculiar and
appreciable sensory attributes.

Keywords: barley; bioprocessing; baked goods; dextran; fibers; germination; glycemic index; lactic
acid bacteria; lentil; sourdough

1. Introduction

Bioprocessing of cereals and legumes by using microbial inoculants, with and with-
out the use of commercial enzymes, along with lactic acid bacteria (LAB) fermentation,
are performed to improve their technological and functional properties, nutritional value,
and consumer acceptability [1–5]. As one of the oldest and natural biotechnologies,
sourdough fermentation by LAB offers multiple benefits for bread producers and con-
sumers enhancing the overall quality of baked goods [3,6]. The pro-health effects of biopro-
cessing for making traditional and novel baked goods includes the microbial metabolites
as well as the ability to affecting the levels and the bioavailability of several bioactive

Foods 2021, 10, 1489. https://doi.org/10.3390//foods10071489 https://www.mdpi.com/journal/foods
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compounds, the capability to degrade anti-nutritional factors, the improvement of pro-
tein digestibility and the reduction of the glycemic index [6–10]. Among the well-known
benefits of LAB fermentation on baked-food properties [11,12], some LAB strains have
the ability to synthesize exopolysaccharides (EPS) [13–15]. EPS are polysaccharides com-
mercially used in the food industry as emulsifiers, stabilizers, thickeners, gelling agents,
as well as for moisture retention [16,17]. In the last decades, the use of EPS-producing
starters has received increasing interest from the bakery and cereal global industry since
the hydrocolloidal nature of these carbohydrate polymers provides a natural replacement
for commercial ones such as hydroxypropyl methylcellulose (HPMC) [18,19]. For several
EPS, prebiotic effects have also been described [20]. Moreover, for EPS has been reported
additional effects, such as anti-inflammatory, antitumor, or antioxidant properties [21].
Among the EPS, the homopolysaccharides dextran and levan are those of relevance for the
bakery industry [18,19,22].

α-D-glucans (dextran, mutan, alternan, and reuteran) are homopolysaccharides pro-
duced by extracellular glucansucrases, using sucrose as the substrate [23]. Dextran can be
produced in situ in fermented products by LAB (e.g., Leuconostoc and Weissella spp.) or
acetic acid bacteria and it has been generally recognized as safe (GRAS) by the Food and
Drug Administration. Dextran has been successfully produced in cereals, pseudocereals
and legumes by fermentation with selected LAB strains to obtain breads with an enhanced
quality and prolonged shelf-life [24–28].

Nowadays, several studies have established the use of germinated grains as means
to innovate and obtain foods with improved nutritional quality and content of bioactive
compounds [29–32]. The potential of grain germination as an effective, low-cost and
sustainable practice to enhance the levels of functional compounds and healthy properties,
but also the digestibility, bioavailability and palatability of grains, has been highlighted
before (for review see Benincasa et al. 2019) [31].

Germinated grains can be considered and labelled as malted or sprouted whole grain
because of containing all the original bran, germ, and endosperm [31]. In the last decade,
several composite breads containing sprouted grains have been developed and beyond
the wheat [30], minor cereals such as barley [33], pseudocereals [33], and legumes [34,35]
have been investigated as germinated ingredients for making functional bread. Although
the addition of flour from sprouted grains to wheat bread improves its nutritional value,
some detrimental effects on bread rheology and flavor can be observed [6,35], with respect
to the conventional counterpart. To overcome this technological drawback, EPS can be
used since they have been proven to be good texture modifiers [36,37].

In our previous study [35], we have demonstrated that the addition of 30% w/w
sourdoughs from lentil and sprouted lentil flours enriched with bacterial dextran in white
bread increased the fiber content, specific volume and decreased crumb hardness and
staling rate compared to wheat control bread, without negative effects on its sensory
characteristics.

In this study, we aimed to assess the potential of the bioprocessing of barley
(Hordeum vulgare) and lentil (Lens culinaris) flours by lactic acid bacteria to obtain a
sourdough enriched with dextran useful to maximize the texture and health-promoting
properties of composite barley–lentil–wheat breads. The main reasons for utilization of
barley and lentil grains in food are the health benefits deriving from their peculiar nutri-
tional composition, resulting in wanted functional attributes and improved bread quality.
In particular, studies have shown dietary fibers to have many health benefits. Barley is
an excellent source of dietary fibers, especially β-glucan, known to have several physi-
ological functions, including the improvement of lipid metabolism and the increase in
satiety [38–41]. Lentils is a legume commonly consumed worldwide, particularly in the
Mediterranean area, which have high protein content and low caloric value, contain
phytochemicals and present antioxidant properties [42]. Despite their large use as food
ingredients, the nutritional quality of lentils and derived products may be decreased by the
content of ANFs [6]. Germination (sprouting) and fermentation of barley and lentil flours
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with the simultaneous in situ production of EPS are a potential opportunity to reduce
the quality losses. The positive effect of sprouted barley and sprouted lentil flours as a
nutritious and functional ingredient has been shown in previous studies [32,34,43].

To this aim, the suitability of native or sprouted barley alone or a blend of sprouted
barley with native or sprouted lentil grains as a substrate for dextran synthesis by Weissella
paramesenteroides SLA5, Weissella confusa SLA4, Leuconostoc pseudomesenteroides DSM 20193 or
Weissella confusa DSM 20194, previously shown as good dextran producers [26,27,35,36,44],
was assessed. The acidification and the viscosity increase during 24 h of fermentation with
and without added sucrose were followed. The best sourdoughs were characterized and
used for the manufacture of laboratory-scale composite wheat breads. The breads were
evaluated for their rheological, nutritional and sensory properties.

2. Materials and Methods

2.1. Materials

The ingredients used in this study included barley grains (Hordeum vulgare,
Caporal Grani s.a.s.) (carbohydrate 78.8% on dry matter (on d.m.), fibers 13.5% on d.m., pro-
tein (N × 5.70) 13.6% on d.m., fat 1.5% on d.m., moisture 11.1%), lentil grains (Lens culinaris,
Caporal Grani s.a.s.) (carbohydrate 50.4% on d.m., protein 30.0% on d.m., fat 0.66% on d.m.,
fibers 23% on d.m., moisture 11%), wheat flour (Triticum aestivum, commercial wheat flour
type “0”, Puratos Italia s.a.s., protein 13% on d.m., fat 1.9% on d.m., fiber 2.3% on d.m., mois-
ture 13.6%), fresh yeast (Puratos Italia), sucrose (Sigma Aldrich, St. Louis, MO, USA) and
salt. Barley and lentil grains were sprouted according to the protocol described by Mon-
temurro et al. [33]. Briefly, whole grains were prior disinfected by submersion in 1.25%
w/v NaClO (seed:water ratio 1:5 w/v) for 30 min at room temperature, washed 20–30 min
under tap water and then soaked in water at 16.5 ◦C for 24 h. Afterwards, grains were
placed in a germination system (BioSnacky, Biokosma GmbH, Konstanz, Germany) in the
dark until they began to sprout (rootlets length correspondent to ca. 3

4 of the seed length).
After germination, sprouted grains, including the rootlets which were not separated, were
washed with distilled water and dried in experimental conditions comparable to those
used for industrial malting of barley [33]. Flours were obtained from native and sprouted
grains by a laboratory mill (IKA-Werke M20 GMBH, and Co. KG, Staufen, Germany).
After milling, all the flours were sieved (mesh size 500 μm) to remove the coarse fraction
and stored under vacuum until further analysis.

2.2. Liquid Sourdough Fermentation

Weissella paramesenteroides SLA5 and Weissella confusa SLA4, belonging to the Culture
Collection of the Department of Soil, Plant and Food Sciences (University of Bari Aldo Moro,
Italy) previously isolated from sprouted lentil flour [45], Leuconostoc pseudomesenteroides
DSM 20193 and Weissella confusa DSM 20194 from DSMZ-German Collection of Microorgan-
isms and Cell Cultures GmbH (Braunschweig, Germany), were used in this study as starters
for preliminary dough fermentation. The strains were selected based on their confirmed
dextran-producing capacity using 58.4 mM sucrose as a carbon source [26,27,35,44] and
pro-technological properties and sensory characteristics on native or sprouted lentil-based
substrates [35]. Lactiplantibacillus plantarum (formerly Lactobacillus plantarum) DPPMAB24W
(culture collection of DiSSPA, University of Bari), was used as a non-EPS-producing con-
trol [44]. All LAB strains were maintained in 20% (v/v) glycerol as frozen stocks at
−20 ◦C and routinely propagated in de Man Rogosa and Sharpe (MRS) broth at 30 ◦C
(Oxoid, Basingstoke, Hampshire, England).

Selected strains were used as a single starter for fermentation of preliminary formula-
tions of liquid doughs obtained by native or sprouted barley flour (B and SB, respectively)
alone or by mixing SB flour with native or sprouted lentil flour (L or SL, respectively) in
40:60 and 30:70 ratios. The tested dough yield (DY, dough weight × 100/flour weight)
were 500 for barley or sprouted barley dough alone and 333, 350, 400, 450 or 500 for the
blends (Table S1). To support in situ formation of EPS, sucrose-supplemented (5% on
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dough weight, corresponding to 16% flour weight, f.w.) fermentations were carried out
(namely EPS-positive sourdoughs, EPS POS) [36]. For each condition, an EPS-negative
sourdough (namely EPS NEG) was prepared with the same starter strain but without
sucrose addition [46]. For each formulation, a control dough (CT) without sucrose and
without inoculum and a non-EPS-producing control dough (named B24W) added of su-
crose and started by L. plantarum DPPMAB24W were prepared as described above [44].
Fermentations were carried out at 20 and 25 ◦C for 24 h. All the doughs were prepared
in triplicate in sterile beakers using tap water and mixed manually for 5 min. Before and
immediately after fermentation, samples were collected, stored at 4 ◦C and analyzed within
2 h. All the analyses were carried out in duplicate for each batch of sourdough (a total
of six analyses for each type of sourdough). When used for sourdough fermentation,
LAB cells were cultivated in MRS broth supplemented with 58.4 mM sucrose overnight,
centrifuged (10,000× g for 10 min), washed in 50 mM phosphate buffer pH 7.0 (twice),
and re-suspended in the water used for making the dough at the initial cell density of
ca. 7 log cfu/g [44].

2.3. pH and Viscosity Measurement

The pH values of the sourdoughs were measured using a food pH meter equipped
with a penetration probe (Model HI-99161, Hanna Instruments, Woonsocket, RI, USA).
Viscosity of sourdoughs was measured before and after fermentation at 20 ◦C with a
RheolabQC rheometer (Anton Paar, Graz, Austria), using 60 g of each dough mixed
thoroughly. Viscosity was performed under different shear rates, from 2 to 100 1/s (up and
down sweeps) [44] and the viscosity values at the shear rate of 100 1/s were compared.
Based on pH and viscosity [27], the DY of 333, the temperature of 20 ◦C, the SB-L and
SB-SL flour blends at a 30:70 ratio, were chosen to produce sourdoughs fermented by
L. pseudomesenteroides DSM 20193, which were further characterized.

2.4. Enumeration of Cultivable Bacteria and Yeasts

Enumeration of cultivable bacteria and yeasts was carried out according to meth-
ods previously described [47]. For each dough, aliquots of 20 g were added to 180 mL
of sterile sodium chloride solution (0.9%, w/v), homogenized with a Stomacher for
180 sec and serially diluted. Appropriate dilutions were plated in selective culture me-
dia and supplements purchased from Oxoid (Basingstoke, Hampshire, United Kingdom).
Total mesophilic aerobic microorganisms were enumerated using Plate Count Agar (PCA)
media after incubating at 30 ◦C for 48 h under aerobic condition. LAB were estimated
using modified MRS, containing 28 mM maltose, 5%, v/v fresh yeast extract, pH 5.6,
and supplemented with cycloheximide (0.1 g/L), incubating the plates under anaerobiosis
(AnaeroJar and AnaeroGen, Oxoid) at 30 ◦C for 48 h. Enterobacteriaceae were enumerated
using a Violet Red Bile Glucose Agar (VRBGA) medium and plates were incubated at 37 ◦C
for 24 h. Yeast cells were enumerated by using Wort agar supplemented with chloram-
phenicol (0.1 g/L), incubating the plates at 30 ◦C for 48 h. To confirm the microbiological
counts, representative colonies from each medium were analyzed for morphology, motility,
Gram staining reaction and catalase test.

2.5. Determination of Dextran, Sugars and Organic Acids

Before and after fermentation, the amount of dextran was determined by an enzyme-
assisted method based on the enzymatic activity of the dextranase from Chaetomium erraticum
(10,000 nkat/g) (Sigma-Aldrich, Darmstadt, Germany) and α-glucosidase from Aspergillus niger
(1000 kat/g) (Megazyme, Ireland), as previously described by Katina et al. [37]. After
freeze-drying, removal of free sugars and short oligosaccharides and inactivation of the en-
zymes, glucose in the sourdough supernatants was analyzed by high performance anion ex-
change chromatography with pulsed amperometric detection (HPAEC-PAD), using glucose
(Merck, Darmstadt, Germany) as standard and 2-deoxy-D-galactose (Sigma-Aldrich,
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Dorset, UK) as the internal standard for quantification [37]. Results were calculated as the
sum of anhydro-glucose using a corrector factor of 0.90.

For sugar analysis, freeze-dried sourdough before and after fermentation was treated
to inactivate enzymes and microbes [35,44] and to remove any polymeric molecules.
The samples were analyzed by HPAEC-PAD as reported by Xu et al. [43]. Results are
expressed as % on a flour weight basis.

The total titratable acidity (TTA) was measured on 10 g of dough diluted with 90 mL
of sterile sodium chloride (0.9% w/v) solution titrated with 0.1 mol/L NaOH until pH
achieved 8.3. TTA was expressed as the total NaOH amount (mL).

Organic acid analysis (lactic acid and acetic acid contents) in the extracts from sour-
doughs before and after fermentation was performed using commercial kits, K-DLATE
and K-ACET (Megazyme, Wicklow, Ireland) kits. The quotient of fermentation (FQ) was
calculated as the molar ratio between lactic and acetic acids.

2.6. Bread Making Trials

Experimental breads were manufactured at the pilot plant of Puratos Italia (Ceparana,
La Spezia, Italy). Three types of breads were prepared: control wheat bread manufactured
using wheat flour fermented by baker’s yeast alone (CWB); sourdough wheat bread (SWB)
manufactured using sprouted barley–sprouted lentil sourdough (SB-SL SWB EPS NEG);
sourdough wheat bread manufactured using dextran-containing sprouted barley–sprouted
lentil sourdough (SB-SL SWB EPS POS). Selected sourdoughs were used in baking at 30%
of the dough weight corresponding to a 15% of wheat flour substitution. The selection
of the percentage of replacement was based on a calculation (nutritional composition) to
obtain a 3% dietary fibers content which allows the nutrition claim “source of fibers” [48].

The required amount of water for the breads was previously determined by a Braben-
der farinograph (Brabender GmbH & Co. KG, Duisburg, Germany). The amount of flour
and water was the same in CWB and SWB breads (DY 162). All breads were manufac-
tured according to a two-stage protocol, which is routinely used in artisanal and industrial
bakeries [47]. In stage I, the SB-SL blended flours obtained from sprouted barley and
lentil grains were fermented with L. pseudomesenteroides DSM 20193 for 24 h at 20 ◦C in
sucrose-supplemented or not fermentation as described before. In stage II, SB-SL EPS NEG
or EPS POS sourdoughs were mixed with all ingredients (wheat flour, water and baker’s
yeast) in a mixer vessel (Sottoriva S.p.a Group). Baker’s yeast was added at a percentage
of 1.1% w/w. The doughs were divided into pieces of uniform weight (500 g), rested in
pans for 20 min at 25 ◦C and relative humidity (RH) of 75% and leavened in a fermentation
chamber (Zucchelli Forni S.p.a) for 60 min at 30 ◦C and RH 85%. All types of breads were
baked at 220 ◦C for 30 min in a rotating rack oven (Zucchelli Forni S.p.a). Five replicates
for each type of bread were carried out on two different days. All the analyses were carried
out in duplicate for three replicates of bread (a total of six analyses for each type of bread).
The resulting breads were allowed to cool to room temperature (25 ◦C) for 2 h before
analyses and weighing.

2.7. Bread Technological Characterization

Dextran-containing SWB (EPS POS) were compared to EPS-negative SWB (EPS NEG)
and to the control breads [36]. After cooling, loaves were weighed, and loaf volume mea-
sured by millet-seed displacement [49]. The specific volume of the bread was calculated
by dividing the loaf volume (mL) by the corresponding loaf weight (g). The percent bake
loss of the breads was also evaluated (% bake loss = (dough weight−bread weight) *
100/dough weight). Bread was packed in polypropylene micro perforated bags and stored
for 7 days at room temperature. For each bread, slices (2 cm) were used for texture profile
analysis (TPA) after days 1 and 7 of storage at room temperature using a texture ana-
lyzer (TA, TA-XT2i, Stable Micro Systems Ltd., UK) fitted with a cylinder probe (diameter
36 mm) [50]. Data were recorded using a TPA analyzer Stable Micro Systems software expo-
nent (version 5.0.9.0). All measurements were performed in triplicate by two compression
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cycles, test speed of 1 mm/s, and 30% compression [51]. The texture properties determined
were: hardness (maximum peak force), springiness (ratio of a product’s original height),
cohesiveness (the area of work during the second compression divided by the area of work
during the first compression) and resilience (ratio of the first decompression area to the first
compression area). The effect of sourdough on the staling rate was studied as the increase
in hardness (staling rate = (hardness [day 7−day 1]/days of storage)) after storage for
7 days [27]. The characterization of the crumb structure was performed on two bread slices
taken from the center of different loaves. The gas cell number of the breadcrumbs was
evaluated 24 h after production using image analysis technology [47]. Images of slices of
breads (control, SB-SL SWB EPS NEG and SB-SL SWB EPS POS) were scanned full-scale
at 300 dots per inch using an image scanner (Amersham Pharmacia Biotech, Uppsala,
Sweden). A threshold method was used for differentiating gas cells [52], and the images
were analyzed in grey scale (0–255) using the UTHSCSA ImageTool program (Version 2.0,
University of Texas Health Science Centre, San Antonio, Texas, available by anonymous
FTP from maxrad6.uthscsa.edu). Analysis was carried out on two sub-images with a
resolution of 500 × 500 pixels (field of view) selected from within the bread slice.

2.8. Breads Nutritional Characterization

The in vitro starch hydrolysis index (HI) was determined on each type of bread by
an enzyme-assisted procedure that mimicked the in vivo digestion [53]. For this anal-
ysis, aliquots of breads containing 1 g of starch were subjected to enzymatic digestion.
The released glucose content was determined in each sample using a glucose oxidase kit
(Megazyme International, Bray, Co., Wicklow, Ireland). Data are expressed as the % of
potentially available starch hydrolyzed after 180 min. The predicted glycemic index (pGI)
value was then calculated using the equation: pGI = 0.549 × HI + 39.71 [54] with white
wheat bread as a reference (HI = 100).

Total (TDF) and insoluble (IDF) dietary fiber were determined by method AOAC
2011.25 [55]. Soluble (SDF) dietary fiber was calculated as a difference between TDF and
IDF according to Tobaruela et al. [55].

2.9. Volatile Organic Compounds Profile of Breads

Evaluation of volatile organic compounds (VOCs) was carried out on a Clarus 680 gas
chromatography (Perkin Elmer, Beaconsfield UK) equipped with a Rtx-Wax column
(30 m × 0.25 mm i.d., 0.25 μm film thickness) (Restek Superchrom, Milano, Italy) coupled
to a single-quadrupole mass spectrometer Clarus SQ8MS (Perkin Elmer). The SPME-GC–
MS (solid phase micro-extraction gas chromatography–mass spectrometry) protocol and
the identification of volatile compounds were performed according to previous reports,
with minor modifications [35,56,57]. An amount of 0.750 g of crushed bread (crumb and
crust) samples were placed into 20 mL glass vials and added with 10 μL of 4-methyl-
2-pentanol (final concentration of 33 mg/L), as the internal standard. A PAL COMBI-xt
autosampler (CTC CombiPAL, CTC Analytics AG, Zwingen, Switzerland) was used to stan-
dardize the extraction procedure. The samples were then equilibrated for 10 min at 60 ◦C.
The SPME divinylbenzene/carboxen/polydimethylsiloxane (DVB/CARB/PDMS) fiber
(Supelco, Bellefonte, PA, USA) was exposed to the sample headspace for 50 min and finally
the fiber was inserted into the injection port of the GC at 230 ◦C to be thermally desorbed
and to separate the head space volatile organic compounds. The temperature program was:
35 ◦C for 8 min, then programmed at 4 ◦C/min to 60 ◦C, at 6 ◦C/min to 160 ◦C, and finally
at 20 ◦C/min to 200 ◦C, which was maintained for 15 min. Injections were carried out in
splitless mode, and helium (1 mL/min) was used as the carrier gas. The single-quadrupole
MS was used to detect the different compounds. The source and transfer line temperatures
were 250 and 230 ◦C, respectively. The MS detector system operated in scan mode with a
mass-to-charge ratio interval 35 to 300 Da [57]. Each chromatogram was analyzed for peak
identification by comparing (i) retention times with those of pure compounds for HPLC
(Sigma-Aldrich, St. Louis, MO, USA) and (ii) experimental mass spectra with those of the
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National Institute of Standards and Technology database (NIST/EPA/NIH Mass Spectral
Library with Search Program, data version NIST 05, software version 2.0d). A peak area
threshold of >1,000,000 and a match criterion of >85% were used for VOC identification
followed by manual visual inspection of the fragment patterns when required. Quantitative
data for the compounds identified were obtained by the interpolation of the relative areas
versus the internal standard area.

2.10. Bread Sensory Analysis

Sensory analysis of experimental breads after 2–6 h of cooling was carried out by
10 trained panelists (5 males and 5 females, mean age: 30 years, range: 18–54 years) [47].
After a roundtable discussion about the sensory attributes, 15 were selected as the most
frequently recognized by all the assessors, which were included in a panel score sheet for
the quantitative evaluation using a scale from 0 to 10, with 10 the highest score. Visual and
tactual perception (color of crust and crumb, elasticity, consistency, friability), taste (acidic
taste, sweetness, salty, legume flavor, bitter flavor), smell perception (acidic odor, caramel-
like odor), chewing (chewiness, wetness), and overall aroma were chosen as attributes
to characterize the breads. A quarter of each piece of bread sample (including crust and
crumb) (1.5 cm thick) were served in random order on a plastic plate encoded with an
alpha-numeric code and evaluated by all panelists. Final scores for each attribute were
calculated as the means of the data collected during the evaluation.

2.11. Statistical Analysis

Experimental data were subjected to analysis of variance (ANOVA); pair-comparison
of treatment means was achieved using Tukey’s procedure at p < 0.05, using the statisti-
cal software Statistica 7.0 for Windows. For each bread, the measured physicochemical
(pH, TTA, VOCs), technological, nutritional and sensory characteristic data were used as
variables for the Principal Component Analysis (PCA).

3. Results and Discussion

3.1. pH and Viscosity in Preliminary Liquid Sourdough Formulations

Preliminarily, different doughs were produced using native barley (B) or sprouted
barley (SB) flour or blend of SB with native (L) or sprouted lentil (SL) flour at different ratio
(40:60 or 30:70% w/w) during sucrose-supplemented (5% on dough weight, corresponding
to 16% flour weight, f.w.) or without sucrose addition fermentation. The germination
protocols used in this study to obtain sprouted flours from barley and lentil grains were
set-up in previous studies [33,35,45]. The doughs were singly inoculated with the dextran-
producer W. confusa SLA4, W. paramesenteroides SLA5, L. pseudomesenteroides DSM 20193
and W. confusa DSM 20194 strains [26,27,35,36,44], and by L. plantarum DPPMAB24W,
a dextran not producer strain [44], and fermented for 24 h at 20 or 25 ◦C. These trials
were performed to select the best strains and parameters leading the significant increase in
the viscosity in the fermented doughs. The pH and viscosity were analyzed to show the
influence of acid and dextran production on the rheological properties of the sourdoughs.
Viscosity formation during fermentation indicates the presence of large molecules with
water binding properties and correlates with in situ EPS synthesis [18,19]. After 24 h of
fermentation, the values of pH became lower than ca. 4.3 in almost all the sourdoughs
(Table S2). All the sourdoughs exhibited a shear thinning behavior. The viscosity of all
sourdoughs increased after 24 h of fermentation compared to the L. plantarum DPPMAB24W
fermented doughs. Both the Weissella spp. and L. pseudomesenteroides sucrose-supplemented
sourdoughs exhibited significantly higher viscosities than their EPS-negative counterparts.
When fermented with selected strains, sourdoughs containing only native or sprouted
barley flour showed low viscosity increase, presumably due to low dextran production,
and, therefore, were not further considered. This effect might be due to the high content of
maltose or other sugar acceptors which might have favored the formation of low-molecular
mass oligosaccharides from sucrose rather than dextran, as typically occurs in cereal
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substrate, leading to a low viscosity formation [18,19,58,59] and/or to the low pH reached
in those sourdoughs (pH average ca. 3.78), also affecting viscosity.

The viscosity of the blends of sprouted barley and native (SB-L) or sprouted lentil
(SB-SL) was ca.0.3 Pa*s before fermentation, with similar values between EPS POS and EPS
NEG doughs, while ranged from 0.15 to 0.96 Pa *s in EPS NEG and from 0.17 to 3.33 Pa*s
in EPS POS sourdoughs after fermentation, with the highest viscosity recorded for SB-SL
EPS POS indicating the thickening ability of EPS [44] and the successful outcome of the
mixture cereal/legume. Blend of SB-L and SB-SL flours at 30:70% w/w ratio and fermented
by L. pseudomesenteroides DSM 20193 at 20 ◦C per 24 h, DY333, showed the highest viscosity
(2.90 and 3.30 Pa/s for SB-L and SB-SL sourdoughs, respectively) (Table S2). Hence, SB-L
and SB-SL blends at 30:70% w/w ratio fermented by L. pseudomesenteroides DSM 20193 at
20 ◦C per 24 h, DY333, were selected and further characterized.

3.2. Microbial Growth and Acidification in the Liquid Sourdough Formulations

Microbial profiles of selected sourdoughs changed after the fermentation, but no sig-
nificant differences were observed between EPS POS and EPS NEG sourdoughs. The initial
cell count of lactic acid bacteria and total mesophilic aerobic bacteria in all sourdoughs was
approximately 6.7 log cfu/g (Table 1).

In agreement with earlier studies [35], LAB cell density increased ca 2.5 log cycle
after 24 h of fermentation, independently of sucrose presence, indicating that SB-L and
SB-SL are good substrates for the growth of the strain used. The mesophilic bacteria
count in SB-L sourdough was slightly (p < 0.05) lower than SB-SL sourdoughs after 24 h.
Before fermentation, Enterobacteriaceae were higher than 5 log cfu/g in SB-SL sourdoughs,
while were ca. 2 log cfu/g in all SB-L sourdoughs. In all cases, any significant difference
(p <0.05) among EPS POS and EPS NEG sourdough was observed. After 24 h, Enterobacteri-
aceae grew up to four log cycles. The highest increase was observed in SB-L sourdoughs. The
initial cell density of yeasts in all sourdoughs was lower than 3 log cfu/g. In the SB-SL sour-
doughs, the yeast cell density was 1 log cfu/g higher than SB-L doughs. After fermentation,
yeasts were not detected. Before fermentation, the pH of all the doughs was around 6.15;
it decreased by ca. 1.7 units after 24 h of fermentation, reaching values in the range from
4.4 to 4.6 (Table 1). The fermentation drove to an increase in the TTA in all the sourdough
types. TTA values varied from 11.6 to 14.2 mL, with the highest value for SB-SL EPS POS.
Fermentation caused an increase in the concentration of both lactic and acetic acids (Table 1).
Lactic acid concentration ranged from 18 to 22.0 mmol/kg and was slightly higher in both
SB-SL sourdoughs compared to SB-L doughs. The highest value for acetic acid was found
in SB-SL EPS POS. The concentration of lactic and acetic acid in sourdoughs plays a central
role in the flavor and taste of sourdough bread. Sucrose addition, through the liberation of
fructose, facilitated the production of acetic acid while lactic acid concentration decreased,
which was also represented by the fermentation quotient (FQ). It has been described that
Leuconostoc spp. can reduce the released fructose to mannitol, taking part at the acetic acid
formation [60]. FQ was calculated as the molar ratio between lactic acid and acetic acid,
and it ranged between 2.59 in SB-SL EPS POS and 4.11 in SB-L EPS NEG, indicating that
the addition of sucrose lead to a lower FQ.
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3.3. Sugars and Dextran Content in the Liquid Sourdough Formulations

The amount of extractable free sugars in all sourdoughs before and after 24 h of
fermentation is shown in Figure 1.

Figure 1. Sugars and dextran concentration (% of flour weight) in control and sucrose-supplemented (16% of flour weight)
doughs (DY 333) before and after 24 h of fermentation at 20 ◦C started by Leuconostoc pseudomesenteroides DSM 20193
(initial cell density of ca. 7 log cfu/g). Panel (A) shows sucrose, fructose and dextran concentration; panel (B) shows
melibiose, raffinose, stachyose, verbascose, maltose and galactose concentration. SB-L EPS NEG, sprouted barley-native
lentil dough (30:70 ratio); SB-L EPS POS, sucrose-supplemented sprouted barley-native lentil dough (30:70 ratio); SB-SL EPS
NEG, sprouted barley–sprouted lentil dough (30:70 ratio); SB-SL EPS POS, sucrose-supplemented sprouted barley–sprouted
lentil dough (30:70 ratio). For each sugar, bars with different superscript letters differ significantly (p < 0.05).
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SB-L and SB-SL doughs naturally contained ca. 0.97–0.74% f.w. of sucrose and
0.34–0.4% f.w. of maltose, respectively, (Figure 1A,B) and the supplementation of sucrose
(5% on dough weight, corresponding to 16% f.w.) was necessary to obtain enough EPS
yield by L. pseudomesenteroides DSM 20193 [15]. After fermentation, sucrose was totally
used by L. pseudomesenteroides DSM 20193. The low amount of dextran formed in EPS
NEG doughs (0.43–0.58% flour basis) may be formed from the sucrose existent in the
native flour. L. pseudomesenteroides DSM 20193 in SB-L and SB-SL sucrose enriched doughs
produced up to 2.7% f.w. of dextran, which is less than the theoretical. Based on su-
crose addition, up to 8% f.w. of dextran could be formed. Previously, dextran-forming
L. pseudomesenteroides DSM 20193 produced 3.6% of dextran on a wet weight base in faba
bean sourdough upon the addition of 25% f.w. sucrose [44,46]. The yield of EPS is resultant
of sucrose content, the presence of acceptors molecules, such as maltose, and the starter
strain and growth conditions, amongst others [61]. Based on the sugar analysis, glucose
released from added sucrose was utilized by L. pseudomesenteroides DSM 20193 only partly
for dextran production. The glucansucrase acted on sucrose-synthesizing glucan and
liberating fructose, as confirmed by the residual fructose in all sucrose-containing doughs,
in the range from 5.89% to 6.09% [60].

Together with the increase in viscosity, the capacity of L. pseudomesenteroides DSM
20193 to reduce different Raffinose Family Oligosaccharides (RFO), such as raffinose,
stachyose and verbascose, during fermentation of the blend of SB-L and SB-SL flours
was investigated, since they are one of the main limits to the use of legumes in animal
and human nutrition [62]. RFOs were detected at different extends in all doughs before
fermentation (Figure 1B), without significant difference among EPS NEG and EPS POS
samples. Raffinose, as expected, was not affected by germination and was contained in
both the blends [51]. Raffinose cannot be broken down by human digestive enzymes but
can be utilized by anaerobic bacteria in the large intestine, thus, causing the production
of flatus gases and gastrointestinal discomfort. Nevertheless, stachyose and verbascose
concentration was very low in SB-SL compared to SB-L (Figure 1B), which can be attributed
to the more intensive effect of different endogenous α-galactosidases during sprouting.
RFOs can be enzymatically hydrolyzed by LAB during fermentation [63,64], thus, in-
creasing product digestibility and reducing digestive discomfort [65]. Fermentation with
L. pseudomesenteroides DSM 20193 decreased the RFOs content in both SB-L and SB-SL sour-
doughs and particularly in the SB-L flour sourdough. Fermentation significantly increased
(p < 0.05) galactose, a degradation product of RFO by α galactosidase, in all doughs.

3.4. Breads Characterization

Considering the higher in situ production of dextran and the balanced acid production,
SB-SL sourdoughs were selected for subsequent baking trials. The content of dextran
synthesized in situ in SB-SL sourdough by L. pseudomesenteroides DSM 20193 was 2.73% of
flour basis and consequently the correspondent final breads contained 0.36% flour basis
of dextran, which is in the range (0.1–2%) of the number of commercial hydrocolloids
such as CMCHPMC, GG and κ-CAR applied in baking [66]. Fermentation and bread
making were carried out applying the process parameters typical for type I sourdough
fermentation [47]. The addition of dextran-containing sourdoughs into bread significantly
affected the technological features compared to the control bread (Figure 2).
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Figure 2. Technological characteristics of control and sourdough breads (DY 162). CWB, control wheat bread started with
baker’s yeast; SB-SL SWB EPS NEG, bread containing wheat flour added with 30% (w/w) sprouted barley–sprouted lentil
(30:70% w/w) sourdough fermented by Leuconostoc pseudomesenteroides DSM 20193; SB-SL SWB EPS POS, bread containing
wheat flour added to 30% (w/w) dextran-containing sprouted barley–sprouted lentil (30:70% w/w) sourdough fermented by
L. pseudomesenteroides DSM 20193. The initial cell density of the strain was ca. 7 log cfu/g. The sourdough was fermented at
20 ◦C for 24 h. For each bread, bars with different superscript letters differ significantly (p < 0.05).
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Compared to CWB, the substitution of wheat with dextran-enriched or EPS NEG
SB-SL fermented doughs, resulted in a significant (p < 0.05) increase in the bread volume ac-
companied by a decrease in baking loss (37% of baking loss in SB-SL SWB EPS POS bread),
leading to a superior quality of the wheat bread. The use of dextran-enriched sourdough in-
creases the specific volumes compared to breads fortified with the corresponding EPS NEG
counterpart. The presence of dextran significantly decreased the hardness of the composite
bread. After 1 day, the hardness of bread crumb was significantly (p < 0.05) lower in SB-SL
SWB EPS POS (892 ± 79 g) when compared to CWB and their respective negative EPS NEG
counterparts. Furthermore, the hardness of SB-SL SWB EPS NEG was higher (p < 0.05)
than CWB. After 7 days of storage, the hardness of dextran-enriched SWB (2218 g) was
lower but not significantly different (p >0.05) compared to CWB (2610 g), while strongly
higher was the hardness of SB-SLS WB EPS NEG (3927 g) (Figure 2). It is known that the
use of grains different from wheat or legumes markedly affect the properties of baked
goods [6], usually leading to a weak dough structure and baking quality, decreased bread
volume and elasticity of the crumb and to an increased hardness of the loaves [38,67].
Springiness is how well a product physically springs back after it has been deformed.
A lower value of springiness was observed for SB-SL SWB compared to CWB. Cohesiveness is
how well the bread withstands a second deformation relative to its resistance under the first
deformation. Resilience is how well a product fights to regain its original height. Moreover, for
these two parameters, SB-SLSWB EPS POS showed the lowest value (Figure 2). The staling
rate, as determined by TPA analysis, was affected (p < 0.05) by the addition of sourdoughs
and followed the order SB-SL SWB EPS NEG > SB-SL SWB EPS POS > CWB. Bread stal-
ing involves changes in both crumb and crust and is a complex and physicochemical
irreversible phenomenon involving starch amylopectin recrystallization and water redistri-
bution [68]. The anti-staling effect of hydrocolloids, such as dextran, could be related to
dextran polymers competing for water, so that less water molecules are available for the de-
velopment of amylopectin crystallites [69]. Similar findings were reported in recent works
studying the effect of the addition of dextran to faba bean–wheat, pearl millet–wheat and
lentil-or sprouted lentil–wheat composite bread [26,27,35]. Image analysis technology was
performed on crumb grain of bread slices after 24 h of storage to provide a more detailed
view of the bread texture, Digital images were pre-processed to detect crumb cell total
area by a binary conversion (black/white pixels). The gas cell-total area (corresponding
to the black pixel ratio) of the breads containing sourdough were significantly (p < 0.05)
higher than CWB. Crumb cell detection of bread slice portions showed that no significant
difference in the mean area of gas cells could be observed between SB-SL SWB EPS NEG
and SB-SL SWB EPS POS, having values of 56.4 ± 0.11 and 59.1 ± 0.08% pixels, respectively.
The pH of the CWB bread crumb after baking was 5.92 ± 0.111, higher (p < 0.05) than both
the sourdough breadcrumbs (4.68 ± 0.202 and 4.72 ± 0.137 for EPS POS and EPS NEG,
respectively). All doughs containing sourdoughs presented TTA values significantly higher
(p < 0.05) (13.6 ± 0.303 and 15.2 ± 0.093 mL NaOH 0.1N for SB-SL SWB EPS NEG and
SB-SL SWB EPS POS breads, respectively) than the control bread (5.20 ± 0.404).

3.5. Dietary Fiber and Starch Hydrolysis Index

Regarding the nutritional value, the incorporation of 30% EPS NEG and dextran-
containing SB-SL sourdoughs led to a significant increase in total dietary fibers (TDF)
compared to CWB, which may be beneficial for consumers’ health (Figure 3).

The dextran-containing SB-SL bread had the highest content of SDF compared to the
corresponding EPS NEG and CWB breads which can be due to the dextran and oligosac-
charides produced. According to EC Regulation No 1924/2006 [48] on nutrition and health
claims on food products, the composite grain breads can be labelled as “source of fiber”,
since containing at least 3 g of fiber/100 g of bread.
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Figure 3. Nutritional characteristics of control and sourdough breads (DY 162). CWB, control
wheat bread started with baker’s yeast; SB-SL SWB EPS NEG, bread containing wheat flour
added with 30% (w/w) sprouted barley–sprouted lentil (30:70% w/w) sourdough fermented by
Leuconostoc pseudomesenteroides DSM 20193; SB-SL SWB EPS POS, bread containing wheat flour
added to 30% (w/w) dextran-containing sprouted barley–sprouted lentil (30:70% w/w) sourdough
fermented by L. pseudomesenteroides DSM 20193. fibers. The initial cell density of the strain was
ca. 7 log cfu/g. The sourdough was fermented at 20 ◦C for 24 h. TDF, total dietary fibers; IDF, insolu-
ble dietary fibers; SDF, soluble dietary. For each bread, bars with different superscript letters differ
significantly (p < 0.05).
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The predicted glycemic index (pGI) of breads containing sourdough from sprouted
grains was lower than the reference bread. It is well known that sprouting can increase the
release of reducing sugars and, consequently, HI and pGI thanks to starch hydrolysis by
alpha-amylase and beta-amylase enzymes [70,71]. However, the germination conditions
used in this work (16 ◦C and 3 days), such as those reported previously [32], may be useful
to produce sprouted flours with a low glycemic index. Moreover, sourdough fermenta-
tion, per se, decreased the HI through the synthesis of organic acids [72]. The pGI value
of dextran-containing SB-SL SWB bread (52%) was lower (p < 0.05) than the correspond-
ing EPS NEG (56.5%) and the CWB (66.9%) (Figure 3). This could be attributed to the
effects of β-glucans soluble fibers from barley on reducing GI [39] which the content
here could be 0.05–0.27% of dough weight (based on 2–10% beta-glucan content of bar-
ley) [73] and high concentration of fibers of the legume flours [47]. β-glucans are non-
starch polysaccharides composed of glucose molecules in long linear polymers with mixed
β-(1→4) and β-(1→3) links (from 30% to 70%). Their MW ranges from 50 to 2000 kDa.
The mixed linkages are important for their solubility and viscosity properties, and their vis-
cosity is a function of the content of dissolved β-glucans, and of their MW [74], and further
depends on differences on raw materials and processing [39]. Although the β-glucan con-
tent, solubility, viscosity, and MW were not considered in this study, some considerations
should be made. The fermentation and bread-making process partially affects β-glucan
level and MW [75,76]. A significant degradation of β-glucan occurring during fermentation
may reduce the nutritional functionality of the residual β-glucan since it is supposed
to be dependent on MW. High MW and insoluble β-glucan are considered positive for
various physiological functions [38,40,74], comprising the reduction of glycemic response
by increasing the viscosity of food. Foods with increased viscosity have been demonstrated
to increase gastric transition time and slow absorption [38,77].

3.6. Volatile Organic Compounds

HS-SPME-GC–MS analysis was applied to characterize bread VOCs. Sixty-nine VOCs
were found. Significantly different VOCs were grouped into ten different chemical classes
(Table 2).

The addition of SB-SL sourdough to the bread caused significant (p < 0.05) changes
in bread VOCs compared to CWB with positive repercussions on the global aroma pro-
file of bread, influencing consumer acceptance [78]. As previously reported, composite
sourdough wheat breads exhibited more complex aroma volatile profiles compared to
bakers’ yeast breads (Table 2) [79,80]. SB-SL SWB breads presented a higher concentration
of alcohols and organic acids compared to CWB. Among the seven alcohol compounds,
ethanol, 1-hexanol alcohol, and benzylalcohol were the most abundant. Acetic acid and hex-
anoic acid were the most representative carboxylic acids, especially in SB-SL SWB breads.
Furfural was the most abundant aldehyde, particularly in SB-SL SWB EPS POS bread.
2-methylpropanal, 2-methylbutanal, 3-methylbutanal, benzaldehyde and 2-nonenal were
the most abundant among the 11 aldehydes found in the SB-SL SWB breads. In general, the
addition of sourdoughs did not affect the ethylacetate ester content; on the contrary, the
concentration of acetoin (ketone) was affected and it appeared more abundant in CWB. A
total of 12 heterocyclic compounds significantly differed among breads, 2-pentyl-furan and
2-methylpyrazine being the most representative. Moreover, in SB-SL SWB was observed a
higher concentration of maltol. Dextran-containing SB-SL bread and its negative counter-
part showed similar VOCs content. Therefore, these two breads should have, theoretically,
received comparable scores for legume and bitterness flavor intensity. However, the SB-SL
SWB EPS POS bread was perceived as more sweet, likely for the effect of the residual reduc-
ing sugars which contribute to the sweet taste and promote during baking the complex of
Maillard reactions and the caramelization [28]. Wang et al. [28] reported a flavor-masking
effect for dextran-enriched sorghum sourdough bread (0.56% bread weight) which showed
decreased perception of bitterness, sourness, and aftertaste, compared to EPS NEG sorghum
sourdough bread. The concentration of odorants in the final product can be driven by
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the ingredients and baking process [80] and sprouting and sourdough fermentation can
significantly modify flavor and texture of raw materials [81]. Moreover, other volatile
compounds with different origins are generated during baking [82].

Table 2. Quantification of total volatile organic compounds (VOCs) divided by chemical classes in control and sourdough
breads (DY 162). Normalized data with the internal standard are reported, calculated as ratio peak area/total peak area
percent. CWB, control wheat bread started with baker’s yeast; SB-SL SWB EPS NEG, bread containing wheat flour added
with 30% (w/w) sprouted barley–sprouted lentil (30:70%) sourdough fermented by Leuconostoc pseudomesenteroides DSM
20193; SB-SL SWB EPS POS, bread containing wheat flour added to 30% (w/w) dextran-containing sprouted barley–sprouted
lentil (30:70%, w/w) sourdough fermented by L. pseudomesenteroides DSM 20193. The initial cell density of the strain was
ca. 7 log cfu/g. The sourdough was fermented at 20 ◦C for 24 h.

Compounds Odor CWB SL-SB SWB EPS NEG SL-SB SWB EPS POS

Alcohols
Ethanol Alcoholic 2.03 ± 0.096 b 3.65 ± 0.074 a 2.7 ± 0.109 b

3-methylbutanol Balsamic, alcoholic,
malty 0.65 ± 0.014 a 0.52 ± 0.025 ab 0.36 ± 0.004 b

1-hexanol Green grass, woody,
sweet, flowery, mild 0.18 ± 0.014 b 1.00 ± 0.163 a 1.18 ± 0.031 a

1-heptanol Green n.d. 1 0.01 ± 0.001 b 0.04 ± 0.015 a
2-ethylhexanol Green, vegetable 0.27 ± 0.026 a n.d. n.d.
Benzylalcohol Pleasant, aromatic 0.34 ± 0.135 b 0.39 ± 0.041 b 0.90 ± 0.016 a

1-nonanol Citrus 0.01 ± 0.003 b 0.19 ± 0.089 a 0.27 ± 0.005 a
Total 3.56 ± 0.13 5.8 ± 0.63 5.45 ± 0.19

Organic Acids
Acetic acid Sour, acid, pungent 0.05 ± 0.004 b 0.50 ± 0.201 a 0.56 ± 0.013 a

Butanoic acid Sweaty, rancid n.d. 0.02 ± 0.001 0.03 ± 0

Hexanoic acid Sweaty, cheesy,
fatty, goat-like 0.04 ± 0.001 b 0.26 ± 0.073 a 0.28 ± 0.012 a

Total 0.10 ± 0.02 b 0.78 ± 0.03 a 0.87 ± 0.43 a
Aldehydes

2-methylpropanal Malty 0.1 ± 0.026 b 0.19 ± 0.003 a 0.19 ± 0.009 a
2-methylbutanal Almond, malty 0.01 ± 0.001 b 0.24 ± 0.078 a 0.13 ± 0.015 ab

3-methylbutanal Malty, roasty,
cucumber-like 0.01 ± 0.003 b 0.37 ± 0.122 a 0.23 ± 0.01 ab

Hexanal Green, grassy 0.52 ± 0.017 a 0.39 ± 0.069 b 0.33 ± 0.015 b
Octanal Citrus, flowery 0.02 ± 0.029 b 0.18 ± 0.161 ab 0.34 ± 0.032 a
Nonanal Citrus, soapy 0.37 ± 0.036a 0.26 ± 0.061b 0.44 ± 0.016a
Furfural Almond, soil 0.26 ± 0.020b 1.11 ± 0.430a 1.90 ± 0.039a

Benzaldehyde Almond, caramel 0.07 ± 0.009b 0.32 ± 0.08a 0.38 ± 0.002a
2-nonenal Fatty, tallowy, green 0.02 ± 0.006b 0.17 ± 0.076ab 0.28 ± 0.002a

Acetaldehyde Fruity 0.05 ± 0.003b 0.23 ± 0.074a 0.24 ± 0.003a
Benzeneacetaldehyde flowery, honey-like n.d. 0.02 ± 0.008a 0.03 ± 0.002a

Total 1.43 ± 0.03b 3.48 ± 0.72ab 4.49 ± 0.10a
Esters

Ethylacetate Sweet, fruity,
pineapple 0.09 ± 0.003ab 0.11 ± 0.05a 0.05 ± 0b

Total 0.09 ± 0.00 ab 0.11 ± 0.00 a 0.05 ± 0.05 b
Ketones

Acetoin Butter, butterscotch,
cream, yogurt 0.12 ± 0.005 a 0.06 ± 0.015 b 0.06 ± 0.009 b

Total 0.12 ± 0.005 a 0.06 ± 0.015 b 0.06 ± 0.009 b
Hydrocarbons

d-limonene Citrus 0.04 ± 0.032 b 0.18 ± 0.011 a 0.19 ± 0.031 a
Styrene Pungent n.d. 0.06 ± 0.013 a 0.01 ± 0.021 b

Nonadecane n.f. 2 n.d. 0.02 ± 0.014 a 0.01 ± 0.017 a
Pentadecane n.f. n.d. n.d. 0.02 ± 0 ab

4 h-pyran-4-one,2,3-dihydro-
3,5 Caramelized n.d. 0.01 ± 0.014 b 0.05 ± 0.008 a

Total 0.04 ± 0.032 b 0.27 ± 0.07 a 0.28± 0.03 a

20



Foods 2021, 10, 1489

Table 2. Cont.

Compounds Odor CWB SL-SB SWB EPS NEG SL-SB SWB EPS POS

Furans

2-pentyl- furan Butter, green bean,
floral 0.08 ± 0.024 b 0.32 ± 0.278 ab 0.28 ± 0.063 a

2-furancarboxaldehyde,5-
methyl n.f. 0.11 ± 0.015 b 0.63 ± 0.29 a 0.81 ± 0.002 a

Total 0.21 ± 0.02 b 0.95 ± 0.03 a 1.09 ± 0.07 a
Pyrazines

2-methylpyrazine Roasted, burnt,
sweet 0.19 ± 0.004 b 0.32 ± 0.065 a 0.30 ± 0.004 a

2,5-dimethylpyrazine Crust-like, popcorn 0.09 ± 0.01 b 0.14 ± 0.041 ab 0.20 ± 0.007 a
2,6-dimethylpyrazine Roasted 0.06 ± 0 c 0.12 ±0.051 b 0.21 ± 0.009 a

2-ethyl-6-methylpyrazine Nutty 0.03 ± 0.007 b 0.15 ± 0.066 a 0.17 ± 0.004 a
2-ethyl-5-methylpyrazine Baked 0.03 ± 0.017 b 0.07 ± 0.005 a 0.06 ± 0.009 a

2-ethyl-3-methylpyrazine Nutty, roasted,
sweety 0.08 ± 0.011 b 0.12 ± 0.016 a 0.11 ± 0.001 a

3-ethyl-2,5-
dimethylpyrazine

Baked, earthy,
potato-like 0.02 ± 0.001 b 0.08 ± 0.020 a 0.09 ± 0.001 a

Pyrazinamide n.f. 0.02 ± 0.003 b 0.03 ± 0.014 ab 0.04 ± 0.001 a
Total 0.62 ± 0.01 b 1.17 ± 0.03 a 1.27 ± 0.07 a

Pyrrolines
2-acetyl-1-pyrroline Cracker-like 0.02 ± 0.010 b 0.09 ± 0.040 a 0.10± 0.013 a

3-hydroxy-2-methyl-4-
pyrone
(maltol)

Caramel, sweet 0.04 ± 0.014 b 0.22 ± 0.15 a 0.32 ± 0.047 a

Total 0.06 ± 0.01 b 0.31 ± 0.08 a 0.42 ± 0.03 a
1 n.d., not detected. 2 n.f., not found. Data are mean values ± standard deviation. a–c, Values in the same row with different letters differ
significantly (p < 0.05).

3.7. Sensory Profile

Overall, sourdough breads achieved higher scores for several attributes such as elas-
ticity, color, acidic taste and acidic odor compared to the CWB (Figure 4).

Figure 4. Spider web chart of the sensory analysis data for control and sourdough breads (DY 162). CWB, control
wheat bread started with baker’s yeast; SB-SL SWB EPS NEG, bread containing wheat flour added with 30% (w/w)
sprouted barley–sprouted lentil (30:70% w/w) sourdough fermented by Leuconostoc pseudomesenteroides DSM 20193; SB-
SL SWB EPS POS, bread containing wheat flour added to 30% (w/w) dextran-containing sprouted barley–sprouted
lentil (30:70% w/w) sourdough fermented by L. pseudomesenteroides DSM 20193. The initial cell density of the strain was
ca. 7 log cfu/g. The sourdough was fermented at 20 ◦C for 24 h.

Sourdough fermentation had an impact on flavor perception of final breads, which
resulted in a bitter taste and legume flavor probably originating by liberation of small
molecular weight polyphenol, bitter peptides and amino acids and the intense acidification
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due to endogenous and/or microbial enzymatic activities, and that could not be appre-
ciated by the consumers [28,83]. Dextran-containing SB-SL bread was characterized by
consistency, sweetness and caramel-like odor with significantly less perceived legume
flavor and bitterness, while EPS NEG was judged as the most friable by the panelists,
highlighting the fundamental role of dextran in improving bread texture and masking of
unpleasant notes in composite bread [28]. As already reported, fiber-rich baked goods
could help to reach the recommended dietary fiber intake, but they typically have a lower
sensorial quality compared to baked goods produced from more refined ingredients [84].
In spite of this, composite SB-SL sourdough breads were more appreciated than CWB,
as in previous studies [33,47].

3.8. Correlations between VOCs, Technological, Nutritional and Sensory Features of Breads

Relationship among measured chemical, technological, nutritional and sensory pa-
rameters from CWB and composite SWB breads, which could affect consumer acceptance
were elaborated through Principal Component Analysis (PCA) (Figure 5).

Figure 5. Correlations between physicochemical (pH, TTA, VOCs), technological, nutritional
and sensory features of control and sourdough breads (DY 162). CWB, control wheat bread
started with baker’s yeast; SB-SL SWB EPS NEG, bread containing wheat flour added with 30%
(w/w) sprouted barley-sprouted lentil (30:70% w/w) sourdough fermented by Leuconostoc pseu-
domesenteroides DSM 20193; SB-SL SWB EPS POS, bread containing wheat flour added to 30%
(w/w) dextran-containing sprouted barley–sprouted lentil (30:70% w/w) sourdough fermented
by L. pseudomesenteroides DSM 20193. The initial cell density of the strain was ca. 7 log cfu/g.
The sourdough was fermented at 20 ◦C for 24 h. pH, pH bread crumb; TTA, TTA bread crumb;
ETOH, ethanol; isopentanol, 1-butanol,3-methyl-; 1HAOL, 1-hexanol; 1HPOH, 1-heptanol; 2EH,
2-ethylhexanol; BZLOL, benzylalcohol; BTA, butanoic acid; HAA, hexanoic acid; NHXALD,
hexanal; BZALD, benzaldehyde; BENZ-ACETALD, benzeneacetaldehyde; ETACET, ethylacetate;
DDMP, 4 h-pyran-4-one,2,3-dihydro-3,5; 2-p-furan, 2-pentyl-furan; 2MP, 2-methylpyrazine; pyrazin,
pyrazinamide; 2,5DMP, 2,5-dimethylpyrazine; 2,6DMP, 2,6-dimethylpyrazine; 2E6MP, 2-ethyl-6-
methylpyrazine; 2E5MP, 2-ethyl-5-methylpyrazine; 2E3MP, 2-ethyl-3-methylpyrazine; 3E2,5DMP,
3-ethyl-2,5-dimethylpyrazine; 2A1PYRROL, 2-acetyl-1-pyrroline; MALTOL, 3-hydroxy-2-methyl-4-
pyrone; Bpa, black pixel area; HI, hydrolysis index; pGI, predicted glycemic index; Ela, elasticity;
Friab, friability; Legume, legume flavor; Sweet, sweetness; Bitter, bitter flavor.
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The two PCs explained ca. 100% of the total variance of the data. Composite sour-
dough breads showed peculiar profiles and fell into different zones of the plane. Factor 1
clearly separated SB-SL SWB EPS NEG from dextran-containing bread. Factor 2 dif-
ferentiated SWB and control breads. The chewiness and cohesiveness together with
the highest values of some VOCs (e.g., total ketones, acetoin, 2-ethylhexanol) and nu-
tritional (hydrolysis index and predicted GI) data, mainly characterized CWB. The dextran-
containing SB-SL SWB not grouped together the EPS NEG because of the high volume,
sweetness, wetness of the crumb, SDF, low hardness and springiness. The SB-SL SWB EPS
NEG bread separated from the EPS POS for the higher hardness after 1 and 7 days, staling
rate, legume and bitter flavor. Overall, the incorporation of 30% dextran-enriched SB-SL
sourdough confirmed that the synergistic use of the sprouting process and LAB fermenta-
tion improves the nutritional and functional quality of cereal and legume grains with a pos-
itive effect on the undesirable beany flavor [33,35] compared to the EPS NEG counterpart.

4. Conclusions

In conclusion, the bioprocessing procedure developed successfully improved the quality
of composite wheat bread, creating a good nutritional and sensory quality. The modulation
of the fermentation parameters (native or sprouted cereal and legume flour type, DY,
temperature) can stimulate metabolic activities of selected LAB strains, making them
suitable for the production of sourdoughs enriched in EPS, which can be applied in the
bread-making process as a “clean label” strategy.

The amount of dextran produced by L. pseudomesenteroides DSM20193 in a blend of
sprouted barley and sprouted lentil flours effectively counteracted the quality deficiencies
induced by wheat flour substitution in the composite sourdough bread. Dextran-enriched
sprouted barley–sprouted lentil sourdough, resulting in the best overall system, could be
used at a high level (30% of the dough weight) in wheat bread baking, resulting in bread
with an enhanced nutritional quality (low HI and pGI), functionality (high soluble and
total fibers content) and appreciable sensory attributes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390//foods10071489/s1, Table S1: Recipes for control and sourdough breads. CWB, control
wheat bread started with baker’s yeast; SB-SL SWB EPS NEG, bread containing wheat flour added
with 30% (w/w) sprouted barley–sprouted lentil (30:70%) sourdough fermented by Leuconostoc
pseudomesenteroides DSM 20193; SB-SL SWB EPS POS, bread containing wheat flour added to 30%
(w/w) dextran-containing sprouted barley–sprouted lentil (30:70% w/w) sourdough fermented by
L. pseudomesenteroides DSM 20193. The strain was inoculated at ca. 7 log cfu/g and sourdough
fermented at 20 ◦C for 24 h. Doughs for bread making had DY 162. Table S2: Acidity (pH) and
viscosity (Pa s−1) values for doughs without sucrose addition (EPS NEG) and sucrose-supplemented
(EPS POS) (16% of flour weight) doughs obtained from barley (B), sprouted barley (SB) and blends of
sprouted barley with native lentil (SB-L) or sprouted lentil (SB-SL) flours at different ratios (60:40 and
70:30 ratios), before (T0 h) and after (T24 h) fermentation at 20 ◦C and 25 ◦C by Lactobacillus plantarum
DPPMAB24W (B24W) as non EPS producing control or with the selected dextran-producing strains
Weissella confusa SLA4 (SLA4), Weissella paramesenteroides SLA5 (SLA5), Leuconostoc pseudomesenteroides
DSM 20193 (20193) and Weissella confusa DSM 20194 (20194). Doughs prepared without a starter and
without the addition of sucrose were used as control (CT).
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Abstract: A metabolic feature of lactic acid bacteria (LAB) is the production of exopolysaccharides
(EPSs), which have technological and functional properties of interest to the food sector. The present
study focused on the characterization of the Weissella cibaria strain C43-11, a high EPS producer in
the presence of sucrose, in comparison with a low-producing strain (C2-32), and on possible genetic
regulatory elements responsible for the modulation of dextransucrase (dsr) genes expression. NMR
analysis of the polymeric material produced by the C43-11 strain indicated the presence of dextran
consisting mainly of a linear scaffold formed by α-(1–6) glycosidic linkages and a smaller amounts
of branches derived from α-(1–2), α-(1–3), and α-(1–4) linkages. Molecular analysis of the dsr genes
and the putative transcriptional promoters of the two strains showed differences in their regulatory
regions. Such variations may have a role in the modulation of dsr expression levels in the presence of
sucrose. The strong upregulation of the dsr gene in the C43-11 strain resulted in a high accumulation
of EPS. This is the first report showing differences in the regulatory elements of the dsr gene in W.
cibaria and indicates a new perspective of investigation to identify the regulatory mechanism of
EPS production.

Keywords: lactic acid bacteria; exopolysaccharides; homopolysaccharides; dextran; sucrose; gene
expression; nuclear magnetic resonance; monosaccharide composition

1. Introduction

Lactic acid bacteria (LAB) represent, together with yeasts, the microorganisms with
the greatest number of applications in food preparation. The study of lactic populations has
allowed the selection of strains with specific biotechnological characteristics that are useful
in improving food quality. The metabolic activity of LAB activates a series of biochemical
processes that decisively influence the rheological, nutritional, functional, sensory, and
shelf life properties of the products [1–3]. LAB are frequently used in the fermentation of
leavened doughs for the production of baked goods to improve the technological properties
of these products, allowing the reduction/elimination of additives and improvers (“label
free”) [4,5], and are also used to produce functional products (reduced salt/fat content,
enhanced bioactive compounds, “yeast-free”, and increased protein content) [6–10].

One metabolic feature of LAB is the production of exopolysaccharides (EPSs) during
their fermentation activity. These compounds can be homo- (HoPS) or hetero-polysaccharides
(HePS) depending on the type of monosaccharides constituting the polymer chain, and can
have several technological and functional properties. Generally, EPSs improve the techno-
logical and sensorial properties of food products, and can act as prebiotics since they are
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not digested by human enzymes and are available as a carbon source for probiotic bacteria
in the intestine and/or can protect the probiotic bacteria during the gastrointestinal transit
by acting as a barrier [11]. Moreover, high molecular weight (MW) EPSs are postbiotics
with antiviral and immunomodulatory activities [12,13].

EPS include dextran, a homopolysaccharide with a linear structure containing at least
50% of D-glucopyranosyl units attached by α-(1–6) linkages with varying percentages of
α-(1–2), α-(1–3) or α-(1–4) branches [14,15], which can be used in foods since it has been
generally recognized as safe (GRAS) by the Food and Drug Administration. In recent
years, dextrans have assumed technological importance because they can improve the
rheology and texture of many fermented food products and baked goods. For example,
the European Commission authorizes the use of a Leuconostoc mesenteroides preparation
containing dextran as a food ingredient in bakery products [16] to improve the softness,
crumb texture, and loaf volume. Dextrans can also replace gelling agents or fatty substances
currently used as thickeners in bread because they influence the viscoelastic properties of
the dough and positively affect bread consistency and shelf-life, thus satisfying consumer
demands for reduced use of food additives [9,17–22]. In addition to improving food
texture, dextrans also provide the product with functional properties, acting as prebiotics
and having beneficial effects on human health (antioxidant activity, cholesterol reduction,
possible immunomodulatory and antitumor activity) [23–25].

The LAB Weissella and Leuconostoc are known to produce significant amounts of EPS,
and the Weissella genus produces particularly high levels of dextran [13,26,27].

Several studies have investigated the molecular processes involved in polysaccharide
synthesis by LAB [28–31], and some authors have explored the genome of W. cibaria
strains to examine some metabolic traits, in particular EPS production [32,33]. Genomic
analysis showed the presence of a single extracellular dextransucrase (dsr) enzyme encoded
by the dsr gene involved in the dextran synthesis. Dextransucrases are members of the
GH70 family according to the CAZy classification (http://www.cazy.org (accessed on 22
February 2022); they synthesize dextran by hydrolysis of the glycosidic bond of sucrose,
subsequently releasing energy to catalyze the transfer of D-glucopyranosyl residues to the
growing chain of the polymer, and at the same time releasing fructose [34]. Several studies
have characterized the Drs enzymes [14], but few investigate regulation of the expression
of the dsr gene [27,35]. Yu et al. [35] examined the effect of sucrose on W. cibaria compared
with Lactobacillus spp., while Hu and Gänzle [36] studied the effect of temperature on the
expression of the dsr gene in W. cibaria.

Recently, W. cibaria strains isolated from wheat semolina have been characterized for
their ability to produce EPS [37,38]. In particular, the C43-11 strain has been selected as
the greatest EPS producer of those tested, and has been used to obtain liquid sourdoughs
enriched in EPS suitable for use as a fat replacer in baked goods. These sourdoughs were
used to make focaccia, allowing a 20% reduction in the amount of added fat and improving
the technological characteristics of the final product [9].

Therefore, the present work (1) aimed to chemically characterize the EPS produced by
C43-11 in comparison with the low-producing C2-32 strain; (2) to investigate the possible
genetic factors responsible for EPS production by the two strains, and (3) to analyze the
effect of sucrose on the expression of the dsr gene in the two strains.

2. Materials and Methods

2.1. Microorganisms and Growth Conditions

W. cibaria strains C43-11 and C2-32, isolated from wheat semolina [37], were cultured
in MRS broth (Biolife Italiana S.r.l., Milan, Italy) and incubated at 30 ◦C. For long-term
storage, stock cultures were prepared by mixing 8 mL of culture with 2 mL of Bacto glycerol
(Difco, Becton Dickinson, Co., Sparks, MD, USA) and freezing 1 mL portions of this mixture
at −80 ◦C. Cultures were subcultured twice and incubated at 30 ◦C for 24 h before use.
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2.2. EPS Production in mMRS

To investigate the EPS production, the growth conditions used in Valerio et al. [38]
were applied. Briefly, the modified MRS broth (mMRS) was obtained as reported in
Minervini et al. [39] by adding fresh yeast extract (5% w/v) and maltose (1% w/v) to the
commercial MRS medium (Biolife Italiana S.r.l., Milan, Italy), final pH 5.6. The commer-
cial medium contained 20.0 g/L glucose, 5.0 g/L yeast extract, 2.0 g/L K2HPO4, 5.0 g
sodium acetate, 0.2 g/L MgSO4·7H2O, 0.05 g/L MnSO4·H2O, 2.0 g/L di-ammonium citrate,
10.0 g/L beef extract, and 10.0 g/L peptone 1 g/L Tween® 80. The medium, supplemented
(mMRS + S) or not (mMRS) with 10% (w/v) sucrose, was inoculated at 4% (v/v) with
24 h cultures of each strain and incubated for 24 h at 30 ◦C. The cultures were labelled as
follows: C43-11 + S and C2-32 + S when strains were grown in mMRS + S, and C43-11 and
C2-32 when strains were grown in mMRS with no addition of sucrose. For each culture,
three replicates were prepared. After 6 h, 10 h, and 24 h incubation, aliquots were taken
to determine strain growth, EPS production, and RNA extraction. Cell enumeration was
carried out by plate count on MRS agar after 48 h incubation at 30 ◦C.

2.3. Purification and Quantification of EPS

EPS purification from the bacterial cultures was performed as reported in Valerio et al. [38].
Briefly, liquid cultures of strains in mMRS + S and mMRS were heat treated at 100 ◦C
for 15 min to inactivate enzymes responsible for EPS degradation [40] and centrifuged
(9000× g, 10 min, 4 ◦C). The resulting supernatants were treated with three volumes
of chilled ethanol 96–99% (v/v) and the solutions were stored overnight at 4 ◦C. The
precipitated EPS were collected by centrifugation (11,325× g, 20 min, 4 ◦C), dissolved in
distilled water, dialyzed (12–14 kDa) against distilled water at 4 ◦C for 48 h, and lyophilized.
Lyophilized samples were used for EPS quantification, monosaccharide composition, and
NMR analysis.

The concentration of EPS (g/L) was determined on the lyophilized samples rehydrated
with distilled water at the initial volume according to the phenol-sulfuric method [41] using
glucose as a standard (limit of detection, LOD: 0.078 g/L).

2.4. EPS Monosaccharide Composition

EPS monosaccharide composition was determined by acid hydrolysis of the lyophilized
and rehydrated samples using 5% (v/v) perchloric acid (70%) at 100 ◦C for 5 h [42]. After fil-
tration, hydrolyzed samples were analyzed using a HPLC Dionex DX500 system equipped
with a GP50 gradient pump, an ED40 Electrochemical Detector in Pulsed Amperometric
Detection (HPAEC-PAD), and Dionex PeakNet 5.11 chromatographic software. The chro-
matographic separation of sugars was carried out using a Dionex CarboPac PA1 column
heated at 30 ◦C and a Carbopac PA1 guard column in isocratic mode with an elution of
150 mm NaOH at a flow rate of 1.0 mL/min [43]. Identification and quantification of the
main monosaccharides was performed by integrating calibration peaks obtained from the
relevant standards solutions of arabinose, glucose, fructose, and mannose, all purchased
from Merck KGaA (Darmstadt, Germany).

2.5. NMR Spectroscopy
2.5.1. Chemicals

3-(Trimethylsilyl)-2,2,3,3-tetradeutero-propionic acid sodium salt (TSP-d4, CAS No.
24493-21-8, 99%D, Armar Chemicals, Döttingen, Switzerland) and deuterium oxide (D2O,
CAS. No. 7789-20-0, 99.86%D, Eurisotop, Saclay, France) were used for sample preparation.
NMR tubes (Norell 509-UP 7) were provided by Norell, Landisville NJ, United States. The
following compounds were used as a reference: dextran (analytical standard Set Mp 1000–
400,000, CAS. No. 9004-54-0, Fluka, Sigma-Aldrich, Switzerland), fructooligosaccharides
from chicory (FOS, Sigma Aldrich, St. Louis, MO, USA), inulin from chicory (CAS. No.
9005-80-5, Sigma Aldrich, St. Louis, MO, USA), L-(+)-arabinose (CAS No. 5328-37-0, ≥98%),
D-(+)-galactose (CAS No. 59-23-4, ≥99%), D-(+)-glucose (CAS No. 50-99-7, ≥99.5%), D-(−)-
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fructose (CAS No. 57-48-7, ≥99%), D-(+)-mannose (CAS No. 3458-28-4, ≥99%), sucrose
(CAS No. 57-50-1, ≥99.5%), and D-(+)-maltose monohydrate (CAS No. 6363-53-7, ≥99%).

2.5.2. Sample Preparation

Twenty milligrams of dialyzed and lyophilized samples (C43-11 + S and C2-32 + S)
prepared as described in paragraph 2.3, were added to 600 μL of TSP-d4/D2O solution
[3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt in D2O (0.20%w)]. The resulting
solution was vortexed (Advanced Vortex Mixer ZX3, VELP Scientifica Srl, Italy) for 5 min
at 2500 rpm and then transferred to the NMR tube.

2.5.3. NMR Experiment

NMR spectra were recorded through a Bruker Avance 400 MHz spectrometer equipped
with a 5 mm inverse probe. Pulse lengths were calibrated before each experiment, and the
probe tuning and matching were adjusted for each sample. The temperature of the probe
was set at 303 K.

The chemical shifts are reported in ppm and referenced to the TSP-d4 signal. The following
acquisition parameters were used to record 1D 1H NOESY NMR: pulse program = noesygppr1d;
size of fid (TD) = 64 K; spectral width (SW) = 20 ppm; transmitter offset = 4.7 ppm;
power level for pre-saturation (pl9) calculated at 25 Hz based on 90◦ hard pulse; dummy
scans (ds) = 4; number of scans (ns) = 128; acquisition time = 4.09 s; mixing time (d8) = 0.010 s;
recycle delay (d1) = 5 s. The following acquisition parameters were used to record 1H
NMR: pulse program = zg; size of fid (TD) = 64 K; spectral width (SW) = 20 ppm; trans-
mitter offset = 5.00 ppm; dummy scans (ds) = 0; number of scans (ns) = 16; acquisition
time = 4.09 s; recycle delay (d1) = 10.0 s. The following acquisition parameters were used
to record 13C NMR: pulse program = zgpg; size of fid (TD) = 131 K; spectral width
(SW) = 240 ppm; transmitter offset = 110 ppm; dummy scans (ds) = 4; number of scans
(ns) = 512; acquisition time = 2.71 s; recycle delay (d1) = 10 s. The following acquisition
parameters were used to record TOCSY spectra: pulse program = mlevphpr; size of fid
(TD) = 4 K × 256; spectral width (SW) = 20 ppm; transmitter offset = 4.70 ppm; power level
for pre-saturation (pl9) calculated at 25 Hz based on 90◦ hard pulse; dummy scans (ds) = 16;
number of scans (ns) = 32; spin lock (d9) = 75.00 ms.

NMR raw data (Free Induction Decays, FIDs) were processed using the software
MestReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, Spain). The phase
and the baseline were optimized manually to make the resonances in the Fourier trans-
formed data positive for all of the resonances except for the residual signal of water,
which was subjected to a pre-saturation step. The zero-order (PH0) and first-order (PH0)
phase parameters were adjusted opportunely after having set the pivot parameter to
the biggest peak in the spectrum. The baseline correction was applied to flatten the
baseline on the Fourier transformed data. Multipoint baseline correction was adopted
upon selecting the points corresponding to baseline regions (also known as control
points) which were then used by the software to build a baseline model using the
interpolation algorithm.

2.6. Analysis of the Dsr Gene

The genomic DNA of the two strains was extracted from 24 h MRS broth cultures
using a Wizard Genomic DNA Purification Kit (Promega Corporation, Madison, WI, USA)
according to the supplier′s specifications. DNA quality and quantity were assessed using
an ND 1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, NC, USA) and
by 1% (w/v) agarose gel electrophoresis in TAE buffer. The complete dsr gene (ca. 4700 bp),
which included the promoter region, was amplified using the primers dsr-full_F (5′-
AACACGAAAAGACGCTTGCG-3′) and dsr-full_R (5′-TGAGTAGGGCTGGGGTACTG-3′).
The primer pair was designed with Oligo Perfect v1.0 software (Invitrogen, Life Technolo-
gies, Grand Island, NY, USA) based on the dsr gene from the W. cibaria MG1 genome
available in GenBank (accession number JWHU00000000).
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Each 20 μL reaction mixture contained 10 μL of 2X InvitrogenTM Platinum SupereFi II
PCR master mix (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 μM of each primer and
1 μL (50 ng) of genomic DNA. The reaction mixtures were first incubated for 30 s at 98 ◦C,
and then cycled for 30 cycles according to the following temperature profiles: 15 s at 98 ◦C,
15 s at an annealing temperature of 60 ◦C, 2 min at 72 ◦C, followed by a final extension for
5 min at 72 ◦C. The PCR products were analyzed by agarose gel electrophoresis (1.5%) in a
TAE buffer stained with GelRed (Biotium, Hayward, CA, USA). The size of the amplified
DNA fragments was estimated by comparison with a GelPilot 1 kb Plus Ladder (Qiagen
GmbH, Hilden, Germany).

In addition to primers for full length amplification of the dsr gene, WcibDex fw
(5′-GCATCTTTCAATACTTGAGG-3′) and WcibDex rev (5′-CATGACTTGTTGGCATAGC-
3′) [44], dsr1a (5′-GGCATGCAAGTAATGGCTGA-3′), dsr1b (5′-ATTGATCCGGCACAAA
ATCAGCC-3′), dsr1c (5′-CTAGTCAAGACGTCGTGCTGGTC-3′), dsr1d (5′-TTCTGCCTGA
ACTTGTGGA-3′), and dsr1e (5′-ACAGTGCAAGTGCGGTAGTTGAT-3′) internal primers
for gene sequencing were used.

Moreover, in order to amplify the promoter region, a primer pair was designed
using Oligo Perfect v1.0 software (Invitrogen, Life Technologies, Grand Island, NY, USA)
and based on the dsr sequence of W. cibaria C43.11. The promoter region (ca. 500 bp)
was amplified using the primers dsrPROM_F (5′-CCGGCAGCTACCCAAAACTT-3′) and
dsrPROM_R (5′-AYGGGGTGTCTGAATTRGGC-3′) and the PCR conditions described
above. PCR products were purified with a QIA quick PCR Purification Kit (QIAGEN,
Inc., Toronto, ON, Canada), and quantified by an ND 1000 spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, NC, USA). Sequencing of the dsr gene and promoter
sequence was performed by using a Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) on an ABI Prism 3100 Genetic
Analyzer (Applied Biosystems Waltham, MA, USA).

Nucleotide sequences were aligned using Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/ (accessed on 10 March 2022)) and compared to the dsr sequences
of MG1 and SP7 (NCBI acc.n. NZ_JWHU01000000.1 and NZ_SDGK00000000.1) strains.
Nucleotide sequences of the dsr gene and promoter region of C43-11 and C2-32 strains are
available in the NCBI nucleotide sequence database under accession numbers ON791804,
ON791805, ON791806, and ON791807.

The putative regulatory elements and start site for transcription were predicted in
silico within the promoter region of the dsr gene by using PBROM [45].

2.7. Transcription Analysis
2.7.1. RNA Extraction and cDNA Synthesis

At selected time points (T0, T6, T10, T24), total RNA was isolated from 2 mL aliquots
of liquid cultures in mMRS + S and mMRS. At T0, RNA was extracted from 24 h broth
cultures used for inoculation. Cells were harvested by centrifugation (4000× g for 5 min
at 18 ◦C) and snap-frozen in liquid nitrogen. RNA was extracted using the CTAB-based
method [46] and modified as follows. Cell pellets were re-suspended in 800 μL CTAB
buffer and transferred into 2 mL tubes containing a loop full of acid-washed 425–600 μm
glass beads (Sigma-Aldrich, St. Louis, MO, USA) and two iron balls (0.5 cm diameter Ø).
The mechanical disruption of cells was performed in a Retsch MM301 mixer mill (Retsch
Gmbh, Haan, Germany) at 15/s frequency for 30 s and cell lysates were centrifuged at
16,060× g for 10 min. RNA was purified from the supernatant using chloroform-isoamyl
alcohol (24:1), as described by Wang and Stegemann [46].

Possible contamination by genomic DNA was removed by DNase I (Thermo Fisher Sci-
entific, Waltham, MA, USA) digestion, according to the manufacturer’s instructions. RNA
concentration and quality were determined using a NanoDrop ND-1000 spectrophotometer
and RNA integrity was checked by gel electrophoresis on 1.5% (w/v) agarose gel stained
with GelRed. The RNA was reverse transcribed to cDNA using the SuperScript IV First-
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Strand Synthesis System (Invitrogen, Waltham, MA, USA) following the manufacturer’s
instructions. The cDNA was stored at −20 ◦C.

2.7.2. Real-Time (RT) qPCR

RT-PCR was performed using a 7500 Fast Real-Time PCR System (Applied Biosys-
tems Waltham, MA, USA) using Power Up SYBR Green Master Mix (Applied Biosystem,
Foster City, CA, USA) according to the manufacturer’s instructions. The primers used
for the quantification of dsr gene expression were GLUC_Rq_F (5′-AATGTTGACACGA
GCGACCT-3′) and GLUC_Rq_R (5′-CCGGAAGCACCACTAGTTGT-3′). qPCR primers
were designed using Oligo Perfect v1.0 software based on the dsr gene sequence of
W. cibaria C43-11; they amplified a PCR product of 194 bp. Relative gene expres-
sion profiles of dsr at time points T0, T6, T10, and T24 were determined by com-
parison to the expression of the recA gene used as a reference gene. The primers
used for the quantification of gene expression of the recA were Wcib-recA-F (5′-
GTAACCCAGAAACGACGCCT-3′) and Wcib-recA-R (5′-AGATTTCAACTTCCACTT
CACGG-3′). These primers, reported by Koirala et al. [30], were modified after com-
parison with the recA gene sequences of W. cibaria (NCBI acc.n. JWHU01000016.1).
The PCR product of 195 bp was amplified. qPCR was performed in triplicate in a
volume of 10 μL containing 5 μL of Power Up SYBR Green Master Mix, 200 nm of each
primer, and 1 μL of cDNA. The conditions for amplification were as follows: 50 ◦C for
2 min, 95 ◦C for 2 min followed by 40 cycles of 95 ◦C for 15 s, and 60 ◦C for 40 s. A
dissociation step was performed after the RT-PCR run. Relative expression (RQ) of the
dsr gene at all-time points was calculated using the 2−ΔΔCT method [47]. RQ values
were calculated by comparison with dsr gene expression levels in mMRS.

2.8. Statistical Analysis

Data are presented as mean values ± standard deviations. Statistical analysis of the
data was performed using STATISTICA 12.0 software (StatSoft, Inc., Tulsa, OK, USA).
Data concerning strain loads, EPS production, and monosaccharides concentration were
compared by applying a one-way ANOVA (p < 0.05), substituting data below the detection
limit (LOD) with half of the LOD [48]. Significant differences (p < 0.05) among groups were
determined by using a post hoc Tukey test.

3. Results

3.1. EPS Quantification and Characterization
3.1.1. EPS Production

The EPS production by W. cibaria C43-11 and C2-32 was evaluated in mMRS with
or without sucrose at 10% (w/v). Both strains grew in the presence of the two substrates
(Table 1), reaching ca. 9 log cfu/mL after 24 h (p > 0.05), although strain C43-11 showed a
higher cell number (p < 0.05) after 6 h in the presence of sucrose. EPS production for C43-11
was mainly observed in the presence of sucrose, reaching ca. 12 g/L after 24 h, while low
amounts close to the LOD were produced by C43-11 with no added sucrose, and by strain
C2-32 in both media (Table 1).
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Table 1. Cell count (log cfu/mL) and EPS production by W. cibaria C43-11 and C2-32 in mMRS with
(+S) or without sucrose after 0 h, 6 h, 10 h, and 24 h incubation at 30 ◦C.

Culture T0 T6 T10 T24

Cell Count (log cfu/mL)

C2-32 7.08 ±0.01 b 7.20 ± 0.08 b 7.57 ± 0.03 b 8.52 ± 0.62 a

C2-32 + S 7.07 ± 0.10 b 7.40 ± 0.02 b 7.50 ± 0.09 b 8.59 ± 0.78 a

C43-11 7.32 ± 0.03 a 7.39 ± 0.01 b 7.68 ± 0.03 b 8.77 ± 0.78 a

C43-11 + S 7.320 ± 0.06 a 7.64 ± 0.06 a 7.89 ± 0.02 a 9.27 ± 0.29 a

EPS (g/L)

C2-32 <LOD b,* <LOD c,* <LOD b,* <LOD b,*
C2-32 + S <LOD b,* 0.12 ± 0.004 b 0.14 ± 0.00 b 0.13 ± 0.00 b

C43-11 <LOD b,* <LOD c,* 0.12 ± 0.00 b <LOD b,*
C43-11 + S 0.23 ± 0.00 a 3.55 ± 0.02 a 5.02 ± 0.31 a 11.74 ± 3.25 a

Data are represented as mean ± standard deviation. a–c Values with different superscript letters within each
column are significantly different (p < 0.05). cfu = colony forming unit. * LOD = 0.078 g/L.

3.1.2. Monosaccharide Composition

The HPAEC-PAD results (Table 2) showed that the polymeric material produced by
C43-11 in the presence of sucrose (C43-11 + S) was composed of approximately 94% glucose,
1% mannose, and 5% fructose. This finding is consistent with the production of dextran
as the major polysaccharide product. Differently, the strain C2-32 (C2-32 + S) produced
a low amount of material consisting of approximately 54% glucose, 43% mannose, and
3% fructose. When no sucrose was added to the medium, the strain C43-11 produced a
material consisting of 32% glucose, 63% mannose, and 5% fructose, while the strain C2-32
produced a polysaccharide with a composition of 47% glucose, 46% mannose, and 7%
fructose (C2-32). Finally, no arabinose was detected in any of the cases.

Table 2. Glucose, mannose, and fructose (mg/L) produced by strains C43-11 and C2-32 in mMRS + S
and mMRS bacterial cultures after quantified analysis by HPAEC-PAD.

Culture Glucose Mannose Fructose

mg/L

C43-11 + S 16299.9 ± 2114.1 a 203.4 ± 55.4 ab 779.9 ± 2.7 a

C2-32 + S 259.7 ± 75.9 b 207.0 ± 19.0 ab 13.8 ± 4.7 b

C43-11 138.5 ± 23.3 b 280.5 ± 23.3 a 21.0 ± 8.5 b

C2-32 125.8 ± 22.7 b 124.9± 10.6 b 20.0 ± 4.0 b

Data are represented as mean ± standard deviation. a,b Values with different superscript letters within each
column are significantly different (p < 0.05).

3.1.3. EPS Characterization (NMR)

Based on the findings described in the previous paragraph, the NMR study focused
on the characterization of the polymeric material produced by C43-11 in the presence of
sucrose (C43-11 + S, Table 2). The sample’s macromolecular profile was confirmed by the
poor sharpness of the signals in the 1D 1H NOESY NMR spectra [49]. The absence of
free monosaccharides (arabinose, galactose, glucose, fructose, and mannose) and disac-
charides (sucrose and maltose) was confirmed by comparison with spectra of reference
compounds (see Figure S1 in Supplementary Materials for further details). Dextran, inulin,
and fructooligosaccharide (FOS) were considered among the possible EPSs produced by
LAB species. Dextrans with different molecular weights (MW: 25, 80, and 270 kDa) were
taken into consideration to disclose possible variations in the chemical shifts of the signals
due to the size of the polysaccharide, but no significant differences in spectral features
were recognized.

In Figure 1, the 1D 1H NOESY NMR spectra of FOS, inulin, dextran (MW 270 kDa),
and purified samples from C43-11 + S and C2-32 + S are reported.
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Figure 1. Typical 1D 1H NOESY NMR spectra (D2O, 400 MHz, 303 K) of fructooligosaccharide (FOS),
inulin, dextran (MW 270 kDa) and purified samples from C43-11 + S and C2-32 + S.

Comparison of the spectra indicated that spectra labeled as dextran and C43-11 + S
were almost superimposable. Thus, the signal pattern in the C43-11 + S spectrum could
be mainly attributed to the glucose units constituting the polymeric chain of the dextran
structure. Characteristic signals of anomeric hydrogen of dextran were identified in the
region between 4.99 and 5.40 ppm, the most intense of which is attributable to α-(1–6)
glycosidic linkage at 4.99 ppm. Weak signals at 5.40, 5.33, and 5.23 ppm were assigned
to the anomeric hydrogen atoms involved in the α-(1–4), α-(1–3), and α-(1–2) linkages,
respectively. These assignments were consistent with the correlations found in the 1H
TOCSY experiment (Figure 2) which, in agreement with the data reported in the literature,
supports the hypothesis that these hydrogens belong to the same polymeric scaffold [50].
Signal intensities of the anomeric hydrogens were consistent with a dextran structure
predominantly consisting of α-(1–6) glycosidic linkage and a smaller amount of α-(1–4),
α-(1–3) and α-(1–2) glycosidic linkages, in a ratio that was assessed at approximately 97
[α-(1–6)]: 3 [α-(1–4), α-(1–3), α-(1–2)].

 
Figure 2. The TOCSY spectrum of EPS extracted from C43–11 + S recorded at 400 MHz in D2O at
303 K. Anomeric protons are labeled as α-(1–6), α-(1–2), α-(1–3), and α-(1–4).

The low fructose content revealed via analysis of the monosaccharide composition
of sample C43–11 + S (5%, Table 2) was detected in the 1D 1H NOESY NMR spectrum
in the form of very weak signals at 4.25 and 4.35 ppm (see Figure S2 in Supplementary
Materials for further details). While no conclusive statements can be made based on their
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low intensities, the chemical shift values of these two signals may suggest the presence of
heteropolymers similar to inulin or/and FOS.

The predominance of dextran in the EPS produced by C43-11 in the presence of sucrose
was further confirmed by 13C{1H} NMR analysis. As represented in Figure 3, characteristic
signals related to dextran were found at 97.2 (C-1), 72.89 (C-3), 70.89 (C-2), 69.70 (C-4), 69.07
(C-5), and 65.13 (C-6).

 
Figure 3. Comparison of typical 13C{1H} NMR spectra (D2O, 400 MHz, 303 K) of fructooligosaccharide
(FOS), inulin, dextran (MW 270 kDa) and purified samples from C43-11 + S and C2-32 + S. The signals
ascribed to the dextran structure are indicated in dashed squares.

The 1H NMR signals in the spectrum of the material produced by C2-32 in the presence
of sucrose (Figure 1) cannot be ascribed exclusively to dextran or to materials containing
fructose (inulin and FOS). The presence of dextran can be supposed (Figure 3), but the low
yield of the C2-32 + S sample did not allow a more detailed investigation of the structural
features. Further investigations and appropriate growth conditions are needed to obtain
information on the nature of the polysaccharides produced by the C2-32 strain.

3.2. Analysis of the Dsr Gene

Amplification of the dsr gene with primers dsr-full_F/dsr-full_R produced an amplicon
of the expected length (4702 bp) that included the promoter region and the complete dsr
gene of W. cibaria strains (4377 bp).

Pairwise sequence comparison of dsr genes of W. cibaria C43-11 and C2-32 strains
revealed a 96% identity. The dsr genes of C43-11 and MG1, known as a high EPS pro-
ducer, [33], showed 99% identity, while dsr genes of C2-32 and SP7 showed 98% identity
(data not shown).

The region upstream the dsr gene in both strains was determined by DNA sequencing
and compared to the DNA sequence of those of W. cibaria MG1 and SP7 strains. The
pairwise sequence comparison of the dsr gene promoter region of W. cibaria C43-11 and
C2-32 strains showed a 94% identity (Figure 4).

DNA sequencing showed several nucleotide differences, in particular an AT insertion
at position 55-56 of the C2-32 promoter sequence. A Blast N analysis against W. cibaria
genomes available at the NCBI Genebank revealed the presence of this insertion also in other
W. cibaria strains CSM1, CSM2, CMS3, CMU, and CXO-1 (data not shown). The sequence
analysis for σ70-dependent DNA motif revealed a different pattern for −10 and −35 motifs.
In detail, for strain C43-11 the transcriptional start site was predicted at an adenine (A) and
the −10 (5′-TTGTGAAAT-3′) and −35 (5′-GTGCTA-3′) motifs were identified. Differently,
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for strain C2-32, the transcriptional start site was predicted at a thymine (T) and the −10
(5′-ATCAATAAT-3′) and −35 (5′-ATAACG-3′) motifs were identified.

Figure 4. Alignment of the promoter regions of C2-32, C43-11, SP7, and MG1 strains with the in silico
predicted −35 and −10 motifs (underlined text), transcriptional start sites (bold letters), and lexA
(light gray) DNA-binding motif indicated.

Analysis of known transcription factor binding sites revealed the presence of a different
pattern for C2-32 compared to C43-11. In particular, the C2-32 promoter region hosts
additional lexA DNA-binding motif sites (Figures 4 and 5) that are not present in the
promoter region of the C43-11 dsr gene.

 
Figure 5. Position weight matrix (PWM) of LexA transcription factor binding (from RegulonDB—
http://regulondb.ccg.unam.mx/ (accessed on 10 March 2022)).
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3.3. Transcription Analysis

To verify whether the differing EPS production between the two strains also resulted
in a different expression level of dextransucrase, dsr gene expression was quantified at the
mRNA abundance level. The relative expression of dsr was monitored in the presence and
absence of sucrose during a 24 h incubation period and is shown in Figure 6. RT-qPCR
demonstrated that dsr expression is strongly induced by the presence of sucrose only in C43-
11, with the highest level occurring after 6 h (Fold Change > 10); subsequently, expression
decreased up until 24 h. Conversely, for strain C2-32 the modulation of dsr expression did
not respond to the supplementation of sucrose, showing only a slight upregulation after
10 h in the presence of sucrose (FC < 2, Figure 6).

 

Figure 6. Relative Quantification (RQ, Fold Change = 2−ΔΔCt) of dsr gene expression in W. cibaria
C43-11 and C2-32 grown in mMRS with sucrose (10% w/w). Reported RQ (lines) refer to dsr gene
expression in mMRS with sucrose (mMRS + S) as compared to mMRS. RQ values are correlated with
EPS production (g/L) for each strain in mMRS + S (bars).

4. Discussion

In recent years, microbial communities have been studied to select microorgan-
isms with useful characteristics for the nutritional/functional improvement of fermented
foods [31,51,52]. The use of LAB is considered an excellent tool for improving the nu-
tritional/functional quality of foods via the production of bioactive compounds produc-
tion, the bioavailability of dietary fibers and phytochemicals, and their technological and
organoleptic characteristics, as well as the reduction of antinutritional factors [4,5]. Sev-
eral studies have shown the positive impact of the EPS produced by LAB strains on the
nutritional, technological, functional, and rheological features of foods [18,26,28,53]. In par-
ticular, W. confusa and W. cibaria have been studied for their ability to produce dextran [26].

In previous studies, the W. cibaria strain C43-11 was selected for its ability to produce
high quantities of EPS [38], and was then used to produce a liquid sourdough applied in
the production of focaccia bread as a fat replacer [9]. The current study has characterized
the EPS produced by W. cibaria C43-11 and the dsr gene involved in dextran synthesis has
been characterized. For this purpose, the W. cibaria C43-11 was compared with the strain
C2-32, which belongs to the same species and has same origin but produces extremely low
amounts of EPS [38]. Results showed that while both strains reached a cell load of about
9 log cfu/mL in mMRS containing sucrose or not, markedly higher EPS production was
achieved only by C43-11 in the presence of sucrose. According to the results of Yu et al. [35],
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the difference in EPS production did not depend on the cell density but could be due to a
higher gene expression.

The polymeric material was characterized by HPAEC-PAD and NMR analyses. HPAEC-
PAD revealed a high glucose content in the hydrolysed samples of strain C43-11 grown
in the presence of sucrose, supporting the hypothesis of dextran production. At the same
time, the presence of fructose and mannose in addition to glucose after EPS hydrolysis
was observed, suggesting the presence of oligosaccharides or heteropolysaccharides in
low amounts. The presence of mannose could originate from the baker’s yeast used in the
mMRS formulation, since it contains approximately 16% of this sugar [54], and could have
been used as an acceptor in the synthesis of polymers other than dextran. Additionally, the
release of cell wall components could be an effect of partial cell lysis caused by the heat
treatment of the bacterial cultures during EPS purification. In particular, the monomers
were detected in both W. cibaria culture filtrate samples, with or without sucrose and at
similar concentrations, except for strain C43-11. In that case, glucose and fructose increased
by approximately 100-fold and 30-fold, respectively, in the presence of sucrose. EPS produc-
tion for strain C2-32 was scarce, and the amount and ratio of monomers was unchanged
in the presence of sucrose, indicating that it did not influence the production of oligo- or
heteropolysaccharides. Similarly, Yu et al. [35] studied the production of EPS by a W. cibaria
strain isolated from kimchi in the presence of sucrose: NMR analysis showed the polymer
to be α-1,6-dextran, and the ion chromatography revealed the presence of glucose, fructose
and mannose at 62.1%, 34.2% and 3.8% in the MRS culture, and of 97% of glucose when the
sucrose (2%, w/w) was added to the medium. Other authors also found low amounts of
galactose, mannose, and glucose after acidic hydrolysis of the polymeric material obtained
by a strain of dextran-producer Leuconostoc mesenteroides [27]. HePS can be produced
by Weissella genus spp. and generally consist of mannose, glucose, fructose, arabinose,
rhamnose, xylose, galactose, and in some cases containing N-acetyl-D-glucosamine and
N-acetyl-D-galactosamine [26,55]. The production of polymers other than dextran by the
W. cibaria strains could be further ascertained in a future study.

In agreement with the HPAEC-PAD results, NMR spectroscopy indicated that strain
C43-11 produced dextran in the presence of sucrose. Dextran production was almost
exclusive and was characterized by linear chains of glucose units bound predominantly
by α-(1–6) glycosidic linkage. The signal assignment was in agreement with the data
reported in the literature for dextran produced by wild and mutant strains of Leuconostoc
mesenteroides [56]. It is known that the amount of α-(1–6) linkages in a dextran can
vary from 50% to 97% of the total number of glycosidic linkages and the structural
differences may depend on the strains and production conditions [50]. Moreover,
Bounaix et al. [15,55] and Ahmed et al. [57] described the structure of dextran produced
by W. confusa and W. cibaria strains containing 2.4–3.4% of α-(1–3) branch linkages.
In the present study, traces of α-(1–4), α-(1–3) and α-(1–2) branched dextrans were
also detected: approximately 1–3% compared to the α-(1–6) linkage. The formation of
gluco-oligomers/polymers containing α-(1–4) and α-(1–2) has already been reported in
the literature for LAB, like Streptococcus, Lactobacillus, and Weissella species incubated
with sucrose and maltose [50,58].

To date, numerous studies have investigated the ability to produce EPS from the
different bacterial isolates. The information gathered showed wide heterogeneity in
EPS production capacity among strains. Based on the available information, the effi-
ciency of the Dsr enzymes is influenced by different factors, including culture medium
pH [42], the carbon source present in the growth medium [14], sucrose concentra-
tion [35], and temperature [36]. In particular, Bounaix et al. [15] and Besrour-Aouam
et al. [14] indicated the optimal pH value of ca. 5.4 for Dsr activity. They also ob-
served the influence of the carbon source (sucrose or glucose) on the synthesis of Dsr
in different LAB species and Weissella strains and hypothesized that the regulation of
dsr expression could depend on the species or strain. In fact, while dsr induction by
sucrose is common in Leuconostoc spp. [15,59], Drs synthesis is reported as constitutive
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in other LAB, including Lactobacillus reuteri and Streptococcus spp. [60,61] and some
Weissella strains [15]. In the present study, significant upregulation of the dsr gene was
inducted in the presence of sucrose only in W. cibaria C43-11 strain, in agreement with
the results obtained for W. confusa strain by Koirala et al. [30]. Moreover, Yu et al. [35]
reported that EPS production was enhanced by increasing sucrose concentration in a
W. cibaria strain; while Hu and Gänzle [36] and Besrour-Aouam et al. [27] reported the
induction of the dsr gene by cold stress as well.

Although several studies have explored the factors affecting their differing ability
to produce EPS, few have focused on the genetic characteristics of the regulatory
elements of the dsr gene in W. cibaria. The present study focused on the expression
of the dsr gene in two strains of W. cibaria to determine the regulatory elements that
might be responsible for the difference in production capacity. In particular, the in
silico analysis of the promoter region of the dsr gene in the two strains highlighted
substantial differences concerning the predicted regulatory regions. Specifically, the
AT insertion at position 55–56 of the C2-32 promoter sequence determined a shift in the
transcriptional start site and −10 and −35 motifs. This evidence needs to be confirmed
experimentally. The insertion generated a new DNA-binding motif, LexA, shared
only with strain SP7 (100% match of the promoter region with C2-32 strains), and not
with C43-11 or MG1. W. cibaria MG1 was the first and best studied EPS producer, also
due to its promising potential for bakery and dairy applications [33,44,62,63], while
the SP7 strain was reported as unable to produce EPS on modified MRS agar plates
containing different carbohydrates [64]. LexA is known to repress the transcription of
several genes involved in the cellular response to DNA damage or inhibition of DNA
replication [65,66], as well as its synthesis [67]. This regulation is known as the SOS
response [66]. To repress transcription, LexA blocks the access of RNA polymerase to
target promoters [68]. These findings were consistent with expression pattern analysis
of the dsr gene in the C2-32 strain. In the presence of sucrose, dsr gene expression was
strongly upregulated in the C43-11 strain, while the expression of the gene was not
modulated in C2-32. This shared behavior could be related to the presence in both
strains of this additional DNA-binding motif not present in the C43-11 and MG1 strains.
To the best of our knowledge, this is the first study reporting a difference in regulatory
elements of dsr genes in W. cibaria. Our findings will require further investigation to
verify whether dextran production in the C2-32 strain could be restored by stressor
factors such as cold stress, anaerobic growth conditions, and oxidative stress.

5. Conclusions

This study investigated the EPS production ability of W. cibaria strain C43-11 in
comparison with the low producing strain C2-32, highlighting the induction of EPS pro-
duction in the presence of a high sucrose level only by the C43-11 strain. NMR analysis
demonstrated the dextran production consisting of a linear chain of glucose units bound
predominantly by α-(1–6) glycosidic linkage and in smaller amounts (1–3%) by α-(1–2),
α-(1–3), and α-(1–4) glycosidic linkages. Molecular analysis revealed a differential
regulation of the dsr gene involved in dextran biosynthesis. The in silico analysis of
the dsr promoter region highlighted the presence of different stress-responsive regu-
latory elements in the low producer C2-32 strain that could be responsible for its low
production rate in the tested conditions.

Therefore, this study provides new insights into the investigation of the molecular
bases of differences in EPS production ability, and indicates a new perspective of investiga-
tion for the identification of the regulatory mechanism of EPS production. Furthermore,
dextran produced by the C43-11 strain may be further investigated for its possible func-
tional and technological properties in the food sector.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390//foods11182819/s1. Figure S1. Typical 1D 1H NOESY NMR
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spectra (D2O, 400 MHz, 303 K) of free mono- (arabinose, galactose, glucose, fructose, and mannose)
and disaccharides (sucrose and maltose), and purified samples from C43-11 + S and C2-32 + S.
Figure S2. Typical 1D 1H NOESY NMR spectra (D2O, 400 MHz, 303 K) of free mono- (arabinose,
galactose, glucose, fructose, and mannose) and disaccharides (sucrose and maltose), and purified
samples from C43-11 + S and C2-32 + S.
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Abstract: Qualities of sourdough and sourdough bread using fermented water from Asian pears
and Assam tea leaves with Lactiplantibacillus plantarum 299v and Saccharomyces cerevisiae TISTR 5059
as starter cultures were evaluated. Changes in the growth of lactic acid bacteria and yeast, pH,
sourdough height, total phenolic contents (TPCs) and antioxidant activities detected by ORAC,
FRAP and DPPH radical scavenging assays were monitored during sourdough production. Mature
sourdough was achieved within 4 h after 18 h retard fermentation and used for bread production. The
bread was then analyzed to determine chemical and physical properties, nutritional compositions,
TPCs, antioxidant activities and sensory properties as well as shelf-life stability. Results showed that
fermented water significantly promoted the growth of yeast and increased TPCs and antioxidant
activities of sourdough. Compared to common sourdough bread, fermented water sourdough bread
resulted in 10% lower sugar and 12% higher dietary fiber with improved consumer acceptability;
TPCs and antioxidant activities also increased by 2–3 times. The fermented water sourdough bread
maintained microbial quality within the standard range, with adequate TPCs after storage at room
temperature for 7 days. Fermented water from Asian pears and Assam tea leaves with L. plantarum
299v and S. cerevisiae TISTR 5059 as starter cultures improved dough fermentation and bread quality.

Keywords: Pyrus pyrifolia; Camellia sinensis var. assamica; fermentation; nutritive composition;
physical properties; chemical properties; antioxidant activities; sensory properties; shelf-life

1. Introduction

Nowadays, consumers prefer to eat healthy food [1]. Sourdough bread offers health
benefits with enhanced absorbable nutrients and vitamins [2,3] and reduced glycemic index
value compared to common white bread [4]. Cereal flour and water as the main ingredients
of traditional sourdough are spontaneously fermented, enhancing numbers of wild yeast
and lactic acid bacteria [5]. The combination of culture in the fermentation provides
complex growth patterns that can improve the functional and organoleptic properties of
food [6]. Saccharomyces cerevisiae is a robust yeast that has a high fermentation efficiency [7].
It acts as a leavening agent in bread making [5]. Lactiplantibacillus plantarum has been
recognized for its probiotic characteristics. It has been used widely in food fermentation
processes of different types of foods [8]. In bread making, lactic acid bacteria contribute
mainly to acidification and the production of flavor and other metabolic compounds of
bread [5]. The study of Hu et al., (2022) reported that the bread fermented by a combination
strains of S. cerevisiae and L. plantarum had 15.2% higher specific volume, softer bread
crumb, more vigorous taste than the bread fermented by S. cerevisiae only [9]. In addition,
functional ingredients may also be introduced in the early fermentation steps to further
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improve the functional properties of the final product [10]. The several studies showed
that sourdough was developed using pacific white shrimp (Litopenaeus vannamei) protein
hydrolysates and (−)-epigallocatechin gallate [11], pear and naval orange [12]. Sources of
these functional ingredients as nutrients or bioactive compound-rich fruits and vegetables
support bacterial growth and provide particular taste/texture to increase the health benefits
of sourdough bread.

The abundant nutrients in Asian pears and Assam tea leaves can be used to sup-
port the growth of microorganisms [13,14]. Asian pears (Pyrus pyrifolia) are juicy fruits
with favorable aroma and sweetness that enhance the sensory acceptability of developed
products [15]. Pears are an excellent source of dietary fiber and a good source of ascorbic
acid [16]. Moreover, it contains a high number of bioactive compounds including total
phenolic compounds and total flavonoid compounds which significantly correlated with
antioxidant activities [17]. Assam tea (Camellia sinensis var. assamica) leaves also possess
a unique aroma and taste. It contains a variety of biologically active compounds, such as
phenolics, minerals, vitamins and dietary fiber, and have several health benefits including
antimicrobial and antioxidant activities [13,18,19]. As far as we know, a study of fermented
water from Asian pears and Assam tea leaves using Lactiplantibacillus plantarum 299v and
Saccharomyces cerevisiae TISTR 5059 as starter on sourdough fermentation and bread quality
has not been reported. Recent investigations by our group indicated that fermented water
from Asian pears and Assam tea leaves using Lactiplantibacillus plantarum 299v and Saccha-
romyces cerevisiae TISTR 5059 as starter cultures significantly promoted the growth of yeast
and lactic acid bacteria, optimized acidity and improved total phenolic contents (TPCs) and
antioxidant activities [20]. Previous findings suggested the potential of fermented water
from Asian pears and Assam tea leaves as a functional ingredient to prepare sourdough
and improve bread quality.

Hence, the aim of this work was to develop sourdough and bread with improved
qualities using fermented water from Asian pears and Assam tea leaves using L. plantarum
299v and S. cerevisiae TISTR 5059 as starter cultures. Changes in microbiological quan-
tification, chemical properties, TPCs and antioxidant activities were monitored during
sourdough fermentation. Mature sourdough was used for breadmaking. Chemical and
physical properties, nutritional compositions, TPCs, antioxidant activities and sensory
evaluation of sourdough bread were investigated. Shelf-life stability was also determined.

2. Materials and Methods

2.1. Preparation of Fermented Water

Asian pears were purchased from Salaya Market, Phutthamonthon District, Nakhon
Pathom Province, Thailand and steamed Assam tea leaves were received from Wiang
Pa Pao District, Chiang Rai Province, Thailand in December 2020. For quality control of
raw material, nutritional analysis was performed according to the protocols indicated in
Section 2.7. The chemical composition of Asian pears was 84.73% moisture, 0.45% protein,
0.11% total fat and 14.11% total carbohydrates (comprising 5.18% glucose, 5.11% fructose,
0.75% sucrose and 2.80% dietary fiber), while steamed Assam tea leaves were composed of
77.32% moisture, 5.32% protein, 0.48% total fat and 15.44% total carbohydrates (comprising
0.75% sucrose and 8.03% dietary fiber). Fermented water was prepared following the
method of Supasil et al., (2021) [20]. Briefly, Asian pears (50 g) and steamed Assam
tea leaves (50 g) with suspensions of L. plantarum 299v (6 mL, Bio-Life Sciences Corp.,
Mississauga, Canada) and S. cerevisiae TISTR 5059 (6 mL, TISTR, Bangkok, Thailand) were
mixed with distilled water (488 mL) and fermented in a sterile glass jar covered with a lid
at 30 ◦C for 24 h. Then, solid remnants of Asian pears and Assam tea leaves were filtered
using a sterile colander. The solution part of the fermented water was used in fermented
water sourdough and fermented water sourdough bread development. In addition, a
suspension of L. plantarum 299v and S. cerevisiae TISTR 5059 in sterile deionized water
was prepared as control water and used in common sourdough and common sourdough
bread development. Initial viable cell count of L. plantarum at 8.56 ± 0.16 Log CFU/mL
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and S. cerevisiae at 7.23 ± 0.05 Log CFU/mL in the suspension of selective cultures were
maintained in both control and fermented water (p ≥ 0.05).

2.2. Preparation of Sourdough

Fermented water sourdough was prepared by mixing unbleached wheat flour (200 g,
Bread Flour, Thai Flour Mill Industry Co., Ltd., Samut Prakan, Thailand) with fermented
water from Section 2.1 (200 g) in a sterile glass jar (5.2 inches diameter and 6.5 inches height)
covered by a cheesecloth. The mixture was fermented at 30 ◦C for 1 h, followed by retard
fermentation in a refrigerator (7 ± 2 ◦C) for 18 h. The final fermentation was performed at
30 ◦C to produce mature sourdough with the following characteristics: pH 3.5–4.3, lactic
acid bacteria at least 8 Log Colony Forming Unit (CFU)/g and yeast at least 6 Log CFU/g
according to Hammes et al., (2005) [21] and Mohd Roby et al., (2020) [22]. Development of
bubbles, sweet smelling odor and double volume was observed. Common sourdough was
prepared using a similar procedure to the fermented water sourdough but fermented water
was replaced by control water from Section 2.1. The sourdough samples were observed for
their height, collected for evaluation of microbiological and chemical properties at initiation
and then hourly after retard fermentation until gaining the mature sourdough. Moreover,
TPCs and antioxidant activities at the start and end of the fermentation were also analyzed.

2.3. Preparation of Bread

The fermented water sourdough bread and common sourdough bread were pre-
pared using the mature fermented water sourdough and mature common sourdough from
Section 2.2 as a leavening agent. The recipe of sourdough bread, modified from Mohd
Roby et al., (2020) [22], consisted of unbleached wheat flour (100%, Bread Flour, Thai Flour
Mill Industry Co., Ltd., Samut Prakan, Thailand), distilled water (44%), sugar (15%, Lin
Caster Sugar, Thai Roong Ruang Sugar Group, Bangkok, Thailand), salt (2.5%, Prung Thip
Iodized Table Salt, Thai Refined Salt Co., Ltd., Bangkok, Thailand), butter (5%, Allowrie
Pure Creamy Unsalted Butter, KCG Corporation Co., Ltd., Bangkok, Thailand) and mature
sourdough (44%). All ingredients, with the exception of butter, were mixed and kneaded
for 5 min by a dough kneading machine (model Bear HMJ-A50E2, Bear Electric Appliance
Co., Ltd., Shunde, Fosahn, China). The butter was then added to the mixture, kneaded for
another 25 min, and allowed to proof for 4 h at 30 ◦C. The dough was then portioned (ap-
proximated 175 g), rested at room temperature (28 ± 2 ◦C) and 75 ± 5% relative humidity
(RH) for 20 min, rolled for degassing and shaped into a roll. Three rolls were placed into a
loaf pan (8.5 × 14.5 × 8.5 cm) before overnight leavening in a refrigerator (7 ± 2 ◦C) and
final proofing at 30 ◦C for 6 h. The doughs were then baked at 180 ◦C for 30 min using an
electric oven (model Tecno+, The Signature Brand Co., Ltd., Bangkok, Thailand) and cooled
at room temperature (28 ± 2 ◦C and 75 ± 5% RH) for 1 h before packing in polypropylene
plastic bags (Aro Commercial Co., Ltd., Bangkok, Thailand) with a proper heat seal for
further analysis. The bread samples were analyzed for chemical and physical properties,
nutritional compositions, TPCs, antioxidant activities and sensory evaluation.

2.4. Determination of Microbiological Quality

Sourdough samples (10 g fresh weight (FW)) were suspended in 90 mL of 0.85%
(w/v) sodium chloride solution and enumerated for L. plantarum and S. cerevisiae by spread
plate technique [23]. L. plantarum grew on De Man Rogosa Sharpe (MRS) (Difco™ &
BBL™, BD Diagnostic, Sparks, MD, USA) agar (Hardy Diagnostics, Santa Maria, CA,
USA) supplemented with 4 mg/L ciprofloxacin (Siam Pharmaceutical Co., Ltd., Bangkok,
Thailand), incubated at 37 ◦C for 48 h [24]. S. cerevisiae grew on Yeast Peptone Dextrose
(YPD) agar supplemented with 100 mg/L chloramphenicol (T.P. Drug Laboratories (1969)
Co., Ltd., Bangkok, Thailand), incubated at 30 ◦C for 48 h [25]. Results were calculated and
reported as Log CFU/g.

Microbiological analysis of the bread samples was performed according to the standard
protocols of the Bacteriological Analytical Manual (BAM) [26]. Bread samples were blended
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using a blender (model HR2115, Philips (Thailand) Ltd., Bangkok, Thailand). Ten grams of
blended sample were suspended in 90 mL of 0.1% (v/v) peptone water, plated on Dichloran-
Glycerol 18 (DG18) agar and incubated at 25 ◦C for 5 days in the dark for yeast and mold
evaluation. Total aerobic bacteria were evaluated following a spread plate technique [23]
and BAM [26]. Briefly, the blended samples were suspended in 0.85% (w/v) sodium
chloride solution, poured onto plate count agar and incubated at 37 ◦C for 48 h. Results
were calculated and reported as Log CFU/g.

2.5. Determination of Chemical and Physical Quality

For pH measurement, the sourdough or blended bread samples (10 g) were mixed
with 90 mL of 0.85% (w/v) sodium chloride solution and measured for pH using a calibrated
pH meter (Ohaus Corporation, Morris Country, NJ, USA) [25]. Specific volume was
calculated using loaf volume divided by loaf weight. Loaf weight was measured by an
electronic weighing balance (Mettler Toledo, Toronto, Canada), while loaf volume was
determined using the black sesame seeds replacement method [11,27]. The blended bread
samples were measured for water activity by a water activity measurement instrument
(model ms1-1 M, Novasina, Lachen, Switzerland). Texture of the bread samples including
hardness, chewiness, springiness and cohesiveness was measured as described by Mohd
Roby et al., (2020) [22] and the American Association of Cereal Chemists (AACC) (2001) [28]
with some modifications as follows. Three slices of bread including the middle slice and
one on either side were used for texture profile analysis (TPA) using a Texture Analyzer
(TA.XT.plus®, Stable Micro System, Surrey, UK) equipped with an aluminum 36-mm
cylindrical probe with the following parameters: 1.0 mm/s pre-test speed and 0.5 mm/s
test speed, 10.0 mm/s post-test speed, 5 mm distance, 5.0 s time and 5.0 g trigger force.

2.6. Determination of Total Phenolic Contents and Antioxidant Activities

The sourdough samples were collected to evaluate TPCs and antioxidant activities
at the start and end of the fermentation, while the bread samples were collected every
day for 7 days. The collected samples were freeze-dried using a −50 ◦C and 0.086 mbar
freeze dryer (model Lyovac GT2, GEA® Lyophil GmbH, Nordrhein-Westfalen, Germany)
for 72 h and ground using a grinder (model MR-1268, MARA, Nonthaburi, Thailand) into
fine powder. Extraction of all samples followed the method of Sripum et al., (2017) [29]
with slight modifications as follows. The powdered sample (1 g) was dissolved in 40%
(v/v) aqueous ethanol (20 mL) and incubated at 50 ◦C using a WNE45 water bath shaker
(Memmert GmBh, Eagle, WI, USA) for 2 h. The supernatant was collected by centrifugation
at 3800× g using a Hettich® ROTINA 38R centrifuge (Andreas Hettich GmbH, Tuttlingen,
Germany) for 10 min and filtered through a 0.45 μM polyether sulfone membrane syringe
filter. The filtrate was kept at −20 ◦C until analysis.

TPCs and antioxidant activities were assessed following Sripum et al., (2017) [29]
with no modifications. Briefly, Folin-Ciocalteu phenol was used as the reagent, while
gallic acid (0 to 200 μg/mL) was used as a standard for the determination of TPCs. A
SynergyTM HT 96-well UV/visible microplate reader with Gen 5 data analysis software
(BioTek Instruments, Inc., Winooski, VT, USA) was used to detect TPCs at 765 nm, and
the results were reported as mg gallic acid equivalent (GAE)/g dry weight (DW). Antioxi-
dant activities were analyzed for oxygen radical absorbance capacity (ORAC), ferric ion
reducing antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assays. Fluorescein, FRAP reagent and DPPH in 95% (v/v) aqueous ethanol
were employed as reagents for the ORAC, FRAP and DPPH radical scavenging assays,
respectively. Antioxidant activities were monitored at an excitation wavelength (λex) of
485 nm and an emission wavelength (λem) of 528 nm for ORAC assay, 600 nm for FRAP
assay and 520 nm for DPPH radical scavenging assay. Trolox was used as a standard in all
antioxidant assays and results were reported as μmol Trolox equivalent (TE)/g DW. All
chemicals and reagents were sourced from Sigma-Aldrich (St. Louis, MO, USA).
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2.7. Determination of Nutritional Quality

Determination of nutritional compositions (moisture, fat, protein, carbohydrate, en-
ergy, dietary fiber, sugar and ash) was conducted at the Institute of Nutrition, Mahidol
University (Nakhon Pathom, Thailand) using the international standard for laboratory
quality systems with ISO/IEC 17025:2005 and the standard protocols of the Association
of Official Analytical Chemists (AOAC) [30]. Moisture content was evaluated by drying
the fresh samples in a hot-air oven (Memmert model UNE 500, Eagle, WI, USA) at 100 ◦C
until constant weight (AOAC 930.04, 934.01). Total fat content was determined by acidic
digestion and extracted with petroleum ether using a Soxtec System (Tecator model 1043,
Hoganas, Sweden) (AOAC 948.15, 945.16). Protein content was analyzed by the Kjeldahl
method utilizing digestion and distillation units (Buchi model K-435 and B-324, Flawil,
Switzerland, respectively), and then calculated using a conversion factor of 6.25 (AOAC
992.23). Ash content was analyzed by incineration in a muffle furnace (Carbolite model
CWF 1100, Hope, UK) at 550 ◦C (AOAC 930.30, 945.46). Total carbohydrate was calculated
by the subtraction of moisture, fat, protein and ash contents from 100. Energy value was
attained from the integration of total energy from carbohydrate, protein and fat as 4, 4 and
9 kcal/g samples, respectively. Total dietary fiber was evaluated by the enzyme gravimetric
method (AOAC 991.43). Total sugar was determined using a protocol previously reported
by Wannasaksri et al., (2021) [31] as a liquid chromatographic method utilizing ultra-fast
liquid chromatography (UFLC from Shimadzu Corporation, Kyoto, Japan) with a detector
(Alltech 800 evaporative light scattering detector from BÜCHI Corporation, New Castle,
DE, USA) and column (5 μm, 250 mm × 4.6 mm Shodex Asahi Pak NH2P-504E from
Shodex Group, Kanagawa, Japan).

2.8. Sensory Evaluation

Fermented water sourdough bread and common sourdough bread were evaluated
for sensory properties by 10 trained panelists (4 male and 6 females, range: 18 to 60 years
old, nonsmokers), who were familiar with sourdough bread. A 9-point hedonic scale
rating 1 for dislike extremely, 5 for neither like nor dislike and 9 for like extremely was
utilized to evaluate consumer attributes including appearance, color, taste, aroma, texture,
sourness and overall acceptability [32]. The panelists were allowed to drink water for
mouth cleansing between sample testing.

2.9. Shelf-Life Stability

The bread samples were packed in clear polypropylene plastic bags with a proper
heat seal and stored at room temperature (28 ± 2 ◦C and 75 ± 5% RH). Samples were
randomly selected to evaluate microbiological, TPCs and antioxidant activities at 0, 1, 3, 5
and 7 days. For microbiological properties, total aerobic bacteria, as well as yeast and mold,
were enumerated by the pour plate technique, as described in Section 2.4, while TPCs and
antioxidant activities were analyzed using the protocols listed in Section 2.6.

2.10. Statistical Analysis

All experiments were performed in triplicate using three independent batches of
sourdough and bread, with data presented as mean ± standard deviation (SD) of each
quality value and subjected to univariate data analysis using IBM SPSS Statistics for
Windows version 26.0, IBM Corp., Armonk, New York, USA software. Mean differences of
p < 0.05 were determined by one-way analysis of variance (ANOVA), followed by Duncan’s
multiple comparison test for more than two data sets or Student’s unpaired t-test for two
data sets.
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3. Results and Discussion

3.1. Effect of Fermented Water and Fermentation Time on Sourdough Quality
3.1.1. Growth of L. plantarum and S. cerevisiae

The initial viable cell count of L. plantarum and S. cerevisiae in the fermented water
sourdough was 7.27 ± 0.10 and 5.72 ± 0.04 Log CFU/g, respectively, which were not
significantly different (p ≥ 0.05) from the common sourdough (Figure 1 and Supplementary
Table S1). It seemed that the viable cell counts of L. plantarum and S. cerevisiae increased
rapidly in the fermented water sourdough than the common sourdough in the beginning
stage (1 h) of fermentation. This could be due to the available nutrients in the fermented
water or unbleached wheat flour as carbon or nitrogen sources that enhanced bacterial
growth [20]. In the later stage (2–3 h) of fermentation, less rapid growth was observed.
This might be because of pH which is an imporatant controlling factor for the survival
and growth of the microorganisms [33]. The growth rate of L. plantarum and S. cerevisiae
increased again in the fourth h of fermentation and reached a maximum number of viable
cell count. Both common sourdough and fermented water sourdough achieved the criteria
of mature sourdough pH between 3.5 to 4.3, lactic acid bacteria at least 8 Log CFU/g and
yeast at least 6 Log CFU/g [21,22] within 4 h after 18 h retard fermentation. Viable cell count
of L. plantarum reached a maximum of 7.94 ± 0.27 Log CFU/g in common sourdough and
8.14 ± 0.07 Log CFU/g in fermented water sourdough. A similar growth trend with lower
viable cell count of S. cerevisiae was observed. Growth rate gradually increased and reached
a maximum at 6.00 ± 0.04 Log CFU/g in common sourdough and 6.36 ± 0.03 Log CFU/g
in fermented water sourdough. Similar results were reported by Minervini et al., (2016).
They found that dough containing macerated pears exhibited 8 Log CFU/g of lactic acid
bacteria and 6 Log CFU/g of yeast after 8 h fermentation at 30 ◦C [34], while Unban et al.,
(2019) reported that lactic acid bacteria detected in fermented Assam tea leaves (Cha-miang)
ranged of 6–8 Log CFU/g [35], with yeast and mold ranging 6–10 Log CFU/g [36]. During
fermentation, the fermented water sourdough exhibited significantly higher viable cell
count of L. plantarum and S. cerevisiae than common sourdough. Catechin, a predominant
polyphenol in Assam tea leaves, promoted the growth of L. plantarum [37]. López de
Felipe et al., (2010) explained that absorption of catechin through the lactic acid bacterial
membrane altered the function of proteins associated with glucose transport, resulting in
increased glucose consumption and higher growth of L. plantarum [38]. Nutrients in the
fermented water including glucose and fructose enhanced S. cerevisiae growth [39]. Another
supportive study indicated that L. plantarum and S. cerevisiae stimulated growth of each
other only in the presence of fructose, glucose and lactose as carbon sources but not with
galactose, maltose, sucrose and starch [34].

3.1.2. pH and Height

The initial pH of fermented water sourdough was 5.51 ± 0.02, and significantly (p < 0.05)
lower than common sourdough (5.98 ± 0.01) (Figure 2A and Supplementary Table S2).
Throughout fermentation, the pH of both common sourdough and fermented water sour-
dough was significantly (p < 0.05) reduced to 4.45 ± 0.02 and 4.14 ± 0.03, respectively,
within 4 h due to acid production of L. plantarum and S. cerevisiae. This result was supported
by Jin et al., (2019), who observed that lactic acid was the main organic acid produced
(up to 6.12 g/L) in a mixed 24 h fermentation of mango slurry using L. plantarum and
S. cerevisiae DV10 [40]. Similar results were reported by Duan et al., (2011). They revealed
that the increased growth rate of L. plantarum was influenced by shrimp waste peptides
that elevated the rate of lactic acid production, resulting in lower pH [41], while persistent
acids from fermented water including lactic acid, butyric acid, caffeic acid and sinapic acid
were mainly found in fermented Assam tea leaves [42], with chlorogenic acid, ascorbic acid
and sinapic acid found in Asian pears [16,43].
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Figure 1. Growth of (A) L. plantarum and (B) S. cerevisiae in common sourdough and fermented
water sourdough throughout fermentation. Results were expressed as mean values of triplicate
determinations (n = 3). Different uppercase and lowercase letters denote significantly different viable
cell count of microorganisms in common sourdough and fermented water sourdough, respectively,
at different fermentation times using one-way ANOVA, followed by Duncan’s multiple comparison
test at p < 0.05, while * denotes significantly different viable cell count of microorganisms between
common sourdough and fermented water sourdough detected at the same fermentation time using
Student’s unpaired t-test at p < 0.05.

Figure 2. A trend in (A) pH and (B) height of common sourdough and fermented water sourdough
over fermentation time periods. Results were expressed as mean values of triplicate determinations
(n = 3). Different uppercase and lowercase letters denote significantly different values (pH or height)
at p < 0.05 in common sourdough and fermented water sourdough, respectively, fermented at different
time periods using one-way ANOVA, followed by Duncan’s multiple comparison test, while * denotes
significantly different values (pH or height) at p < 0.05 between common sourdough and fermented
water sourdough fermented at the same time period using Student’s unpaired t-test.
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Likewise, initial heights of common sourdough and fermented water sourdough
were insignificantly different (Figure 2B). Similar to microorganism growth, sourdough
height increased during fermentation, reaching a maximum within 4 h after the 18 h retard
fermentation (2.50 ± 0.50 inches in common sourdough and 3.33 ± 0.76 inches in fermented
water sourdough). Bubbles and a 2–3 times increment in volume were observed in mature
sourdough. The gas produced by L. plantarum and S. cerevisiae during fermentation resulted
in doubling the volume of dough. The results were explained by Winters et al., (2019). They
found that the combination of L. plantarum and S. cerevisiae had an increase in gas produced
compared to the yeast alone [44].

3.1.3. Total Phenolic Contents and Antioxidant Activities

At the start of the fermentation, fermented water sourdough had significantly higher
(p < 0.05) TPCs and antioxidant activities detected by ORAC, FRAP and DPPH radical
scavenging assays than common sourdough (Table 1), and also exhibited significantly
(p < 0.05) higher TPCs and antioxidant activities than common sourdough throughout
the fermentation. At the end of the fermentation (4 h after the 18 h retard fermentation),
TPCs and antioxidant activities of fermented water sourdough were 2–7 times higher than
common sourdough due to the remaining TPCs and antioxidant activities in the fermented
water [20]. Moreover, a significantly lower pH in fermented water sourdough than in
common sourdough supported bioactive compound stabilization. Złotek et al., (2019)
reported that polyphenols were auto-oxidized with increased pH [45].

Table 1. Total phenolic contents (TPCs) and antioxidant activities of common sourdough and fer-
mented water sourdough fermented at different time periods (0 and 4 h).

Common Sourdough

Time (h)
TPCs

(mg GAE/g DW)

Antioxidant Activities

ORAC Assay
(μmol TE/g DW)

FRAP Assay
(μmol TE/g DW)

DPPH Radical
Scavenging Assay

(μmol TE/100 g DW)

0 0.24 ± 0.02 b 9.88 ± 1.16 b 2.51 ± 0.07 b 0.16 ± 0.01 b

4 0.50 ± 0.05 a 17.64 ± 1.22 a 4.20 ± 0.29 a 0.50 ± 0.04 a

Fermented Water Sourdough

Time (h)
TPCs

(mg GAE/g DW)

Antioxidant Activities

ORAC assay
(μmol TE/g DW)

FRAP assay
(μmol TE/g DW)

DPPH radical
scavenging assay

(μmol TE/100 g DW)

0 1.76 ± 0.03 b,* 91.36 ± 4.31 b,* 19.40 ± 0.27 a,* 0.81 ± 0.08 b,*
4 2.52 ± 0.24 a,* 121.55 ± 6.93 a,* 17.74 ± 0.74 b,* 1.19 ± 0.08 a,*

All data are shown as the mean ± standard deviation (SD) of triplicate determinations (n = 3). Different lowercase
letters denote significantly different TPCs or antioxidant activities at p < 0.05 of the same type of sourdough
fermented at different time periods, while * denotes significant differences at p < 0.05 between common sourdough
and fermented water sourdough fermented at the same time period using Student’s unpaired t-test. ORAC: oxygen
radical absorbance capacity; FRAP: ferric ion reducing antioxidant power; DPPH: 2,2-diphenyl-1-picrylhydrazyl;
GAE: gallic acid equivalent; TE: Trolox equivalent; DW: dry weight.

Moreover, TPCs and antioxidant activities of both sourdough types tended to increase
throughout the fermentation (Table 1). Fermentation broke down the structure of un-
bleached wheat flour or fermented water [46,47], related to significant (p < 0.05) growth of
L. plantarum in both types of sourdough during fermentation, resulting in the activation
of complex polyphenol hydrolyzing enzymes that produced simpler and active polyphe-
nols [48]. Katina et al., (2007) reported that amylase, proteases and xylanases derived from
microbes and grains during sourdough fermentation released phenolics [49], while Złotek
et al., (2019) reported that L. plantarum 299v enrichment significantly (p < 0.05) improved
TPCs in legume sprout preparation through de novo synthesis induction [45]. The results
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showed that fermentation significantly increases TPCs in both fermented sourdough and
common sourdough. Corresponded to increased TPCs, the antioxidant activities of fer-
mented sourdough and common sourdough measured with ORAC and DPPH radical
scavenging assay were greatly increased after fermentation. Since ORAC assay is a method
to measure antioxidants with hydrogen atom transfer (HAT) mechanism and DPPH radical
scavenging assay was for antioxidants with both HAT and single electron transfer (SET)
mechanisms, these results suggested that increased phenolics after fermentation might act
as antioxidants with HAT mechanism rather than SET mechanism. However, the FRAP
activities were slightly reduce in fermented water sourdough after fermentation. Since
FRAP assay is for antioxidants following SET mechanism, this result suggested the poten-
tial degradation of antioxidants with SET mechanism. A similar result was report by Kinga
et al., (2021). They found that after fermentation of natural fruit meads the antioxidant
activity measured by FRAP assay (SET mechanism) was reduced by 18%, while those by
ABTS+ assay increased by 14% (both HAT and SET mechanisms) [50].

3.2. Effect of Fermented Water on Bread Quality
3.2.1. Chemical and Physical Quality

Water activity, pH, specific volume and texture of bread are shown in Table 2. No
significant (p ≥ 0.05) differences in water activity in all bread samples (0.82 ± 0.00) were
observed but fermented water sourdough bread showed a greater pH decrease than the
control bread obtained from common sourdough (p < 0.05). A similar result was reported
by Mohd Roby et al., (2020). They found that encapsulated kombucha sourdough bread
had a significantly (p < 0.05) lower pH than liquid traditional sourdough bread [22], while
Karimi et al., (2020) observed a significantly (p < 0.05) lower pH in sourdough bread
containing (−)-epigallocatechin gallate and pacific white shrimp (Litopenaeus vannamei)
protein hydrolysates than common sourdough bread (without added ingredients) [11].
A significantly (p < 0.05) lower pH of fermented water sourdough bread than common
sourdough bread, possibly related to acids produced during sourdough development. Yu
et al., (2019) reported that organic acid produced by lactic acid bacteria decreased pH values
in bread [27], while Bartkiene et al., (2017) found a strong negative correlation between
pH and amylolytic enzyme activity, with activities reported at a high level in L. plantarum
sourdough [51].

Table 2. pH, specific volume and texture profile of common sourdough bread and fermented water
sourdough bread.

Properties
Common

Sourdough Bread
Fermented Water
Sourdough Bread

Significance

pH 4.12 ± 0.01 * 4.02 ± 0.01 t = 22.627; sig. = 0.000
Specific volume
(mL/g) 5.22 ± 0.05 5.28 ± 0.11 t = −0.873; sig. = 0.432

Water activity 0.82 ± 0.00 0.82 ± 0.00 t = 0.000; sig. = 1.000
Texture profile
Hardness (g) 268.06 ± 17.81 248.54 ± 30.49 t = 0.958; sig. = 0.392
Chewiness 205.69 ± 1.78 192.62 ± 17.87 t = 1.261; sig. = 0.332
Springiness (cm) 0.92 ± 0.03 0.92 ± 0.02 t = −0.085; sig. = 0.936
Cohesiveness (g) 0.84 ± 0.02 0.85 ± 0.02 t = −0.387; sig. = 0.719

All data are shown as the mean ± standard deviation (SD) of triplicate determinations (n = 3). The * denotes
significantly different values at p < 0.05 of the same property in common sourdough bread and fermented water
sourdough bread using Student’s unpaired t-test.

Specific volume and texture profiles of chewiness, hardness, springiness and cohesive-
ness showed insignificant (p ≥ 0.05) differences between common sourdough bread and
fermented water sourdough bread. Mohd Roby et al., (2020) reported a similar result, indi-
cating that encapsulated kombucha sourdough bread exhibited comparably specific loaf
volume as liquid traditional sourdough bread [22]. The specific volume of our fermented
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water sourdough bread was 1.2 times higher than encapsulated kombucha sourdough
bread [22], suggesting that the fermented water sourdough bread acidified dough had an
improved gas-holding gluten capacity [12,52].

3.2.2. Nutritional Quality

Nutritional compositions of common sourdough bread and fermented water sour-
dough bread are shown in Table 3. Energy, moisture content, protein, total fat, carbohydrate
and ash contents insignificantly differed between common sourdough bread and fermented
water sourdough bread. However, fermented water sourdough bread showed significantly
(p < 0.05) lower total sugar content than common sourdough bread, related to higher
numbers of L. plantarum and S. cerevisiae in fermented water sourdough (Figure 1). Most
starches are hydrolyzed by lactic acid bacteria during sourdough fermentation, resulting in
digestible sugar for yeast consumption, especially glucose, as the primary carbon source
for yeast survival and, thus, lower total sugar content [53,54]. Yoon et al., (2003) also
suggested that fermentation by S. cerevisiae completely removed disaccharides such as
maltose, sucrose and turanose, while cellobiose, lactose and melibiose levels were main-
tained [55]. Similarly, Jin et al., (2019) indicated that total soluble solids and reducing sugar
content of mango pulp fermented with S. cerevisiae DV10 (single and co-culture) signifi-
cantly (p < 0.05) decreased after 24 h fermentation, while these values remained unchanged
in mango pulp fermented by only L. plantarum [40]. Total dietary fiber in fermented water
sourdough bread was significantly (p < 0.05) higher than in common sourdough bread
(Table 3) because the insoluble dietary fiber in the fermented water could not be digested
by microorganisms [52].

Table 3. Nutritional values of common sourdough bread and fermented water sourdough bread.

Nutrients
(per 100 g FW)

Common
Sourdough Bread

Fermented Water
Sourdough Bread

Significance

Energy (kcal) 271.24 ± 0.66 273.75 ± 1.07 t = −2.831; sig. = 0.105
Moisture (%) 33.76 ± 0.28 33.16 ± 0.45 t = 1.620; sig. = 0.247
Protein (N × 6.25) (g) 9.73 ± 0.07 9.79 ± 0.10 t = −0.697; sig. = 0.558
Total fat (g) 2.80 ± 0.11 2.83 ± 0.15 t = −0.232; sig. = 0.838
Total carbohydrate (g) 51.78 ± 0.33 52.28 ± 0.70 t = -0.912; sig. = 0.458
Total dietary fiber (g) 1.54 ± 0.00 1.73 ± 0.04 * t = −6.333; sig. = 0.024
Total sugar (g) 8.94 ± 0.07 * 8.09 ± 0.01 t = 16.866; sig. = 0.003
Ash (g) 1.93 ± 0.02 1.94 ± 0.01 t = −0.632; sig. = 0.592

All data are shown as the mean ± standard deviation (SD) of triplicate determinations (n = 3). The * denotes
significantly different contents at p < 0.05 of the same nutritional composition in common sourdough bread and
fermented water sourdough bread using Student’s unpaired t-test.

3.2.3. Sensory Evaluation

Consumer acceptability is an important factor when developing food products because
this influences consumer purchase willingness. A hedonic scale sensory analysis was
performed by trained panelists (n = 10), with results depicted in Figure 3. Both common
and fermented water sourdough bread samples were well accepted by the panelists, with
all attribute scores higher than 6 [56–58]. The fermented water sourdough bread obtained
higher scores for aroma, taste, texture and overall liking than common sourdough bread.
This can be due to the fruity and unique aroma of pear and Assam tea, respectively. The
advantage of using aromatic raw materials in sourdough bread was reported also in a
study by Karimi et al., (2020). It was suggested that sourdough bread containing pacific
white shrimp (Litopenaeus vannamei) protein hydrolysates and (−)-epigallocatechin gallate
had significantly (p < 0.05) higher preference scores of taste, flavor, softness, chewiness
and overall acceptability than the control bread [11]. Insignificantly different sourness
scores between the bread samples were observed although the pH values of fermented
water sourdough bread were lower than common sourdough bread (Table 2). It indicated
that flavor and acidic taste from fermentation with Asian pears and Assam tea leaves in
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fermented water sourdough bread did not adversely affect sensory perceptions. Sensory
scores on appearance and color of common sourdough bread were higher than fermented
sourdough bread due to the mild-yellow color of fermented sourdough bread from the
color of fermented water. The overall liking score obtained for fermented sourdough bread
was significantly higher than common sourdough bread. The fermented sourdough bread
recorded a very satisfactory score of 7.3, considering that it was a new product.

Figure 3. Sensory properties of common sourdough bread and fermented water sourdough bread.

3.3. Shelf-Life Stability
3.3.1. Microbiological Quality

Microbial analysis results of common sourdough bread and fermented water sour-
dough bread under different storage times are shown in Table 4. The initial viable cell
counts of total aerobic bacteria, yeast and mold in both common sourdough bread and fer-
mented water sourdough bread on a baking day passed the criteria of the Thai community
product standard. This states that total aerobic bacteria must be less than 4 Log CFU/g
and less than 2 Log CFU/g for yeast and mold [59]. During storage, aerobic bacteria grew
faster than yeast and mold. At day 7 of storage time, total aerobic bacteria were detected at
4.26 Log CFU/g in common sourdough bread, while only 3.38 Log CFU/g was detected in
fermented water sourdough bread. This was due to bacteriocin which is produced from
L. plantarum during fermentation. Behera, Ray and Zdolec (2018) stated that L. plantarum
produced bacteriocin of high activity and a wide range of antimicrobial activity and their
properties could increase shelf life of products [60]. Epigallocatechin gallate (EGCG), a
predominant phenolic in Assam tea, also possessed antimicrobial activities [61,62].

Yeast and mold were found at less than 1 Log CFU/g in both common sourdough
bread and fermented water sourdough bread over the whole storage period (Table 4).
The presence of L. plantarum in both mature fermented water sourdough and common
sourdough prevented the growth of fungi by producing antifungal substances such as
cyclic dipeptides, hydroxy fatty acids or phenyl and substituted phenyl derivates (3-
phenyllactic acid, 4-hydroxyphenyl acetic acid and benzoic acid) [63]. Our results showed
that fermented water sourdough increased bread shelf-life by 2 days at room temperature
(7 days) compared to common sourdough bread (5 days).
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Table 4. Total aerobic bacteria and yeast and mold of common sourdough bread and fermented water
sourdough bread over storage duration.

Storage Days

Common Sourdough Bread Fermented Water Sourdough Bread

Total Aerobic
Bacteria

(Log CFU/g)

Yeast and Mold
(Log CFU/g)

Total Aerobic
Bacteria

(Log CFU/g)

Yeast and Mold
(Log CFU/g)

0 0.00 ± 0.00 d Less than 1 2.57 ± 0.01 b,* Less than 1
1 0.00 ± 0.00 d Less than 1 2.37 ± 0.13 bc,* Less than 1
3 2.98 ± 0.03 c,* Less than 1 2.30 ± 0.14 c Less than 1
5 3.23 ± 0.01 b Less than 1 3.21 ± 0.02 a Less than 1
7 4.26 ± 0.06 a,* Less than 1 3.38 ± 0.02 a Less than 1

All data are shown as the mean ± standard deviation (SD) of duplicate determinations. Different lowercase letters
denote significantly different viable cell count of microorganisms at p < 0.05 of the same type of bread under
different storage times using one-way ANOVA, followed by Duncan’s multiple comparison test, while * denotes
significantly different viable cell count of microorganisms at p < 0.05 between common sourdough bread and
fermented water sourdough bread at the same storage time using Student’s unpaired t-test.

3.3.2. Total Phenolic Contents and Antioxidant Activities

TPCs and antioxidant activities detected by ORAC, FRAP and DPPH radical scav-
enging assays of fermented water sourdough bread were significantly (p < 0.05) higher
than the common sourdough bread throughout shelf-life storage times (Table 5). The lower
pH of fermented water sourdough bread was beneficial for the presence of TPCs and
antioxidant activities because polyphenols were auto-oxidized at higher pH [38]. However,
TPCs and antioxidant activities of both fermented water sourdough bread and common
sourdough bread significantly (p < 0.05) declined during storage. The degradation of
TPCs and antioxidant activities was due to high temperature, change in pH or oxygen
availability [64].

Table 5. Total phenolic contents (TPCs) and antioxidant activities detected by ORAC, FRAP, and
DPPH radical scavenging assays of bread prepared by common sourdough and fermented water
sourdough over storage duration.

Common Sourdough Bread

Storage Days
TPCs

(mg GAE/g DW)

Antioxidant Activities

ORAC Assay
(μmol TE/g DW)

FRAP Assay
(μmol TE/g DW)

DPPH Radical
Scavenging Assay

(μmol TE/100 g DW)

0 0.28 ± 0.02 a 6.04 ± 0.60 ab 0.98 ± 0.07 a 0.16 ± 0.01 a

1 0.27 ± 0.03 a 6.44 ± 0.60 a 0.83 ± 0.03 b 0.12 ± 0.01 c

3 0.24 ± 0.01 b 6.10 ± 0.57 ab 0.74 ± 0.04 c 0.13 ± 0.01 b

5 0.25 ± 0.01 b 5.88 ± 0.29 ab 0.70 ± 0.02 d 0.14 ± 0.01 b

7 0.23 ± 0.02 b 5.79 ± 0.33 b 0.75 ± 0.03 c 0.12 ± 0.01 c

Fermented Water Sourdough Bread

Storage Days
TPCs

(mg GAE/g DW)

Antioxidant Activities

ORAC assay
(μmol TE/g DW)

FRAP assay
(μmol TE/g DW)

DPPH radical
scavenging assay

(μmol TE/100 g DW)

0 0.68 ± 0.02 a* 14.89 ± 1.44 c,* 3.12 ± 0.22 a,* 0.33 ± 0.03 a,*
1 0.66 ± 0.03 ab,* 26.73 ± 0.65 a,* 3.08 ± 0.29 a,* 0.29 ± 0.01 b,*
3 0.64 ± 0.03 b* 26.54 ± 2.63 a,* 2.77 ± 0.18 bc,* 0.29 ± 0.03 b,*
5 0.61 ± 0.02 c,* 23.45 ± 0.93 b,* 2.66 ± 0.08 c,* 0.29 ± 0.02 b,*
7 0.57 ± 0.05 d,* 15.26 ± 1.47 c,* 2.90 ± 0.11 b,* 0.27 ± 0.02 c,*

All data are shown as the mean ± standard deviation (SD) of triplicate determinations (n = 3). Different lowercase
letters denote significantly different TPCs or antioxidant activities at p < 0.05 of the same type of sourdough bread
stored at different time periods, while * denotes significant differences at p < 0.05 between common sourdough
bread and fermented water sourdough bread stored at the same time period using Student’s unpaired t-test.
ORAC: oxygen radical absorbance capacity; FRAP: ferric ion reducing antioxidant power; DPPH: 2,2-diphenyl-1-
picrylhydrazyl; GAE: gallic acid equivalent; TE: Trolox equivalent; DW: dry weight.
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4. Conclusions

This study showed that fermented water sourdough passed the criteria of mature
sourdough after 4 h, following 18 h retard fermentation, with significantly higher growth
of S. cerevisiae, optimal pH and improved antioxidant activity compared with common
sourdough. The fermented water sourdough bread had 10% less sugar, 12% higher dietary
fiber and 2 to 3 times higher total phenolic contents and antioxidant activities detected by
ORAC, FRAP and DPPH radical scavenging assays, compared with common sourdough
bread. Sensory evaluation determined that the fermented water sourdough bread was
preferred in terms of aroma, taste, texture and overall liking when compared with common
sourdough bread. The fermented water sourdough bread presented good stability during
room temperature (28 ± 2 ◦C and 75 ± 5% RH) storage for 7 days. At the end of the storage
period, adequate amounts of bioactive compounds and good microbial quality suggested
that the bread could be safely consumed. The finding demonstrated that fermented water
prepared from Asian pears and Assam tea leaves using L. plantarum 299v and S. cerevisiae
TISTR 5059 as starter cultures was successfully applied to develop sourdough and bread
with improved qualities. However, the significant improvement found in the current study
needs to be validated at the industrial application level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390//foods11142071/s1, Supplementary Table S1. Growth of L.
plantarum and S. cerevisiae in common sourdough and fermented water sourdough throughout
fermentation; Supplementary Table S2. A trend in pH and height of common sourdough and
fermented water sourdough over fermentation time periods.
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Abstract: Lactic acid bacteria (LAB) decisively influence the technological, nutritional, organoleptic
and preservation properties of bakery products. Therefore, their use has long been considered an
excellent strategy to improve the characteristics of those goods. The aim of this study was the
evaluation of microbial diversity in different doughs used for the production of a typical Apulian
flatbread, named focaccia. Leavening of the analyzed doughs was obtained with baker’s yeast or
by applying an innovative “yeast-free” protocol based on a liquid sourdough obtained by using
Leuconostoc citreum strain C2.27 as a starter. The microbial populations of the doughs were studied by
both a culture-dependent approach and metagenetic analyses. The flours used for dough preparation
were also subjected to the same analyses. The metagenetic analyses were performed by sequencing the
V5–V6 hypervariable regions of the 16S rRNA gene and the V9 hypervariable region of the 18S rRNA
gene. The results indicate that these hypervariable regions were suitable for studying the microbiota
of doughs, highlighting a significant difference between the microbial community of focaccia dough
with baker’s yeast and that of the dough inoculated with the bacterial starter. In particular, the dough
made with baker’s yeast contained a microbiota with a high abundance of Proteobacteria (82% of
the bacterial population), known to be negatively correlated with the biochemical properties of the
doughs, while the Proteobacteria in dough produced with the L. citreum starter were about 43.5% lower
than those in flour and dough prepared using baker’s yeast. Moreover, the results show that the
L. citreum C2.27 starter was able to dominate the microbial environment and also reveal the absence
of the genus Saccharomyces in the dough used for the production of the “yeast-free” focaccia. This
result is particularly important because it highlights the suitability of the starter strain for obtaining
an innovative “yeast-free” product.

Keywords: yeast-free dough; baker’s yeast; liquid sourdough; metagenetic analysis; lactic acid
bacteria; microbiota

1. Introduction

Traditionally, dough leavening of bakery products has been obtained using sour-
dough, but with the development of industrial baking at the beginning of the 20th century,
baker’s yeast (Saccharomyces cerevisiae) almost completely replaced sourdough as a more
rapid leavening agent, which also occurred in several traditional productions [1]. In fact,
baker’s yeast is a ready-to-use starter able to produce high amounts of CO2 and flavor
compounds [2,3]. The typical Apulian focaccia flatbread has recently been included in the
Italian list of unprotected typical/local products (PAT, Prodotti Agroalimentari Tradizion-
ali) [4]. Its production is characterized by a fermentation process using baker’s yeast on
a blend of soft and durum wheat flours and water, extra-virgin olive oil and salt [5]. The
nutritional values of a commercial Apulian focaccia (100 g) are approximately the following:
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305 kcal, carbohydrates 44.28 g of which sugars 2.39 g, fats 11 g of which saturates 1.36 g,
proteins 6.9 g, salt 0,74 g [6].

Although the use of baker’s yeast as a starter shortens the leavening time, it does not
provide products with high-quality standards [7,8]. Therefore, the use of sourdough is once
again increasing, especially in retail or artisanal bakeries, due to its characteristics [9,10]. In
fact, sourdough fermentation may improve the functional/nutritional features of leavened
baked goods by lowering the glycemic index, increasing mineral bioavailability, decreasing
the gluten content, masking the decreased salt content and/or enriching bakery products
with functional antihypertensive compounds [11,12], in addition to determining a better
flavor, an extended shelf life and a reduction in additives [13]. The abundant studies in
the literature show the features of sourdough fermentation and the need to develop new
products based on the use of selected or novel sourdoughs and on targeted processes in
relation to the desired characteristics of food products [12,14,15]. In fact, sourdough is
a mixture of flour and water, fermented with lactic acid bacteria (LAB) and yeast, and
the traditional sourdough fermentation is generally a long process involving interactions
among many factors such as microbiota and related metabolic activities, fermentation
parameters and raw materials [7,16]. Sourdough standardization is difficult due to its
complexity, and this constitutes a problem for the bakery industry, which requires product
stability and reproducibility, and short leavening times [15]. To overcome these limitations,
liquid sourdough (type II) fermentation with single or mixed starter cultures has recently
been introduced in bakeries [13,15,17,18]. Liquid sourdough offers several advantages
compared to traditional sourdough, such as great flexibility of use, easier fermentation
control, easier management and reproducibility [7]. Moreover, tailored biotechnological
protocols can be used to modify the nutritional and/or functional features of the products.
In fact, the growing consumer interest in foods with improved nutritional and functional
quality has prompted food producers to adapt protocols for upgrading product attributes,
including those of traditional products [19]. Product labels often include nutritional claims,
such as “low fat”, “high fiber”, “light”, “sugar-free”, “source of protein” and “low salt”.
Similarly, there is an increasing interest of the market in “yeast-free” leavened foods, due to
the recent concern about the role of S. cerevisiae (particularly its anti-antibodies) in several
pathologies, including Crohn’s disease, gastro-esophageal reflux, acne inversa and gut
fermentation syndrome [20–23]. In this context, processes to develop “yeast-free” bakery
products have been formulated and applied at the industry level [24–26]. In particular, we
developed a protocol based on the use of a liquid sourdough started with a single bacterial
strain for “yeast-free” bread and focaccia production, obtaining products with improved
functional/nutritional characteristics compared to those made with baker’s yeast [24,27].
The strain L. citreum C2.27 was selected for its technological characteristics, particularly its
leavening capacity, thus allowing the production of doughs without using baker’s yeast.

The aim of this study was to characterize the bacterial and fungal microbiota of
doughs used for focaccia production made with liquid sourdough inoculated with L. cit-
reum C2.27 or with baker’s yeast. The microbial community was investigated by using
culture-dependent and culture-independent approaches. Several studies have investigated
the bacterial microbiota associated with traditional sourdough [28,29], but only a few meta-
genetic studies have been concerned with the characterization of the fungal microbiota of
sourdoughs [30–32]. The absence of metagenetic studies on fungal communities is probably
due to non-standardized metagenetic analysis of yeast, including selection of the optimal
region to amplify [33,34], or to a lower general interest in the yeast composition [35]. To
our knowledge, this is the first study that explores, also using an in-depth metagenetic ap-
proach, the bacterial and fungal microbiota of doughs leavened with baker’s yeast or with
a type II sourdough (started with a selected bacterial strain) used to obtain an innovative
“yeast-free” product.
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2. Materials and Methods

2.1. Bacterial Starter Strain and Culture Conditions

The strain L. citreum C2.27 (ITEM 17404) belongs to the ITEM Culture Collection of
the Institute of Sciences of Food Production of the National Research Council (ISPA-CNR)
and was isolated from Italian durum wheat semolina [36]. The cell culture was routinely
propagated (2% v/v) in de Man Rogosa Sharpe (MRS) broth (Oxoid Ltd., Basingstoke, UK)
and incubated at 30 ◦C for 24 h.

2.2. Liquid Sourdough and Dough Fermentation

Two different doughs were used for the production of focaccia: (a) dough using
the liquid sourdough started with lactic acid bacteria; (b) dough using baker’s yeast
as described below. L. citreum C2.27, which belongs to a species included in the list of
biological agents with Qualified Presumption of Safety (QPS) [37], was used as starter to
produce the liquid sourdough as previously described [24].

Liquid sourdough (S) (500 g) was prepared by mixing wheat flour (17% w/w), sterile
tap water (58% v/w) and bacterial suspension (25% v/w). The cell density in the sourdough
was ca. 8 log cfu/g and dough yield (DY) was 600. The mixture was incubated at 30 ◦C for
16 h (Figure 1).

Figure 1. Schematic representation of the production of two different doughs: (A) dough with the liquid sourdough started
with L. citreum C2.27 (DS), and (B) dough with baker’s yeast (DB).

Focaccia dough (DY ca. 172) with liquid sourdough (DS) was prepared by mixing
durum wheat semolina (27% w/w, Divella, Rutigliano, ITA), soft wheat flour type “00”
(27% w/w; Casillo, Corato, ITA), tap water (18.36% v/w), extra-virgin olive oil (2.1% v/w;
Agridè, Bitonto, ITA), malt barley flour (0.54% w/w; Antico Molino Rosso, Buttapietra,
ITA) and S (25% v/w). DS was compared with focaccia dough (DB) prepared using baker’s
yeast (2% w/w, corresponding to a final yeast density of ca. 8 log cfu/g) and without
liquid sourdough. Three independent tests were carried out. Dough portions of 180 g were
placed in round non-stick pans and fermented at 30 ◦C for 6 h for DS or 1 h for DB. After
fermentation, the microbial communities were analyzed, together with the pH drop (ΔpH,
pH units) and total titratable acidity (TTA, ml di NaOH 0.1 N/10 g) for S, DS and DB [30].

2.3. Microbiological Analyses of Doughs

After fermentation, liquid sourdough (S) was immediately subjected to decimal di-
lutions and plating, while 20 g aliquots of focaccia doughs (DS and DB) or of a mixture
(1:1 ratio) of durum wheat semolina and soft wheat flour type “00” (F) were each ho-
mogenized with 180 mL of sterile NaCl solution (0.85%, w/v) in a Stomacher (Seward,
London, UK) for 2 min. After serial dilutions, the microbial suspensions were plated on
an mMRS agar (Oxoid, UK) [38] supplemented with 100 mg/l of cycloheximide (EMD
Millipore Corp., Billerica, MA, USA) for the determination of lactic acid bacteria (LAB),
and on a Sabouraud Dextrose Agar (SDA, Oxoid, UK) supplemented with 200 mg/l chlo-
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ramphenicol (Sigma, Milan, Italy) for the enumeration of yeasts and molds. Moreover, an
aliquot of each microbial suspension was heat treated for 20 min at 90 ◦C, plated on a Plate
Count Agar (PCA, Difco, Franklin Lakes, NJ, USA) and incubated for 24 h at 30 ◦C for
spore-forming bacteria counts. A total of 20% of the colonies from the countable mMRS
agar and SDA plates (incubated at 30 ◦C for 48 h and at 25 ◦C for 72 h, respectively) were
randomly taken, purified and stored at −80 ◦C.

2.4. Characterization and Identification of LAB and Yeasts

Bacterial DNA was extracted from overnight cultures grown in mMRS broth (Oxoid,
UK) at 30 ◦C, using a Clonsaver Card Kit (Whatman, Maidstone, UK) and analyzed by
Repetitive Extragenic Palindromic-PCR (REP-PCR) [39]. The identification of L. citreum
C2.27 was based on the comparison of its strain-specific REP-PCR profile with that of each
LAB isolate from liquid sourdough and doughs. Bacterial isolates showing an REP-PCR
profile different from that of the starter strain were identified by the sequencing of the
almost complete 16S rRNA gene as previously described [24,39], using an ABI Prism
3730 × l DNA Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The species Lacti-
plantibacillus paraplantarum (basonym, Lactobacillus paraplantarum) [40] and Lacticaseibacillus
paracasei (basonym Lactobacillus paracasei) were also identified by multiplex-PCR methods
as described by Torriani et al. [41] and Ventura et al. [42], respectively.

The DNA of yeast isolates was extracted from 1.5 mL cultures grown in YEPG (Yeast
Extract 1% w/v, Peptone 1% w/v and Dextrose 2% w/v) at 25 ◦C for 24 h, using the Wizard
Genomic DNA Purification kit (Promega Corporation, Madison, WI, USA), and amplified
by the oligonucleotide (GTG)5 [43]. The isolates were identified by amplification and
sequencing of the D1/D2 domain of the 26S rDNA using the primers NL1 and NL4 [44].
Bacterial and yeast strains were assigned to the species on the basis of the highest scores
of alignment and percentage of identity (>99%) between their 16S rRNA/26S rRNA gene
sequences and those of type strains in the NCBI Nucleotide database [24].

2.5. Culture-Independent Community Identifications

Ninety milliliters of saline solution was added to 10 g of flour mixture (F) or doughs
DS and DB and homogenized for 3 min. Homogenates were centrifuged (1000× g for 5 min
at 4 ◦C) and the supernatants were recovered and centrifuged (5000× g for 15 min at 4 ◦C).
Each pellet was suspended in 0.5 mL of saline solution and the suspension was subjected to
DNA extraction. Total genomic DNA was extracted using the FastDNA Pro Soil-Direct kit
(MPBiomedicals, Santa Ana, CA, USA) coupled to the Retsch MM301 instrument (Retsch
Gmbh, Germany), according to the manufacturer’s instructions. Quality and quantity of
DNA extracts were estimated using NanoDrop ND1000 (NanoDrop Technologies, Inc.,
Wilmington, NC, USA) and by 1% (w/v) agarose gel electrophoresis in TAE buffer. DNA
extraction was carried out in triplicate on each sample.

2.6. Library Preparation and Sequencing

The total DNA extracted from the flour mixture and dough samples was used as
template for 16S and 18S metagenetic analyses. All DNA samples were equalized at a
final concentration of 10 ng/μL for NGS library preparation. Library preparation was
performed using a bidirectional fusion primer set to specifically amplify the target re-
gions. This was accomplished by combining primers targeting the regions of interest to
the Ion Torrent sequencing adapters Ion A and truncated P1 (trP1). Adapter A included
unique Ion Xpress Barcode sequences for sample multiplexing. Bidirectional sequenc-
ing was achieved by swapping adapter sequences A and trP1. Therefore, the V5–V6
hypervariable region of the16S rRNA gene was amplified with primers 785F (GGATTA-
GATACCCTGGTA) and 1100R (GGGTTGCGCTCGTTG). For 18S libraries, the V9 hyper-
variable region was amplified with primers 1380F (CCCTGCCHTTTGTACACAC) and
1510R (CCTTCYGCAGGTTCACCTAC). The PCR reactions were carried out in triplicates
using Platinum SuperFi DNA Polymerase (Invitrogen, USA) with the following conditions:
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98 ◦C for 30 min, 25 cycles of 98 ◦C for 10 s, 58 ◦C for 20 s and 72 ◦C for 30 s and a final
extension of 72 ◦C for 5 min. Amplified libraries were verified on 2% agarose gel, and
PCR products were purified using Agencourt AMPure XP magnetic beads (Agencourt
Bioscience, Beverly, MA, USA). Purified libraries were quantified with Qubit dsDNA HS
Assay Kit (Invitrogen, Carlsbad, CA, USA) and pooled at a final concentration of 100 pM.
Libraries were sequenced on an Ion S5 Sequencing System (Thermofisher, Waltham, MA,
USA). Following the sequencing run, a FASTQ file was generated for each sample and
demultiplexed by using the built-in software of Torrent Suite.

2.7. Bioinformatics

Quality-filtered reads were aligned using MALT (v0.4.1) [45], in BlastN mode, against
the SILVA ribosomal RNA sequence database (SSURef_NR99, release 128), with default
settings and alignment type set to “SemiGlobal”. For taxonomic binning, MEGAN software
(MEGAN 6 v6.18.1) [46] was used. For 16S libraries, the LCA algorithm was set with the
following settings: minScore = 500, maxExpected = 1.0, minIdentity= 0.01, topPercent = 10
and minSupport = 10. For 18S libraries, the LCA algorithm was set with the following
settings: minScore = 250, maxExpected = 1.0, minIdentity= 0.01, topPercent = 10 and
minSupport = 10. Sequences were assigned at the taxonomic level with at least 97% identity
for genus and 99% for species in the reference database.

2.8. Statistics

Analysis of variance (ANOVA) combined with the Tukey–Kramer method as a post
hoc test was applied for microbiological analysis. Significant differences (p < 0.05) among
focaccia dough samples are marked with different letters. Rank abundance and alpha and
beta diversity indexes were estimated using Microbiome Analyst [47]. Moreover, principal
coordinate analysis (PCoA) was calculated using the Bray–Curtis index. Hypothesis testing
was conducted by the analysis of molecular variance (AMOVA) test (p < 0.05) [48]. Statistical
comparison among taxonomic categories was performed using STAMP software [49].
Differences between groups were analyzed using Welch’s t-test (p < 0.05) [50], and the
Benjamini–Hochberg false discovery rate (FDR) method (q-value < 0.05) was used [51].

2.9. Data Availability

The sequence data are available at NCBI SRA under BioProject ID: PRJNA668040.

3. Results

3.1. Culture-Dependent Microbiological Analyses

Durum wheat semolina and soft wheat flour type “00” in a 1:1 ratio (F) and, at the
end of fermentation, S, DS and DB doughs were subjected to microbiological analyses to
assess the cell load of LAB, yeasts, molds and spore-forming bacteria (Table 1). The use
of sourdough influenced the pH values of DS, which, after fermentation, showed pH 4.2
and ΔpH 1.3, while DB presented a pH value (5.38) that was significantly higher (p < 0.05).
Moreover, S showed pH and TTA values lower than DS. This apparently contrasting result
is due to the higher value of DY in S than in DS. In fact, it is known that a low DY value, as
in DS, increases the buffering capacity of the flour, lowering the rate of acidification, even
if organic acids are present at higher levels [52].

S and DS showed cell densities of LAB (9 log cfu/g) that were significantly higher than
DB (4 log cfu/g). LAB isolates from liquid sourdough and doughs (20% of the colonies from
countable plates) were characterized by REP-PCR. The analysis of their electrophoretic
profiles revealed the presence of only the starter strain in S and DS, while four LAB
strains were detected in DB, belonging to Leuconostoc mesenteroides, Furfurilactobacillus
rossiae (basonym Lactobacillus rossiae), Lp. paraplantarum and Lc. paracasei. These species are
typically contained in sourdough [17] and are among the species found in doughs made
with different flours from the same geographical area [24]. In addition to the absence of
LAB strains isolated from DB, the only strain isolated directly from the flours, belonging to
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Loigolactobacillus coryniformis (basonym Lactobacillus coryniformis), was also absent in DS. It
is probable that this strain was no longer found in the doughs because it was dominated
during fermentation by the starter strain or by the other strains, the latter evidently present
in the flours in quantities lower than the detection limit.

The presence of spore-forming bacteria in the doughs was also evaluated. Bacterial
counts were very low (<1 log cfu/g) and therefore below the quantities which could cause
product alteration (ropy bread) (≥2 log cfu/g) or constitute a risk for consumer health
(>5 log cfu/g) [53].

Yeasts were absent in S and DS, while molds were present in very low quantities. On
the contrary, DB contained a high density of yeasts (8.25 log cfu/g), while molds were
not detected. The REP-PCR analysis of the yeasts showed the presence of only one strain
belonging to S. cerevisiae. Finally, only one yeast strain belonging to Cryptococcus victoriae
was isolated from the flours but was not subsequently found in the doughs, probably due
to the characteristics of the ecosystem and the presence of the starters. Overall, the results
show the capacity of the L. citreum C2.27 strain to dominate the microbiota in DS, and, at
the same time, the ability of S. cerevisiae to dominate the mycobiota in DB.

3.2. Bacterial and Fungal Microbiota in Flour and Doughs

After quality filtering, a total of 3,201,028 and 7,194,310 reads were generated and
3,055,906 (95.5%) and 6,648,063 (92.4%) were assigned to a taxon for 16S and 18S, respectively.

The abundance-based coverage estimators (ACE) and the alpha diversity index Chao1
indicated that the richness of the samples was DB > F > DS (Figure 2A). The inoculum of
L. citreum reduced the abundance of OTUs, if compared with DB and F samples. The loss of
OTUs also reduced both richness (Chao1 and ACE) and diversity (Shannon and Simpson)
indexes in DS samples, indicating that the use of L. citreum as a bacterial starter had a
strong effect on microbial community diversity. Considering the same population indexes,
even the mycobiota diversity was strongly influenced by the presence of S. cerevisiae in the
DB sample (Figure 2B).

Table 1. Acidification (ΔpH, pH units), total titratable acidity (TTA, ml di NaOH 0.1 N/10 g) and microbiological character-
istics of durum wheat semolina and soft wheat flour type “00” in a 1:1 ratio (F), liquid sourdough (S), doughs started with
the liquid sourdough (DS) and dough made with baker’s yeast (DB).

Sample pH ΔpH TTA
LAB

(log cfu/g)
Other LAB

Species Isolates
Spore-Forming

Bacteria (log cfu/g)
Yeasts

(log cfu/g)
Molds

(log cfu/g)
Yeast Species

F - - - 0.46 ± 0.28 Ll. coryniformis 0.8 ± 0.72 0.7 ± 1.15 2.59 ± 0.12 Cr. victoriae

S 3.53 ± 0.07 2.42 ± 0.14 4.15 ± 0.21 9.47 ± 0.13 nd nd nd 1.57 ± 0.04 nd

DS 4.23 ± 0.04 b 1.35 ± 0.09 a 8.17 ± 0.55 a 9.09 ± 0.01 a nd 0.54 ± 0.08 nd 2.70 ± 0.36 nd

DB 5.38 ± 0.02 a 0.25 ± 0.01 b 3.55 ± 0.21 b 4.48 ± 0.08 b
Fl. rossiae

L. mesenteroides
Lp. paraplantarum

Lc. paracasei
nd 8.25 ± 0.01 nd S. cerevisiae

Data represent means of three independent experiments ± standard error. a–b Values referring to focaccia dough in the same column
with different letters differ significantly (p < 0.05). Ll., Loigolactobacillus; Fl., Furfurilactobacillus; L., Leuconostoc; Lp., Lactiplantibacillus; Lc.,
Lacticaseibacillus; Cr., Cryptococcus; S., Saccharomyces. nd: not detected (<LOD, limit of detection).
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Figure 2. Alpha diversity indexes (Chao1, ACE, Shannon, Simpson) of bacterial (A) and fungal (B) microbiota in dough
with baker’s yeast (DB), dough with sourdough (DS) and flour (F) samples.

The PCoA analysis showed that the microbial communities in DB, DS and F samples
were distinct from each other. The sample triplicates resemble each other very closely
(Figure 3). The results were also validated with analysis of molecular variance (AMOVA).
This confirmed that the inoculum of L. citreum or S. cerevisiae significantly affected microbial
consortia in DS and DB samples, respectively.

Considering the absolute number of assigned reads, the phyla of Proteobacteria
(1,508,548 assigned reads) and Firmicutes (1,322,874 assigned reads) were the most rep-
resentative in all the samples. The DB microbial consortium was composed mainly of
ten different genera belonging to the Proteobacteria phylum. Stenotrophomonas (relative
abundance of 30.0%) was predominant, followed by Pseudomonas (16.6%), Acinetobacter
(15.5%), Sphingomonas (5.0%), Agrobacterium (2.5%), Siccibacter (2.3%), Cronobacter (1.4%),
Enterobacter (1.3%), Gluconobacter (1.2%) and Brevundimonas (1.0%). Within the Firmicutes
phylum, the relative abundance was mainly represented by Lactococcus (6.8%), Lactobacillus
(2.9%), Paenibacillus (2.7%), Pediococcus (2.0%) and Leuconostoc (1.9%). From the DS sample,
the genera belonging to the Proteobacteria phylum were Stenotrophomonas (11.5%), Acine-
tobacter (10.7%), Pseudomonas (10.3%), Sphingomonas (3.2%), Siccibacter (2.0%), Cronobacter
(1.7%), Gluconobacter (1.2%), Enterobacter (1.1%) and Xanthomonas (1.1%). Within Firmicutes,
the genus Leuconostoc (41.4%) was dominant, followed by Lactococcus (7.1%), Pediococcus
(3.7%), Paenibacillus (1.0%) and Lactobacillus (<1%). From the F sample, the genera belonging
to the Proteobacteria phylum were Pseudomonas (49.1%), Rosenbergiella (7.9%), Xanthomonas
(6.4%), Sphingomonas (5.4%), Stenotrophomonas (2.5%), Enterobacter (2.3%), Novosphingobium
(2.0%) and Siccibacter (1.3%). Within Firmicutes, Paenibacillus (8.0%), Staphylococcus (4.4%),
Lactobacillus (2.1%) and Leuconostoc (1.1%) were detected (Figure 4).
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Figure 3. Principal coordinate analysis (PCoA) as 2D (right) and 3D (left) plots of bacterial (A) and fungal (B) communities
of dough with baker’s yeast (DB), dough with sourdough (DS) and flour (F) samples. PCoA was calculated using the
Bray–Curtis index to compute dissimilarities among different samples. Hypothesis testing was conducted by analysis of
molecular variance (AMOVA) test (p < 0.05).

 

Figure 4. Relative abundance and taxonomic assignments of microbial flora at genus level of dough with baker’s yeast (DB),
dough with sourdough (DS) and flour (F) samples. Minor genera with <0.1% relative abundance are represented as “Other”.
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The relative abundances of identified genera were further compared between sample
groups, as shown in Figures 5 and 6.

 

Figure 5. Genera with a significantly different abundance between dough with sourdough (DS) and dough with baker’s yeast
(DB) samples. The statistical cutoffs of p < 0.05 (Welch test) and q-value < 0.05 (FDR) were set as the significance threshold.

In addition to the dominance of the genus Leuconostoc (relative abundance 39.6%
higher than in DB), DS showed a reduction in abundance of 18.5% for Stenotrophomonas,
6.3% for Pseudomonas, 4.8% for Acinetobacter and 1.7% for Paenibacillus, compared to DB.
Furthermore, within LAB, Lactobacillus was significantly lower and Pediococcus was signif-
icantly higher in DS than in DB (Figure 5). In terms of relative abundance, flour (F) had
significantly higher percentages of genera Pseudomonas (up to 39%), Paenibacillus, Enter-
obacter and Xanthomonas than both doughs (Figure 6), while Sphingomonas and Lactobacillus
were higher in F than in DS. Novosphingobium, Rosenbergiella and Staphylococcus genera were
present only in F.

The metagenetic analysis of mycobiota revealed that the Saccharomyces genus dom-
inated the mycobiota in DB and was not detected in other samples (Figures 7 and 8).
Considering the absolute number of reads assigned to a taxon, in DB, the overall number
of reads assigned to the Ascomycota phylum was 6805, while it was 933 in DS and 992 in
F. In detail, in the DB samples, 91.5% of reads were assigned to the Saccharomyces genus,
followed by Saturnispora (3.7%), Geotrichum (2.0%), Wickerhamomyces (2.0%) and Penicillium
(0.7%). In DS, the reads were predominately assigned to Saturnispora (69.3%), followed by
Wickerhamomyces (27.6%) and Geotrichum (3.1%), while in F, the reads were assigned to gen-
era belonging to Aspergillus (45.4%), Hyphopichia (30.2%), Cryptococcus (10.2%), Penicillium
(9.3%) and Cladosporium (4.9%).
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Figure 6. Genera with a significantly different abundance between dough with baker’s yeast (DB) and flour (F) samples
(A) and dough with sourdough (DS) and flour (F) samples (B). The statistical cutoffs of p < 0.05 (Welch test) and q-value < 0.05
(FDR) were set as the significance threshold.
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Figure 7. Absolute number of assigned reads to genera belonging to Ascomycota and Basidiomycota
phyla for dough with baker’s yeast (DB), dough with sourdough (DS) and flour (F) samples.

Figure 8. Relative abundance of genera belonging to Ascomycota and Basidiomycota phyla for dough
with baker’s yeast (DB), dough with sourdough (DS) and flour (F) samples. Data are represented as a
normalized percentage of the assigned genera.

4. Discussion

The use of selected starter cultures for dough fermentation is useful to obtain products
with determined characteristics and to standardize the production processes [12,13,54].
Starters are known to have a strong impact on the microbial populations of doughs, con-
sequently affecting product features. Therefore, the present work used the metagenetic
method and the culture-dependent approach to analyze the biodiversity of doughs started
with sourdough (type II) or baker’s yeast. It is well known that during traditional sour-
dough (type I) fermentation, the bacterial evolution is characterized by a decrease in
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Gram-negative and an increase in Gram-positive biota [55]. Ercolini et al. [29] observed
flours with great diversity, mainly contaminated by genera (Acinetobacter, Pantoea, Pseu-
domonas, Comamonas, Enterobacter, Erwinia and Sphingomonas) belonging to the phylum
Proteobacteria, although this population was almost completely inhibited after 1 day of
sourdough propagation. On the contrary, although the phylum Firmicutes (mainly repre-
sented by LAB) was present at low relative abundances in the flours, it already became
dominant after the first fermentation [29,55]. These microbial dynamics from flour to
mature sourdough are well known and are in accordance with the microbial ecology of
other fermented foods [16]. Flours analyzed in the present study were also found to be
strongly contaminated by Proteobacteria (ca. 82%), and Pseudomonas dominated (49%) this
microbiota. Contaminating bacteria originate from grain milling or are epiphytic and
endophytic populations of wheat. In this study, sourdough type II (25%) or baker’s yeast
(2%) was used as a single starter for dough leavening. The metagenetic analysis highlighted
that, after fermentation, the Proteobacteria in DS were about 43.5% lower than in F and DB.
At the same time, the flour population was replaced mainly by the starter strain. In fact,
the metagenetic analysis showed that the Leuconostoc genus constituted 78.6% of LAB in
DS. Moreover, as supported by the identification of cultivable LAB, L. citreum C2.27 was
the only LAB strain isolated from DS.

On the contrary, Proteobacteria was the dominant phylum in F and DB samples. This
phylum represents metabolically active populations, and the abundance of species be-
longing to the phylum Proteobacteria was mostly negatively correlated with dough and
sourdough qualities [29,56]. It can be hypothesized that in dough with baker’s yeast, the
fermentation conditions and the autochthonous microbiota of wheat flour, characterized, in
particular, by the low LAB density, did not cause the reduction in Proteobacteria, which con-
stituted, as in F, 82% of the bacterial population. In fact, the activity of the acid-producing
bacterial starter during fermentation caused a rapid increase in the acidity of DS. Such
an increase, together with other ecological parameters [16], may influence the microbial
succession favoring LAB. On the other hand, LAB showed an increase within Firmicutes
also in DB; in particular, Lactococcus, Lactobacillus, Pediococcus and Leuconostoc increased
compared with F, but this was not sufficient to decrease the pH.

As described in other studies, Staphylococcus, Streptococcus and Paenibacillus had low
ability to survive and colonize the doughs, especially DS. In fact, these genera are not
generally found in doughs [17,31]. Regarding the presence of the genus Leuconostoc in F
and DB detected by the metagenetic approach, it should be noted that this is probably due
to the species L. mesenteroides isolated from DB together with Fb. rossiae, Lp. paraplantarum
and Lc. paracasei. Metagenetic analysis also showed the presence of Lactococcus in the
doughs, although it was not isolated from DS, probably due to the high starter load, or
from DB, due to competition with other genera. In this regard, it should be considered that
differences can be noted between metagenetic analysis and plating, especially for those
LAB species that are generally difficult to cultivate [35].

Therefore, the flour plays a key role in establishing microbial consortia, but only
species and/or strains adapted to the sourdough environment in relation to the nutrient
availability and physic-chemical parameters of the process will grow and dominate in
this ecosystem [17]. In type II sourdough, fermentation occurs after the inoculation of a
starter culture. This starter culture can dominate and inhibit the growth of autochthonous
dough microbiota because it is added in a high density [13]. However, the starter strain
should be well adapted to the cereal environment in order to compete with the endogenous
microbiota and be suitable for the process [57]. L. citreum C2.27, which was selected for
its good leavening capacity, was isolated from durum wheat semolina and was suitable
for the production process of yeast-free bread in the bakery [24]. In fact, it was the only
strain isolated from liquid sourdough and DS, and the present study also confirmed its
dominance by culture-independent analysis. This result is fundamental to guarantee the
technological characteristics of the product made without using baker’s yeast, resulting, at
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the same time, in positive chemical-physical and nutritional characteristics of the dough
and final product, as determined in a previous work [27].

The results show that yeasts were present in very low quantities in DS and F. They
are normally associated with flours up to 3.3 log cfu/g [57], and the genera were those
typically found in flours and doughs [17,24,58]. Ascomycota was the only phylum present
in doughs, but not in the flours evaluated. The mycobiota changed from flour to doughs; in
fact, the genera Hyphopichia and Cryptococcus were found only in F, and the latter was also
the only genus isolated directly from F. Considering the mycobiota of flours, molds were
dominant in F, but, overall, in very low quantities. Therefore, the metagenetic approach
made it possible to obtain more information on the mycobiota composition even if present
in small numbers.

The absence of Saccharomyces in F and DS was interesting. S. cerevisiae is the species of
yeast most frequently isolated in sourdoughs from central and southern Italy [52]. However,
several studies have shown different compositions of yeast species between artisanal bakery
and spontaneous laboratory sourdoughs and, in particular, have hypothesized the presence
of S. cerevisiae in bakery sourdoughs due to contamination of the bakery environment
with commercial baker’s yeast [58,59]. Conversely, as observed in the present study,
yeasts detected in sourdough and doughs made in the laboratory could only come from
flours [24,60].

Finally, the results for DS, which was dominated by L. citreum C2.27, also show a
reduction in the fungal diversity, probably related to the antifungal properties of the
starter strain [36], while DB, with a S. cerevisiae-dominated mycobiota, presented a greater
bacterial diversity.

5. Conclusions

This study showed how the use of a microbial starter deeply affects the composition
of the dough microbiota, which is directly responsible for the quality of the product. To
our knowledge, this work is the first that analyzes, also using the metagenetic method, the
bacterial and fungal microbiota of doughs leavened with baker’s yeast or type II sourdough
(started with a selected bacterial strain), also making it possible to verify the absence of
S. cerevisiae in the latter used to obtain an innovative “yeast-free” product.

Metagenetic analyses indicated that the V5–V6 hypervariable regions of the 16S rRNA
gene and the V9 hypervariable region of the 18S rRNA gene were suitable for studying the
microbiota of doughs, providing a comprehensive overview of the microbial community.
The culture-independent approach allowed gaining deeper and wider knowledge of the
starter impact on the microbial populations of the doughs, even if the association with the
culture-dependent analysis is still very useful to obtain more precise information at the
species level on certain microbial categories. This study highlighted that, differently from
doughs produced with the L. citreum starter, the dough made with baker’s yeast contained
a microbiota with a high abundance of Proteobacteria (82% of the bacterial population),
which were negatively correlated with the biochemical properties of the doughs [27,56].
Furthermore, the analyses showed the ability of the L. citreum C2.27 starter to dominate the
microbiota, also inhibiting the growth of S. cerevisiae. This result is particularly important
because L. citreum C2.27 has been adopted for its leavening abilities in a biotechnological
protocol for the production of “yeast-free” bakery products.
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Abstract: In this research, oats were fermented with Lactobacillus plantarum, Lactobacillus acidophilus,
Lactobacillus casei, Lactobacillus bulgaricus and Streptococcus thermophilus for 48 h at 37 ◦C. The purpose
of this work was to compare the growth capacities of the five lactic acid bacteria (LAB) in the oat
matrix and the effects of fermentation on the contents of the bioactive components of oat, such as
β-glucan, polyphenols, flavonoids and volatile compounds at different time (0, 4, 8, 12, 24, 36 and
48 h). After 48 h of fermentation, the number of living L. acidophilus in oat reached 7.05 × 109 cfu/mL,
much higher than that of other strains. S. thermophilus retained the greatest β-glucan content, and
L. casei had increased total polyphenol and total flavonoid contents. The proportion of free and bound
polyphenols and flavonoids in all samples was changed by microbial action, indicating that forms of
polyphenols and flavonoids can be transformed during the fermentation process, and the changes
varied with different strains. The samples with L. plantarum, L. acidophilus, and L. casei fermentation
contained more alcohols, whereas those with S. thermophilus and L. bulgaricus fermentation had more
aldehydes, which revealed that the composition of volatile components was related to strains. The
results indicate that oat substrate is a good medium for LAB growth. This study provides a reference
for the use of different strains to achieve different fermentation purposes and a theoretical basis for
the further processing of oat and fermented oat beverages.

Keywords: fermentation; lactic acid bacteria; oats; polyphenols; flavonoids

1. Introduction

Oats are grown all over the world, rank seventh in global production behind corn,
wheat, rice, barley, sorghum, and millet [1], and are rich in carbohydrates, balanced protein,
essential fatty acids, vitamins, and other nutrients [2]. In addition, oats contain many
bioactive substances, such as β-glucan, polyphenols, and flavonoids. Among them, β-
glucan is a dietary fiber with hypoglycemic and lipid-lowering effects, which can reduce
the risk of obesity, diabetes, and cardiovascular diseases and is of great benefit to human
health [3,4]. New research shows that polyphenols can improve intestinal health and
plasma inflammation and participate in cell signal transduction pathways owing to their
anti-inflammatory, antithrombotic, and antioxidant activities [5]. The oat-based food
industry has been promoted by the U.S. Food and Drug Administration’s recommendation
to eat more oats because of their high nutritional benefits and the growing emphasis on
healthy food [6]. Thus, exploring more oat processing technologies, enriching oat products,
and improving economic benefits are the directions of future development.

Ways to improve the nutritional value of grains include cooking, grinding, and fermen-
tation [7]. Bioactive substances in the grain bran tend to bind to the complex structure of the
cell wall, which resists traditional crushing processes; however, bioprocessing techniques
can effectively solve this problem [8]. Fermentation may be most economical and the
simplest way to increase the nutritional value and functional quality of oats [9]. Lactic acid
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bacteria (LAB) are probiotics commonly used in food production, especially in dairy fer-
mentation. However, exposure to lactose intolerance, milk allergy, and cholesterol content,
and the increase in vegetarianism, have led people to pay more attention to the devel-
opment of fermented products from plant sources [4,10]. In fact, the enzymes produced
by LAB, as well as their metabolic capacity, are vital for the synthesis of some beneficial
substances and could facilitate their application in the oat beverage market [11]. In the
process of fermentation, the glycosidic bonds of some substrates such as polyphenols and
flavonoids are hydrolyzed by the β-glucosidase of LAB, which may release and increase
their concentration, thus improving the potential value of oat the fermented beverage. At
the same time, the activation of the peptidase system increases the digestibility of proteins
and the level of limiting amino acids. In addition, phytase activity has been increased
in low pH environment for better hydrolysis of phytates and enhanced mineral bioac-
cessibility [12]. There have been some reports of oat-based fermented products, such as
a beverage containing 25% of oats fermented with Lactobacillus plantarum LP09, which
improved polyphenol utilization, antioxidant activity and flavor [13]. Bocchi et al. [14]
found that co-fermentation of oat milk by Lactobacillus and Bifidobacterium decreased phytic
acid content and increased the bioavailability of amino acids, polyphenols and vitamins.
Martensson et al. [15] combined the prebiotic β-glucan of oats with the potential benefits of
probiotics to produce a functional product that could lower cholesterol levels.

There is much literature on the development of beverages produced from grains, but
studies on the selection of appropriate fermentation conditions and strains are few [13]. In
this paper, oats were fermented by different LAB strains, and the growth ability of strains
and changes in oat bioactive substances and volatile compounds were monitored to provide
guidance for the development of fermented oat beverages.

2. Materials and Methods

2.1. Materials

Whole oats were bought from a local supermarket (Wuxi, China). Lactobacillus plan-
tarum 22158, Lactobacillus acidophilus 6089, and Lactobacillus casei 6117 were obtained from the
China Center of Industrial Culture Collection (Beijing, China). Lactobacillus delbrueckii subsp.
bulgaricus 57004 and Streptococcus thermophilus 58013 were obtained from Hubei Provincial
Center for the Preservation and Research of Industrial Microbial Strains (Wuhan, China).
α-Amylase (3000 U/mL) and glucoamylase (260,000 U/mL) were provided by Jiangsu Boli
Biological Products Co., Ltd. (Taizhou, China). de Man–Rogosa–Sharpe (MRS) medium
was obtained from Guangdong Huankai Microbial Sci. & Tech. Co., Ltd. (Guangzhou,
China). Other analytical chemicals were obtained from China National Medicines Co., Ltd.
(Beijing, China).

2.2. Preparation of Oat Substrate

Whole oats were cleaned, soaked (1 h), dried, roasted at 170 ◦C for 15 min, ground
by ball mill (SJM-5L, Mitr Instrument Equipment Co., Ltd., Changsha, China) at 4000 rpm
for 20 min, added with deionized water according to the solid–liquid ratio of 1:4 (m/v),
liquefied for 30 min (20 U/g α-amylase, 60 ◦C, pH 6.0), saccharified for 30 min (130 U/g
glucoamylase, 60 ◦C, pH 4.2), homogenized, adjusted to pH 7.0, and pasteurized for
reserve use.

2.3. Fermentation of Oat Substrates with LAB Strains

L. plantarum, L. acidophilus, L. casei, L. bulgaricus, and S. thermophilus were activated on
the optimal medium (MRS) for two generations. Afterward, 1% LAB (v/v) was inoculated
in 20 mL of oat substrate, then mixed and incubated at 37 ◦C for 48 h. All samples were
shaken gently in the bottle before being tested to achieve a homogeneous sample. The
samples fermented with L. plantarum, L. acidophilus, L. casei, L. bulgaricus, and S. thermophilus
were named O-Lp, O-La, O-Lc, O-Lb, and O-St, respectively.
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2.4. Determination of Viable Counts and pH Value

The bacterial counts of different strains fermented in oat substrate for 0, 4, 8, 12, 24, 36,
and 48 h were determined according to the standard plate count method. Sterile saline was
used for gradient dilution, and the bacterial solution was inoculated separately onto MRS
agar for 48 h and then counted [16].

Additionally, the pH of the samples was measured with a pH meter (PB-10, Sartorius
AG, Goettingen, Germany).

2.5. Determination of β-Glucan Content

β-Glucan content was evaluated by a β-glucan assay kit (mixed linkage) (Megazyme,
Wicklow, Ireland). A volume of 3 mL of sample was added to 9 mL of 95% ethanol and
stood for 5 min. After the supernatant was discarded (1000× g, 10 min; Sigma, Lower
Saxony, Germany), 10 mL of 50% ethanol was added, dispersed again and the precipitate
reserved (1000× g, 10 min). Volumes of 0.2 mL of 50% ethanol and 4 mL of sodium
phosphate (20 mM, pH 6.5) were added to the precipitate followed by heating in a boiling
water bath for 3 min. The tube at was incubated at 50 ◦C for 5 min and 0.2 mL of lichenase
solution (50 U/mL) was added. The reaction was carried out for 1 h with vigorous stirring
(3–4 times). After that, 5 mL sodium acetate buffer (200 mM, pH 4.0) was added and the
tube allowed to equilibrate to room temperature. The supernatant after centrifugation
(0.1 mL; 1000× g, 10 min) was hydrolyzed with 0.1 mL β-glucosidase solution, and the
obtained solution was used for color reaction.

2.6. Extraction of Phenolic Compounds

The extraction of phenolic compounds was performed according to the method de-
scribed by Zhang et al. [17] with some modifications. O-Lp, O-La, O-Lc, O-Lb, and O-St
samples (4 mL) with different fermentation time were collected, mixed with 20 mL of 80%
ethanol, and placed in an ultrasonic cleaner (KQ-50E, Kun Shan Ultrasonic Instruments
Co., Ltd., Kun Shan, China) at 25 ◦C for 20 min. The obtained liquid was centrifuged at
4000 rpm for 10 min at 4 ◦C and the above steps repeated three times. The supernatant
was collected and concentrated with a vacuum rotary evaporator (RV 10 digital V, IKA,
Baden-Wuerttemberg, Germany) at 40 ◦C. The liquid, containing free phenolics, was kept at
a constant volume of 10 mL with methanol and stored under dark condition. The remaining
precipitate was added to hexane to remove lipids. Then, the precipitate was hydrolyzed by
addition of 20 mL of 4 M NaOH, shaken for 1 h, and adjusted to pH 2.0–3.0 with 6 M HCl.
The mixture was extracted with 20 mL of ethyl acetate, followed by ultrasonication for
20 min and centrifugation at 4000 rpm for 10 min. The operation was repeated three times
to collect the supernatant, which was vacuum-evaporated at 40 ◦C. The liquid, containing
the bound phenolics, was kept at a constant volume of 10 mL with methanol and stored
under dark conditions.

2.7. Determination of Phenolic Content

Phenolic content was determined using an adapted and validated method [18] with
slight modifications. Briefly, 0.25 mL of extract was mixed with 1 mL of distilled water and
0.25 mL of Folin–Ciocalteu’s phenol reagent was added for reaction for 6 min. Then, 2.5 mL
of 7% Na2CO3 and methanol were added to a total volume of 10 mL. The obtained liquid
was incubated for 90 min in darkness at room temperature. Subsequently, absorbance was
measured on a spectrophotometer (UV-2100, UNICO, Shanghai, China) at 760 nm. The
phenolic compounds were quantified using a gallic acid standard calibration curve. The
results were expressed in milligram of gallic acid equivalent (GAE) per 1 L of sample.

2.8. Determination of Flavonoid Content

Flavonoid content was measured with reference to the method proposed by Kim et al. [19].
A 1 mL of sample was diluted to 5 mL with 70% ethanol and mixed with 0.3 mL of 5%
NaNO2 for 5 min. Afterward, 0.3 mL of 10% AlCl3·6H2O was added to react for 6 min.
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Finally, 2 mL of 1 M NaOH and 2.4 mL of 70% ethanol were added, and the obtained liquid
was incubated for 15 min. The absorbance was read at 420 nm. A rutin standard calibration
curve was used for the quantification of flavonoids, and the results were expressed as
milligram of rutin equivalent (RE) per 1 L of sample.

2.9. Determination of Volatile Components

Samples were incubated at 50 ◦C for 10 min in a headspace flask (20 mL), extracted
continuously with fiber (DVB/CAR/PDMS, 50/30 μm) at 50 ◦C for 30 min, and desorbed
at 250 ◦C for 5 min.

Two-dimensional gas chromatography–time-of-flight mass spectrometry analysis was
conducted using a Pegasus GC-HRT+ 4D high-performance mass spectrometer (LECO
Corp., San Jose, CA, USA). Separation was carried out on a MAT-WAX column
(30 m × 0.25 mm × 0.25 μm film thickness; Restek, Bellefonte, PA, USA) with a helium
(purity > 99.999%) carrier gas, maintaining a constant flow rate of 1 mL/min. The splitless
mode was operated. The inlet temperature was set at 250 ◦C. The oven temperature was
initially set at 40 ◦C for 3 min, then programmed to increase to 230 ◦C at a rate of 10 ◦C/min,
and held at 230 ◦C for 6 min. The transmission line temperature and ion source temperature
were set to 250 ◦C. Mass spectra were measured over a range of 33–400 m/z utilizing an
electron energy of 70 eV.

2.10. Statistical Analysis

All experiments were conducted in triplicate unless specified. Diagrams were drawn
using Origin 2022b (Origin Statistical Software, Northampton, MA, USA). ANOVA with
Duncan’s test (p < 0.05) was used to analyse the differences between samples in SPSS 24.0
statistics software (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. LAB Growth Curve

The purpose of this work was to monitor and compare the cell viabilities of L. plan-
tarum, L. acidophilus, L. casei, S. thermophilus, and L. bulgaricus inoculated in oats. As shown
in Figure 1, the five strains showed remarkable differences in growth activity during the
first 12 h of the fermentation. The differences were caused by the strains’ utilization of car-
bon and nitrogen sources and adaptability to substrates [20]. L. acidophilus and L. plantarum
had the fastest growth rates. The maximum concentrations of all strains except L. bulgaricus
were determined after inoculation for 24 h. At this time, L. acidophilus entered the stable
stage, and the number of viable bacteria reached 1.36 × 1010 colony forming units (cfu)/mL.
The results showed that L. acidophilus and L. plantarum had stronger growth abilities in
oat substrate than the other strains. The viable counts of the five strains in the lag phase
were all higher than the recommended minimum of 106 cfu/mL for probiotic products [21],
indicating that all strains could use the nutrients in oats, and the oat substrate was a suitable
fermentation substrate. Similar results were shown by Rathore et al. [22]. Who found that
L. plantarum and L. acidophilus grew well in barley and malt substrates. In fact, L. plan-
tarum, L. acidophilus, and L. casei are considered common strains for cereal fermentation [12].
LAB are heterotrophic organisms that lack some biosynthetic processes and have complex
nutritional needs [23]. Different LAB can metabolize different carbon sources, and each
microorganism shows a specific preference for one or more sugars [24]. This is also why
L. bulgaricus and S. thermophilus have poorer growth abilities in oat compared with other
strains, and prefer to use lactose.
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Figure 1. Growth curves of five strains at different incubation time in oat substrate. Different letters
indicate significant differences among different strains a given fermentation time (p < 0.05). O-Lp,
sample fermented with L. plantarum; O-La, sample fermented with L. acidophilus; O-Lc, sample
fermented with L. casei; O-Lb, sample fermented with L. bulgaricus; O-St, sample fermented with
S. thermophilus. h, hours; cfu, colony forming units; LAB, Lactic acid bacteria.

3.2. Effect of Fermentation on pH

The ability of LAB to produce acid during fermentation is related to whether the
growth of miscellaneous bacteria can be inhibited during product storage, and also affects
the sensory characteristics of the final product. The results revealed that the five strains
could reduce the pH of the substrate to varying degrees during fermentation (Table 1) and
finally reach a pH of 3.15–4.25. After 8 h of fermentation, the pH values of L. plantarum and
L. acidophilus decreased rapidly by 27.39% and 27.67%, respectively, which were distinctly
different from those of other strains (p < 0.05). The maximum decrease in the pH value of the
two strains occurred at the same time with the index growth period of the strain. By contrast,
S. thermophilus has the weakest acid-producing capacity, reaching a pH of 4.25 after 48 h of
fermentation, which may be attributed to L. acidophilus preferring lactose to glucose as its
main energy source [25]. LAB can produce lactic acid through the carbohydrate metabolism
pathway. The production of various organic acids may be the main reason for the decrease
in pH [26]. The above results are supported by the study of Mirmohammadi et al. [27].
They concluded that the pH values of different substrates decrease rapidly within 12 h after
fermentation by LAB. The strains used in the production of fermented cereal beverages
and fermentation time affect the pH of the product.

Table 1. Changes of pH of oat substrate during 48 h fermentation by different lactic acid bacteria.

Time (h) O-Lp O-La O-St O-Lb O-Lc

0 7.01 ± 0.01 a 7.01 ± 0.03 a 7.01 ± 0.03 a 7.01 ± 0.03 a 7.01 ± 0.03 a
4 6.23 ± 0.02 d 6.24 ± 0.01 d 6.76 ± 0.01 a 6.54 ± 0.01 b 6.35 ± 0.04 c
8 5.09 ± 0.08 d 5.07 ± 0.03 d 6.27 ± 0.02 a 5.95 ± 0.04 b 5.85 ± 0.02 c
12 4.27 ± 0.05 d 4.12 ± 0.03 e 5.85 ± 0.06 a 5.46 ± 0.07 b 5.36 ± 0.05 c
24 3.54 ± 0.05 c 3.5 ± 0.06 c 5.17 ± 0.06 a 4.48 ± 0.01 b 4.56 ± 0 b
36 3.3 ± 0.06 d 3.23 ± 0.01 e 4.48 ± 0.02 a 3.79 ± 0.01 b 3.55 ± 0.02 c
48 3.15 ± 0.01 d 3.14 ± 0.03 d 4.25 ± 0.01 a 3.76 ± 0.04 b 3.22 ± 0.03 c

Different lowercase letters on the same line indicate significant differences among samples (p < 0.05). O-Lp, sample
fermented with L. plantarum; O-La, sample fermented with L. acidophilus; O-Lc, sample fermented with L. casei;
O-Lb, sample fermented with L. bulgaricus; O-St, sample fermented with S. thermophilus. h, hours.

3.3. Effect of Fermentation on β-Glucan Content

Our work aimed to study the effect of LAB on β-glucan content during oat fermen-
tation. The β-glucan contents of the five strains shown in Figure 2 increased at the initial
fermentation stage, which may be related to the fact that insoluble β-glucan was degraded
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to soluble β-glucanase by LAB [28], and then LAB consumed a large amount of carbohy-
drates for proliferation. β-Glucan can also provide growth substrates (prebiotics) for some
LAB. Therefore, the contents of all samples were significantly decreased at 8–12 h of fermen-
tation (p < 0.05), but the decreases were different. The sample fermented with S. thermophilus
for 24 h decreased the β-glucan content by 5.09% compared with the unfermented sample;
thus, O-St had the most β-glucan content. Evidence shows that S. thermophilus TKM3
KKP2030p does not grow well in oat–banana matrix and does not utilize β-glucan [29].
This finding was supported by the results of the viable count experiment and β-glucan
content in the present study. Studies showed that the change in β-glucan content during
fermentation is related to the strain type. Interestingly, Sims et al. [30] concluded that
β-glucan oligosaccharide supported L. rhamnosus growth, but B. lactis and L. acidophilus
did not grow on this substrate. Therefore, the different utilization of β-glucan by different
strains in the oat matrix may be the reason for the inconsistent decrease in β-glucan content.
These data provide guidance for the development of fermented oat beverages. Strains that
do not ferment β-glucan can be selected to maximize the potential of probiotics.

Figure 2. Changes of β-glucan content in oats fermented by different strains at different times.
Different letters indicate significant differences among different fermentation time a given fermen-
tation strain (p < 0.05). O-Lp, sample fermented with L. plantarum; O-La, sample fermented with
L. acidophilus; O-Lc, sample fermented with L. casei; O-Lb, sample fermented with L. bulgaricus; O-St,
sample fermented with S. thermophilus. h, hours.

3.4. Effect of Fermentation on Phenolic Content

In fermented products, the glycoside form of polyphenols can be transformed into
the aglycone form by microorganisms to improve their bioavailability in the intestine and
perform their beneficial functions better. Changes in total phenolic content (TPC), bound
phenolic content (BPC), and free phenolic content (FPC) during oat fermentation by LAB are
depicted in Figure 3a–c, respectively. The results indicate that a strain has strict specificity
in phenolic acid metabolism/degradation/hydrolysis as reported in the literature [31].
For example, as shown in the figure, the TPCs of some strains were distinctly different
at the given fermentation time (p < 0.05). Compared with the unfermented samples, the
TPCs of all fermented samples showed a decreasing trend at the later stage of fermentation,
particularly after 12 h, except for O-Lc. However, after 48 h of fermentation, only the TPC of
O-Lc increased by 3.14%. Similar results were found by Li et al. [32], who fermented jujube
juice with L. plantarum and L. casei to increase TPC. Other results showed that fermentation
could also reduce phenolic content. Moreover, extractability was reduced by the self-
polymerization of phenolic compounds and/or the interaction with other macromolecules
(such as amino acids and starch) [33]. In addition, compounds are also be transformed and
degraded into other healthy monomers [8].
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Figure 3. Contents of total polyphenols (a), bound polyphenols (b) and free polyphenols (c) in
samples of different strains at different fermentation times. Different letters indicate significant
differences among different strains a given fermentation time (p < 0.05). O-Lp, sample fermented
with L. plantarum; O-La, sample fermented with L. acidophilus; O-Lc, sample fermented with L. casei;
O-Lb, sample fermented with L. bulgaricus; O-St, sample fermented with S. thermophilus. h, hours.
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Figure 3b,c show that the FPCs of the five strains were higher than that of the control
sample within 24 h of fermentation, whereas the BPCs had the opposite trend. Additionally,
an increase in the FPC of each sample was often accompanied by a decrease in BPC. This
phenomenon can be explained by the transformation of BPC into FPC due to the metabolic
activities of microorganisms. LAB grow rapidly in the early stage of fermentation and
can use sugar and protein to partially release BPC. In addition, esterase, decarboxylase,
and β-glucanase are produced in the proliferation process. Among them, β-glucanase
hydrolyzes the β-glycosidic bond of conjugated phenolic compounds [34], resulting in the
release of conjugated phenolic compounds and an increase in FPC [35]. Ferulic acid esterase
also releases BPC from the grain cellulose matrix into a free form. At different fermentation
times, the FPC of O-Lc was always higher than those of other samples (p < 0.05), especially
at 12 h, when it could reach 73.70 mg GAE/L, which was 1.32 times higher than that of
the control samples. The BPC in O-Lc was remarkably lower than those of O-St, O-Lc, and
O-Lb. In addition to glucanase activity, the ability of bacterial strains to degrade phenol
esters or tannins, different induced phenol decarboxylase activities, and different substrate
acidity may also contribute to this result [36]. Overall, fermentation can change the phenolic
contents in the samples. However, whether the compositions of free and bound monomeric
phenolic compounds change needs further verification.

3.5. Effect of Fermentation on Flavonoid Content

Flavonoids are important natural organic compounds that exist widely in nature. Most
flavonoids have strong biological activities, which has aroused research interest. Flavonoids
occupy an increasingly important position in daily diet and disease treatment owing to
their extensive pharmacological effects and low toxicity. The content change of flavonoids
during oat fermentation is shown in Figure 4. The content of total flavonoids in oats
fermented by different strains showed a downward trend within 48 h as shown in Figure 4a.
This result may be related to the large reduction of conjugated flavonoids. According to
previous reports, flavonoids can be transformed into free forms in the fermentation process
of soybean and tea, but a decrease in the total amount may not indicate a decrease in
biological activity. Bound and free flavonoids decreased during the fermentation of corn
and other grains [37]. Researchers attributed this to the metabolism of these compounds
during microbial fermentation, such as the degradation/polymerization of flavonoids into
dihydroxy flavonoids analogues and the activity changes of enzymes, including glycosidase,
glycosyltransferase, tannase, esterase, and hydrolase [34]. In addition, some reactions may
induce flavonoids to transform into other metabolites through flavonoid methylation,
glycosylation, flavonoid deglycosylation, and flavonoid–sulfuric acid conjugation.

Figure 4b,c shows that after 4 h of fermentation, the free flavonoids in the samples
of the other four bacteria except O-Lp were increased, and the bound flavonoids were
decreased. O-Lp had the opposite trends initially but gradually had the same trends in the
later fermentation time. This outcome could be related to the depolymerization of bound
flavonoids and the formation of soluble free flavonoids. Interestingly, we found that at
each fermentation time point, the free flavonoid content of O-Lc was distinctly higher than
in those of other strains (p < 0.05), reaching 202.60 mg RE/L at 48 h, an increase of 20.47%
compared with the unfermented sample. Flavonoid glycosides may be consumed during
fermentation and released in the form of aglycones. LAB can convert flavonoid glycosides
in Cudrania tricuspidate leaves into flavonols, quercetin, and kaempferol [38].

Current studies on the biotransformation of flavonoids in food fermentation processes
are few. Xu et al. [39] fermented milk containing Scutellaria baicalensis with Lactobacillus brevis
and found that baicalin and wogonoside were converted into their aglycone forms, baicalein
and wogonin, respectively, which have higher biological activities. The biotransformation
mechanism of flavonoids in LAB-fermented food remains to be further studied.
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Figure 4. Contents of total flavonoids (a), bound flavonoids (b) and free flavonoids (c) in samples of
different strains at different fermentation time. Different letters indicate significant differences among
different strains a given fermentation time (p < 0.05). O-Lp, sample fermented with L. plantarum; O-La,
sample fermented with L. acidophilus; O-Lc, sample fermented with L. casei; O-Lb, sample fermented
with L. bulgaricus; O-St, sample fermented with S. thermophilus. H, hours.
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3.6. Effect of Fermentation on Volatile Components

The volatile components of oat fermented by different LAB strains for 48 h are shown
in Table 2. The volatile components included 10 alcohols, 10 aldehydes, 7 acids, 15 ketones,
7 esters, 11 furan derivatives, 8 hydrocarbons, and 1 terpene. Oat is prone to oxidative
rancidity and deterioration during processing, storage, and circulation, which is related to
the high fat content of oat, especially the high percentage of unsaturated fatty acids and
the large amount of lipase with high activity in the endosperm. The oxidative cleavage
of oleic or linoleic acid during the contact between unsaturated fatty acids and lipase
in oat crushing or milling produces hexanal and nonanal. Nonanal production may be
caused by the loss of a hydrogen from the 10th carbon of the oleic acid chain, followed
by the absorption of a hydrogen peroxyfree group (OOH) and subsequent fracture. The
cleavage of the 13-hydroperoxide after the oxygenation of linoleic acid chain may lead to
the formation of hexaldehyde. The fatty oxygenase-specific oxidation of 9-hydroperoxides
can form 2-pentylfurans, which have greeny, beany, and buttery aromas, whereas 1-octen-
3-ol may arise from the 10-hydroperoxide of linoleic acid. This finding was confirmed
by the fact that 1-octene-3-ol, hexanal, and nonanal had high concentrations in the unfer-
mented samples as presented in Table 2, revealing that partial oxidation occurred before
fermentation. At the same time, we observed that 2-pentylfuran, as one of the important
volatile compounds, was detected in each fermented sample, and was significantly higher
than that in the fermented sample (p < 0.05). This indicates that oxidation also occurred
during fermentation.

No pentanal, hexanal and heptanal were detected in O-Lc and O-La. This result was
very similar to the conclusion of Lee et al. [40], who fermented oats with L. paracasei and
found that hexanal content decreased considerably within the first 2 h and was completely
undetectable at 24 h. This outcome was due to the fact that microbial action can convert
aldehydes into alcohols and acids. In our experiment we observed the fact that 1-pentanol,
1-hexanol, 1-heptanol, acetic acid and hexanoic acid increased correspondingly. Overall,
after LAB fermentation, the contents of aldehydes in the sample decreased, and the contents
of alcohols, acids, and ketones increased. However, there were distinct differences in flavor
components among fermented samples with different strains. As can be seen from Table 2,
the contents of alcohols and acids in O-Lp, O-Lc and O-La were higher than those in O-St
and O-Lb by up to 5.86 and 2.55 times (O-La compared to O-Lb). In contrast, the contents
of aldehydes and esters in O-St and O-Lb were higher than those of O-Lp, O-Lc and O-La,
up to 2.85 and 9.61 times (O- St compared to O-La).This difference may be closely related
to carbohydrate and amino acid metabolism. The taste characteristics of amino acids and
their catabolic by-products during LAB fermentation make an important contribution to
the flavor of cereal-based foods [41]. O-St and O-Lb contained lesser 1-hexanol, benzyl
alcohol (fruity and slightly floral), phenylethanol (floral and slightly rose), acetic acid,
hexanoic acid (sweaty and cheesy), valeric acid, and nonanoic acid and more abundant
hexanal (grassy, tallow, fatty), heptanal octanal (fatty, greeny), nonanal (fatty, citrus, greeny),
and esters (floral and fruit flavor). Alcohols were predominant in O-Lp, O-Lc, and O-La.
2,3-Butanedione and 3-hydroxy-2-butanone were only present in O-Lc and O-La, which
showed a buttery odor. Limonene, which has a citrus-like aroma, was detected in all
samples but at low concentrations.

Fermented oats contain volatile components, such as 1-hexanol, hexanal, nonanal,
acetic acid and 2-pentylfuran. These components are also considered the key flavor com-
pounds in Lactobacillus-fermented foods and influence the organoleptic properties of
fermented products.
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Table 2. Changes of volatile compounds in oat samples fermented by different lactic acid bacteria for
48 h.

Volatile Compounds RT (s) Control (%) O-Lp (%) O-Lc (%) O-La (%) O-St (%) O-Lb (%)

Alcohols
2-Butanol 411.88 ND ND ND ND 0.33 ± 0.02 a ND
1-Pentanol 603.74 ND 0.49 ± 0.03 b 0.46 ± 0.04 b 0.59 ± 0.02 a 0.29 ± 0.02 d 0.34 ± 0.02 c
1-Hexanol 696.64 0.09 ± 0.01 d 4.81 ± 0.32 a 1.96 ± 0.23 b 5.22 ± 0.41 a 0.63 ± 0.06 c 0.10 ± 0.03 d

1-Octen-3-ol 778.63 0.46 ± 0.03 b 0.39 ± 0.02 c 0.44 ± 0.03 bc 0.75 ± 0.03 a 0.38 ± 0.05 c 0.43 ± 0.03 bc
1-Heptanol 782.84 0.25 ± 0.02 c 0.69 ± 0.03 a 0.35 ± 0.05 b 0.76 ± 0.08 a 0.18 ± 0.03 c 0.19 ± 0.04 c
1-Octanol 863.64 0.46 ± 0.03 d 0.95 ± 0.04 b 0.58 ± 0.02 c 1.08 ± 0.02 a 0.40 ± 0.04 e 0.47 ± 0.03 d

2-Octen-1-ol, (Z)- 908.51 0.05 ± 0.01 b 0.04 ± 0.00 b 0.03 ± 0.01 b 0.11 ± 0.01 a 0.03 ± 0.00 b 0.03 ± 0.02 b
1-Nonanol 939.49 ND 0.99 ± 0.12 a 0.32 ± 0.02 b 0.96 ± 0.17 a ND 0.04 ± 0.02 c

Benzenemethanol 1098.00 0.02 ± 0.00 b 0.12 ± 0.05 a 0.09 ± 0.03 a 0.12 ± 0.02 a 0.02 ± 0.01 b 0.03 ± 0.01 b
Benzeneethanol 1121.35 0.02 ± 0.00 b 0.09 ± 0.01 a 0.08 ± 0.01 a 0.09 ± 0.02 a 0.02 ± 0.00 b 0.02 ± 0.00 b

Aldehydes
Pentanal 321.59 0.35 ± 0.09 a ND ND ND 0.25 ± 0.05 a 0.28 ± 0.02 a
Hexanal 431.62 4.63 ± 0.34 a 0.06 ± 0.01 c ND ND 3.34 ± 0.37 b 3.84 ± 0.30 b
Heptanal 542.25 0.60 ± 0.04 b ND ND ND 0.42 ± 0.02 c 0.74 ± 0.02 a

2-Hexenal, (E)- 578.54 0.10 ± 0.02 a 0.04 ± 0.00 b ND 0.04 ± 0.01 b 0.09 ± 0.02 a 0.11 ± 0.01 a
Octanal 644.40 1.81 ± 0.25 a ND ND 0.36 ± 0.04 c 0.95 ± 0.03 b 0.88 ± 0.05 b

2-Heptenal, (E)- 679.51 0.41 ± 0.02 a 0.27 ± 0.04 c 0.14 ± 0.01 d 0.35 ± 0.02 b 0.26 ± 0.05 c 0.30 ± 0.04 bc
Nonanal 738.364 2.32 ± 0.32 a 0.95 ± 0.04 c 0.95 ± 0.03 c 1.10 ± 0.05 c 1.96 ± 0.12 b 2.48 ± 0.31 a
2 Octenal 771.40 0.19 ± 0.02 a 0.14 ± 0.01 c 0.06 ± 0.02 d 0.16 ± 0.02 bc 0.02 ± 0.00 e 0.17 ± 0.01 ab

Benzaldehyde 852.46 ND ND ND 0.51 ± 0.03 b 0.56 ± 0.04 a ND
2-Nonenal, (E)- 856.75 0.55 ± 0.03 a 0.44 ± 0.13 b 0.05 ± 0.04 c 0.40 ± 0.01 b 0.47 ± 0.03 ab 0.56 ± 0.01 a

Acids
Acetic acid 788.20 ND 2.31 ± 0.34 a 1.62 ± 0.12 b 2.54 ± 0.24 a 0.39 ± 0.09 c 0.56 ± 0.11 c

Hexanoic acid 1073.15 0.41 ± 0.02 d 0.73 ± 0.05 c 1.37 ± 0.12 a 0.88 ± 0.03 b 0.50 ± 0.01 d 0.70 ± 0.02 c
Pentanoic acid 1073.79 ND 0.25 ± 0.01 b 0.08 ± 0.01 c 0.88 ± 0.07 a ND 0.05 ± 0.02 c
Heptanoic acid 1141.51 0.31 ± 0.02 a 0.28 ± 0.03 ab 0.24 ± 0.01 bc 0.23 ± 0.03 c 0.21 ± 0.02 c 0.23 ± 0.02 c
Octanoic acid 1206.61 0.13 ± 0.02 e 0.65 ± 0.03 a 0.44 ± 0.03 c 0.53 ± 0.02 b 0.28 ± 0.02 d 0.41 ± 0.01 c
Nonanoic acid 1268.57 ND 0.12 ± 0.01 a 0.11 ± 0.01 a 0.11 ± 0.00 a 0.06 ± 0.00 b ND
Decanoic acid 1327.65 ND 0.01 ± 0.00 b ND ND ND 0.07 ± 0.01 a

Ketones
2,4-Pentanedione 148.80 ND ND ND ND 0.24 ± 0.04 a ND

2-Propanone 188.36 ND 0.07 ± 0.00 d 0.09 ± 0.01 c 0.09 ± 0.01 c 0.17 ± 0.00 b 0.19 ± 0.01 a
2- butanone 245.99 ND ND 0.03 ± 0.00 a ND ND ND

2-Pentadecanone 260.50 ND ND 0.05 ± 0.00 a ND ND ND
2,3-Butanedione 322.60 ND ND 0.39 ± 0.02 a 0.11 ± 0.01 b ND ND
2,3-Pentanedione 409.87 ND ND ND ND 0.10 ± 0.01 a ND

2-Heptanone 539.31 0.58 ± 0.04 b 0.54 ± 0.07 b 0.61 ± 0.03 ab 0.69 ± 0.07 a 0.54 ± 0.01 b 0.59 ± 0.03 b
3-Octanone 610.63 ND 0.04 ± 0.01 ab 0.03 ± 0.00 b 0.05 ± 0.01 a 0.03 ± 0.00 b ND
2-Octanone 640.36 ND ND 0.15 ± 0.01 a 0.16 ± 0.02 a ND 0.14 ± 0.01 a

Methoxy-1-phenyl-2-
propanone 641.12 ND ND 0.71 ± 0.02 a 0.16 ± 0.03 b ND ND

2-Butanone, 3-hydroxy- 644.82 ND ND 0.56 ± 0.03 a 0.36 ± 0.02 b ND ND
1-Octen-3-one 656.24 0.09 ± 0.00 c 0.13 ± 0.01 b 0.07 ± 0.00 d 0.19 ± 0.01 a 0.06 ± 0.00 d ND

2-Propanone, 1-hydroxy- 659.94 0.01 ± 0.00 b 0.02 ± 0.01 ab 0.02 ± 0.00 ab 0.03 ± 0.01 a ND 0.01 ± 0.00 b
3,5-octadiene-2-one 843.73 0.09 ± 0.02 a 0.10 ± 0.03 a 0.09 ± 0.02 a 0.10 ± 0.01 a 0.01 ± 0.01 b ND

6-Undecanone 845.96 0.02 ± 0.01 a ND 0.02 ± 0.00 a ND ND ND

Esters
Formic acid, pentyl ester 473.96 0.07 ± 0.02 a ND 0.05 ± 0.01 a ND ND 0.06 ± 0.01 a
Heptanoic acid, methyl

ester 639.94 1.08 ± 0.04 a 0.32 ± 0.09 b ND ND 0.32 ± 0.05 b ND

1-Cyclopropylpentyl
acetate 688.58 ND 0.23 ± 0.03 a 0.19 ± 0.03 a 0.19 ± 0.02 a 0.19 ± 0.01 a 0.22 ± 0.05 a

2-etynyl-3-ethyl-2-buten-4-
olide 738.56 ND ND ND ND 1.97 ± 0.32 b 2.48 ± 0.51 a

Hexanoic acid, pentyl ester 831.13 ND 0.02 ± 0.00 a 0.01 ± 0.00 a 0.02 ± 0.01 a 0.01 ± 0.00 a 0.02 ± 0.01 a
2-methylpropyl heptanoate 845.64 ND 0.03 ± 0.01 a ND 0.03 ± 0.00 a 0.02 ± 0.00 a 0.02 ± 0.01 a
Octadecanoic acid, methyl

ester 1296.47 0.03 ± 0.01 ab 0.05 ± 0.02 a 0.04 ± 0.00 ab 0.03 ± 0.00 ab 0.02 ± 0.00 b 0.04 ± 0.01 ab

Furan derivatives
Furan, 2,3-dihydro- 124.44 ND 0.88 ± 0.06 a 0.81 ± 0.09 a ND ND ND

Furan, 2-methyl- 222.88 ND ND ND 0.08 ± 0.02 a ND ND
Furan, 2-ethyl- 295.38 ND 0.08 ± 0.01 a 0.02 ± 0.00 b 0.09 ± 0.01 a 0.07 ± 0.00 a 0.08 ± 0.02 a
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Table 2. Cont.

Volatile Compounds RT (s) Control (%) O-Lp (%) O-Lc (%) O-La (%) O-St (%) O-Lb (%)

2-Propylfuran 377.78 ND 0.07 ± 0.02 a ND 0.08 ± 0.01 a 0.06 ± 0.01 a 0.07 ± 0.00 a
2-Butylfuran 483.20 0.10 ± 0.00 a ND 0.07 ± 0.01 b 0.11 ± 0.01 a 0.07 ± 0.00 b 0.11 ± 0.02 a

2-tert-Butoxytetra-
hydrofuran 515.08 0.11 ± 0.02 b ND 0.19 ± 0.05 a ND ND ND

Furan, 2-pentyl- 585.34 ND 2.20 ± 0.09 b 2.74 ± 0.13 a 2.27 ± 0.31 b 2.08 ± 0.08 b 2.66 ± 0.22 a
Furan,

2-(1-pentenyl)-, (E)- 739.45 ND ND 0.04 ± 0.01 b 0.08 ± 0.02 b ND 2.48 ± 0.27 a

2-Heptyl furan 769.09 0.01 ± 0.01 a 0.01 ± 0.00 a 0.000 ± 0.00 a 0.01 ± 0.01 a 0.01 ± 0.00 a 0.01 ± 0.00 a
Furan,

2-(methoxymethyl) 981.74 0.14 ± 0.04 a 0.11 ± 0.03 ab 0.05 ± 0.01 c 0.08 ± 0.01 bc 0.13 ± 0.02 ab 0.14 ± 0.03 a

2-Phenylfuran 1087.83 0.06 ± 0.02 a 0.07 ± 0.01 a 0.05 ± 0.02 a 0.06 ± 0.01 a 0.06 ± 0.01 a 0.06 ± 0.02 a

Hydrocarbons
Pentane 127.57 ND 0.48 ± 0.03 a 0.45 ± 0.03 a 0.43 ± 0.02 a 0.49 ± 0.05 a 0.31 ± 0.04 b
Heptane 176.43 0.07 ± 0.02 b 0.41 ± 0.12 a ND ND 0.06 ± 0.02 b 0.09 ± 0.01 b

Undecane 338.38 0.01 ± 0.00 b 0.01 ± 0.00 b 0.01 ± 0.00 b 0.09 ± 0.02 a 0.01 ± 0.00 b 0.01 ± 0.00 b
Dodecane 543.61 ND 0.25 ± 0.04 a ND 0.16 ± 0.03 b ND ND

Pentadecane 546.45 0.17 ± 0.02 ab ND 0.14 ± 0.01 b ND 0.19 ± 0.03 a 0.16 ± 0.02 ab
Tetradecane 643.72 ND 0.36 ± 0.03 a 0.01 ± 0.01 b 0.36 ± 0.02 a 0.04 ± 0.00 b ND
Nonadecane 893.62 0.05 ± 0.01 a 0.02 ± 0.01 c 0.05 ± 0.00 a 0.05 ± 0.01 a 0.03 ± 0.00 bc 0.04 ± 0.01 ab

Terpenes
Limonene 548.57 0.01 ± 0.00 c 0.03 ± 0.01 b 0.05 ± 0.02 ab 0.03 ± 0.01 b 0.06 ± 0.01 a 0.05 ± 0.00 ab

Different lowercase letters indicate significant differences between different lactic acid bacteria fermented samples
(p < 0.05). O-Lp, sample fermented with L. plantarum; O-La, sample fermented with L. acidophilus; O-Lc, sample
fermented with L. casei; O-Lb, sample fermented with L. bulgaricus; O-St, sample fermented with S. thermophilus.
ND, not detected; RT: retention time; h, hours.

4. Conclusions

In summary, oat substrate is a suitable fermentation substrate. L. plantarum, L. casei,
L. acidophilus, L. bulgaricus, and S. thermophilus could grow well in oat substrate, and the
number of viable bacteria could reach 106 cfu/mL even at the late fermentation stage.
L. acidophilus showed the strongest growth ability in oat substrate, and the number of
live bacteria was the highest. Soaking oats for 1 h prior to fermentation made them
more conducive to subsequent cleaning and absorption of water without significantly
affecting the bioactive components. L. plantarum and L. acidophilus had the strongest acid-
producing capacity during the fermentation process, and S. thermophilus retained the most
β-glucan content after 48 h of fermentation. Moreover, the contents of total polyphenols
and total flavonoids in oats varied with different strains, among which O-Lc was the
highest. Aldehydes were predominant in O-Lb and O-St, but alcohols were predominant
in O-Lp, O-Lc, and O-La. In conclusion, different strains used in oat fermentation have
different effects. Therefore, suitable LAB can be selected in future research to improve
beneficial ingredients through microbial-mediated biotransformation, providing guidance
for the research and development of cereal fermentation products and other options for
vegetarians and lactose-intolerant people.
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Abstract: In this study, the effect of selected Lactobacillus acidophilus ATCC 4356, Limosilactobacillus
fermentum DSM 20052, and Lacticaseibacillus paracasei subsp. paracasei DSM 20312 strains on the
sensory characteristics, and protein and amino acid content of fermented water extracts derived from
lupin, pea, and bean grains is reported. Even though all strains were able to grow over 7 log cfu
mL−1 and to decrease pH in the range of −0.52 to −1.25 within 24 h, the release of an unpleasant
ferric-sulfurous off-odor from the fermented bean water extract prohibited further characterization.
Lupin and pea grain-based beverages underwent an in-depth sensory evaluation using a simplified
check-all-that-apply (CATA) method, finding new and appreciable sensory notes such as cooked
ham, almonds, and sandalwood. Fermented lupin water extract showed higher total protein content
(on average, 0.93 mg mL−1) in comparison to that of pea grains (on average, 0.08 mg mL−1), and a
free amino acid content (on average, 3.9 mg mL−1) close to that of cow milk. The concentrations of
these nutrients decreased during refrigerated storage, when the lactic acid bacteria load was always
higher than 7 log cfu mL−1. The results of this study indicated that lactic fermentation improves the
sensory characteristics of these innovative legume-based beverages, which sustained high loads of
viable lactobacilli up to the end of cold storage.

Keywords: lactic acid bacteria; legumes; bioprocessing; non-dairy alternatives; sensory properties;
free amino acids and peptides

1. Introduction

Although milk is essential for the body development of mammals, thanks to its content
of high-biological-value nutrients, its consumption is decreasing due to lactose intolerance,
cow’s milk protein allergy, and to the increase in people following a vegan or vegetarian
diet [1]. In addition, part of the reduction in milk and dairy product consumption arises
from a new consumer awareness towards animal welfare [2] and the reduction of the carbon
footprint of animal farms [3]. Consequently, the world demand for non-dairy alternatives
is estimated to grow by around 250% in the period 2020–2028 [4].

Plant-based products can be a good alternative. In agreement with Chaturvedi and
Chakraborty [5], plant-based milk substitutes can be described as water-soluble extracts
of legumes, oilseeds, cereals, or pseudo-cereals that resemble bovine milk in appearance
and can be produced by different methods. Lactic acid bacteria (LAB) fermentation of
legume grains, flours, and extracts is a sustainable approach to increase their (i) mineral
bioavailability thanks to microbial and/or endogenous phytases, able to hydrolyze phytic
salt into free inositol, metal ions (mainly calcium, iron, magnesium, and zinc) and phos-
phates, and (ii) protein and amino acid availability resulting from microbial proteolytic
activity against structural seed proteins and specific enzymes responsible for the inhibition
of trypsin and chymotrypsin under gastric environmental conditions [6,7]. In addition, LAB
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decrease the concentration of fermentable oligo-, di-, monosaccharides, and polyols in fer-
mented legumes, with particular concern regarding the raffinose family of oligosaccharides,
considered anti-nutritional factors responsible for flatulence [6,7].

Soy (Glycine max, L.) grains are the most studied and employed legumes for the
production of fermented plant-based beverages, and the effect of lactic acid fermentation
on the quality of soy milk was reported more than 40 years ago [8]. However, other legume
grains, such as lupins [9], beans [10–12], chickpeas [13–15], or faba beans [16], have been
also fermented by LAB. The characterization of a novel lentil-based beverage fermented
with different LAB strains showed a strong reduction in both phytic acid and raffinose
oligosaccharide, well known as anti-nutritional factors, and a high concentration of soluble
and highly digestible proteins [17]. In addition, a yogurt-like beverage including chickpea
and lentil flours has been fermented with Lactobacillus strains, increasing the antioxidant
activity and sustaining the survival of a commercial probiotic strain [18].

Recently, the application of different technologies allowed the realization of new
beverages from pea, chickpea, and lupin, incorporating a large amount of seed components
with low release of by-products [19].

It is well known that the sensory profiles of legume-based beverages are the main
key restraints that prevent their larger diffusion among consumers. In particular, volatile
compounds such as n-hexanal and n-hexanol, which originate from lipid oxidation, are
mainly responsible for the beany off-flavor [20], whereas tannins and saponins, terpenes,
glucosinolates, and flavonoids impart bitter or astringent tastes [21]. In addition, greenish,
greyish, or brownish colors, and a chalky or sandy texture, due to the presence of insoluble
particles, are the main sensory features negatively affecting the consumer acceptability of
legume-based beverages [20].

Some of these drawbacks can be reduced by LAB fermentation thanks to the pro-
duction of several metabolites, such as lactic and acetic acid or acetoin and acetaldehyde,
able to reduce the beany flavor, to enhance the fruity flavor, or to mask the “green-note”
off-flavor [22–24]. However, their excess concentration, as demonstrated for acetic acid in
beer, could also be detrimental to the organoleptic acceptance of the beverage [25].

Thus, the aim of this work was to ferment different legume grain watery extracts to
obtain a legume-based beverage with acceptable sensory traits, rich in soluble peptides
and amino acids, that could be a source of probiotic lactobacilli at the end of the cold
storage period.

2. Materials and Methods

2.1. Legume-Based Water Extract Preparation and Enumeration of Their Autochthonous
Microbial Populations

Pea (Pisum sativum Asch. et Gr.), bean (Phaseolus vulgaris L.), and lupin (Lupinus albus L.)
were kindly provided by Terre di Altamura S.r.l. (Altamura, Bari, Italy) and used to prepare
legume-based fermented beverages.

Grains were dipped in tap water for around 16 h using the ratio of dry grain/water of
1:10 (w/w). Since grains absorbed different amounts of water, the ratio of dry grain/water
was maintained at 1:10 by adding fresh water to soaked grains. Grain suspensions were
homogenized by a hand blender and filtered using cotton gauze [17].

Legume- based water extracts were characterized for their main microbial populations
before and after incubation at 24 h at 37 ◦C. The extracts were serially diluted in sterile
0.1% w/v buffered peptone water. Then, dilutions were plated in triplicate on (i) Plate
Count Agar (PCA) for counting of total aerobic bacteria (24 h at 30 ◦C, as required by
the ISO standard n◦ 4833 [26]), (ii) acidified (pH 5.4) de Man, Rogosa, and Sharpe (MRS
Agar ISO formulation) for mesophilic lactic acid bacteria (anaerobic incubation for 48 h
at 30 ◦C, as already reported [27]); (iii) Potato Dextrose Agar (PDA) supplemented with
chloramphenicol (0.1 g/L) for yeasts and molds (incubation for 3 days at 25 ◦C), and
(iv) Reinforced Clostridial Medium (RCM) immediately after thermal treatment (80 ◦C for
10 min) for aerobic spore-forming bacteria (incubation at 30 ◦C for 3 days [28]).
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All media were purchased from Biolife Italiana S.r.l., Milan, Italy. Microbial loads were
expressed as log colony forming unit (cfu) mL−1.

2.2. Lactic Acid Fermentation of Legume-Based Water Extracts

Strains of the former Lactobacillus genus used in this work were included in the Agro-
Food Microbial Culture Collection (ITEM) at the Institute of Sciences of Food Production of
Bari, Italy (http://server.ispa.cnr.it/ITEM/Collection/ (accessed on 13 September 2022)
(Table 1). Fresh microbial cultures of Lactobacillus spp. strains from frozen cultures (−80 ◦C)
were routinely grown in MRS (MRS Broth ISO Formulation, Biolife Italiana S.r.l., Milan,
Italy) for 48 h at 37 ◦C under anaerobic conditions (Anaerogen, AN0025, Oxoid S.p.A.,
Milan, Italy).

Table 1. Lactobacillus spp. strains used for the fermentation of legume-based water extracts [17].

Specie Strain

Lactobacillus acidophilus ATCC 4356
Limosilactobacillus fermentum DSM 20052
Lactobacillus gasseri ITEM 13541
Lactobacillus helveticus ATCC 15009
Lactobacillus johnsonii NCC533
Lacticaseibacillus paracaseis subsp. paracasei DSM 20312
Lacticaseibacillus rhamnosus ATCC 53103

ATCC: American Type Culture Collection, Manassas, Virginia, USA. DSM: Deutsche Sammlung von Mikrorganis-
men und Zellkulturen GmBH, Braunschweig, Germany. ITEM: Agro-Food Microbial Culture Collection of the
Institute of Sciences of Food Production, Bari, Italy. NCC: Nestlé Culture Collection, Lausanne, Switzerland.

When used for fermentation, fresh lactobacilli cultures were centrifuged (10,000 rpm
for 3 min, centrifuge model Sigma 3–30 KS, Sigma Laborzentrifugen GmbH, Germany),
removing the supernatant and re-suspending the cell pellet in saline solution until an
absorbance reading at 600 nm of 0.3 ± 0.05 (ca. 8 log cfu mL−1) was obtained. Before lactic
acid fermentation, legume-based water extracts were sterilized in an autoclave at 110 ◦C for
10 min, as previously reported [17]. The three sterilized legume-based water extracts were
singly inoculated with 1% of cell suspension (final cell density of around 5–6 log cfu mL−1)
and incubated for up to 48 h at 37 ◦C under anaerobiosis [17].

Before and after fermentation, viable cell counting of lactic acid bacteria was carried
out as reported in Section 2.1, incubating plates at 37 ◦C under anaerobiosis, and the pH
was measured (Model pH50 Lab pH Meter XS-Instrument, Concordia, Italy). In order to
understand the ability of different strains to grow in legume-based water extracts, as well
as their ability to acidify them, the values of Δlog cfu mL−1 and ΔpH were calculated.
These differences were achieved by subtracting the values obtained at 24 h or 48 h from
those of the previous sampling time, e.g., the beginning of fermentation or 24 h.

2.3. Microbial, Biochemical, and Nutritional Characterization of the Legume-Based Beverages
2.3.1. Shelf-Life Evaluation

Legume-based beverages, fermented with the three best-fermenting Lactobacillus
strains selected during fermentation assays, were stored at 4 ◦C for 28 days. Changes
in microbial populations and acidification rate capabilities were evaluated during cold
storage (4 ◦C) every 7 days.

2.3.2. Total Proteins, Peptides, and Free Amino Acids (FAA)

Total protein content and concentrations of peptides and free amino acids were an-
alyzed at 7-day intervals during cold storage. The protein concentration was evaluated
using the Bradford method [29]. Standard solutions of bovine serum albumin (BSA, Sigma
No. A-7030) in the range of 0.05–1 mg mL−1 were used to build the calibration curve. Sub-
sequently, the absorbance of unknown samples was measured at 595 nm by an automatic
spectrofluorometer (Varioskan Flash, ThermoFischer Scientific, Milan, Italy) in multiwell

95



Foods 2022, 11, 3346

plates. For each well, 5 readings were taken after incubation for 5 min at 25 ◦C and brief
stirring (5 min at 120 rpm).

The concentration of free peptides and free amino acids was performed through the
o-phtaldialdehyde method (OPA) [30]. A standard curve of casamino acid mixture (BD
BactoCasamino Acids, BD Biosciences, San Jose, CA, USA) was used as a reference in the
range of 0.1–2.0 mg mL−1.

For the measurement of free amino acid concentrations, a Biochrom 30 series amino
acid analyzer (Biochrom Ltd., Cambridge, UK) equipped with a Li cation exchange column
(20 cm × 0.46 cm of internal diameter) was used [31].

2.3.3. Sensory Analysis

The sensory analyses of the fermented legume-based beverages were carried out
during 28 days of cold storage at regular 7-day intervals. The check-all-that-apply (CATA)
method [32] was simplified to describe the visual, olfactory, and taste characteristics of
the beverages. In particular, the group of panelists was composed of 10 untrained judges
in the recognition of different sensory properties, as differently reported [33,34]. They
evaluated the different fermented beverages, describing their main perceptions simply as
they were perceived.

Since these beverages were produced at lab scale for the first time, at the first in-
stance, it was necessary to collect preliminary information about their acceptance. Thus,
main traits were scored for the macro-descriptors “Appearance”, “Odor”, and “Taste” as
0—unexpected and/or unwanted feature, or 1—expected and/or welcome feature. The
scores were then normalized for the number of panelists with the result of expressing the
three macro-descriptors in a 0–1 interval. Even though this approach was less informative
in comparison to other descriptive tests based on a hedonic scale for each descriptor, it
was considered more useful to distinguish among samples by considering only the main,
“good” or “bad”, trait perceived.

Participants were recruited among people answering a short survey sent by email
to students, researchers, and professors, as well as members of their families, already in
contact with the authors and their colleagues. Then, panelists were selected among those
habitually consuming fermented beverages (different from wine and beer) and legumes.
During the first session of sensory analysis, a moderator explained the aim of the study,
the characteristics of the products (liquid and ready-to-drink), and instructions on how to
complete the questionnaire, and also answered technical questions and queries.

2.4. Statistical Analysis

The average lactic acid strain population enumerated during the cold refrigerated
period for each legume-based beverage was analyzed by two-way analysis of variance
(ANOVA); the significance of differences (p < 0.05) between mean values was evaluated by
Fisher’s least significant difference test. Statistical differences in protein concentration and
free amino acid and peptide concentration were evaluated by the T test. Statistical analyses
were performed with Microsoft Excel software, implemented with the statistical analysis
tool add-in (Microsoft Corporation, Redmond, WA, USA).

3. Results and Discussion

3.1. Autochthonous Microbial Populations of Legume-Based Water Extracts

Viable cell counts of autochthonous microbial populations of legume-based water
extracts, before and after 24 h of fermentation at 37 ◦C, are shown in Figure 1. The legume-
based water extracts showed the presence of different types of autochthonous microbial
populations, mainly belonging to presumptive lactic acid rods and cocci. In particular, LAB
counts, presumptively represented by lactic acid rods, ranged from 2.39 ± 0.36 log cfu mL−1

to 4.62 ± 0.22 log cfu mL−1, with lupin and peas having the lowest and highest density,
respectively (Figure 1). Aerobic endospore-forming bacteria were found before incubation
only in peas and beans. However, after the incubation, they were detected in all samples,
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reaching 5.85 ± 0.01 log cfu mL−1 in beans, 6.10 ± 0.09 log cfu mL−1 in lupin, and ap-
proximately 1.88 ± 0.09 cfu mL−1 in pea water extracts (Figure 1). Yeast and molds were
found only in the bean extracts, but, after incubation, they were not further detected (data
not shown).

Figure 1. Viable cell counts of main microbial populations of legume grains in water before and after
24 h of incubation at 37 ◦C. Histograms represent microbial average population values ± standard
deviation (error bars). The asterisks indicate statistical differences (p < 0.05) after T test comparison.
Abbreviations: Aerobic Plate Count (APC), Lactic Acid Bacteria (LAB), Aerobic Endospore-Forming
Bacteria (AEB), Yeasts and Molds (YM).

The comparison of the means of each population before and after incubation within
the same extract resulted in statistically significant values for all microbial populations, as
shown by the asterisks in Figure 1, excluding aerobic endospore-forming bacteria of peas.

These results confirmed that the legume grains were characterized by autochthonous
and potentially useful lactic acid bacteria, able to grow during incubation, and spoilage
bacteria, such as the endospore-forming ones.

As far as the lactic acid microbial population is concerned, the viable loads here re-
ported are in agreement with those found in several fruit and vegetables [35–38], belonging
to species such as Lactiplantibacillus plantarum, Lactiplantibacillus pentosus, Lm. fermentum,
Latilactobacillus curvatus, Levilactobacillus brevis, Leuconostoc mesenteroides, Weissella spp., and
Enterococcus spp.

As found for lactic acid bacteria, endospore-forming bacterial loads also increased during
incubation. This result, in agreement with the occurrence of Bacillus cereus, B. nitratireducens,
B. pumilus, B. safensis, and B. australimaris in different types of fermented food [39,40],
forced us to heat-treat extracts before fermentation.

3.2. Fermentation Assays of Legume-Based Water Extracts

In order to select the LAB strains for the production of fermented legume-based
beverages, legume-based water extracts, after sterilization (110 ◦C for 10 min), were first
inoculated with each strain at 5–6 log cfu mL−1 and incubated for 48 h at 37 ◦C. As shown in
Tables 2 and 3, L. acidophilus ATCC 4356, Lm. fermentum DSM 20052, and Lc. paracasei DSM
20312 showed the highest increase in average viable cell counts and a marked decrease in
pH values within 48 h of fermentation in comparison to the beginning of incubation.

All LAB strains grew in legume extracts, but only L. acidophilus ATCC 4356, Lm. fermen-
tum DSM 20052, and Lc. paracasei DSM 20312 showed Δlog cfu mL−1 higher than one in
their viable loads in the three legume extracts after 48 h at 37 ◦C (Table 2).

The fermentation assays employing these strains were repeated, lowering the initial
inoculum level to 4–5 log cfu mL−1 and evaluating pH changes and cell viability at 24 h
and 48 h (Tables 4 and 5).
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Table 2. Differences in cell densities, reported as Δlog cfu mL−1, after 48 h of incubation at 37 ◦C, for
legume grain water extracts inoculated with selected LAB strains.

Beans Lupins Peas
Strain Average

Values

L. acidophilus ATCC 4356 1.77 ± 0.25 Aa 1.21 ± 0.13 Bc 0.19 ± 0.03 Cd 1.06 ± 0.13
Lm. fermentum DSM 20052 1.10 ± 0.10 Ab 3.04 ± 0.10 Ba 1.15 ± 0.07 Ac 1.77 ± 0.09

L. gasseri ITEM 13541 0.76 ± 0.10 Bc 0.16 ± 0.08 Ce 0.96 ± 0.06 Ac 0.63 ± 0.08
L. helveticus ATCC 15009 0.31 ± 0.03 Bd 0.04 ± 0.02 Ce 2.52 ± 0.10 Aa 0.96 ± 0.05

L. johnsonii NCC533 1.06 ± 0.06 Ab 0.74 ± 0.11 Bd −0.40 ± 0.13 Ce 0.47 ± 0.10
Lc. paracasei DSM 20312 1.64 ± 0.26 Aa 1.54 ± 0.22 Ab 1.66 ± 0.12 Ab 1.61 ± 0.2

Lc. rhamnosus ATCC 53103 0.32 ± 0.19 Bd 0.88 ± 0.15 Ad −0.25 ± 0.08 Ce 0.32 ± 0.14

Two-way ANOVA analysis was applied to estimate the effect of legume and starter strain on cell density. The least
significant difference comparison values (LSD, 95% confidence interval) were calculated. Cell densities: legume,
0.16 Δlog cfu g−1; strain, 0.25 Δlog cfu g−1. Superscript letters indicate significant differences within rows, while
lowercase letters indicate significant differences within columns.

Table 3. Differences in pH values, reported as ΔpH values, after 48 h of incubation at 37 ◦C, for
legume grain water extracts inoculated with selected LAB strains.

Beans Lupins Peas
Strain Average

Values

L. acidophilus ATCC 4356 −2.58 ± 0.20 Bd −0.58 ± 0.16 Aa −3.57 ± 0.08 Cc −2.24 ± 0.14
Lm. fermentum DSM 20052 −1.51 ± 0.06 Bb −1.12 ± 0.14 Ab −3.51 ± 0.21 Cc −2.05 ± 0.14

L. gasseri ITEM 13541 −1.48 ± 0.19 Ab −1.72 ± 0.17 Bc −3.24 ± 0.12 Cb −2.15 ± 0.16
L. helveticus ATCC 15009 −1.81 ± 0.24 Bc −1.17 ± 0.07 Ab −3.44 ± 0.11 Cc −2.14 ± 0.14

L. johnsonii NCC533 −1.56 ± 0.22 Ab −2.06 ± 0.15 Bd −3.02 ± 0.11 Cb −2.21 ± 0.16
Lc. paracasei DSM 20312 −1.56 ± 0.22 Bb −1.24 ± 0.14 Ab −3.67 ± 0.09 Cc −2.15 ± 0.15

Lc. rhamnosus ATCC 53103 −0.59 ± 0.14 Aa −0.98 ± 0.05 Bb −2.12 ± 0.18 Ca −1.23 ± 0.12

Two-way ANOVA analysis was applied to estimate the effect of legume and starter strain on pH values. The
least significant difference comparison values (LSD, 95% confidence interval) were calculated. pH values: legume
0.19 ΔpH; strain, 0.29 ΔpH. Superscript letters indicate significant differences within rows, while lowercase letters
indicate significant differences within columns. Initial pH values: beans 6.62, lupins 5.78, peas 7.02. Negative
values represent the unit of pH reduction of fresh extracts that occurred during fermentation.

Table 4. Differences in cell densities, reported as Δlog cfu mL−1 after 24 and 48 h of incubation at
37 ◦C, of legume grain water extracts inoculated with selected LAB strains.

Beans Lupins Peas

t24 t48 t24 t48 t24 t48

L. acidophilus ATCC 4356 2.81 ± 0.21 Aa 3.24 ± 0.07 Aa 2.76 ± 0.09 Aa 3.15 ± 0.06 Aa 1.87 ± 0.02 Ba 2.42 ± 0.07 Ba

Lm. fermentum DSM 20052 2.97 ± 0.04 Aa 3.43 ± 0.06 Aa 2.23 ± 0.10 Bb 2.64 ± 0.21 Bb 1.85 ± 0.07 Ca 2.63 ± 0.11 Ba

Lc. paracasei DSM 20312 2.17 ± 0.07 Bb 3.19 ± 0.11 Ab 2.89 ± 0.10 Aa 3.08 ± 0.07 Aa 1.68 ± 0.05 Ca 2.18 ± 0.11 Bb

Two-way ANOVA analysis was applied to estimate the effect of legume and starter strain on cell density. The
least significant difference comparison values (LSD, 95% confidence interval) were calculated. Cell densities:
legume, 0.19 Δlog cfu g−1; strain, 0.21 Δlog cfu g−1. At each sampling time, superscript letters indicate significant
differences within rows, while lowercase letters indicate significant differences within columns.

Two-way ANOVA analysis showed that legume-based beverage, starter strain, and
their interaction significantly (p ≤ 0.05) affected cell density and pH values at each sampling
time. The effect of the strain on cell density values was not significant at 48 h. All strains
confirmed their ability to grow in all legume-based water extracts already after 24 h,
without excessive acidification, except in the case of L. acidophilus ATCC 4356 in the pea
extract. After 48 h of incubation, the pea extract showed the lowest viable cell increase.
The same legume-based beverage showed the highest reduction in pH values for all three
inoculated strains after 48 h of incubation. Generally, the pH decreased differently during
fermentation, depending on the legume extract and the strain used.
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Table 5. Differences in pH values, reported as ΔpH values after 24 and 48 h of incubation at 37 ◦C, of
legume grain water extracts inoculated with selected LAB strains.

Beans Lupins Peas

t24 t48 t24 t48 t24 t48

L. acidophilus ATCC 4356 −1.01 ± 0.12 Bc −2.19 ± 0.10 Bc −0.28 ± 0.06 Aa −1.19± 0.04 Aa −2.45 ± 0.05 Cc −3.42 ± 0.17 Cc

Lm. fermentum DSM 20052 −0.76 ± 0.11 Bb −0.56 ± 1.79 Aa −0.95 ± 0.07 Cb −1.15 ± 0.06 Ba −0.46 ± 0.04 Aa −2.86 ± 0.06 Ca

Lc. paracasei DSM 20312 −0.16 ± 0.05 Aa −1.87 ± 0.02 Bb −0.38 ± 0.03 Ba −1.14 ± 0.06 Aa −1.01 ± 0.12 Cb −3.05 ± 0.07 Cb

Two-way ANOVA analysis was applied to estimate the effect of legume and starter strain on pH values. The
least significant difference comparison values (LSD, 95% confidence interval) were calculated. pH values: legume
0.15 ΔpH; strain, 0.16 ΔpH. At each sampling time, superscript letters indicate significant differences within rows,
while lowercase letters indicate significant differences within columns. Initial pH values: beans 6.59, lupins 5.81,
peas 6.98. Negative values represent the unit of pH reduction of fresh extracts after fermentation.

The extension in incubation time from 24 to 48 h increased the average viable cell
count only by 0.53 Δlog cfu mL−1 (as calculated from values reported in Table 4), with
a drop in the pH values from 5.57 ± 0.49 to 4.76 ± 0.19 (Table 5). Results confirmed the
ability of these strains to grow and reduce the pH in fermented legumes, as reported in soy
for L. acidophilus ATCC 4356 [41], and for these three strains in lentil grains [17].

Thus, the fermentation step of the legume-based beverage for these strains was set up
following incubation for 24 h at 37 ◦C, avoiding the increase in the concentration of acids
from sugar fermentation, which could be unpleasant for the consumer.

As far as the bean water extract is concerned, the release of off-odors at the end
of fermentation, probably due to volatile sulfur compounds, prevented its use for the
production of a bean-based fermented beverage. As a consequence, bean water extracts
were not further characterized.

3.3. Evaluation of the Shelf-Life during Cold Storage

Based on previous results, the fermented legume-based beverages were prepared
from lupin and pea water extracts singly fermented for 24 h at 37 ◦C with L. acidophilus
ATCC 4356, Lm. fermentum DSM 20052, and Lc. paracasei DSM 20312.

The microbial viability during 28 days of cold storage of these strains is reported in
Table 6. During 28 days of cold storage, the cell density of all strains reached values close
to 8 log cfu mL−1, remaining stable or, in some cases, increasing by one order of magnitude
in comparison to the beginning of incubation.

Table 6. Cell density (log cfu mL−1) of selected lactobacilli in legume-based beverages during 28 days
of storage at 4 ◦C.

Beverage Days of Storage L. acidophilus ATCC 4356 Lm. fermentum DSM 20052 Lc. paracasei DSM 20312

Lupins

0 7.60 ± 0.06 Bd 7.57 ± 0.07 Be 7.72 ± 0.05 Ac

7 8.40 ± 0.05 Bb 7.71 ± 0.07 Cd 8.63 ± 0.06 Ab

14 8.11 ± 0.04 Cc 8.92 ± 0.06 Aa 8.69 ± 0.04 Bb

21 8.83 ± 0.06 Aa 7.89 ± 0.09 Bc 8.80 ± 0.10 Aa

28 8.77 ± 0.07 Aa 8.30 ± 0.06 Bb 8.86 ± 0.07 Aa

Average values 8.67 ± 0.08 8.36 ± 0.05 8.65 ± 0.06

Peas

0 7.54 ± 0.08 Bd 7.59 ± 0.06 Ac 7.67 ± 0.08 Ac

7 7.87 ± 0.07 Ac 7.76 ± 0.09 Ab 7.66 ± 0.07 Bc

14 8.06 ± 0.06 Ab 7.72 ± 0.13 Bb 7.92 ± 0.04 Bb

21 8.07 ± 0.05 Bb 8.06 ± 0.07 Ba 8.33 ± 0.09 Aa

28 8.55 ± 0.06 Aa 7.54 ± 0.08 Cc 8.39 ± 0.07 Ba

Average values 8.17 ± 0.04 7.76 ± 0.08 8.09 ± 0.08

Two-way ANOVA analysis was applied to estimate the effect of time of cold storage and starter strain on cell
density values. The least significant difference comparison values (LSD, 95% confidence interval) were calculated
for each factor. Lupin beverage: time, 0.12 log cfu g−1; strain, 0.10 log cfu g−1. Pea beverage: time, 0.14 log cfu g−1;
strain, 0.11 log cfu g−1. Superscript letters indicate significant differences within rows, while lowercase letters
indicate significant differences within columns.
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Here, we underline the ability of L. acidophilus ATCC 4356, L. fermentum DSM 20052,
and L. paracasei DSM 20312 to survive and grow in legume-based beverages during cold
storage, at viable loads higher than 7 log cfu mL−1, respecting the minimum value recom-
mended for the daily intake of lactic acid bacteria throughout these products [42].

In particular, L. acidophilus ATCC 4356 and Lc. paracasei DSM 20312 showed a signifi-
cant increase in cell density in both pea and lupin beverages throughout storage, whereas
Lm. fermentum DSM 20052 showed an increase in viable load followed by a decrease in the
late stages of cold storage in both beverages.

Results of this work are in agreement with those of Liao et al. [43], who reported lactic
acid bacteria loads higher than 8 log cfu mL−1 in adzuki bean beverages fermented with
Lactococcus lactis or Lacticaseibacillus rhamnosus GG, and stored for 28 days at 4 ◦C.

Even though the preparation of legume-based water extracts can be carried out follow-
ing different protocols, we can conclude that lactic acid bacteria are able to ferment legume
extracts and survive in these beverages during cold storage, as also demonstrated for the
strains Lacticaseibacillus rhamnosus GR-1 and Streptococcus thermophilus found in cowpea
beverages after 28 days [44].

The two-way ANOVA of both lupin and pea grain beverages showed that the cell
density was significantly affected by the strain and incubation period, as well as their
interaction (p ≤ 0.05). The interaction between the strain and incubation period factors
significantly influenced the microbial cell densities of Lactobacillus strains.

The high viable cell loads of the three LAB strains determined the decrease in pH val-
ues for both the fermented legume-based beverages throughout cold storage. In particular,
the pH decreased from 4.81 to 4.00 in lupin-based beverages fermented with L. acidophilus
and 4.08 to 3.30 in pea-based beverages fermented with Lc. paracasei. Despite the high viable
concentration found for all strains in both fermented beverages during cold storage, no
post-acidification phenomenon was found. This condition is considered useful to preserve
both the microbial viability of probiotic strains in foods and the sensory characteristics of
the fermented product [45–48]. During cold storage, the viable cell load increased by one
log, on average. The growth of these strains during cold storage, probably resulting from
the availability of different types of nutrients [49], was already reported for other lactic acid
bacteria strains in different legume-based products [49,50].

The lactobacilli strains selected in this work, even though isolated from different ma-
trices, were found to be able to grow in the legume-based water extracts and to survive for
one month of cold storage. These results are in agreement with the ability of autochthonous
and allochthonous lactic acid bacteria as starters of vegetable matrices [35,51,52] and their
survival during cold storage.

3.3.1. Proteins and Free Peptides/Amino Acids throughout Cold Storage

Table 7 shows the concentration of total protein in fermented legume-based beverages
throughout 28 days of cold storage.

The amount of total free peptides and amino acids remained almost the same during
cold storage, as shown in Table 8. Thus, it could be assumed that the water-soluble proteins
extracted during the soaking and blending process are a preferential source of organic nitro-
gen and are metabolized by these strains for their survival. A slight decrease in total protein
content during cold storage was found only in beverages inoculated with L. acidophilus
ATCC 4356 and L. paracasei DSM 20312 (Table 7). A limited degree of proteolysis, de-
pending on the strain and fermentation duration, was also reported by Arteaga et al. [53]
in lacto-fermented pea protein isolate. On the contrary, Schlegel et al. [54] found that
Limosilactobacillus reuteri and Lentilactobacillus parabuchneri hydrolyzed medium- and low-
molecular-weight polypeptides from lupin protein isolate. Based on the extraction and
fermentation process here displayed, we speculate that the proteolysis degree of fermented
legume grains is the result of the process of protein extraction, the protein profile of the
matrix, the LAB strain, and the fermentation conditions.
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Table 7. Concentration of total protein (mg mL−1) of fermented beverages and in unfermented water
extracts during 28 days of refrigerated (4 ◦C) storage.

Beverage
Days of Cold

Storage Unfermented Extract
Fermented Beverages

L. acidophilus ATCC 4356 Lm. fermentum DSM 20052 Lc. paracasei DSM 20312

Lupins

0 1.22 ± 0.09 Ab 0.78 ± 0.17 Ba 0.97 ± 0.09 Ba 1.05 ± 0.06 Aa

7 1.58 ± 0.05 Aa 0.60 ± 0.26 Ba 0.78 ± 0.17 Ba 0.66 ± 0.08 Bb

14 1.79 ± 0.05 Aa 0.66 ± 0.37 Ca 0.96 ± 0.23 Ba 0.76 ± 0.10 Bb

21 1.66 ± 0.06 Aa 0.54 ± 0.26 Ca 0.82 ± 0.10 Ba 0.74 ± 0.07 Bb

28 1.27 ± 0.05 Ab 0.34 ± 0.37 Cb 0.73 ± 0.18 Bb 0.51 ± 0.05 Bc

Peas

0 0.26 ± 0.04 Ab 0.05 ± 0.04 Ca 0.06 ± 0.04 Bc 0.12 ± 0.03 Ba

7 0.24 ± 0.04 Ac 0.06 ± 0.04 Ba 0.05 ± 0.05 Bc 0.08 ± 0.02 Ba

14 0.24 ± 0.07 Ac 0.04 ± 0.03 Ba 0.05 ± 0.04 Bc 0.07 ± 0.03 Ba

21 0.35 ± 0.05 Ab nd 0.14 ± 0.05 Bb 0.07 ± 0.04 Ca

28 0.50 ± 0.07 Aa nd 0.25 ± 0.06 Ba 0.07 ± 0.05 Ca

Two-way ANOVA analysis was applied to estimate the effect of time of cold storage and starter strain on total
protein values. The least significant difference comparison values (LSD, 95% confidence interval) were calculated
for each factor. Lupin beverage: time, 0.25 mg mL−1; strain, 0.22 mg mL−1. Pea beverage: time, 0.07 mg mL−1;
strain, 0.06 mg mL−1. Superscript letters indicate significant differences within rows, while lowercase letters
indicate significant differences within columns. nd = not detected.

Table 8. Concentration of free peptides and amino acids (mg mL−1) in fermented beverages and in
unfermented water extracts during 28 days of refrigerated (4 ◦C) storage.

Beverage
Days of

Cold Storage Unfermented Extract
Fermented Beverages

L. acidophilus ATCC 4356 Lm. fermentum DSM 20052 Lc. paracasei DSM 20312

Lupin

0 3.94 ± 0.05 Ba 3.56 ± 0.09 Ba 4.72 ± 0.04 Aa 3.43 ± 0.03 Ba

7 4.31 ± 0.07 Aa 2.82 ± 0.48 Cb 3.65 ± 0.05 Bb 3.00 ± 0.04 Ca

14 4.16 ± 0.14 Aa 2.75 ± 0.65 Bb 3.86 ± 0.07 Ab 2.91 ± 0.07 Ba

21 3.63 ± 0.06 Ab 2.80 ± 0.55 Bb 3.75 ± 0.06 Ab 2.63 ± 0.01 Bb

28 3.39 ± 0.15 Ab 2.52 ± 1.17 Bb 4.51 ± 0.02 Aa 2.85 ± 0.02 Bb

Pea

0 3.26 ± 0.05 Ab 2.26 ± 0.06 Cd 3.22 ± 0.05 Aa 2.76 ± 0.03 Bc

7 3.34 ± 0.04 Ab 2.63 ± 0.04 Bb 2.58 ± 0.09 Bc 2.55 ± 0.08 Bd

14 3.47 ± 0.02 Aa 3.09 ± 0.10 Ba 2.77 ± 0.11 Db 2.95 ± 0.04 Cb

21 3.53 ± 0.06 Aa 2.55 ± 0.05 Dc 2.72 ± 0.05 Cb 3.43 ± 0.03 Ba

28 3.05 ± 0.05 Ac 2.72 ± 0.08 Cb 2.84 ± 0.07 Bb 3.00 ± 0.04 Ab

Two-way ANOVA analysis was applied to estimate the effect of time of cold storage and starter strain on total free
peptide and amino acid values. The least significant difference comparison values (LSD, 95% confidence interval)
were calculated for each factor. Lupin beverage: time, 0.57 mg mL−1; strain, 0.51 mg mL−1. Pea beverage: time,
0.10 mg mL−1; strain, 0.09 mg mL−1. Superscript letters indicate significant differences within rows, while
lowercase letters indicate significant differences within columns.

As already found for total protein content, the concentrations of free peptides and
amino acids were significantly affected by the strain but not by the storage period.

Fermented plant-based foods are often designed as dairy alternatives. However,
often, these foods are claimed to contain lower concentrations of nutrients, mainly
proteins and peptides, than their milk-based counterparts. It is noteworthy that the
concentrations of free peptides and amino acids here reported, and measured by the OPA
method, were always higher that those reported by Bhattacharya et al. [55] for 10 com-
mercial dairy products, including milk, ranging from 60 to 130 mg L−1, as measured by
ion-exchange chromatography.

3.3.2. Free Amino Acids

The concentrations of amino acids released after the fermentation, as well as those
still detectable at the end of cold storage, were quantified by HPLC. Table 9 summarizes
the concentrations of different groups of amino acids, which are individually detailed
in Tables S1 and S2. As already observed for the total concentrations of free peptides
and amino acids, the total amount of free amino acids decreased in all fermented legume
extracts. The highest reduction in the concentration of total free amino acids was observed
in legume grain water extracts fermented with Lm. fermentum DSM 20052 (Table 9). As
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far as the concentration of each amino acid group is concerned, no relevant changes were
observed in essential amino acids and 7-aminobutyric acid. However, pea water extract
fermented with Lm. fermentum DSM 20052 showed a great reduction in essential amino
acids, branched-chain amino acids, and other amino acids (Table 9).

Table 9. Concentrations of free amino acids (expressed in mg L−1) in fermented beverages and
in unfermented water extracts at the beginning (T0) and at the end (T28) of refrigerated (4 ◦C)
storage period.

Beverage Groups of Amino Acids
Unfermented Control

Fermented Beverages

L. acidophilus ATCC 4356 Lm. Fermentum DSM 20052 Lc. paracasei DSM 20312

T0 T28 T0 T28 T0 T28 T0 T28

Lupin

Essential amino acids 1 53.93 48.72 23.80 20.21 16.54 13.05 19.56 17.35
Br. chain amino acids 2 72.48 69.79 16.17 12.84 8.15 6.59 2.11 1.51

Other amino acids 528.43 494.60 404.68 331.77 265.70 203.55 378.34 326.65
7-aminobutyric acid 106.64 105.93 105.27 96.95 101.55 97.55 104.54 102.92

Total amount 761.48 719.04 549.92 461.77 391.94 320.74 504.55 448.43

Pea

Essential amino acids 1 107.83 105.53 108.65 103.06 64.25 50.62 112.22 99.01
Br. chain amino acids 2 106.21 106.49 120.92 101.97 91.66 77.29 121.14 107.48

Other amino acids 753.18 760.11 738.47 710.34 629.57 513.56 756.34 691.66
7-aminobutyric acid 40.37 38.06 45.48 41.15 45.35 39.57 45.90 38.61

Total amount 1007.59 1010.19 1013.52 956.52 830.83 681.04 1035.6 936.76

1, Thr + Met + Phe + Trp; 2, Val + Leu + Ile.

As reported in Tables S1 and S2, cysteine and tyrosine were largely consumed by all
strains, and aspartic acid was reduced preferentially by the Lm. fermentum DSM 20052,
whereas 7-aminobutyric acid remained almost stable in all fermented extracts. In some
cases, the reduction in the total content of free amino acids after fermentation was accom-
panied by an increase in the concentration of certain amino acids. We can speculate that the
increased concentration of some amino acids could be related to the reduction in the total
protein concentration recorded during cold storage, as reported above (Table 7).

Free amino acids in lupin-based beverages decreased on average by 42% after fermen-
tation. Similar results were also reported for yogurt by Germani et al. [56], who observed a
reduction after fermentation of more than 30% in the total amount of free amino acids.

In the case of pea-based beverages, a sharp reduction in the free amino acid concentra-
tion was found only after fermentation with Lm. fermentum DSM 20052. It is interesting
to note that the free amino acid content of fermented pea beverages is in line with that of
cow milk (ca. 450 μmol/L) [57]. It is possible to conclude that, as reported for the total
concentration of free peptides and amino acids (Table 8), the concentration of total free
amino acids decreased after fermentation but remained almost stable during cold storage
(Tables S1 and S2).

At the end of the refrigerated period, the total free amino acid content ranged from
223.19 mg L−1 to 915.37 mg L−1 in lupin-based beverages fermented with Lm. fermentum
DSM 20052 and pea-based ones fermented with L. acidophilus ATCC 4356, respectively
(Tables S1 and S2). The consumption of fermented legume extracts characterized by a
high cell density of probiotic strains and high free amino acid content could improve the
concentration of post-prandial blood amino acids. Indeed, Jägeret et al. [58] found that
pea extract fermented with the probiotic strains Lc. paracasei DSM 20312 and L. acidophilus
ATCC 4356 increased amino acid absorption after pea protein ingestion.

In addition, it is interesting to note that a glass (150 mL) of fermented lupin-based
beverage contains approximately the same amount of 7-aminobutyric acid potentially able
to lower systolic blood pressure as demonstrated in humans consuming 50 g per day of
GABA-enriched cheese [59].

3.3.3. Sensory Properties

The sensory characteristics of the legume-based beverages were evaluated every seven
days during the cold storage period using a simplified check-all-that-apply (CATA) method.
Due to the innovative characteristics of these lab-scale fermented beverages and the absence
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of any similar sensory experience in the untrained panelists, the sensory acceptance of
these beverage was considered the main result to be achieved. Thus, questionnaires were
compiled describing only a single, the main, trait for each macro-descriptor. The simplified
CATA method here applied considered only the acceptability (good/not good) of each
descriptor, resulting in a binary response score.

These scores were then organized in a contingency table, combined, and normalized.
In some cases, the same descriptor (e.g., acid taste) was considered acceptable (score 1) or
not according to the personal preferences of panelists. Here, we considered that scores
higher than 0.7 are representative of a sufficient level of acceptability.

Since there was no information about the sensory descriptors of fermented legume-
based beverages in the literature, the descriptors of the CATA method, belonging to macro-
descriptors “Appearance”, “Odor”, and “Taste”, were freely defined by each panelist and
then compared to each other. Due to the water-like consistency of these beverages, the
“Texture” macro-descriptor, necessary to describe yogurt-like fermented beverages, was
not included.

All descriptors provided by panelists for each fermented beverage are reported in
Supplementary Tables S3 and S4 and are herein summarized in Table 10.

Table 10. Comparison between acceptability scores of macro-sensory descriptors of fermented legume
grain beverages and unfermented water extracts.

Beverage Macro-Descriptors Water Extract
Fermented Beverages

L. acidophilus ATCC 4356 Lm. fermentum DSM 20052 Lc. paracasei DSM 20312

Lupin
Appearance 0.7 0.6 0.6 0.6

Odor 0.8 0.7 0.5 0.7
Taste 0.0 0.6 0.4 0.6

Pea
Appearance 0.4 0.5 0.3 0.5

Odor 0.8 0.8 0.4 0.9
Taste 0.7 0.7 0.7 0.9

The sensory characteristics of the legume-based beverages were largely and specifically
affected by the lactic acid fermentation. In comparison with the unfermented control, lactic
acid fermentation of the lupin water extract moderately affected the three sensory macro-
descriptors, whereas fermentation of the pea water extract was positively affected by the
inoculation of L. acidophilus ATCC 4356 and Lc. paracasei DSM 20312.

Among the three lactobacilli assayed, Lm. fermentum DSM 20052 was the strain
that produced limited or no improvements in acceptability scores for all legume-based
beverages. None of the three lactobacilli were able to produce a significant improvement
in lupin acceptability scores. In this case, the taste was the worst macro-descriptor, since
it was characterized by an unpleasant, bitter, and persistent taste in the innermost area of
the tongue.

This unacceptable sensory characteristic was reduced thanks to lactic acid fermenta-
tion, increasing the taste acceptability from 0 to 0.6. In particular, a milk flavor in samples
fermented with L. acidophilus ATCC 4356, and vegetable notes in samples fermented with
Lm. fermentum DSM 20052 and Lc. paracasei DSM 20312, partially masked the bitterness
(Table S3). Reduced bitterness was recently found in lupin protein isolates fermented with
Latilactobacillus sakei subsp. carnosus [54].

As far as the appearance of legume-based beverages is concerned, lactic acid fermen-
tation did not negatively affect the appearance of legume samples, with lupin samples
characterized by a transparent straw yellow color and with a negligible amount of sediment,
and pea samples characterized by a greenish-yellow color (Tables S3 and S4).

All fermented lupin-based beverages were characterized by a cooked ham odor
(Table S3). Similarly, Schlegel et al. [54] found notes of cooked products (cooked potato,
roasty, and oatmeal) in lupin fermented with lactic acid bacteria. The best result for
the macro-descriptor “Odor” was assigned to pea extracts fermented with Lc. paracasei
DSM20132, which, as a result of fermentation, produced pleasant notes of “green peas”, and
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“fruity”, “floral”, and “fresh-cut grass” notes, resulting in a score of 0.9 (Table S4). These
results agree with El Youssef et al. [60], which found “green flavor/vegetal” and “legumi-
nous plant” as the main descriptors of pea protein fermented with lactic acid bacteria. The
sensory characteristics of the legume-based beverages showed moderate changes under
cold storage, leading to only an increase in odor and taste of acidity (data not shown).

Our results partially agree with other works in which both extracts of lupin and
pea grains were fermented, even though differences in sensory notes described cannot
be correctly compared due to differences in fermenting strains, extraction processes, and
fermentation steps [61,62]. Even though the method applied is less informative than others
based on hedonic scales, it was able to define the level of acceptability of each beverage
and underline which sensory trait needs to be improved in order to increase the average
level of acceptability.

4. Conclusions

This work demonstrates the ability of some strains of lactobacilli to ferment legume
water extracts and to survive during cold storage. This result appears particularly interest-
ing in the case of the probiotic strain L. acidophilus ATCC 4356. The organoleptic profile
of lupin- and pea-based beverages was positively affected by the starter, with the best
results obtained with Lc. paracasei DSM 20312. Independently of the fermenting strain,
high protein and amino acid content was found in lupin-based beverages. In conclusion,
the appropriate combination of fermenting strain and legume grains could lead to the pro-
duction of a legume-based milk substitute containing high concentrations of free peptides
and amino acids. Since highly viable lactic acid bacteria were found after up to 28 days
of cold storage, these beverages could also be a potential carrier of probiotic lactic acid
bacteria. Experiments set up to demonstrate the survival of probiotic microbial cells in the
human gastrointestinal tract could offer information about the potential health benefits of
these beverages. Moreover, further studies will require a more in-depth beverage sensory
characterization in order to improve the preliminary results obtained by the application of
the simplified CATA method here employed.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods11213346/s1, Table S1: Concentration of free aminoacids (expressed
in mg L−1) in lupin grain-based beverages at the beginning (T0) and at the end (T28) of refrigerate
(4 ◦C) storage period. Table S2: Concentration of free aminoacids (expressed in mg L−1) in pea
grain-based beverages at the beginning (T0) and at the end (T28) of refrigerate (4 ◦C) storage period.
Table S3: Results of sensory analysis of lupin-based beverage before and after fermentation, allocated
to macrodescriptors appearance, odour and taste. Table S4: Results of sensory analysis of pea-based
beverage before and after fermentation, allocated to macrodescriptors appearance, odour and taste.
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Abstract: The soy beverage is a healthy product rich in plant protein; however, its unpleasant flavor
affects consumer acceptance. The aim of this study was to determine the feasibility of using Naematelia
aurantialba as a strain for the preparation of fermented soybean beverages (FSB). Increases in Zeta
potential, particle size, and viscosity make soy beverages more stable. We found that nutrient compo-
sition was increased by fermenting N. aurantialba, and the antioxidant activity of soybean beverages
significantly increased after 5 days of fermentation. By reducing the content of beany substances such
as hexanal and increasing the content of 1-octen-3-ol, the aroma of soybean beverages fermented by N.
aurantialba changed from “beany, green, and fatty” to “mushroom and aromatic”. The resulting FSB had
reduced bitterness but considerably increased sourness while maintaining the fresh and sweet taste of
unfermented soybean beverages (UFSB). This study not only provides a theoretical basis for the market
promotion of FSB but also provides a reference for basidiomycetes-fermented beverages.

Keywords: sensory evaluation; hierarchical cluster analyses; volatile organic compounds; GC-MS;
GC-IMS; principal component

1. Introduction

With the recent enhancement of nutritional, healthy, and green dietary ideas, plant
protein drinks are gaining increasing attention, and their development remains of ongoing
interest in the beverage industry [1]. Soybeans are one of the most important sources
of plant proteins due to their high protein and essential amino acid content [2]. The soy
beverages are considered alternatives to milk, especially for individuals allergic to milk
proteins, intolerant of lactose, or on a vegetarian diet [2]. Commercialized beverages should
not only be rich in nutrients but also have a good flavor [3]. However, the beany flavor
of soy beverages is the main factor limiting their acceptance by consumers [1,2,4]. The
compounds causing this beany flavor are mainly decomposition products of soybean lipids
catalyzed by lipoxygenases (LOX) and hydroperoxide lyases [5]. Generally, two methods
are used to reduce the beany flavor of soy beverages [6]. First, LOX knockout soybean
cultivars are used [7]. However, previous research has revealed that removing complete
LOX isozymes from soybeans can have a negative impact on the plant’s defense mecha-
nisms [8]. Second, methods such as temperature control, acid treatment, enzyme treatment,
and supercritical carbon dioxide extraction have been employed to remove flavors from
processing conditions, but the high energy consumption and cost of such methods make
the preparation cost of soybean beverages too high to benefit commercialization [9].
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Fermentation using probiotics or edible fungi is considered an inexpensive and safe
method of improving the nutritional composition and flavor compounds of plant-based
foods and increasing their shelf stability [10–13]. At present, Lactobacillus species, such
as L. plantarum, L. bulgaricus, and L. paracasei, are used to improve the sensory properties
of soymilk and reduce or mask the beany flavor of soybeans [14]. However, the develop-
ment of plant-based soybean beverage varieties, particularly fermentation type microbial
species diversity, will be hindered if only strains of the lactic acid bacteria genus are used
as fermented soybean beverages. As a result, researchers all around the world are seeking
strategies to overcome this constraint by employing alternative probiotics. The products
being developed involve the use of various types of bacteria and fungi, particularly edible
fungi, in the same medicines and foods. Previous studies have found that fermenting
soybean beverages with basidiomycetes has great application potential. Phellinus igniar-
ius and Agrocybe cylindracea not only showed good growth conditions in soy beverages,
but also improved antioxidant properties and inhibited epidermal tumor proliferation in
mice [15]. Ganoderma lucidum was used to ferment soy beverages to improve their health
properties, and Lycoperdon pyriforme was used to adjust their aroma and eliminate the beany
flavor [11–16]. However, there are still some problems facing basidiomycete-fermented
soybean beverages; specifically, most of the currently used strains are mycelia, which
degenerate easily and result in poor quality of the final fermented products.

Naematelia aurantialba, also known as Tremella aurantialba, is an indigenous Chinese edi-
ble and medicinal fungus [17]. Previous research has found that polysaccharides, saponin,
phenolic, and flavonoid compounds in N. aurantialba are responsible for antioxidation, antiin-
flammatory, antitumor, and immunomodulatory effects [18–21]. In the absence of an associate,
N. aurantialba acts as a basidiomycete whose spores multiply in an outgrowth manner and do
not develop into mycelium [22,23]. Our previous study showed that the most favored nitrogen
source for exopolysaccharide production by N. aurantialba NX-20 was soybean protein, which
means that it could not only utilize soybean beverage for growth but also secrete its most active
substance, N. aurantialba polysaccharide (NAPS) [24,25]. While ultra-high molecular weight
NAPS perform multiple biological activities, they also act as a water-soluble pseudoplastic
fluid to increase the stability and viscosity of soybean beverages. Thus, soybean beverages
fermented with NAPS do not require the incorporation of complex and expensive stabiliz-
ers, resulting in reduced production costs. In addition, the flavor of fermented liquor from
N. aurantialba is pleasant and has a high potential for application in the removal or masking of
the beany flavor of fermented soybean beverages [26].

Therefore, in this study, an unfermented soybean beverage (UFSB) was fermented
by N. aurantialba to produce a fermented soybean beverage (FSB). The physicochemical
properties and nutritional components of the soybean beverages were examined, and their
antioxidant capacity was investigated. In addition, HS-GC-IMS and HS-SPME-GC-MS were
utilized to explore the changes in volatile odor in soybean beverages. Finally, the aroma
and taste characteristics of the soybean beverage were evaluated by sensory evaluation and
electronic tongue technology.

2. Materials and Methods

2.1. Preparation of Soy Beverages

To prepare the UFSB from fresh soybeans, the soybeans were washed with distilled
water and soaked for 12 h at 25 ◦C. The beverage was then prepared using a soybean milk
machine at a solid–liquid ratio of 1:5 (mass ratio). It was then filtered through four layers
of cotton gauze and autoclaved at 105 ◦C for 20 min.

To prepare the fermented soy beverage (FSB) from fresh soybeans, the isolated strain,
N. aurantialba NX-20, which had been preserved in the China General Microbiological
Culture Collection Center (CGMCC 18588), was inoculated into the seed medium (potato
dextrose broth) and cultured at 25 ◦C for 3 d. The seed liquid was then transferred to
100 mL of fermentation medium at 10% inoculation and cultured at 25 ◦C for 5 d. The
fermentation medium consisted of 4 g of glucose and 100 mL of UFSB. After fermentation,
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the broth was boiled for 30 min to inactivate the N. aurantialba spore cells, and then the
samples were frozen at −80 ◦C until ready for further analysis. In addition, the spread plate
method was used to detect the quality of microorganisms in unsterilized soy fermented
beverages. The phosphate-buffered saline (PBS) was used to make gradient dilutions of the
fermentation broth. The number of cells was then counted after potato dextrose agar (PDA)
culture (4 d, 5 ◦C). The amount of N. aurantialba in unsterilized soy fermented beverages
was approximately 109 ± 5 × 107 CFU/mL.

2.2. Changes in Physicochemical Properties of Soy Beverages

The particle size and zeta potential of the samples were analyzed using a nanoparticle
potentiometer (NICOMP Z3000, Port Richey, FL, USA) [27]. The test sample was diluted
with de-ionized water (1:12.5) and stirred at 300 rpm for approximately 10 min before
analysis. The average size of the samples was determined based on polarization intensity
difference scattering [27].

The viscosity of the soybean beverage was measured using an Ubbelohde viscometer
(NDJ-8S, Nanjing, China) in a 25 ◦C water bath [28].

A HunterLab UltraScan PRO (Hunter Associate Laboratory Inc., Reston, VA, USA)
colorimeter was used to examine the samples [29]. The samples were placed in optical glass
cells with a fixed route length of 50 mm and a 25 mm aperture for reflectance measurement
(Large Area View—LAV). The average of five readings was used to arrive at the findings.
The CIELab L* (lightness), a* (redness), and b* (yellowness) values are used by the UltraScan
PRO to measure the reflected color of food products.

A digital pH meter (PHS-3, Shanghai INESA Scientific Instrument Co., Ltd., Shanghai,
China) was used to measure the pH.

2.3. Analysis of Nutrients

The total soluble protein in a sample was measured using the Bradford method
according to the manufacturer’s instructions [30].

The total fat in a sample was measured using a Soxhlet apparatus, which is based on
the Soxhlet extractor method [11].

The total sugar content in the sample was determined using the phenol sulfuric acid
method. The reducing sugars were determined using the DNS method. Determination of
glucose concentration was conducted using the SBA-40c biosensor (Biological Institute of
Shandong Academy of Science, Jinan, China) [24].

The amount of total dietary fiber in the sample was determined using the enzymatic
gravimetric method [30].

The total acid content in a sample acid-base titration was determined based on the
enzymatic gravimetric method [30].

Free amino acids in the samples were analyzed using an automated amino acid
analyzer (S-433D, Sykam, Munich, Germany) [31].

The Folin–Ciocalteu method and aluminum chloride were used to determine the total
flavonoid and phenolic contents, respectively; each method was performed according to
the manufacturer’s instructions on the kits (Nanjing JianCheng Bioengineering Institute,
Nanjing, China) [32].

The NAPS content in the samples was determined by HPLC-GPC. Based on the detec-
tion of NAPS by HPLC (Shimadzu 20A, Tokyo, Japan), two OHpak SB-806M HQ columns
(8.0 mm × 300 mm, Shodex, Tokyo, Japan) were used in succession [24]. The mobile phase
consisted of ultrapure water at a flow rate of 1.0 mL/min. Detection was performed using an
evaporative light scattering detector (ELSD, ELSD-16) with a drift tube temperature of 60 ◦C
and ventilation rate of 3.0 L/min. The NAPS content was calculated according to the standard
linear equation formed by different concentrations of NAPS standards [24].
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2.4. Analysis of Antioxidant Capacity

ABTS (2, 2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), DPPH (2,2-Diphenyl-1-
picrylhydrazyl), Fenton, and pyrogallol autoxidation methods were used to analyze ABTS
radical scavenging activity, DPPH radical scavenging activity, scavenging rate of hydroxyl
radical activity, and scavenging rate of superoxide anion radical activity. Each method was
performed according to the manufacturer’s instructions on the kits (Nanjing JianCheng
Bioengineering Institute, Nanjing, China) [33,34].

2.5. Electronic Tongue Measurement

The flavor profiles of the soy beverages were analyzed using a potential electro-
tongue (SA402B; Insent, Tokyo, Japan) [35,36]. The sensor of the e-tongue was first pre-
equilibrated using 0.01 moL·L−1 of sodium chloride, 0.01 moL·L−1 of sodium glutamate,
and 0.01 moL·L−1 hydrochloric acid, prior to detection. The e-tongue had an acquisition
time of 120 s for each part of the sample, one data collection per second, nine acquisition
times for each part of the sample, then 30 s of washing, and the results were given as the
average of three data points.

2.6. Analysis of Volatile Compounds
2.6.1. Headspace Gas Chromatography-Ion Mobility Spectrometry (HS-GC-IMS) Analysis

The volatile organic compounds (VOCs) of the UFSB and FSB were analyzed by HS-
GC-IMS analysis based on FlavourSpec® Flavor analyzers (Gesellschaft für Analytische
Sensorsysteme mbH, Dortmund, Germany) and an Agilent 490 gas chromatograph (Agilent
Technologies, Palo Alto, CA, USA) [37,38]. Approximately 1 g of sample was weighed and
placed in a 20 mL headspace bottle and analyzed by an autosampler after incubation at
60 ◦C for 20 min (injection volume—500 μL, injection needle temperature—85 ◦C). The
GC analytical column was a FS-SE-54-CB-1 capillary column (15 m × 0.53 mm, RESTEK,
Bellefonte, PA, USA). The carrier gas, which was nitrogen, followed a programmed flow
rate: initially the flow rate was 2 mL/min for 2 min, and then it was increased to 10 mL/min
for 8 min, 100 mL/min for 10 min, and finally 150 mL/min for 10 min. The total GC run
time was 30 min. The samples were separated in a column at 60 ◦C and then ionized in an
IMS ionization chamber using a 3H ionization source (300 MBq activity). A 9.8 cm drift tube
with a constant voltage (5 kV at 45 ◦C) and a nitrogen flow of 150 mL/min was used. Each
spectrum was reported as an average of 12 scans. Qualitative and quantitative analyses of
VOCs were performed using the National Institute of Standards and Technology (NIST)
database built into the software, the IMS database, and reference materials [38].

2.6.2. Headspace Solid-Phase Microextraction Gas Chromatography–Mass Spectrometry
(HS-SPME-GC-MS) Analysis

The volatile compounds in the FSB and UFSB samples were determined by HS-SPME-
GC-MS [39]. One gram of the sample was transferred to a 20 mL headspace bottle (Agilent,
Palo Alto, CA, USA) containing a saturated solution of NaCl to inhibit any enzyme reactions.
The vials were sealed using crimp-top caps with a TFE-silicone headspace septa (Agilent).
During the SPME analysis, each vial was placed at 60 ◦C for 10 min, and then a 65 μm
divinylbenzene/carboxen/polydimethylsiloxane fiber (Supelco, Bellefonte, PA, USA) was
exposed to the headspace of the sample for 20 min at 60 ◦C. After sampling, desorption of
the VOCs from the fiber coating was carried out in the injection port of the GC apparatus
(Model 7890 B; Agilent) at 250 ◦C for 5 min in splitless mode. The identification and
quantification of VOCs was carried out using an Agilent Model 7890B GC and a 7000D
mass spectrometer (Agilent), equipped with a 30 m × 0.25 mm × 1.0 μm DB-5MS (5%
phenyl-polymethylsiloxane) capillary column. Helium was used as the carrier gas at a
linear velocity of 1.0 mL/min. The temperatures of the injector and detector were kept at
250 and 280 ◦C, respectively. The oven temperature was set to 40 ◦C (5 min) and increased
at 6 ◦C/min to 280 ◦C, and maintained for 5 min. Mass spectra were recorded in the electron
impact ionization mode at 70 eV. The temperatures of the quadrupole mass detector, ion

112



Foods 2022, 11, 272

source, and transfer line were set to 150, 230, and 280 ◦C, respectively. Mass measurements
were taken at 1 s intervals. Spectra were scanned in the range of m/z 30–350 amu [40].

The identification of volatile compounds was achieved by comparing the mass spectra
with the data system library and linear retention index. The flavor description of volatile
compounds was determined using the volatile compounds in food (VCF) database (https:
//www.vcf-online.nl/VcfHome.cfm, accessed on 10 July 2021), a good subject company
information system (http://www.thegoodscentscompany.com/index.html, accessed on 10
July 2021), and references [11,41].

2.7. Analysis of Relative Odor Activity Value

The relative odor activity value (ROAV) was calculated using the following equation

ROAV ≈ 100 × Csample

Cstandard
× Tstandard

Tsample
(1)

where Csample and Tsample represented each volatile component’s relative content and odor
threshold, respectively. Cstandard and Tstandard represented the relative contents and odor
thresholds, respectively, of the constituents that contributed most to the total odor in
the sample [41].

2.8. Sensory Evaluation

The odors of the unfermented and fermented samples, including sour, mushroom, aro-
matic, fatty, green, and beany flavors, were evaluated by 20 experienced, trained assessors
(10 males and 10 females). The intensity of each category was recorded based on a 7-point
system, with 1 being low intensity and 7 being high intensity [41].

2.9. Statistical Analysis

All the experiments were performed using at least three independent samples. The
SPSS software (version 19.0; SPSS Inc., Chicago, IL, USA) was used for statistical analysis
and the results are expressed as the mean ± SD. The metabolites were characterized by
analyzing mass spectra using the software Qualitative Analysis Workflow B.08.00. One-way
analysis of variance and the least significant difference test were used, and the significance
level is 0.05 (α = 0.05).

In addition, for GC-IMS analysis, the laboratory analytical viewer was used to visualize
the analyzed spectra, where each point referred to a VOCs that could be quantitatively
analyzed by establishing a standard curve and reporter plugin for direct comparison of
spectral differences between samples (two-dimensional top view and three-dimensional
spectra). The gallery plot plugin was used to perform the comparison of fingerprinting
patterns between samples.

Principal component (PCA) and hierarchical cluster analyses were performed using the
statistical function prcomp within the R package (version 4.2, www.r-project.org, accessed
on 1 July 2021) [42].

The sensory analysis was carried out on three parallel samples for each variable, and
the data was expressed as mean value ± standard error.

3. Results and Discussion

3.1. Physicochemical Properties and Nutrient Composition of the Soybean Beverage
3.1.1. Analysis of Physicochemical Properties of the Soybean Beverage

The physical and chemical properties of UFSB and FSB are shown in Table 1. The mean
particle sizes of UFSB and FSB were 198 nm and 926 nm, respectively. The increased particle
sizes of FSB might be because fermentation produced NAPS with molecular weights of
up to 2924.6 kDa, or because some proteins produced by fermentation were denatured
during sterilization [43]. Furthermore, the Zeta potentials of UFSB and FSB were −12.41
and −32.54 mv, respectively. The term “Zeta potential” is widely used to indicate the
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degree of electrostatic repulsion between adjacent, similarly charged, colloidal particles in
suspension, with higher surface charges enhancing electrostatic repulsion between droplets
and overcoming van der Waals’ forces and hydrophobic attractions [44]. The absolute
Zeta potential value increased in FSB, indicating that after N. aurantialba fermentation, the
stability of the soy beverage increased [44]. Pectin, chitosan, carboxymethyl cellulose, and
other polysaccharides are commonly employed as stabilizers and thickeners to alter the
zeta potential, average particle size, and viscosity of drinks to improve their stability, and
NAPS may have a similar function [45,46]. The NAPS is an anionic polysaccharide and
the polysaccharide protein complex generated by it binds with proteins, increasing the
electrostatic and steric repulsion forces between the soybean beverage droplets and, thereby,
increasing the viscosity [24]. To test the latter hypothesis, we compared the viscosities of
both soybean beverages and found that the viscosities of FSB and UFSB were 804 mPa·s
and 3.4 mPa·s, respectively. This indicated that NAPS indeed increased the viscosity of the
soybean beverages following fermentation. Such an increase in viscosity might improve
beverage stability but may be distasteful to consumers [47]. Taking this into consideration,
FSB in the market can be diluted using purified water. The color values and appearances of
both beverages are shown in Table 1. The a*-value (red/green) and b*-value (blue/yellow)
of the color measurement were statistically significant, but not the lightness of L*. This
meant that the UFSB had gotten redder and bluer than the FSB. However, the hue shift
was hardly noticeable to the naked eye, and all beverages appeared “milk white, faint
yellow.” The pH of FSB and UFSB was 4 and 6, respectively. This indicates that the soybean
beverage fermented with N. aurantialba generated more acidic chemicals, resulting in an
acidic taste due to increased glucuronic acid synthesis. Lactic acid bacteria-fermented milk
with a pH of around 4 is available on the market [48].

Table 1. Physicochemical parameters and nutritional ingredients of the unfermented and fermented
soy beverages with N. aurantialba.

Parameter FSB UFSB

particle size distribution (nm) D50 926 ± 32 A 198 ± 20 B

Zeta potential (mv) −32.5 ± 2.10 A −12.4 ± 2.40 B

pH 4.00 ± 0.03 A 6.50 ± 0.02 B

appearance milk white, faint yellow milk white, faint yellow
viscosity (mPa·s) 804 ± 5.6 A 3.40 ± 0.5 B

L*a*b color space L* 78.5 ± 0.58 A 77.6 ± 1.05 A

a* −1.41 ± 0.02 A −1.21 ± 0.13 B

b* 8.32 ± 0.09 A 7.13 ± 0.09 B

protein (g/kg) 17.0 ± 1.3 A 28.0 ± 1.5 B

fatty acid (g/kg) 20.0 ± 0.43 A 21.2 ± 6.4 A

total sugar (g/L) 13.1 ± 0.21 A 2.94 ± 0.18 B

reducing sugar (g/L) 4.28 ± 0.41 A 1.03 ± 0.28 B

glucose (g/L) 3.12 ± 0.12 A 0.17 ± 0.05 B

dietary fiber (%) 4.20 ± 0.50 A 4.60 ± 0.80 A

total acid (g/kg) 5.40 ± 0.06 A 3.40 ± 0.04 B

total amino acids (μg/mL) 32.8 ± 0.008 A 32.0 ± 0.011 B

total polyphenol (mg/L) 2313 ± 6.48 A 1285 ± 8.24 B

total flavonoid (mg/L) 1080 ± 3.59 A 603 ± 2.65 B

NAPS (g/L) 8.68 ± 0.12 A 0 B

Each value is expressed as mean ± SD (n = 3); means with different capital letters within a row indicate significant
differences (p < 0.05); L* value represents the lightness of the sample, and a* value and b* value indicate the
redness and yellowness, respectively.

3.1.2. Analysis of Soy Beverage Nutrient Composition

The levels of protein, fatty acid, total sugar, reducing sugar, dietary fiber, total acid,
moisture, ash content, total amino acids, total polyphenols, total flavonoids, and NAPS
in the FSB and UFSB are shown in Table 1. The protein content of FSB (17.0 ± 1.3 g/kg)
was lower than that of UFSB (28.0 ± 1.5 g/kg), respectively. It may be that the proteins
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in the soybean beverage were used by N. aurantialba as a nitrogen source for the fungi’s
growth, which might explain the higher levels of total free amino acids in FSB than in
UFSB. No significant differences in the levels of fatty acids or dietary fiber were observed
before or after fermentation, which is consistent with previous studies using L. pyriforme
to develop fermented soybean beverages [11]. The total free amino acid content and
composition of the soybean beverage after fermentation by N. aurantialba increased. The
essential amino acid levels of FSB increased by 47.4% compared to that of UFSB, along
with the production of cysteine and proline, which were absent from UFSB, implying
that fermentation of soybean beverages by N. aurantialba increased the amino acid levels
(Table S1). According to Yang et al., the higher content of free amino acids produced in
fermented soymilk is due to the high activity of proteolytic enzymes in Grifola frondosa,
which could be used to digest soybean proteins, suggesting that N. aurantialba may also
contain high proteolytic enzyme activity that could be used to digest soybean proteins [31].
In addition, the increased levels of free amino acids meant that soy beverages were more
easily absorbed after fermentation [1].

Reducing sugar and total sugar concentrations were compared between the two
fermented beverages, and the levels of total and reducing sugar concentrations in the FSB
were significantly higher than in the UFSB. The changes in reducing sugars were mainly
due to the exogenous addition of glucose at 40 g/L for fungal growth. The increase in total
sugar levels was mainly due to N. aurantialba metabolism, which utilized a large amount of
glucose as a matrix to generate 8.68 g/L of NAPS (Table 1 and Figure S1). Because of their
unique health properties, polysaccharides are frequently used to improve the health value
of beverages [49]. In Caenorhabditis elegans, a beverage rich in polysaccharides of Cyclocarya
paliurus can protect against oxidative stress and reduce fat deposition without affecting
critical physiological activities [50]. Furthermore, frequent ingestion of yogurt containing
hallabong peel polysaccharide boosts natural killer NK cell capacity while decreasing
proinflammatory cytokine levels [51]. As a result, after N. aurantialba fermentation, the
bioactivity of soy drinks may increase.

The content of total acid is also one of the important factors in evaluating the composi-
tion of beverages. The total acid level in the soy beverage was 0.54 g/kg after fermentation,
which showed an increase of 37% compared with its unfermented counterparts; this in-
dicated the decreased pH of the FSB. This means that the FSB had the characteristics of a
“sour” lactic acid bacteria beverage. Lactic acid bacteria beverages tend to all have a lower
pH due to the large amount of lactic acid produced by fermentation [40]. Furthermore,
Ganoderma lucidum fermentation reduced the pH of pumpkin juice from 7 to 4, giving the
drink a sour flavor [52].

In addition, the reason that N. aurantialba presented acidity might be because of the
production of uronic acid as well as other organic acids by bacteriophage metabolism.

Phenolic compounds and flavonoids, such as rutin, catechin, and naringin, are widely
found in raw materials from plants, microbial, and other sources, and are known to
have important antioxidant activities, so we examined the contents of total polyphenols
and flavonoids in UFSB and FSB [32]. In FSB and UFSB, total polyphenol content was
2313.3 mg/L and 1285.5 mg/L, respectively. Additionally, the total flavonoid content in
FSB and UFSB was 1040.2 mg/L and 603.44 mg/L, respectively. Thus, the total antioxidant
content of FSB was higher than that of UFSB, which means that FSB has potential as a
functional food. Because phenolics are the major antioxidant components in mushrooms,
and their contents can be used to evaluate the antioxidant capacity of beverages to some
extent, it is important to detect the presence of phenolics in FSB. Islam et al. found that
the content of polyphenols and flavonoids in N. aurantialba was 0.80 mg GAE/g and
0.13 mg GAE/g, respectively [53]. The kinds of phenolics might include homogenous acid,
protocatechuic acid, and p-hydroxybenzoic acid, for example, and the findings could be
evaluated using LC-MS due to the non-specificity of the Folin–Ciocalteu reagent [21].
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3.2. Antioxidant Capacity of Soy Beverages

Antioxidant capacity is an important indicator often used to assess whether fermented
beverages have health care value [54]. Figure 1 displays the antioxidant capacity of FSB. As
no single method can be used to describe the overall antioxidant capacity of a sample, four
antioxidant detection techniques were used to examine the antioxidant capacities of FSB
and UFSB: ABTS radical scavenging, DPPH radical scavenging, OH radical scavenging,
and superoxide anion radical scavenging. The ABTS radical scavenging capacity of FSB
was 81.4%, while that of UFSB was 42.8%; it increased in FSB by 90.1%. The DPPH radical
scavenging capacity of FSB was 94.75%, while that of UFSB was 50.88%. It increased
in FSB by 86.22%. The hydroxyl radical scavenging capacity of FSB was 70.35%, while
that of UFSB was 20.35%; after fermentation, this value increased by 71.07%. FSB had a
90.22% superoxide anion radical scavenging capacity, whereas for UFSB it was 30.28%;
thus, fermentation increased it 2.31-fold. The free radical scavenging capacity and total
antioxidant capacity of FSB were significantly higher than those of UFSB, possibly because
the total polyphenol and flavonoid levels, which exhibited antioxidant activity, of FSB were
1.8 and 1.7 times higher than those of UFSB, respectively. In addition, NAPS, a natural
macromolecular polysaccharide, also has a certain antioxidant capacity [17,55]. Based on
the antioxidant analysis, it was not surprising that the antioxidant activity of soybean
beverage fermented by N. aurantialba increased significantly. These differences may be
attributed to the reaction rate of free radical sources to polysaccharides, total phenols and
flavonoids, and other active substances in FSB. Therefore, FSB with effective antioxidant
capacity may be an effective health drink for humans.

Figure 1. Antioxidant capacity of soy beverage with N. aurantialba.

3.3. Volatile Fingerprints of Soybean Beverage by HS-GC-IMS

HS-GC-IMS was used to investigate flavor profiles in the soybean beverages before
and after fermentation, and the data is presented as 3D visualized topography (Figure 2A)
and 2D top view plots (Figure 2B). The results showed that there were large differences in
signal properties and intensities between FSB and UFSB. The first two principal components
accounted for 96% and 2% of the total variance, respectively (Figure 2C). In addition, the
PCA results showed that FSB and UFSB occupied relatively independent spaces in the
profiles, implying that their flavor profiles were quite different. To gain more insight
into the specific types of compounds identified, the volatile fingerprints of FSB were
successfully established (Figure 2D). From the volatile fingerprint, we obtained a color, and
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a darker color indicated a higher intensity. In addition, some single compounds with high
concentrations or proton affinities produced more than one signal, corresponding to dimers
and trimers, which were retained at similar times but migrated at different times [56]. The
volatile fingerprint information indicated that 69 typical aromas were tentatively identified
in the FSB, with some components exhibiting two peaks corresponding to monomeric and
dimeric forms, and the dimers being eluted after the monomers. The compounds in region
a′ of Figure 2D, including 2-pentylfuran, 1-hexanol, (E)-2-hexenal, hexanal, pentanal, and
ethyl acetate, were abundant in the UFSB sample. In contrast, the signal intensities of
volatile compounds in region b′ consisting of 1-octen-3-ol, 3-octanone, 1-octen-3-one (M),
and 1-octen-3-one (D), significantly increased after fermentation.

The peak intensities and relative contents of VOCs in the soy beverages are shown
in Table 2 and Table S2. These compounds were classified into six categories, including
12 alcohols, 26 aldehydes, 3 esters, 11 ketones, 1 furan, and 15 unidentified compounds.
Hexanal, regarded as one of the most important contributors to the beany flavor of soybean,
decreased significantly in both peak intensity and relative content after fermentation [9].
In addition, other substances that were also regarded as the main sources of the beany
flavor, such as (E)-2-hexenal, pentanal, 2-pentylfuran, 1-hexanol, and other compounds,
also showed a significant decrease in signal intensity. To date, little data is available on the
mechanism by which basidiomycetes degrade or adsorb beany flavor compounds such
as hexanal, hexanol, and (E)-2-hexenal [57]. Based on studies on using Bifidobacterium to
ferment soymilk, it can be speculated that the key enzymes needed to oxidize aldehydes to
acids seem to be aldehyde dehydrogenase and aldehyde dehydrogenase [58].

In addition, the generation of more volatile compounds during fermentation may
enhance some positive aroma properties in soy beverages, thereby eliminating or masking
the beany flavor of soybeans [6,12,59]. Because of their low odor threshold and strong odor
properties, aldehydes were the most detected compounds and important contributors to
the aroma of FSB [60]. Substances such as pentanal (fruit, berry), benzeneacetaldehyde
(green, sweet, cocoa), and (E)-2-pentenal (green, fruity) showed a greater increase in
signal intensities in soy beverages after fermentation. Two compounds, pentanal and
benzeneacetaldehyde, which are considered to be two pleasant odors of the fruiting body
of Tricholoma matsutake, are mainly produced by the oxidation of polyunsaturated fatty
acid double bonds [37,61]. Ketones are generated by polyunsaturated fatty acid oxidation,
the Maillard reaction, amino acid degradation, or microbial oxidation [62]. The signal
intensities of 1-octen-3-one (D), 1-octen-3-one (M), and 3-octanone in FSB increased by 8.67-,
3.71-, and 1.26-fold, respectively, compared with those of UFSB. Moreover, in addition to
the large increases in signal intensities of 1-octen-3-one and 3-octanone with the mushroom
odor, significant increases in the signal intensities of 2-pentanone, 2-butanone, 2-heptanone
(M), 2-heptanone (D), 2,3-butanedione, and acetone with a fruity odor were also observed.
Compared with corresponding ketones and aldehydes, the threshold of alcohols is higher
and can be divided into saturated and unsaturated alcohols. Unsaturated alcohols have
low thresholds and distinctive odors [37]. Among the alcohols that should be noted is
1-octen-3-ol, which is known as the mushroom alcohol and T. matsutake alcohol and is
considered to be one of the major substances responsible for the flavor of mushrooms [37,61].
Fermented soy beverages had a 2.78-fold increase in 1-octen-3-ol compared to UFSB. In
addition, the signal intensities of some substances with an alcoholic flavor, such as 2-methyl-
1-propanol, 1-pentanol, 3-methyl-1-butanol (M), and 3-methyl-1-butanol (D), were also
significantly increased, but it was speculated that they had limited influence on the overall
flavor because of their higher odor thresholds.

It must be emphasized that a series of eight carbon compounds are key contributors to
the mushroom flavor, including (E)-2-octenal, 1-octen-3-one, 1-octen-3-ol, and 3-octanone
(Table 2 and Table S2). These substances are considered typical volatile compounds in
edible mushrooms and are major contributors to the unique flavor of mushrooms, probably
produced by the metabolism of fatty acids by edible mushrooms [63]. This means that FSB
is highly likely to have a pleasant mushroom aroma.
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3.4. Volatile Fingerprints of Soybean Beverage by HS-SPME-GC-MS

To further evaluate the effects of N. aurantialba fermentation on the flavor of soybean
beverages, HS-SPME-GC-MS was used to analyze the VOCs in the samples. Similar to
the HS-GC-IMS results, the number and area of VOCs peaks changed with fermentation,
indicating that fermentation altered VOCs formation and, consequently, the flavor of the
soy beverage (Figure 3A). As shown in Figure 3B, the results of PCA showed that the
first two principal components accounted for 48.49% and 22.8% of the total variance, and
FSB and UFSB occupied relatively independent spaces in the profiles, which was similar
to the results of GC-IMS, further illustrating that the flavor substances in the samples
were different.

Figure 2. The volatile organic compounds analysis in soy beverage by HS-GC-IMS. (A) 3D-
topographic features of samples, (B) 2D-topographic top view plot of samples (a): normal top view
plot, (b): 2D-topographic top view plot deduction), (C) PCA score of samples, and (D) fingerprint
spectra of samples.
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Table 2. Identification of the volatile compounds in fermented soy beverage by HS-GC-IMS.

Count Compounds RI
Rt
(s)

Dt
(a.u.)

Odor Description

Relative
Amount (%)

UFSB FSB

Aldehydes
1 2,4-Decadienal 1285 1352 1.42 fatty green 1.20 ± 0.011 A 1.03 ± 0.054 B

2 (E)-2-Decenal (M) 1233 1148 1.48 fatty, fish, hay 0.520 ± 0.052 A 0.530 ± 0.025 A

3 (E)-2-Nonenal (D) 1147 879 1.41 fatty green 0.280 ± 0.052 A 0.330 ± 0.030 A

4 n-Nonanal (M) 1106 772 1.48 rose fresh fruity 2.33 ± 0.080 A 1.76 ± 0.057 B

5 n-Nonanal (D) 1106 772 1.94 0.310 ± 0.035 A 0.280 ± 0.016 A

6 (E)-2-Octenal (M) 1072 695 1.34 fatty green 2.85 ± 0.430 A 4.44 ± 0.239 B

7 (E)-2-Octenal (D) 1072 694 1.81 0.480 ± 0.023 A 1.93 ± 0.205 B

8 (E, E)-2,4-heptadienal (M) 1036 621 1.19 fatty green 0.620 ± 0.036 A 1.06 ± 0.095 B

9 (E, E)-2,4-heptadienal (D) 1035 619 1.61 0.090 ± 0.002 A 0.370 ± 0.032 B

10 2,4-Heptadienal 1019 590 1.20 green fruity 0.330 ± 0.092 A 0.380 ± 0.124 A

11 Octanal (M) 1015 581 1.42 green fatty 1.20 ± 0.044 A 1.77 ± 0.029 B

12 Octanal (D) 1014 580 1.82 0.210 ± 0.021 A 0.650 ± 0.037 B

18 (E)-2-Heptenal (M) 964 485 1.26 green fatty 3.59 ± 0.245 A 4.37 ± 0.068 B

19 (E)-2-Heptenal (D) 964 484 1.66 2.34 ± 0.088 A 9.72 ± 0.031 B

20 Benzaldehyde 981 518 1.15 bitter almond, sweet
cherry 0.900 ± 0.159 A 0.650 ± 0.128 A

21 Heptanal (M) 905 387 1.36 fatty green 1.45 ± 0.118 A 1.33 ± 0.020 B

22 Heptanal (D) 904 385 1.69 0.580 ± 0.023 A 1.27 ± 0.035 B

27 (E)-2-hexenal (M) 858 325 1.18 green fatty 3.55 ± 0.057 A 1.59 ± 0.037 B

28 (E)-2-hexenal (D) 855 322 1.51 3.58 ± 0.217 A 2.88 ± 0.062 B

29 2-Furfural (M) 833 298 1.09 sweet woody almond 0.260 ± 0.028 A 0.260 ± 0.100 A

30 2-Furfural (D) 831 295 1.33 0.040 ± 0.0003 A 0.130 ± 0.035 B

31 hexanal 796 260 1.55 green fatty 17.3 ± 0.708 A 7.38 ± 0.039 B

32 (E)-2-pentenal 756 224 1.36 green fruity 1.27 ± 0.095 A 1.05 ± 0.002 B

33 pentanal (M) 699 180 1.19 fruity berry 1.49 ± 0.074 A 0.620 ± 0.030 B

34 pentanal (D) 701 182 1.43 0.730 ± 0.02 A 1.70 ± 0.109 B

38 butanal 605 135 1.29 pungent cocoa green 0.890 ± 0.039 A 0.900 ± 0.021 A

54 benzeneacetaldehyde 1071 693 1.26 green sweet cocoa 0.230 ± 0.004 A 0.260 ± 0.018 A

13 1-Octen-3-ol 998 552 1.16 mushroom 2.06 ± 0.072 A 3.48 ± 0.082 B

25 1-hexanol (M) 886 359 1.32 fruity alcoholic sweet
green 2.55 ± 0.032 A 0.500 ± 0.065 B

26 1-hexanol (D) 884 357 1.64 0.600 ± 0.094 A 0.080 ± 0.016 B

35 2-Methyl-1-propanol 632 146 1.37 ethereal winey cortex 0.250 ± 0.012 A 5.49 ± 0.124 B

40 ethanol (M) 483 94.5 1.05 strong alcoholic 10.5 ± 0.367 A 5.51 ± 0.062 B

41 ethanol (D) 486 95.2 1.14 1.99 ± 0.251 A 1.74 ± 0.080 A

50 1-butanol (M) 668 163 1.17 sweet balsam whiskey 0.430 ± 0.042 A 1.10 ± 0.023 B

51 1-butanol (D) 667 162 1.39 0.040 ± 0.004 A 1.53 ± 0.017 B

52 3-Methyl-1-butanol (M) 744 214 1.24 alcoholic fruity 1.35 ± 0.059 A 0.990 ± 0.030 B

53 3-Methyl-1-butanol (D) 745 215 1.50 0.410 ± 0.023 A 7.70 ± 0.062 B

43 1-penten-3-ol 692 175 1.34 fruity green 0.450 ± 0.007 A 0.900 ± 0.004 B

44 1-Pentanol 777 243 1.51 sweet balsam 0.650 ± 0.044 A 0.660 ± 0.011 A

14 2-Pentylfuran 999 553 1.25 green beany vegetable 5.28 ± 0.040 A 1.09 ± 0.132 B

15 3-Octanone 993 543 1.31 sweet mushroom 0.170 ± 0.020 A 0.200 ± 0.002 A

16 1-Octen-3-one (M) 987 531 1.27 mushroom 0.150 ± 0.007 A 0.370 ± 0.040 B

17 1-Octen-3-one (D) 986 528 1.68 0.120 ± 0.076 A 0.590 ± 0.050 B

23 2-heptanone (M) 895 372 1.26 fruity sweet 0.750 ± 0.017 A 0.910 ± 0.008 B

24 2-heptanone (D) 896 373 1.63 1.14 ± 0.106 A 1.79 ± 0.037 B

39 2-Butanone 592 130 1.24 fruity 0.200 ± 0.042 A 0.330 ± 0.014 B

42 Acetone 512 103 1.13 apple pear 7.75 ± 0.893 A 5.01 ± 0.168 B

43 1-penten-3-one 689 173 1.08 pungent peppery onion 0.250 ± 0.039 A 0.100 ± 0.003 B

47 2,3-butanedione 591 130 1.17 sweet creamy 0.210 ± 0.049 A 0.270 ± 0.008 A

48 2-pentanone (M) 687 172 1.12 sweet fruity 0.080 ± 0.006 A 0.110 ± 0.001 B

49 2-pentanone (D) 691 175 1.36 0.480 ± 0.002 A 0.820 ± 0.011 B

36 ethyl acetate (M) 606 136 1.10 fruity sweet green 3.20 ± 0.154 A 0.770 ± 0.022 B

37 ethyl acetate (D) 612 138 1.33 5.60 ± 0.213 A 3.02 ± 0.054 B

45 ethyl propanoate 710 188 1.15 sweet fruity 0.120 ± 0.014 A 0.050 ± 0.021 B

Note: Rt: Represents the retention time in the capillary GC column; RI: represents the retention index calculated
using n-ketones C4–C9 as external standard on FS-SE-54-CB-1 column; each value is expressed as mean ± SD
(n = 3); “(M)”, Monomer; “(D)”, Dime; for Relative amount: means with different capital letters within a row
indicate significant differences (p < 0.05); relative amount, the percentage of each compound peak intensity to
total peak intensity of all compounds.
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Figure 3. The volatile organic compounds analysis in soy beverage by HS-SPME-GC-MS. (A) GC-MS
total ion current chromatograms of (a) the unfermented soy beverage and (b) the fermented soy
beverage with N. aurantialba, (B) PCA score of samples, (C) heat map visualization of samples.

In UFSB and FSB, ten classes 49 and ten classes 54 recognized volatile chemicals were
found, including heterocyclic compounds, aromatics, alkanes, alkenes, alcohols, aldehydes,
ester ketones, and terpenoids (Table 3 and Table S3, Figure 3C). The most detected com-
pounds were heterocycles, and the peak areas of the four heterocycles, including oxetane,
3-(1-methylethyl)-, thiophene, 2-pentyl-, thiophene, 2-hexyl-, 1-pentanone, and 1-(2-furanyl)-,
increased significantly. All compounds, except for oxetane, 3-(1-methylethyl), which had
no odor description, were Maillard reaction-derived compounds with an odor description
of “fruity, sweet.” Researchers have found that these substances are characteristic aromas in
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meats such as pork, beef, and lamb, and may also be responsible for the meat flavor of some
mushrooms [64]. Interestingly, thiophene, 2-pentyl-, was a derivative of cysteine, which was
produced from a soy beverage after fermentation by N. aurantialba (Table S1).

Table 3. Identification of the volatile compounds in fermented soy beverage by HS-SPME-GC-MS.

No. RT Compounds RI NIST_RI
Odor
Description

Peak Intensity

UFSB FSB

Heterocyclic compound

1 3.06 Oxetane,
3-(1-methylethyl)- 718.12 664 - ND 1,621,445 ± 196,936

10 8.96 2-pentylfuran 987.89 993 green
earthy beany 6,498,125 ± 534,065 a 712,224 ± 128,211 b

14 10.8 (E)-2-(1-pentenyl)-furan 1051.11 1048 roasted 186,144 ± 31,660 a 125,155 ± 7559 b

22 13.5 Thiophene, 2-pentyl- 1143.43 1090 fruit, sweet ND 628,882 ± 20,192

26 14.78 Thiophene, 2-hexyl- 1187.4 1277 floral
fruity gassy ND 251,010 ± 32,886

36 17.91 1-Pentanone,
1-(2-furanyl)- 1299.53 1176 sweet

caramel 184,692 ± 27,820 a 557,517 ± 87,545 b

Alcohol

8 8.67 1-Octen-3-ol 977.65 982 mushroom 984,538 ± 121,842 a 3,477,799 ± 1,627,475 b

Aldehyde

7 8.11 Benzaldehyde 957.34 960
bitter
almond,
sweet cherry

1,346,850 ± 149,896 a 16,021,725 ± 803,440 b

11 9.58 (E, E)-2,4-heptadienal 1009.64 1011 fatty green 458,123 ± 83,423 a 292,071 ± 65,426 b

15 10.95 2-octenal 1056.04 1060 fatty green
herbal 510,065 ± 53,147 a 150,411 ± 12,114 b

24 14.01 Benzaldehyde, 4-ethyl- 1160.8 1171 bitter almond 316,945 ± 43,024 a 72,065 ± 1910 b

39 18.34 2,4-Decadienal, (E,E)- 1315.79 1317 fatty green 1,186,788 ± 64,214 a 57,711 ± 9133 b

Ester

27 14.85 Methyl salicylate 1189.63 1234 wintergreen
mint 134,718 ± 47,046 a 80,900 ± 8110 b

28 15 Octanoic acid, ethyl
ester 1194.8 1198 sweet fruity 4,720,782 ± 406,796 a 7,761,488 ± 1,037,991 b

40 19.39 2(3H)-Furanone,
dihydro-5-pentyl- 1355.43 1366

coconut
creamy
sweet buttery

120,699 ± 23,131 a 5,154,713 ± 83,079 b

Note: Each value is expressed as mean ± SD (n = 3); for peak intensity: means with different lowercase letters
within a row indicate significant differences (p < 0.05); ND, not detected; “-”, not described.

The peak areas of the two furan heterocycles, 2-pentylfuran and (E)-2-(1-pentenyl)-
furan, decreased significantly, and they were one of the browning reaction’s volatiles
(Tables 3 and S3). However, their flavor was described as “green and fatty.” A decrease in
their levels may improve the beany flavor of the soybean beverage. Under the action of
microorganisms, benzaldehyde, a compound produced by the degradation of phenylala-
nine under the action of microorganisms, showed increased levels following fermentation,
which was consistent with the results of the GC-IMS [65]. In addition, the levels of various
VOCs, such as (E, E)-2,4-heptadienal, 2-octenal, and 4-ethyl-benzaldehyde, significantly
decreased, possibly contributing to the reduction in the herbaceous and green aroma of soy
beverages caused by excessive amounts of such compounds.
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In mushroom-fermented beverages, 1-octen-3-ol increased 2.5-fold as the primary rep-
resentative of alcoholic aroma substances, which is compatible with the GC-IMS findings.
The signal intensities of these esters (2 (3H)-furanone, dihydro-5-pentyl, octanoic acid, ethyl
ester, and methyl salicylate) were substantially greater in FSB than in UFSB, showing that
N. aurantialba contributes to the improved fragrance intensity and complexity of the
soybean beverages.

3.5. Analysis of the Relative Odor Activity Values

To evaluate the contribution of different compounds to the odor of soy beverages, the
ROAV was determined and calculated to assess the overall odor levels (Table 4).

From GC-IMS analysis, the main volatile flavor compounds in the control group were
octanal, 1-octen-3-one, (E)-2-nonenal, 2,4-decadienal, hexanal, 1-octen-3-ol, 2-pentylfuran,
and a (E)-2-octenal), whereas those in the FSB group were 1-octen-3-one (mutagen), and
others were octanal, (E)-2-nonenal, in that order, compounds such as 2,4-decadienal, and
1-octen-3-ol. After fermentation, the ROAV values of the beany flavor substances, mainly
aldehydes, such as hexanal, octanal, 2,4-decadiena, and (E)-2-nonenal, decreased by 80%,
20%, 60%, and 40%, respectively.

From the GC-MS analysis, the main volatile flavor components of the control group
were in the order of compounds such as (E, E)-2,4-decadienal (fatty, green), 2-pentylfuran
(green), and 2-octenal (fatty, green). After 5 d of fermentation, the FSB group had a total
of eight VOCs with high ROAV (ROAV > 1), including 1-octen-3-ol, (E, E)-2,4-decadienal,
2-octenal, 2 (3H)-furanone, dihydro-5-pentyl-, octanoic acid, ethyl ester, and 2-pentylfuran.
The study by Aschemann Witzel et al. similarly demonstrated the degradation of green
VOCs, such as 2,4-decadienal, in soybean beverages fermented using basidiomycetes to
improve the flavor of soybean beverages. However, the mechanism of (E, E)-2,4-decadienal
degradation by basidiomycetes is yet to be fully understood [11]. In addition, the strongest
contributor to the typical aroma of FSB fermented by B. piriformis was 1-octen-3-one,
which is similar to our findings that 1-octen-3-one provided a pleasant characteristic odor
following fermentation by basidiomycetes [11].

Thus, although the detection sensitivity and VOCs were distinguishable between
GC-IMS and GC-MS, the results of these two methods collectively indicated, to some extent,
that the beany flavor substances of soybean beverages decreased after fermentation, and
that the mushroom, fruity, and sweet aromas dominated.

Table 4. Relative odor activity values (ROAV) and odor description of volatile compounds of
soy beverage.

CAS. Compounds
Odor Thresholds

(mg/kg)

ROAV

Odor DescriptionGC-IMS GC-MS

UFSB FSB UFSB FSB

100-52-7 Benzaldehyde 0.3 <1 <1 - - bitter almond,
sweet cherry

110-62-3 Pentanal 0.012 1.0 <1 - - fruity berry

111-71-7 Heptanal 0.01 1.2 <1 - - fatty green

122-78-1 Benzeneacetaldehyde 0.004 <1 <1 - - green sweet cocoa

123-72-8 Butanal 0.00526 1.4 <1 - - pungent cocoa green

124-13-0 Octanal 0.0001 100.0 75.4 - - green fatty

124-19-6 n-Nonanal 0.0035 5.5 2.2 - - rose fresh fruity

1576-87-0 (E)-2-Pentenal 0.98 <1 <1 - - green fruity

18829-55-5 (E)-2-Heptenal 0.013 2.3 1.4 - - green fatty

18829-56-6 (E)-2-Nonenal 0.000065 35.9 21.9 - - fatty green
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Table 4. Cont.

CAS. Compounds
Odor Thresholds

(mg/kg)

ROAV

Odor DescriptionGC-IMS GC-MS

UFSB FSB UFSB FSB

2363-88-4 2,4-Decadienal 0.0003 33.3 14.7 - - fatty green

2363-89-5 2-octenal 0.0002 - - 6.4 32.6 fatty green herbal

4313-03-5 (E, E)-2,4-heptadienal 0.0154 <1 <1 <1 <1 fatty green

4748-78-1 Benzaldehyde, 4-ethyl- 0.12323 - - <1 <1 bitter almond

5910-85-0 2,4-Heptadienal 0.15 <1 <1 - - green fruity

66-25-1 Hexanal 0.0045 31.9 7.0 - - green fatty

6728-26-3 (E)-2-Hexenal 0.04 <1 <1 - - green fatty

3913-81-3 (E)-2-Decenal 0.25 <1 <1 - - fatty, fish, hay

25152-84-5 2,4-Decadienal, (E,E)- 0.000027 - - 100.0 84.9 fatty green

2548-87-0 (E)-2-Octenal 0.004 5.9 4.7 - - fatty green

1998/1/1 2-Furfural 9.562 <1 <1 - - sweet woody almond

104-61-0 2(3H)-Furanone,
dihydro-5-pentyl- 0.0097 - - <1 23.4 coconut creamy

sweet buttery

105-37-3 Ethyl propanoate 0.01 <1 <1 - - sweet fruity

106-32-1 Octanoic acid,
ethyl ester 0.0193 - - <1 17.6 sweet fruity

119-36-8 Methyl salicylate 0.04 - - <1 <1 wintergreen mint

104-62-1 Formic acid,
2-phenylethyl ester 0.27 - - <1 <1 rose green hyacinth

watercress herbal

141-78-6 Ethyl acetate 7.5 <1 <1 - - fruity sweet green

106-68-3 3-Octanone 0.0214 <1 <1 - - sweet mushroom

107-87-9 2-Pentanone 153 <1 <1 - - sweet fruity

110-43-0 2-Heptanone 0.14 <1 <1 - - fruity sweet

1629-58-9 1-Penten-3-one 0.0013 1.6 <1 - - pungent peppery onion

431-03-8 2,3-Butanedione 0.001 1.7 1.1 - - sweet creamy

4312-99-6 1-Octen-3-one(M) 0.000016 78.1 100 - - mushroom

67-64-1 Acetone 100 <1 <1 - - apple pear

78-93-3 2-Butanone 35.4002 <1 <1 - - fruity

111-27-3 1-Hexanol 0.2 <1 <1 <1 <1 fruity alcoholic
sweet green

123-51-3 3-Methyl-1-butanol 0.22 <1 <1 - - alcoholic fruity

3391-86-4 1-Octen-3-ol 0.0015 11.4 9.9 <1 100 mushroom

515-00-4
Bicyclo[3.1.1]hept-2-

ene-2-methanol,
6,6-dimethyl-

0.007 - - <1 <1 woody green

616-25-1 1-Penten-3-ol 0.3581 <1 <1 - - fruity green

626-93-7 2-Hexanol 6.7 - - <1 <1 fruity sweet green

64-17-5 Ethanol 2900 <1 <1 - - strong alcoholic

71-36-3 1-Butanol 0.5 <1 <1 - - sweet balsam whiskey

71-41-0 1-Pentanol 0.3581 <1 <1 - - sweet balsam

78-83-1 2-Methyl-1-propanol 8 <1 <1 - - ethereal winey cortex

3777-69-3 2-Pentylfuran 0.0058 7.6 <1 2.8 5.5 green beany vegetable

“-”, not detected.
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3.6. Analysis of the Relative Odor Activity Values

To evaluate the contribution of different compounds to the odor of soy beverages, the
ROAV was determined and calculated to assess the overall odor levels.

From GC-IMS analysis, the main volatile flavor compounds in the control group were
octanal, 1-octen-3-one, (E)-2-nonenal, 2,4-decadienal, hexanal, 1-octen-3-ol, 2-pentylfuran,
a(E)-2-octenal, whereas those in the FSB group were 1-octen-3-one (mutagen), and others
were octanal, (E)-2-nonenal, in that order, and compounds such as 2,4-decadienal and
1-octen-3-ol. After fermentation, the ROAV values of the beany flavor substances, mainly
aldehydes, such as hexanal, octanal, 2,4-decadiena, and (E)-2-nonenal, decreased by 80%,
20%, 60%, and 40%, respectively.

From the GC-MS analysis, the main volatile flavor components of the control group
were in the order of compounds such as (E, E)-2,4-decadienal (fatty, green), 2-pentylfuran
(green), and 2-octenal (fatty, green). After 5 d of fermentation, the FSB group had a total
of eight VOCs with high ROAV (ROAV > 1), including 1-octen-3-ol, (E, E)-2,4-decadienal,
2-octenal, 2 (3H)-furanone, dihydro-5-pentyl -, octanoic acid, ethyl ester, and 2-pentylfuran.
The study by Aschemann Witzel et al. similarly demonstrated the degradation of green
VOCs, such as 2,4-decadienal, in soybean beverages fermented using basidiomycetes to
improve the flavor of soybean beverages [11]. However, the mechanism of (E, E)-2,4-
decadienal degradation by basidiomycetes is yet to be fully understood. In addition, the
strongest contributor to the typical aroma of FSB fermented by B. piriformis was 1-octen-3-
one, which is similar to our findings that 1-octen-3-one provided a pleasant characteristic
odor following fermentation by basidiomycetes [11].

Thus, although the detection sensitivity and VOCs were distinguishable between
GC-IMS and GC-MS, the results of these two methods collectively indicated, to some extent,
that the beany flavor substances of soybean beverages decreased after fermentation, and
that the mushroom, fruity, and sweet aromas dominated.

3.7. Sensory Property of Soy Beverages

To evaluate the flavor of FSB, we ran sensory analyses. The results of the two samples
are shown in Figure 4A. Sensory evaluation showed that the characteristic odor of UFSB
was beany, green, and fatty. The characteristic flavors of FSB were mushroom and aromatic.
This is consistent with the results of the ROAV analysis. In addition, the FSB similarly
exhibited an acidic note, which consisted of the low pH of the FSB. Overall, FSB had a
softer, consumer-satisfying odor.

Figure 4. Radar chart of FSB and UFSB. (A) Sensory property of soy beverages, (B) electronic tongue
measurement of soy beverages.
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3.8. Electronic Tongue Measurement

A radar plot is shown in Figure 4B, showing the results of our investigations into
the compounds contributing to the umami, bitter, astringent, tangy, sour, and salty notes
in soy beverages. It is evident from the figure that there were significant differences
between the two groups of samples, with a large rise in sourness, a small decrease in both
bitter and bitter echoes, a smaller rise in sweet and astringency, and a slight decrease in
umami and richness in FSB compared to UFSB. It is known that fermentation decreases the
bitter taste of soy beverages but increases sourness while maintaining the fresh and sweet
taste of natural soybean. Thus, FSB has potential in terms of its success in the fermented
soybean beverage industry. The higher levels of glucose in the FSB could have masked the
bitterness [66]. In future research, we would like to investigate whether we can optimize the
glucose supply for initial fermentation such that the strain utilizes all of the glucose, thus
resolving the issue where the difference in glucose levels in the sample influences sensory
evaluation. Microbial fermentation has been reported to alter the taste of beverages to some
extent [12,59]. For example, lactic acid bacteria are used to ferment ginkgo juice; acetic
acid bacteria are used to ferment kombucha tea; yeasts are used to ferment juices such as
pomegranate, apple, and strawberry juices, changing their flavor profiles [67–69]. Despite
the fact that basidiomycete-fermented beverages have not been substantially explored,
Zhao et al. found that following G. lucidum fermentation, the flavor of pumpkin juice
transforms from a disagreeable “stewing” to a pleasant “fruity and flowery” note [52].
In general, changes in the flavor profiles of microbial-fermented beverages are closely
associated with the metabolites of the strains themselves. For example, L. plantarum was
used to ferment Z. jujuba juice, and the resulting juice was mainly characterized by acidic
notes with decreased bitter and astringent notes due to the production of large amounts of
lactic acid, aromatic compounds, and sulfur organics when metabolized [70].

4. Conclusions

In this study, we investigated the feasibility of fermented soybean beverages to enrich
the diversity of plant-based products. FSB was prepared from soybean as a raw material,
using N. aurantialba as a species. Soy beverages become more stable because of the increase
in Zeta potential, particle size, and viscosity. The nutrient composition was increased by the
fermentation of N. aurantialba. The antioxidant activity of soybean beverages significantly
increased after 5 d of fermentation. By reducing the content of beany substances such as hex-
anal and increasing the content of 1-octen-3-ol, the aroma of soybean beverage fermented
by N. aurantialba changed from “beany, green, fatty” to “mushroom and aromatic”. FSB
not only reduces bitterness but also greatly increases sourness while maintaining the fresh
and sweet taste of UFSB. The results of this study indicate that the soy beverage fermented
by N. aurantialba could not only improve the health characteristics of soy beverages but
also reduce the beany taste of soy beverages, which means that it has the potential to be
marketed. However, the degradation pathways of N. aurantialba for these beany-flavored
substances should be investigated in future studies using isotope labeling experiments. In
addition, multi-omics technologies such as transcriptomics, metabolomics, and proteomics
can be used to uncover the underlying causes of how N. aurantialba fermentation impacts
volatile chemicals in soymilk and to better understand the VOCs changing mechanism.
More research into these elements will help the development of basidiomycete fermentation
technologies in the food industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390//foods11030272/s1, Figure S1: The HPLC-GPC spectrum of
soybean beverage, Table S1: Free amino acid of the unfermented and fermented soy beverages with
N. aurantialba, Table S2: Volatile compounds identified in samples by HS-GC-IMS, Table S3: Volatile
compounds identified in samples by HS-SPME-GC-MS.
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Abstract: During the last few years, consumer demand has been increasingly oriented to fermented
foods with functional properties. This work proposed to use selected non-conventional yeasts (NCY)
Lachancea thermotolerans and Kazachstania unispora in pure and mixed fermentation to produce craft
beer fortified with hydrolyzed red lentils (HRL). For this, fermentation trials using pils wort (PW)
and pils wort added with HRL (PWL) were carried out. HRL in pils wort improved the fermentation
kinetics both in mixed and pure fermentations without negatively affecting the main analytical
characters. The addition of HRL determined a generalized increase in amino acids concentration
in PW. L. thermotolerans and K. unispora affected the amino acid profile of beers (with and without
adding HRL). The analysis of by-products and volatile compounds in PW trials revealed a significant
increase of some higher alcohols with L. thermotolerans and ethyl butyrate with K. unispora. In PWL,
the two NCY showed a different behavior: an increment of ethyl acetate (K. unispora) and β-phenyl
ethanol (L. thermotolerans). Sensory analysis showed that the presence of HRL characterized all beers,
increasing the perception of the fruity aroma in both pure and mixed fermentation.

Keywords: beer; non-conventional yeasts; lentil; functional beer

1. Introduction

Nowadays, the growing interest in the craft beer market leads to a constant search for
advanced processes, newly selected microorganisms, and raw materials leading to alter-
native products. Indeed, craft beers, often including “specialty beers”, have experienced
exponential growth over the last two decades, primarily driven by premiumization and
consumers’ willingness to seek new, intimate, and unique drinking experiences [1,2].

Although there are various options for obtaining different sensory profiles in craft
beers (using special malts or adjuncts, hop varieties, water quality, etc.), the choice of yeast
strains for wort fermentation and beer conditioning is crucial [3]. Indeed, most aroma-
active compound production is strictly linked to the yeast strain that characterizes the beer
in its style and final taste [4,5].

Although several yeast strains are commercially accessible, the availability of new
starter strains remains an essential differentiating factor among craft beers produced in
different microbreweries. Recently, as well as for enology, the brewing sector is growing
the attention towards selected non-Saccharomyces yeasts for their possibility to confer
unique aromas to the final product. This aspect has relevance considering craft beer as
an unpasteurized, unfiltered, and re-fermented in-bottle beverage [6]. Specialty beers are
products obtained following the classic style process with the addition of fruits, herbs and
spices, various flavorings (e.g., liquorice, smoke, hot pepper), and alternative fermentable
substrates (e.g., honey, maple syrup, molasses) [7]. Generally, specialty beers are all for
beer styles which do not fit elsewhere. Low-calorie, low-alcohol or non-alcohol, novel-
flavored, gluten-free, and functional beers are specialty beers of particular interest [8].

Foods 2022, 11, 2787. https://doi.org/10.3390//foods11182787 https://www.mdpi.com/journal/foods
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In addition, beer contains some health-promoting substances with positive impacts on
the body, including minerals, vitamins, polyphenols, fiber, and relatively low levels of
ethanol. Thus, beer can serve as a promising basis for developing a wide variety of
functional beverages.

Functional beers are products obtained by adding beneficial health value, intended
either as functional ingredients or functional fermenting yeasts [9]. An absolute novelty
is represented by probiotic beer among the functional beers, obtained by incorporating
probiotic microorganisms. Craft beer, an unpasteurized and unfiltered product, is poten-
tially a vehicle for delivering probiotics. Chemical or biological acidification via Lactobacilli
and bifidobacterial fermentation secure the microbial stability of the final beer. However,
excessive levels of acetic acid could be produced if Bifidobacteria are incorporated.

Moreover, because viability is crucial for the efficacy of probiotics, attention must
be paid to the sensitivity of probiotics to hop bitter acids, which can inhibit the survival
of Gram-positive lactic acid bacteria [10,11]. Probiotics are not only bacteria; indeed,
Saccharomyces cerevisiae var. boulardii is a probiotic yeast strain. Detailed information on
the properties of probiotic yeast strains has been previously reported [12,13]. It will be
of interest to explore these strains for specialty beer brewing. A novel unfiltered and
unpasteurized probiotic beer could be produced by fermenting the wort with a probiotic
strain of S. cerevisiae.

Studies have shown that foods and drinks with live probiotics are more effective in
providing health effects than products containing inactive probiotics. Craft beer with live
yeasts can be considered a new tool for beneficial health effects [14–16].

Another strategy to obtain functional beer could be to combine functional or probiotic
yeasts with functional ingredients. Between them, a promising ingredient could be legumes
such as chickpeas, lentils, and soy as an important source of protein for human nutrition.
Legume products are essential in our daily diet to lead a healthy life [17,18]. From a
nutritional point of view, legumes are of particular interest for the human diet as they are
rich in fiber [19] and proteins: albumin and globulins are the dominant proteins present
in legume seeds, with about 70% of legume proteins is produced by globulins [20,21].
Legumes also contain significant amounts of vitamins and other micronutrients. In this
regard, the lentil (Lens culinaris) is a grain legume that represents an important protein
source (25–30%). In Italy, lentils of Colfiorito and Castelluccio are an excellent product [22].
The goal of functional craft beer could be reached using wort enriched with hydrolyzed
protein and fiber sources and by using probiotic yeasts [23].

In this scenario, the purpose of this study is to use non-conventional wild yeasts
(NCY) to produce functional craft beer with reduced alcohol content. The selected NCY
Lachancea thermotolerans and Kazachstania unispora were previously tested for their probiotic
properties and subjected to safety assessment studies [24]. Fermentation trials were carried
out using wort added with hydrolyzed red lentils (HRL) as a source of additional proteins
and selected NCY in pure co-culture processes. The growth evolution, wort affinity, and
viability during and after storage of selected NCY and the analytical, aromatic, and sensorial
profile of functional beers were evaluated.

2. Materials and Methods

2.1. Yeast Strains

Three strains used in this study belong to the species Lthermotolerans (B13), K.unispora
(M3-B3) and S. cerevisiae (2PV) coming from different un-anthropized environments and
spontaneously processed foods. These strains were isolated, identified and characterized
as probiotic and/or functional strains and tested in wort fermentation trials [23,24]. All of
the yeast strains were maintained at 4 ◦C for short-term storage in YPD agar (yeast extract
10 g/L, peptone 20 g/L, dextrose 20 g/L, (agar 18 g/L) (Oxoid, Basingstoke, UK) and in
YPD broth supplemented with 80% (w/v) glycerol at −80 ◦C, for long-term storage.
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2.2. Fermentation Trials

L. thermotolerans and K. unispora were selected and used in pure and mixed fermenta-
tions with S. cerevisiae. In mixed fermentations S. cerevisiae/NYC yeast ratios were: 1:20
(L. thermotolerans), and 1:50 (K. unispora). The fermentation trials were carried out in 500-mL
flasks containing 500 mL of wort at 20 ± 1 ◦C locked with a Müller hydraulic valve. The
flasks were inoculated with 72 h pre-cultures grown in 10% malt extract at 20 ± 1 ◦C. The
fermentation kinetics were monitored by measuring the weight loss of the flasks due to the
CO2 evolved until the end of the fermentation (i.e., constant weight for 3 consecutive days).
The fermentations were carried out in triplicate trials under static conditions.

2.3. Pils Wort and Lentil Wort Preparation

The trials were conducted in two worts: pils wort (PW) and pils wort added with
HRL (PWL). PW comes from a batch of 1500 L of malted barley wort to produce Pilsner
beer with the following main analytical characters: pH 5.4, specific gravity 12.2 ◦Plato,
and 20 IBU. Two set of fermentation trials were conducted to evaluate the fermentation
potential of yeast strains. First, PWL was prepared using pils wort and HRL. HRL was
prepared using a mixture of lentil flour (70%) and water with the addition of α-amylase
Hitempase STXL Kerry Group (Tralee, Ireland); and proteolytic enzyme Bioprotease P1
from Kerry Group (Tralee, Ireland). The washing procedures were conducted following the
protocol reported by Canonico et al. [23] (1 h, from 45 ◦C to 75 ◦C) After that the substrate
was boiled and centrifuged, obtaining the resulting wort that was added at 20% to PW.

2.4. By-Products and Volatile Compounds

(Glucose, sucrose, maltose were determined using specific enzymatic kits (kit k-masug)
Megazyme, Wicklow, Ireland), while the protein content in final beers was measured using
Lowry method. [25]. Direct injection of final beers prepared following Canonico et al. [26]
procedure into a gas chromatography system (GC-2014; Shimadzu, Kjoto, Japan) was
used to quantify acetaldehyde ethyl acetate, n-propanol, isobutanol, amyl and isoamyl
alcohols. The main volatile compounds were determined by solid-phase microextrac-
tion (HS-SPME) method using a fiber Divinylbenzene/Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS) (Sigma-Aldrich, St. Louis, MO, USA). The compounds were des-
orbed by inserting the fiber into gas chromatograph GC (GC-2014; Shimadzu, Kjoto,
Japan) identified and quantified by comparisons with external calibration curves for
each compound [26].

2.5. Sensory Analysis

The secondary fermentation was carried out in 330 mL bottles with the addition
of 5.5 g/L of sucrose at 18–20 ◦C for 7–10 days. After bottle re-fermentation, the beers
were stored at 4 ◦C and underwent sensory analysis using a scale from 1 to 10 [27] based
on a list of descriptors related to both the aromatic notes (e.g., floral, fruity, toasty) and
the main structural features (e.g., sweet, acidity, flavor, astringency, bitterness, olfactory
persistence). A group of 10 trained testers carried this out. The data were elaborated with
statistical analyses to obtained information about the contribution on each descriptor on
the organoleptic quality of beer. Informed consent was obtained from all subjects involved
in the study of sensory analysis.

2.6. Yeast Vitality Assay after 3 Months of Bottling

The vitality of the strains after 3 months of bottling was carried out using viable cell
counts on WL Nutrient Agar (Oxoid, Hampshire, UK) and Lysine Agar (Oxoid, Hampshire,
UK) for the differentiation of NCY yeast from S. cerevisiae strain.

2.7. Nutritional Values Amino Acid Composition of Final Beers

Determination of moisture and dry matter in food for human use by gravimetry was
determined by Method/Document acronym: ISTISAN 1996/34 Met B; Method/Document
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title: Calculation of Carbohydrates and Energy Value in food for human use was determined
by Method/Document acronym: MP 0297 rev 6 2018; Method/Document acronym: Deter-
mination of amino acids in food, fertilizers and soil improvers by ion chromatography was
determined by Method/Document title: MP 1471 rev 6 202; Method/Document title: Deter-
mination of ash/crude ash in food for human and zootechnical use by gravimetry was deter-
mined by Method/Document acronym: MP 2271 rev 0 2018; Method/Document title: De-
termination of total fat substances in food for human use by gravimetry (method with acid
hydrolysis) was determined by Method/Document acronym: ISTISAN 1996/34 Met A.

2.8. Statistical Analysis

Analysis of variance (ANOVA) was applied to the experimental data for the main
analytical character of the beers. The significant differences were determined using Duncan
tests, and the results were considered significant if the associated p values were <0.05.
Principal component analysis (PCA) was applied to discriminate between the means of the
contents of volatile compounds. The statistical software package JMP 11 ® was used for
statistical analysis.

3. Results

3.1. Fermentation Kinetics

Figure 1 shows the fermentation kinetics of S. cerevisiae, K. unispora, and L. thermotol-
erans strains in pure and in mixed fermentation (S. cerevisiae/K. unispora and S. cerevisiae/
L. thermotolerans), in both PW (Figure 1a) and PWL (Figure 1b).

K. unispora and L. thermotolerans in pure fermentation showed slower fermentation
kinetics than S. cerevisiae pure culture, both in their respective mixed fermentations and
in both worts tested together. As expected, S. cerevisiae pure culture showed the highest
fermentation kinetics compared to the other fermentation trials, with the maximum loss
of CO2 within the first 3–4 days of fermentation in both PW and PWL worts. However,
mixed fermentation (in both worts) and the presence of lentil (PWL)-enhanced fermentation
kinetics of K. unispora and L. thermotolerans pure fermentations.

(a) 

Figure 1. Cont.
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(b) 

Figure 1. Fermentation kinetics of the pure and mixed fermentations in (a) PW and (b) PWL.
Pure culture of S. cerevisiae ( ); L. thermotolerans ( ), and K. unispora ( ), and mixed
fermentation of S. cerevisiae/L. thermotolerans ( ) and S. cerevisiae/K. unispora ( ).

3.2. Main Analytical Characteristics

The data of the main analytical characters of the beers obtained at the end of the
primary fermentation on PW and PWL are reported Table 1.

Glucose and sucrose were completely consumed in all fermentation trials, while
only S. cerevisiae trials did not show residual maltose in both PW and PWL. Pure and
mixed NCY fermentation trials showed residual maltose. This residue was similar in all
PW fermentation trials (12–13 g/L), while K. unispora pure fermentation showed higher
residual maltose (30 g/L), indicating a lower fermentation activity. In PWL a general
enhancement of maltose consumption in NCY fermentation trials was shown. The ethanol
content was generally lower with NCY in pure and mixed fermentations, even if this
reduction is significant only in a few cases. No significant difference between the final beer
was shown regarding the other analytical character.

Regarding the amino acid profile (Table 2), the final beer on PW exhibited a significant
increase in aspartic acid and phenylalanine content with K. unispora, in both pure and
mixed fermentations.

Still, in PW L. thermotolerans pure fermentation exhibited a significant increase in glu-
tamic acid, lysine, and asparagine content. The other amino acids did not show significant
differences among the trials tested. As expected, the final beers with lentil (PWL) exhibited
a higher content in all amino acids tested compared to PW. Among the trials carried out
in PWL, L. thermotolerans pure and mixed fermentations exhibited a general significant
reduction in amino acid content (except for phenylalanine, methionine, and ornithine),
while K. unispora (pure and mixed fermentations) exhibited a similar amino acid content
with the S. cerevisiae pure culture.

To assess the influence of L. thermotolerans and K. unispora on both wort trials, the data
were elaborated by principal component analysis (PCA) (Figure 2).
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(a) 

 
(b) 

Figure 2. Principal component analysis of amino acid content of final beers. (a) Pils wort (PW): the
variance explained by principal component analysis (PCA) analysis is PC 1 55.8% X-axis and PC 2
18.7% Y-axis. (b) Pils wort + lentil (PWL): the variance explained by principal component analysis
(PCA) analysis is PC 1 88.4% X-axis and PC 2 10.3% Y-axis.

The trials carried out on PW (Figure 2a), K. unispora pure culture and mixed fermenta-
tions grouped in the lower right quadrant showed that K. unispora characterized the final
amino acid content in mixed culture. Different behavior was exhibited by L. thermotolerans
that in pure culture was in the right upper quadrant, in mixed (L. thermotolerans/S. cerevisiae)
in the lower left quadrant, while S. cerevisiae pure culture was in an intermediate position
highlighting a different effect of this yeast on the final amino acid content of the beer. The
distribution of the trials carried out on PWL (Figure 2b) showed a more homogeneous
distribution among pure and mixed fermentations. Indeed, K. unispora pure and mixed
fermentations were in the right upper quadrant, L. thermotolerans pure and mixed trials on
the line that separates the two left quadrants and S. cerevisiae in the lower right quadrant.
These data indicated that K. unispora and L. thermotolerans affected the beer’s final amino
acid composition compared with S. cerevisiae.

3.3. By-Products and Volatile Profiles

The data for the main by-products and the volatile compounds in PW and PWL
are reported in Table 3. The results of PW trials indicated that L. thermotolerans and K.
unispora in mixed fermentation increased some aroma compounds compared to pure
culture. L. thermotolerans/S. cerevisiae significantly increased the n-propanol, isobutanol,
and amylic alcohol, while K. unispora/S. cerevisiae significantly increased ethyl butyrate in
comparison with the other trials.
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A different trend was shown in PWL, where the K. unispora pure culture increased
ethyl acetate, while isobutanol and isoamyl acetate were comparable to that exhibited
by K. unispora/S. cerevisiae, and L. thermotolerans/S. cerevisiae, respectively. Moreover,
L. thermotolerans/S. cerevisiae led to a significant increase in β-phenyl ethanol compared
to the other trials. L. thermotolerans showed a significant enhancement of acetaldehyde
content, while S. cerevisiae was characterized by ethyl butyrate, ethyl acetate, and amylic
and isoamylic alcohol.

To assess the overall effects of yeast strains, modalities of inoculum, and different worts
used, the data of the by-products, volatile compounds were analyzed by PCA (Figure 3).

Figure 3. Principal component analysis for the main by-products and volatile compounds of craft beer
obtained by different yeast strains in PW and PWL. The variance explained by principal component
analysis (PCA) analysis is PC 1 49.7% X-axis and PC 2 22.9% Y-axis.

The graphic representation of PCA of the fermentation products responsible for beer’s
aroma showed a clear separation of beers obtained by two different worts. The PW
trials were in the upper left quadrant while PWL trials were in the lower right quadrant,
showing a less homogeneous distribution. Indeed, the fermentation with S. cerevisiae pure
culture was in the upper right quadrant. The two non-Saccharomyces in pure and mixed
fermentations were in the opposite quadrant (lower right quadrant). Furthermore, PCA
analysis showed a separation between pure and mixed culture, highlighting an effect of
non-Saccharomyces strains and their inoculation modality on the volatile composition of
beer. In PWL NCY (pure and mixed fermentations) strongly characterized the aromatic
profile resulting in more distance in the graphical distribution by S. cerevisiae.

3.4. Vitality Assay after 3 Months

The vitality assay of all strain tested (data not shown) showed a good vitality after
3 months of bottling, exhibiting a viable cell count c.a ≥ 6.5 log CFU/mL in both substrates
and compared with the initial inoculum (c.a. 6 log CFU/mL). This is a promising result
since the vitality after storage is very closed to that fixed for probiotic bacteria claim.

3.5. Sensorial Analysis

The beers obtained by pure and mixed fermentations on PW and PWL underwent
sensory analysis, and the results are reported in Figure 4.

All beers analyzed showed differences for their main aromatic notes. The fermentation
carried out with K. unispora pure fermentation on PW (Figure 4a) showed a significant
difference in the perception of alcoholic solvent, malt note, sweetness and persistence.
This last feature was also significantly emphasized in S. cerevisiae pure culture, which
also exhibited a perception of the descriptor “other sulfide”. L. thermotolerans showed
malty and fruity/citric notes. Overall, all the beers are characterized by distinctive and
characterizing notes.
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(a) 

(b) 

Figure 4. Sensory analysis of the beer produced by pure and mixed fermentation on pils wort (a) and
pils wort added lentil (b). Pure culture of S. cerevisiae ( ), L. thermotolerans ( ) and K. unispora
( ), and mixed fermentation of S. cerevisiae/L. thermotolerans ( ) and S. cerevisiae/K. unispora
( ). * significantly different (Fisher ANOVA; p-value 0.05). DMS, Dimethyl sulphide. Score 0:
absence of the descriptor analyzed.

Regarding beer brewed with PWL (Figure 4b), in L. thermotolerans pure cultures the
presence of lentils increased the perception of fruity esters, fruity/citric, astringency, and
acidity. Additionally, K. unispora/S. cerevisiae emphasized the fruity/citric notes. Moreover,
all fermentations exhibited persistence, and in all single fermentations, an increase in DMS
was observed
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4. Discussion

In recent years, the attention of researchers has been focused not only on the exploita-
tion of new raw materials to obtain a distinctive beer but also on the potential health
benefits for consumers [28]. Indeed, beer is rich in bioactive compounds coming from tradi-
tional ingredients (barley, hop, and yeast) but also from special ingredients such as spices,
cereal, herbs, fruits, and legumes, which can affect the nutritional composition of the final
product [23,29]. Although the health benefits of fermented beverages are well established in
the scientific field, this is not equally perceived in public opinion. Nevertheless, the positive
impact of yeast on consumer health can be related to several aspects: providing a source
of probiotic microbes; providing prebiotic metabolites through the secondary metabolism
of compounds derived from the grain, hops, or other ingredients; and the production of
antimicrobial compounds [30,31].

In this work, selected yeasts with functional aptitude [23,24] were evaluated in pure
and mixed culture on PW and PWL added with HRL. The goal of craft beer with functional
properties and strengthen the sensory profile was obtained through a double strategy: on
the one hand to provide for the increase in vegetable protein and on the other for the use of
probiotic fermenting yeasts.

As expected, the addition 20% of HRL determined an enhancement of total protein
concentration of craft beer supporting the recent trend of consumers demanding protein-
enriched foods. Moreover, the hydrolysis process enriches the wort with essential amino
acids that contribute to improving the nutritional profile of the final product. On the
other hand, this addition increased the fermentation performance of yeasts both in pure
and mix cultures, highlighting the possible use of this substrate in the brewing process to
improve the overall fermentation process confirming previous preliminary findings [24].
Furthermore, changes in the concentrations of amino acids in the fortified wort, influenc-
ing the nitrogen metabolism, led to a greater availability of amino acids determining an
enhancement of the fermentation activity, specifically of L. thermotolerans and K. unispora
strains. In this regard, Krasnikova et al. [32] found an enhancement of enzymatic activity
in S. cerevisiae due to the supplementation of wort with nitrogen sources from lentils.

The addition of HRL showed a limited increase in maltose concentration with a conse-
quent increase in ethanol content. Over the last decade, plant-based beverages have gained
popularity amongst aware consumers seeking alternative and environmentally sustain-
able options to traditional drinks. Recently, Nawaz et al. [33] reviewed the involvement
of fermented yeasts in alternative substrates in the emerging segment of the functional
legume-based beverages. They highlighted the effective opportunities to broaden and
diversify new products, characterized by legume addition, which may offer better nutrition
content and distinctive taste.

In brewing, the composition of wort is an essential part of beer flavor. In this regard,
although wort is complex and not thoroughly characterized, the content of the amino acid
indubitably affected the production of some minor metabolic products of fermentation
which contribute to the flavor of the beer. The addition of a protein source such as HRL
determined an effective improvement of aromatic compounds such as higher alcohols,
esters, carbonyl and sulfur compounds. Except for the preliminary screening work [23], no
other published work has investigated the use of hydrolyzed lentils to produce functional
craft beer. The distinctive footprint found in pure and mixed fermentation with PWL could
be partially related to the yeast catabolism of increased availability of amino acids. During
wort fermentation, amino acid utilization by yeast is closely linked to flavour profile [34]
such as higher alcohols and related esters. Thus, an improved understanding of amino acid
uptake and assimilation is essential to generate defined amounts of metabolites to regulate
specific sensory perception in fermented beverages.

Despite the high levels of nitrogen and/or free amino acids coming from HRL, in
PWL trials the final flavors were characterized by specific amino acids, such as glutamate,
aspartate, and asparagine. In line these results, Black and co-workers [35] highlighted
the positive effect of fava bean that changed the proportion of unfavorable amino acids
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in brewing. On the other hand, the use of NCY in pure and mixed cultures positively
influenced the aromatic and sensorial profile, particularly in fortified beers. The interest
in NCY isolated from various food and the environmental source is another strategy to
bring innovation in the brewing sector. Brewers widely seek the ability to improve the
analytical and aromatic profiles during alcoholic fermentation [3,36–40]. In this work we
evaluated the dual role of yeasts: metabolizing the amino acids characterizing the vegetal
notes (unwanted) and using them as precursors of aromatic compounds.

Differently from L. thermotolerans, yeast species extensively investigated in the produc-
tion of beer [36,38–41], K. unispora was only recently proposed [23]. This yeast is usually
encountered at low frequency in natural environments; the genus Kazachstania was first
discovered in 1971 with Kazachstania viticola isolated from fermenting grapes. Subsequently,
other species such as K. unispora (formerly Saccharomyces unisporus) were found on grape
must in different countries [42], although its metabolic footprint remains widely unknown.
Mixed fermentations with NCY lead final products with increased persistence and astrin-
gency and a general exalted fruity note [23]. Moreover, all strains tested showed a good
vitality in both substrates after bottle re-fermentation and storage. The viability found
here was close to 7 Log/mL(claim for probiotic bacteria) indicating the potential functional
trait of NCY K. unispora and L. thermotolerans here tested. Further investigations are neces-
sary to confirm the positive role of these non-conventional yeasts at the human-gut-level,
combining consumer acceptability.

5. Conclusions

This study showed that the combined use of selected NCY and the addition of HRL
in pils wort could be a suitable strategy to manage a specialty craft beer with enhanced
functional properties and a promising sensory profile.

The different amino acid metabolism of NCY tested led the aromatic profile of the
fortified beers with distinctive and positive sensory notes.

The promising results indicate a possible market exploitation of such innovative
fermented beverages. Indeed, the conjunction of a legume fortified beer and the presence
of functional yeasts could represent a great opportunity to put an innovative product on
the market.
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Abstract: Aiming at valorizing the ricotta cheese exhausted whey (RCEW), one of the most abundant
by-products from the dairy industry, a biotechnological protocol to obtain bioactive peptides with
angiotensin-I-converting enzyme (ACE)—inhibitory activity was set up. The approach was based on
the combination of membrane filtration and fermentation. A Lactobacillus helveticus strain selected to
be used as starter for the fermentation of the ultrafiltration protein-rich retentate (R-UF) obtained from
RCEW. The fermented R-UF was characterized by a high anti-ACE activity. Peptides responsible for
the bioactivity were purified and identified through nano-LC–ESI–MS/MS. The sequences identified
in the purified active fractions of the fermented R-UF showed partial or complete overlapping with
previously reported κ-casein antihypertensive fragments. The fermented R-UF was spray-dried and
used to enrich ricotta cheese at different fortification level (1 and 5% w/w). An integrated approach
including the assessment of the microbiological, chemical, functional, textural, and sensory properties
was used to characterize the fortified products. A significantly higher anti-ACE activity was found
in the ricotta cheese fortified with fermented R-UF as compared to the control and to the samples
obtained with the unfermented R-UF fraction at the same levels of fortification. In particular, a 100 g
portion of the ricotta cheese produced at 5% fortification level contained circa 30 mg of bioactive
peptides. The fortification led to a moderate acidification, increased hardness and chewiness, and
decreased the milk odor and taste of the ricotta cheese as compared to the control, while flavor
persistence and sapidity improved.

Keywords: ricotta cheese exhausted whey; anti-ACE activity; fermentation; bioactive peptides; food
by-products

1. Introduction

The management of food waste and by-products, due to the global increase of popula-
tion and food consumption, is a challenge for the agri-food industry that faces growing
economic costs for the treatment and/or disposal of waste and stringent environmental
regulations [1].

Among different production activities [1], the dairy industry annually produces mil-
lions of tons of by-products, mainly represented by cheese whey (CW), which corresponds
to the liquid fraction remaining after milk coagulation. Around 9–10 L of whey results
from the production of 1 kg of cheese. Due to its consistent organic load [2,3], if dis-
carded without treatment, CW creates significant problem for the environment. Besides
disposal, CW is used for feed, and to a small extent as substrate for the recovery or the
synthesis (through physical, chemical, and biotechnological processes) of molecules having
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nutritional and pharmaceutical potential. However, in many countries such as Portugal,
Spain, Italy, and Turkey, CW is employed to produce whey-derived cheeses (e.g., requeijão,
requesón, ricotta, and lor, respectively) [4–6]. Acidification and heating at 85–90 ◦C for
20–30 min of the CW, to allow coagulation and subsequent precipitation of whey proteins
and separation of whey cheese mass, are used in the production of ricotta [7–9].

Although depending on the origin of the whey and the process employed, the whey
cheese yield is lower than 4%, unless whey is previously concentrated. The liquid remaining
after whey cheese separation (“cheese exhausted whey”, CEW) represents more than 90%
of the original whey and it is the main by-product of the whey cheese production chain.
CEW obtained from the ricotta production is called “Scotta” in Italy, and commonly defined
as ricotta cheese exhausted whey (RCEW).

As is the case of CW, since it is characterized by high values of BOD (biochemical
oxygen demand) and COD (chemical oxygen demand) (circa 50 and 80 g/L, respectively),
CEW is considered highly polluting [9,10]. Indeed, if discarded into water sources, it
reduces the dissolved oxygen, and represents a risk to aquatic life, as well as to the
environment and human health [11]. Due to the high content of lactose (35–50 g/L), which
cannot be digested by most animals without suffering from digestive disorders [9,12], the
valorization of CEW represents a considerable problem. Moreover, small- and medium-
size dairy industries often lack dimension to make the necessary investments for CEW
valorization [2,8]. Nevertheless, CEW is considered as a source of functional and bioactive
compounds, especially proteins and peptides [13–15].

The concentration processes required by the relatively low content of proteins in CEW
and needed to ensure high hydrolysis yields, are some of the main problems impairing its
industrial reuse [16]. Several methods, such as ultrafiltration, diafiltration, nanofiltration,
ion exchange chromatography, electrophoresis, crystallization, and precipitation have been
proposed to concentrate and separate proteins from other components contained in CW
and CEW. These techniques could be applied for the recovery of the major compounds (β-
lactoglobulin and α-lactalbumin), but also for minor compounds, such as lactoperoxidase,
lactoferrin, immunoglobulins, as well as protein derivatives such as the biologically active
peptides obtained by fermentation with either selected proteolytic microorganisms or the
enzymatic or chemical hydrolysis of proteins [17].

In this work, a biotechnological protocol for obtaining bioactive peptides with ACE-
inhibitory activity was set up by using a protein-rich fraction obtained from RCEW through
a membrane ultrafiltration (UF) process [18] as substrate. A proper lactic acid bacteria
(LAB) strain was selected to be used as a starter for the fermentation of RCEW. Bioactive
peptides were purified and identified. The fermented RCEW active fraction was spray-
dried and used to enrich ricotta cheese at different fortification level (1 and 5% w/w).
Functional ricotta cheese, produced at a pilot plant level, was characterized by an integrated
approach including the assessment of the microbiological, chemical, functional, textural,
and sensory properties.

2. Materials and Methods

2.1. Microrganisms

The 5 strains of lactic acid bacteria (LAB) used in this study are listed in Table S1.
Strains were previously isolated from cheeses: “Flor di capra” (sheep milk cheese) [19],
Pecorino Umbro (sheep milk cheese) [19], Caciocavallo Pugliese [20], Parmigiano Reg-
giano [21], and fermented milk [22] and identified by partial sequencing of the 16S rRNA,
recA, pheS, and rpoA genes. Lacticaseibacillus casei, Lactobacillus delbrueckii subsp. bulgaricus,
Lactobacillus helveticus, and Lactococcus lactis strains were cultured on De Man, Rogosa,
and Sharpe (MRS, Oxoid, Basingstoke, Hampshire, UK) at 37 ◦C for 24 h. Streptococcus
thermophilus strain was grown on M17 containing 0.5% (w/v) lactose (Oxoid) at 37 ◦C for
24 h. All strains belong to the culture collection of the Department of Soil, Plant and Food
Sciences (DiSSPA) of the University of Bari (Italy) and were maintained as stocks in 15%
(v/v) glycerol at −80 ◦C.

146



Foods 2021, 10, 2573

2.2. RCEW Fermentation

Caseificio dei Colli Pugliesi (Santeramo, Italy) kindly provided the RCEW that was
used as substrate for the starter selection. The RCEW (aliquot of 200 L) was pasteurized
(72 ◦C for 15 s) immediately after ricotta cheese production using an industrial plate
pasteurizer (Alfa Laval, Lund, Sweden). After pasteurization, the RCEW was cooled down
at 4 ◦C in less than 16 min. No protein flocculation occurred during thermal treatment. The
RCEW was then stored at 4 ◦C and fermented within 24 h from pasteurization.

Strains were singly used to ferment the RCEW. Cells were harvested by centrifugation
(10,000× g, 10 min, 4 ◦C), washed twice in 50 mM phosphate buffer, pH 7.0, and re-
suspended in RCEW at a final cell density of circa 7.0 log10 cfu/mL of sample. All the
samples were incubated for 24 h at 30 or 37 ◦C, according to the strain used.

Values of pH prior and after the fermentation were measured using a pH meter M.507
(Crimson, Milan, Italy). The cell density of presumptive LAB was enumerated using either
the MRS or M17 medium according to the strain inoculated (Table S1).

Plates were incubated under anaerobiosis (AnaeroGen and AnaeroJar, Oxoid) at 30
or 37 ◦C, according to the strain used, for 48 h. The concentration of peptides in RCEW
and fermented RCEW was determined through the o-phtaldialdehyde (OPA) method
as described by Church et al. [23]. Aiming at removing proteins and free amino acids,
treatments with trifluoroacetic acid (TFA, 0.05% w/v) and dialysis (cutoff 500 Da) were
performed, respectively. The total free amino acids (TFAA) concentration was determined
using a Biochrom 30 series amino acid analyzer (Biochrom Ltd., Cambridge Science Park,
UK) with a Li-cation-exchange column (0.46 cm internal diameter), by post column deriva-
tization with ninhydrin, as described by Rizzello et al. [24]. Fermentations and analysis
were carried out in triplicate.

2.3. RCEW ACE-Inhibitory Activity

ACE-inhibitory activity in the RCEW was analyzed prior and after the fermentation
by the method reported first by Cushman and Cheung [25] and Wu and Ding [26] and
modified by Rizzello et al. [27]. Compared to the original method, the new analytical
procedure does not include the ethyl acetate extraction. Previously, it was successfully
used for the analysis of protein hydrolysates [28]. Two hundred microliters of 5 mM
hippuryl-L-histidyl-L-leucine (HHL) solution (obtained in a Na-borate buffer, pH 8.3,
supplemented with 300 mM NaCl) were mixed with 60 μL of the peptides mixture and
40 μL of 100 mU/mL ACE (in a phosphate buffer at 10 mM, pH 7.0, supplemented with
500 mM NaCl). Water was used in the negative control instead of samples. Incubation
of the reaction mixture was carried out at 37 ◦C for 60 min; to stop the reaction, 250 μL
of 1 M HCl were added at the end of the incubation. The mixture was then analyzed
by HPLC, using a Resource RPC C18 column (6.4 × 100 mm, particle size 15 μm; GE
Healthcare Bio-Sciences AB), aiming at quantifying separately the product and hippuric
acid (HA) from HHL. In detail, elution was carried out by using a mobile phase composed
of water and acetonitrile (CH3CN) containing 0.05% TFA. The flow rate was 1 mL/min,
while the detection was carried out at 228 nm. The analysis was carried out by setting a
linear CH3CN gradient from 5 to 46% (between 16 and 62 min). The inhibition activity was
calculated using the following equation:

inhibition activity (%) = ((Pc − Ps)/(Pc − Pb))100, (1)

where Pc is the HA-peak area of the control, Ps is the HA-peak area of the reaction mixture
(sample), and Pb is the HA-peak area of the reaction mixture without ACE.

2.4. RCEW Fractionation and Characterization

RCEW was fractionated at the pilot plant of the ENEA (Brindisi, Italy), delivered
under refrigerated conditions (4 ± 2 ◦C), and processed within 24 h from production [29].
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A multistep fractionation process based on a separative membrane process previously
proposed by Raho et al. [18] was applied to RCEW, aiming at collecting separately a protein-
rich fraction, a lactose-rich fraction, and ultrapure water. From each fractionation step, two
fractions were obtained: (i) aqueous permeate (P) containing the molecules able to cross the
membrane and (ii) retentate (R) containing a residual part of these and all the molecules
unable to cross the membrane. The retentate of the first fractionation step (R-UF), rich in
proteins, was collected and used in this work. The ultra-filtration (UF) was carried out by
a prototypal system equipped with a spiral wound PESH (polyethersulfone) membrane
(30 kDa cutoff) ISUH030 4040 C1 (Microdyn-Nadir, Wiesbaden, Germany), with a spacer
of 44 mil (1.117 mm) and an area of 6 m2. The process was carried out at the flow rate of
3000 L/h, at 14 ◦C. The transmembrane pressure (TMP) corresponded to 3.47 bar while
permeate flow was 15.4 L/h·m2.

Fraction recover was expressed as % v/v, while the volume concentration ratio (VCR)
was calculated as the ratio between initial feed volume and retentate volume. Before
analysis, all the RCEW fractions obtained were stored at −20 ◦C. All the analyses were
performed in triplicate.

The pH of the RCEW and R-UF was determined as reported above. A standard
ISO 8968-1 Kjeldahl-based method [30] was used to quantify the total nitrogen (TN). The
calculation of total proteins was carried out by using 6.38 as the conversion factor. Sugars
(glucose, galactose, and lactose) were determined by HPLC analysis, using an ÄKTA puri-
fier HPLC (GE Healthcare) as reported by Verni et al. [31]. Commercial standards of lactose,
glucose, and galactose (Sigma Aldrich, Milano, Italy) were used for the identification of the
sugars and for obtaining the calibration curves. The TFAA concentration was determined
using a Biochrom 30 series amino acid analyzer as described above. The international
standards methods Gerber [32] and AOAC 945.46 [33] were used to quantify fat and ash,
respectively. The sodium chloride content in the R-UF was measured by a Sherwood
926 chloride-analyzer (Sherwood Scientific, Cambridge, UK).

2.5. R-UF Fermentation

The R-UF was fermented with L. helveticus PR4, selected for its ability to increase
ACE-inhibitory activity of the RCEW in the preliminary screening. In details, the R-UF was
inoculated as described above (final cell density of circa 7.0 log10 cfu/mL) and fermentation
was carried out at 37 ◦C for 24 h. Lactose, protein and peptide concentrations, and ACE-
inhibitory activity were determined as described above.

2.6. Spray-Drying

Unfermented and fermented R-UF were spray-dried using a pilot plant spray dryer
(Mini Spray Dryer B-290, Büchi, Switzerland) at a drying rate of 1.0 L/h. The spray-drying
system included a fluid nozzle (0.7 mm diameter) to atomize liquid feed into fine droplets,
and a drying chamber (16.5 cm diameter, 45 cm height) in which atomized liquid was dried
by a flow of hot air. Two cyclone separators were used for collecting powder. The first
separator collects coarser particles, and the fine and ultrafine particles were recovered by
the first and the second separators, respectively. A peristaltic pump was used to feed the
system with a controlled flow rate. The inlet and outlet temperatures of the spray dryer
system were 200 and 180 ◦C, respectively. For each spray-drying experiment, 50 to 100 mL
of sample (preconditioned at 25 ◦C) was pumped with a feed flow rate fixed at 10 mL/min.
Pressure ranged from 5 to 8 bar. Dried powders were collected in the glass bottle connected
to the separators and then stored until further analysis in airtight containers.

2.7. Purification and Identification of the Bioactive Peptides

An aliquot of fermented R-UF corresponding to 15 mg of peptides was automatically
fractionated (2 mL per fraction, 33 fractions for each run) by reversed-phase fast perfor-
mance liquid chromatography (RP-FPLC), using a Resource RPC column and ÄKTA FPLC
equipment, with the UV detector operating at 214 nm (GE Healthcare Bio-Sciences AB,
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Uppsala, Sweden). Elution was carried out using a mobile phase composed of water
and acetonitrile (CH3CN), containing 0.05% TFA (1 mL/min flow rate). The analysis was
carried out using a gradient elution (CH3CN concentration in mobile phase was increased
from 5 to 46% between 16 and 62 min, and from 46 to 100% between 62 and 72 min).

Fractions were freeze-dried to remove solvents and re-dissolved in sterile water to
determine the peptide concentration through the OPA method. Each fraction was also
subjected to the ACE-inhibitory assay as reported above.

The peptides contained in the fractions with the highest ACE-inhibitory activity were
further purified and identified. The analysis was performed by nano-LC–ESI–MS/MS
(nano-liquid chromatography–electrospray ionization–mass spectra/mass spectra), by
using a ion trap mass spectrometer (Finnigan LCQ Deca XP Max, Life Technologies GmbH,
Darmstadt, Germany, ThermoElectron). A nano-ESI interface was used. MS spectra were
automatically recorded through Xcalibur software (Life Technologies GmbH, Darmstadt,
Germany, ThermoElectron), in positive ion mode, following the manufacturer’s instru-
ment settings. The software program BioWorks 3.2 (Life Technologies GmbH, Darmstadt,
Germany, ThermoElectron) was used for MS/MS spectra processing. Peptides were identi-
fied through the Mascot search engine (Matrix Science, London, UK) using the NCBIProt
database (National Centre for Biotechnology Information, Bethesda, MD, USA). Settings
used for peptides identification were: instrument type, “ESI-trap”; enzyme, “none”; pep-
tide mass tolerance, ±0.1%; fragment mass tolerance, ±0.5 Da. Results were screened as
described by Chen et al. [34]. Validated peptide sequences explained all the major peaks in
the MS/MS spectrum.

2.8. Ricotta Production

Experimental ricotta cheese was produced at industrial level at “Caseificio dei Colli
Pugliesi” (Santeramo, Bari, Italy) from December 2019 to March 2020. The whey, collected
from mozzarella making, was strained and then heated at 85–90 ◦C under stirring condi-
tions. When proteins started to flocculate, stirring was stopped to promote the formation of
aggregates. The curd was then scooped, moved into perforate molds, and kept for 30 min
in a cool room (4 ◦C) for draining. Then, 5 kg portions of the clot were gently mixed with
the spray-dried R-UF and fermented R-UF (fR-UF). Five different types of ricotta cheese
were obtained: ricotta cheeses supplemented with 1% and 5% (w/w) of the spray-dried
fermented fR-UF (RCf1 and RCf5); ricotta cheeses supplemented with 1% and 5% (w/w) of
the spray dried unfermented R-UF (RC1 and RC5), and a control sample produced without
a R-UF addition. After R-UF addition, ricotta cheeses were divided into 100 g portions,
placed in perforate molds, and stored at 4 ◦C until analysis. Three ricotta productions were
done on three different days.

2.9. Ricotta Characterization

The pH values of ricotta samples were determined as reported above. Ricotta samples
were homogenized in a home pulverizing machine. The ash contents of whey samples
were determined according to AOAC [33]. The determination of fat (% w/w) was carried
out using the Gerber–Van Gulik method [32]. The solid non-fat content in the whey was
determined by using the following formula: total solid% − fat%. The total nitrogen
was determined using the Kjeldahl method and converted into protein percentage using
the conversion factor 6.38 (the nitrogen-to-protein conversion factor for milk and dairy
products) [30]. The moisture content and total dry matter of ricotta were determined by
drying samples on a BRASIMET Model ESE 35 stove at 105 ◦C for 12 h to achieve a constant
weight [35].

For the microbial analysis, 10 g of each ricotta cheese were suspended in 90 mL of
sterile sodium chloride (0.9% w/v) solution and homogenized in a BagMixer 400P (Inter-
science, St Nom, France) at room temperature to enumerate the microbial cell number.
Serial 10-fold dilutions were then plated into Plate Count Agar (PCA, Oxoid, Basingstoke,
Hampshire, UK) supplemented with cycloheximide (0.1 g/L), MRS (Oxoid) supplemented
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with cycloheximide (0.1 g/L), Violet Red Bile Glucose Agar (VRBGA, Oxoid), and Slanetz
and Bartley Agar (Oxoid) used to enumerate total thermophilic bacteria, presumptive ther-
mophilic LAB, Enterobacteriaceae and enterococci, respectively. Except for Enterobacteriaceae,
which were enumerated after 24 and 48 h, all microbial groups were counted after 48 h
incubation at 37 ◦C. Yeasts and molds were enumerated on malt extract (Oxoid) and wort
agar (Oxoid), respectively, after incubation for 48 h at 25 ◦C.

Water-soluble extracts of the ricotta samples were prepared according to the method
of Kuchroo and Fox [36] with some modifications. Ricotta samples were mixed with a
phosphate buffer (0.05 M and pH 7) in a ratio 1:2 (w/v) and homogenized in a BagMixer
400P (Interscience, St Nom, France) at room temperature using a stomacher (PBI Inter-
national, Milano, Italia). Then, samples were incubated at 40 ◦C for 1 h under stirring
condition (75 rpm) and centrifuged at 4500 rpm for 30 min at 4 ◦C. The supernatant was
filtered (0.22 μm), the pH adjusted with 0.1 M HCl to pH 4.6, and centrifuged at 11,200× g
for 10 min at 4 ◦C.

The 70% ethanol-soluble extract was prepared from the water-soluble extract by
adding absolute ethanol to a final ethanol concentration of 700 mL/L. The mixture was
held for 30 min at 20 ◦C and then centrifuged (3000× g for 30 min). The supernatant was
filtered through Whatman no. 1 filter paper. Rotary evaporation under vacuum (model
no. RE100, Bibby Sterlin Ltd., Stone, UK) at 30 ◦C was used for removing ethanol from the
extract. The ethanol-soluble and -insoluble extracts were resuspended in water, lyophilized,
and stored at 4 ◦C until further analyses.

The peptide profile of the ethanol-soluble fraction was determined by RP-HPLC using
a Waters 626 system equipped with a Waters 600 controller and a Waters 717 plus autosam-
pler (Waters Corp., Milford, MA, USA). Guard and analytical columns used were Nucleosil
C8 (5 μm particle, 300 Å pore size), with 4.6 × 10 mm × mm and 4.6 × 250 mm diameter,
respectively (Macherey-Nagel GmbH, Duren, Germany). A Varian 9050 UV–Vis Detector
(Varian Inc., Walnut Creek, CA, USA) was used for detection at 214 nm. Chromatograms
were recorded by the Millennium software program (Waters). The chromatographic condi-
tions were as follows: solvent A, 1 mL/L TFA (Sigma, St. Louis, MO, USA) in deionized,
HPLC-grade water (Milli-Q system, Waters Corp.); solvent B, 1 mL/L TFA in CH3CN
(HPLC-grade, Labscan Ltd., Dublin, Ireland). Samples (4 mg/mL) were dissolved in sol-
vent A and filtered through 0.45 μm cellulose acetate filters (Sartorius GmbH, Gottingen,
Germany). Aliquots of 40 μL were loaded onto the column and eluted (0.75 mL/min flow
rate) using the gradient previously proposed by Shakeel-Ur-Rheman et al. [37]

An ACE-inhibitory assay was performed on the ethanol-soluble fraction as described above.

2.10. Sensory Analysis

Sensory analysis of ricotta samples was carried out by 10 semi-trained panelists, with
an equal distribution of men and women ranging in age between 25 and 40 years. Before
the analysis, 30 panelists underwent a minimum of 5 h of training and were chosen based
on their capacity to distinguish and describe the sensory attributes listed in Table S2.

The 5 h training was performed as follows: (i) the assessors attended a short class
on the type of ricotta cheese to be evaluated; (ii) a clear definition of sensory attributes
was provided along with the presentation and evaluation of the different physical refer-
ences (Table S2). Physical and written definitions were available to panelists during all
sensory evaluations.

The lexicon consisted of nineteen attributes and followed the Lawless and Hey-
mann [38] guidelines. Ricotta samples were randomly coded and served at 18 to 20 ◦C in
portions of 20 g, together with non-salted table biscuits and still water, to panelists placed
separately in rooms for unbiased evaluation of sensory attributes. Ricotta samples were
scored from 1 (very unpleasant) to 7 (excellent and fresh) where the value 4 was set as the
minimum threshold of sensory acceptability, in agreement with what is reported in the
literature for the sensory analysis of dairy products [39,40]. The study protocol followed
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the ethical guidelines of the sensory laboratory. A written informed consent was obtained
from each participant.

2.11. Texture Profile Analysis of Ricotta

The textural properties of ricotta were evaluated at room temperature (18 ± 2 ◦C) by
using a FRTS-100N texture analyzer (Imada, Toyohashi, Japan) equipped with a cylinder
probe FR-HA-30J on ricotta cheese specimens of 60 ± 1 g. The instrument settings were the
following: test speed of 1 mm/s, 30% deformation of the sample, and two compression
cycles while the parameters evaluated were hardness (expressed as the maximum force at
first compression), cohesiveness (ratio of the areas of the second and the first compression
peak), springiness (height of the product on the second compression divided by the height
of the first peak), and chewiness (hardness × cohesiveness × springiness).

2.12. Statistical Analysis

All the chemical, microbiological, and physical analyses were carried out in triplicate
for each batch of sample. Data were subjected to one-way ANOVA; pair-comparison
of treatment means was achieved by Tukey’s procedure at p < 0.05, using the statistical
software package Statistica 12.5 (StatSoft Inc., Tulsa, OK, USA).

3. Results

3.1. LAB Selection

The five strains of LAB were singly inoculated into the RCEW. The acidification and
proteolytic activity (quantified as concentration of peptides released during fermentation)
were used as selection criteria together with the capability to enhance the ACE-inhibitory
activity of the fermented RCEW. The capability of growth of the strain was also assessed
through the enumeration of the presumptive LAB. Overall, the pH of fermented RCEW
was from 0.5 to 1 unit lower than the CT (Table 1).

Table 1. Characteristics of the RCEW inoculated (7.0 log10 cfu/mL) with selected LAB.

RCEW

CT FC13 B15Z CR12 PR4 DIBCA2

pH 4.87 ± 0.05 a 4.10 ± 0.04 c 3.92 ± 0.04 d 4.02 ± 0.05 d 3.76 ± 0.05 e 4.26 ± 0.05 b

LAB density
(log10 cfu/mL) 3.9 ± 0.1 d 8.5 ± 0.2 a 7.9 ± 0.2 b 8.1 ± 0.1 b 9.0 ± 0.2 a 7.5 ± 0.1 c

Peptides (mg/L) 364 ± 4 e 703 ± 10 c 775 ± 15 b 819 ± 9 a 795 ± 12 b 525 ± 6 d

ACE-inhibitory activity (%) 7.2 ± 0.2 d 16.9 ± 0.2 c 26.5 ± 0.2 b 7.9 ± 0.4 d 68.4 ± 0.6 a 7.5 ± 0.3 d

The data are the means of three independent experiments ± standard deviations (n = 3). a–e Values in the same row
with different superscript letters differ significantly (p < 0.05). Fermentation was carried out at 30 ◦C (L. delbrueckii
subsp. bulgaricus B15Z and L. lactis DIBCA2) or 37 ◦C (L. casei FC13, L. helveticus PR4, and S. thermophilus CR12).
An uninoculated but incubated (30 ◦C) RCEW sample was used as control (CT).

Growth from 0.5 (L. lactis DIBCA2) to 2 (L. helveticus PR4) log10 cfu/mL were observed
during the incubation of the RCEW. A significant (p < 0.05) and markedly lower cell density
was found in CT (3.9 ± 0.1 log10 cfu/mL). Increases from circa 40 (L. lactis DIBCA2) to
125% (L. helveticus PR4 and S. thermophilus CR12) were found in fermented RCEW (Table 1).
Nevertheless, the highest peptide concentration did not correspond to the highest ACE-
inhibitory activity. Indeed, the RCEW fermented with L. lactis DIBCA2 and S. thermophilus
CR12 did not show (p > 0.05) significant increases of the ACE-inhibitory activity compared
to the CT (Table 1). Significantly (p < 0.05) higher values (2 and 4 times) were found for
L. casei FC13 and L. delbrueckii subsp. bulgaricus B15Z, while an activity circa 10 times higher
than CT was found for the RCEW fermented with L. helveticus PR4. According to the data
reported above, L. helveticus PR4 was selected and used for further experiments.

3.2. RCEW Fractionation

The RCEW was subjected to ultrafiltration, as previous described by Raho et al. [18].
The RCEW’s initial pH was 5.2 (Table 2).
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Table 2. Proximal composition of ricotta cheese exhausted whey (RCEW), ultrafiltration protein-rich
retentate (R-UF), and ultrafiltration permeate (P-UF).

RCEW R-UF P-UF

pH 5.2 ± 0.1 a 5.2 ± 0.2 a 5.2 ± 0.1 a

Total Nitrogen (mg/L) 60.02 ± 0.54 b 290.02 ± 4.05 a 1.34 ± 0.02 c

Proteins * (% w/v) 0.38 ± 0.06 b 1.85 ± 0.05 a 0.08 ± 0.01 c

Total Free Amino Acids (mg/L) 417 ± 5 b 52 ± 2 c 516 ± 9 a

Lactose (% w/v) 3.80 ± 0.10 b 5.19 ± 0.22 a 3.42 ± 0.11 c

Glucose (% w/v) <0.01 <0.01 <0.01
Galactose (% w/v) <0.01 <0.01 <0.01

Fat (% w/v) 0.16 ± 0.10 b 0.75 ± 0.04 a <0.01
Ash (% w/v) 1.08 ± 0.12 b 0.23 ± 0.08 c 1.35 ± 0.11 a

The data are the means of three independent experiments ± standard deviations (n = 3). a–c Values in the
same row with different superscript letters differ significantly (p < 0.05). * Protein content is calculated as total
nitrogen × 6.38.

Most of the nitrogen and fat of the RCEW was retained in the protein-rich retentate
(R-UF), as a result of the separation process. R-UF corresponded to the 20.3% v/v of the
processed RCEW, with a volume concentration ratio (VCR) of 4.92.

The protein concentration of the fraction, estimated based on the TN content (290 ± 4 mg/L)
corresponded to 1.85 ± 0.05% w/v, while fat was 0.75 ± 0.04% w/v. The retentate was
moreover characterized by a relevant lactose content (5.19 ± 0.22% w/v) (Table 2).

As expected, a low TN concentration characterized the UF permeate (P-UF). The
remaining TN corresponded to organic compounds having molecular mass lower than
30 kDa (mainly peptides and free amino acids, FAA). In particular, the TFAA concentration
in P-UF corresponded to 516 mg/L. The ash concentration of the permeate was significantly
(p < 0.05) higher than that of the RCEW since fractionation and separation of the R-UF
allowed a partial water removal.

3.3. Fermentation and Characterization of the Protein-Rich RCEW Fraction

Aiming at releasing the highest concentration of bioactive peptides, L. helveticus PR4
was used to ferment the R-UF fraction obtained from the RCEW. The main characteristics
of the R-UF (prior the fermentation) and fR-UF (after the fermentation) are summarized in
Table 3.

Table 3. Characteristics of the RCEW fractions R-UF (prior fermentation) and fR-UF (after fermenta-
tion with Lactobacillus helveticus PR4 at 37 ◦C for 24 h).

R-UF fR-UF

pH 5.2 ± 0.1 a 3.82 ± 0.2 b

LAB density (log10 cfu/mL) 7.21 ± 0.2 b 8.82 ± 0.4 a

Peptides (mg/L) 65 ± 5 b 3230 ± 25 a

TFAA (mg/L) 50 ± 2 b 896 ± 12 a

Lactose (%) 5.2 ± 0.2 a 3.5 ± 0.1 b

ACE-inhibitory activity (%) nd 88.2 ± 1.1
LAB, thermophilic presumptive lactic acid bacteria; TFAA, total free amino acids. The data are the means of three
independent experiments ± standard deviations (n = 3). a,b Values in the same row, with different superscript
letters, differ significantly (p < 0.05).

A total bacteria cell density of 2.65 log10 cfu/mL characterized the R-UF before the in-
oculum. During fermentation, L. helveticus PR4 reached a cell density of 8.8 ± 0.4 log cfu/mL,
while the pH decreased by circa 1.5 units (Table 3). The fR-UF was characterized by concen-
trations of peptides and TFAA 50 and 18 times higher than the R-UF. The concentration of
the lactose was also significantly (p < 0.05) lower (circa 33%). The fR-UF was characterized
by an ACE-inhibitory activity of 88.2 ± 1.1% (Table 3).

The spray-drying process allowed to recover circa 6.95 ± 0.10 and 7.80 ± 0.08% (w/v)
powder from the R-UF and fR-UF, respectively, both having circa 7% moisture. Spray-dried
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R-UF and fR-UF were characterized by similar TN (3.54 ± 0.12 and 3.56 ± 0.09 g/kg,
respectively). According to the conventional calculation (applying the conversion factor
6.38 to TN), the protein concentration theoretically corresponded to 22.58% and 22.71%
(w/w) of the spray-dried R-UF and fR-UF, respectively. Nevertheless, this estimation
is approximate, and the analysis revealed peptides and TFAA concentrations markedly
higher in the fR-UF (46.44 vs. 0.83 g/kg of peptides and 12.80 vs. 0.62 g/kg of TFAA),
due to the LAB proteolysis occurring during fermentation. As expected, the spray dried
R-UF and fR-UF were characterized by relevant concentration of lactose (65.5 and 50.04%,
respectively) and fat (circa 9.0% for both). The LAB density in the R-UF and fR-UF was
<104 cfu/g.

3.4. ACE-Inhibitory Peptides

The fR-UF was fractionated by RP-FPLC; then, fractions were freeze-dried, resus-
pended in 1 mL of sterilized water, and assayed for assessing the ACE-inhibitory activity.
Four of the thirty fractions (Figure 1) showed ACE-inhibitory activity, corresponding to
68.11 (fraction A), 54.49 (fraction B), 35.05 (fraction C), and 36.55% (fraction D) (Figure 1).

Figure 1. RP-FPLC chromatogram (UV detector 214 nm) showing the WSE fractions obtained from
the purification of the fermented R-UF. The gradient of eluent B is represented by the dashed line.
A–D refer to the fractions with anti-ACE activity.

The peptides concentration of the fractions was 0.32, 0.43, 0.52, and 0.92 mg/mL for A,
B, C, and D, respectively. Two out of four extract fractions contained a mixture of peptides.
Indeed, fractions A and D contained four and two peptides, respectively. The identified
peptides, having 12–25 amino acid residues, were characterized by molecular mass ranging
from 1304.4 (AQPTDASAQFIR) to 2657.9 Da (NQDKTEIPTINTIASGEPTSTPTIE) and
hydrophobic ratio between 32 (DETHLEAQPTDASAQ) and 49% (VIESPPEINTVQVTSTAV
and AQPTDASAQFIR). The net charges at pH 7 (antimicrobial peptide calculator and
Predictor-APD3) [41] was negative for all peptides except for RHPYFYAPELLYYANK and
AQPTDASAQFIR having positive and neutral values, respectively (Table 4).

3.5. Ricotta Cheeses Characterization

Microbiological properties of the ricotta cheeses were also investigated. Overall, no sig-
nificant (p > 0.05) differences were found among samples. The microbial cell density ranged
from circa 2.5 ± 0.3 (yeast, molds, and Enterococcus) to 3.5 ± 0.2 (LAB and Enterobacteriaceae)
log10 ufc/g. Total bacteria cell density was 3.8 ± 0.3 log10 ufc/g.

Biochemical and nutritional properties of the ricotta cheeses are summarized in
Table 5.
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Table 4. List of the peptides identified in the partially purified peptide fractions obtained from the
fR-UF through RP-FPLC. Fermentation was carried out with Lactobacillus helveticus PR4 at 37 ◦C for
24 h.

Fraction Sequence
Mass
(Da)

Length
(aa)

Net
Charge *

Hydrophobic
Ratio (%)

NCBI
Accession n◦

(Protein)

A

TIASGEPTSTPTTEA 1462.532 15 −2 38 CAF03625.1
(kappa-casein)

DAFLGSFLYEYSR 1567.721 13 −1 44 P02769.4
(serum

albumin)RHPYFYAPELLYYANK 2045.327 16 1.24 42

DETHLEAQPTDASAQ 1612.63 15 −3.75 32

ABY26541.1
(glycosylation-
dependant cell

adhesion
molecule 1)

B ILNKPEDETHLEAQPT 1835.001 16 −2.75 36 AAB27385.1
(PP3 homolog)

C VIESPPEINTVQVTSTA 1884.118 17 −2 49 CAF03625.1
(kappa casein)

D

NQDKTEIPTINTIASGEPT
STPTIE 2657.869 25 −3 36 ACF15188.1

(kappa casein)

AQPTDASAQFIR 1304.428 12 0 49 AAB27385.1
(PP3 homolog)

* The net charge was calculated at pH 7.

Table 5. Biochemical, nutritional, and textural characteristics of the ricotta cheeses.

Ricotta cheeses

RC RC1 RC5 RCf1 RCf5

Biochemical and nutritional characteristics

pH 5.02 ± 0.03 a 5.02 ± 0.02 a 5.02 ± 0.03 a 4.95 ± 0.03 b 4.88 ± 0.04 b

TTA (mL NaOH 0.1 M) 8.1 ± 0.2 b 8.1 ± 0.2 b 8.2 ± 0.3 b 8.5 ± 0.1 b 8.9 ± 0.3 a

Moisture (%) 76.6 ± 0.5 a 76.5 ± 0.7 a 73.1 ± 0.5 b 76.2 ± 0.8 a 73.0 ± 0.5 b

Proteins 1 (% w/v) 9.8 ± 0.5 b 10.3 ± 0.6 ab 10.9 ± 0.7 a 10.3 ± 0.4 ab 11.0 ± 0.6 a

Fat (% w/v) 10.2 ± 0.3 a 10.3 ± 0.4 a 10.7 ± 0.4 a 10.3 ± 0.3 a 10.7 ± 0.5 a

Carbohydrates (% w/v) 3.5 ± 0.3 b 3.9 ± 0.4 b 6.3 ± 0.2 a 3.7 ± 0.3 b 5.8 ± 0.3 a

Ash (% w/v) 2.4 ± 0.2 a 2.5 ± 0.3 a 2.6 ± 0.2 a 2.5 ± 0.1 a 2.6 ± 0.3 a

ACE-inhibitory activity 7.2 ±0.2 c 7.5 ± 0.3 c 7.5 ± 0.2 c 25.1 ± 0.2 b 64.3 ± 0.2 a

Textural Profile Analysis

Hardness (g) 244.9 ± 11.0 b 244.1 ± 23.5 b 357.3 ± 32.0 a 242.5 ± 14.5 b 253.2 ± 19.3 b

Cohesiveness 0.519 ± 0.015 b 0.468 ± 0.016 c 0.566 ± 0.034 a 0.584 ± 0.027 a 0.601 ± 0.028 a

Springiness 0.716 ± 0.016 a 0.694 ± 0.011 b 0.608 ± 0.036 c 0.709 ± 0.010 ab 0.627 ± 0.021 c

Chewiness (g) 91.0 ± 3.5 a 79.9 ± 5.2 bc 100.4 ± 6.9 a 63.6 ± 10.4 c 85.0 ± 11.8 ab

1 Protein concentration is calculated as total nitrogen × 6.38. The data are the means of three independent
experiments ± standard deviations (n = 3). a–c Values in the same row, with different superscript letters, differ
significantly (p < 0.05). RC, control ricotta cheese (without fortification); RC1 and RC5, ricotta cheeses fortified
with 1 and 5% (w/w) spray-dried unfermented R-UF, respectively; RCf1 and RCf5, ricotta cheeses fortified with 1
and 5% (w/w) fR-UF, respectively.

Overall, the fortification affected some of the characteristics of the samples with the
RCf showing the highest differences. As expected, the pH and TTA values were significantly
(p < 0.05) lower in RCf1 and RCf5 compared to the RC samples, with the lowest value found
in RCf5 (Table 5). The highest level of fortification (5% w/w), regardless the fermentation,
led to lower moisture (circa 4%) and carbohydrates concentration significantly (p < 0.05)
higher than the corresponding samples fortified with 1% (w/w) of either the R-UF or fR-UF
(Table 5). In addition, the protein content was slightly affected by the fortification, with
RCf5 showing the highest concentration (circa 12% higher than RC).

A weak ACE-inhibitory activity was found in RC, RC1, and RC5 (from 7.2 to 7.5%),
while significant (p > 0.05) higher values were found in RCf1 and RCf5 (Table 5). The
highest anti-ACE activity (circa nine times higher than RC), was found in RCf5.

Textural profile analysis showed slight differences among samples. The fortification
with 1% R-UF or fR-UF did not cause significant (p > 0.05) differences in the hardness,
compared to control RC. Nevertheless, when 5% (w/w) R-UF was added to the formulation
(RC5), a marked increase in the hardness, cohesiveness, and chewiness was found (Table 5).
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RCf5 had a similar (p < 0.05) hardness compared to that of RC and a lower hardness and
chewiness compared to those of the corresponding RC5 (Table 5).

3.6. Sensory and Textural Characteristics of Ricotta Cheese

The sensory data of the ricotta cheeses are summarized in Table 6.

Table 6. Sensory analysis of ricotta cheeses.

Attributes RC RC1 RC5 RCf1 RCf5

Visual aspect

Color intensity 5.1 ± 0.2 b 5.3 ± 0.4 b 5.3 ± 0.3 b 5.3 ± 0.4 b 6.0 ± 0.4 a

Color homogeneity 4.5 ± 0.2 a 4.8 ± 0.3 a 4.0 ± 0.3 b 4.8 ± 0.3 a 4.8 ± 0.3 a

Odor

Milk 5.0 ± 0.3 a 4.8 ± 0.4 ab 4.8 ± 0.5 ab 4.5 ± 0.2 ab 3.8 ± 0.4 c

Acidic 1.1 ± 0.4 ab 1.1 ± 0.4 ab 1.1 ± 0.2 b 1.5 ± 0.3 ab 1.8 ± 0.4 a

Flavor

Sapidity 3.5 ± 0.3 b 3.5 ± 0.4 b 3.5 ± 0.4 b 4.0 ± 0.3 ab 4.3 ± 0.4 a

Bitterness 0.5 ± 0.3 b 0.5 ± 0.2 b 0.5 ± 0.2 b 0.5 ± 0.2 b 1.1 ± 0.4 a

Acidity 4.0 ± 0.3 c 4.3 ± 0.3 c 4.3 ± 0.3 c 5.3 ± 0.4 b 6.5 ± 0.4 a

Sweetness 2.8 ± 0.5 a 2.1 ± 0.2 b 2.0 ± 0.4 b 2.0 ± 0.3 b 2.0 ± 0.3 b

Milk 3.0 ± 0.4 a 2.8 ± 0.4 a 2.8 ± 0.5 a 3.0 ± 0.2 a 2.7 ± 0.3 a

Butter 3.3 ± 0.6 a 2.7 ± 0.4 a 2.7 ± 0.4 a 2.7 ± 0.4 a 2.7 ± 0.5 a

Off-flavors 0.7 ± 0.3 a 0.7 ± 0.3 a 0.8 ± 0.4 a 0.8 ± 0.4 a 0.8 ± 0.2 a

Persitency 3.2 ± 0.5 b 3.0 ± 0.3 b 3.2 ± 0.4 b 3.8 ± 0.5 b 6.0 ± 0.7 a

Texture

Adhesiveness 2.7 ± 0.5 ab 3.0 ± 0.2 a 3.0 ± 0.4 a 3.3 ± 0.3 a 2.3 ± 0.0 b

Graininess 2.5 ± 0.3 b 2.8 ± 0.5 ab 3.2 ± 0.4 a 2.5 ± 0.4 b 2.7 ± 0.4 ab

Friability 3.2 ± 0.4 a 3.3 ± 0.4 a 3.3 ± 0.2 a 3.3 ± 0.5 a 3.3 ± 0.4 a

Wetness 5.0 ± 0.2 a 5.0 ± 0.4 ab 4.7 ± 0.2 ab 4.7 ± 0.3 ab 4.5 ± 0.2 b

The data are the means of three independent experiments ± standard deviations (n = 3). a–c Values in the same row,
with different superscript letters, differ significantly (p < 0.05). RC, control ricotta cheese (without fortification);
RC1 and RC5, ricotta cheeses fortified with 1 and 5% (w/w) spray-dried unfermented R-UF, respectively; RCf1
and RCf5, ricotta cheeses fortified with 1 and 5% (w/w) fR-UF, respectively.

According to the visual aspect, the fortification led to higher values of both color
intensity and homogeneity, especially when the fR-UF was used. Moreover, the fortification
led to a decrease of the milk odor, while increasing the acidic flavor. Similar data were
found when the flavor was analyzed. Bitterness and off-flavors were almost not found in
any of the sample analyzed. However, the persistence of flavor and sapidity was higher in
fortified ricotta cheeses than in the RC, with the highest value found in RCf5. When tested,
the main difference found between fortified and control ricotta cheeses was in terms of
wetness, which was significantly lower than that of the control. The difference was higher
when the fR-UF was used (Table 6).

4. Discussion

The dairy industry produces RCEW as one of its most abundant by-products, which
is an inexpensive substrate rich in nutrients such as proteins (mainly in a denatured
state), soluble peptides, oligosaccharides, lactose, non-protein nitrogen, hydro-soluble
vitamins, several minerals, and free amino acids [18,42,43]. Although RCEW has a similar
composition to CW, the concentration of its constituents is markedly lower, except for the
ash content, often affected by acid and salt added to improve the whey proteins flocculation
and aggregation and the ricotta yield [43]. Due to the same reasons (e.g., the addition
of sodium bicarbonate to promote flocculation), the RCEW pH is higher than that of
whey. Fat is almost completely removed with ricotta production [43]. Here, the multi-step
fractionation allowed to retain the fat in the UF retentate and the separation of two fractions:
one rich in protein (1.85%, w/v), which can be easily subjected to the recovery of whey
proteins to be used as food and feed supplements [18], and one rich in lactose.
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RCEW proteins have a globular structure, with a uniform distribution of non-polar,
polar, and charged groups; they include β-lactoglobulin, α-lactalbumin, immunoglobu-
lins, serum albumin, lactoferrin, lactoperoxidase, and several enzymes. Other protein
components such as glycomacropeptide or caseinomacropeptide, which are released from
κ-casein in the first step of enzymatic curdling are also present [1].

Food proteins usually contain, encrypted into their sequences, several biologically
active peptides, inactive until bound into the primary structure [44]. Once released through
enzymatic proteolysis and/or microbial fermentation, the free forms of the peptides demon-
strate health effects in the gut or after systemic absorption into blood circulation.

Bioactive peptides have been reported to lower blood sugar, serum cholesterol, blood
pressure, inhibit microbial growth, and hinder cancer development [45]. Among the
high number of active sequences identified and characterized from plant and animal
sources, antihypertensive peptides deriving from caseins and whey proteins were deeply
investigated [46,47]. It was indeed reported that existing synthetic antihypertensive drugs
have several side effects, thus pushing the scientific community towards the research of
antihypertensive peptides as alternative therapeutics to control systemic blood pressure
and to prevent cardiovascular diseases [48]. The key enzyme involved in blood pressure
regulation is angiotensin-I-converting enzyme (ACE), a transmembrane metallopeptidase
presents in many tissues (lung, thoracic aorta, heart, kidney, and liver) and biological
fluids [49]. ACE hydrolyses the decapeptide angiotensin I into the octapeptide angiotensin
II, which binds to AT1 receptors on vascular smooth muscles and endothelial cells leading
to vasoconstriction and an increase of the blood pressure. Angiotensin II also inactivates
the endothelium-dependent vasodilator bradykinin [50]. The inhibition of the ACE activity
is therefore the target for antihypertensive agents. Whey proteins such as β-lactoglobulin,
α-lactalbumin, bovine serum albumin, and immunoglobulin exhibit diverse physiological
functions and their hydrolysates have been shown to have ACE inhibitory activity [46,51].
It was moreover demonstrated that RCEW is a good source of anti-ACE peptides, that can
be successfully released by different proteolytic enzymes [52].

Many LAB have been shown to degrade milk proteins to release bioactive peptides
during the fermentation occurring in dairy processes. Indeed, LAB are characterized
by an efficient proteolytic system able to hydrolyze proteins of the growth matrix into
small peptides (2 to 40 amino acid chains) and free amino acids [53,54]. Thanks to their
proteolytic activity, LAB strains of the species Lactobacillus acidophilus, Levilactobacillus brevis,
Ligilactobacillus animalis, Lactococcus lactis, Lactobacillus helveticus, and Lactiplantibacillus
plantarum were successfully used as microbial catalysts for producing ACE-inhibitory
peptides [22,55–57].

In this work, LAB strains previously isolated from dairy products and already selected
for their capability to release ACE-inhibitory molecules [19–22,57] were used as starters for
the fermentation of the RCEW. Among the five strains used, L. helveticus PR4 was selected
since it was able to improve the ACE-inhibitory activity of the fermented RCEW, although
S. thermophilus CR12 led to the release of a higher total amount of peptides.

Due to its high proteolytic activity, lactic acid production, rate of milk acidification,
and ability to improve the flavor and texture, strains of L. helveticus are often used to
produce fermented milk beverages and hard cheeses [58]. The L. helveticus strains exhibit
strong extracellular proteinase activity and capacity to release relevant amount and types
of different peptides during milk fermentation [57,59]. The number of cell envelope
proteinases (CEP) varies among L. helveticus strains ranging from one to four enzymes [60],
such as the pattern of the cytoplasmic peptidases [47]. Several L. helveticus strains were
previously selected for their capability to release anti-ACE peptides from caseins [58].

In this research work, a L. helveticus PR4 strain was employed as selected starter for
the fermentation of the R-UF fraction derived from RCEW through membrane separation,
confirming the potential of the substrate to be enriched in antihypertensive peptides.
Aiming at identifying the peptides responsible for the bioactivity, the fermented R-UF was
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fractionated by FPLC and the active subfractions characterized by the highest anti-ACE
activity, subjected to a purification and nano-LC–ESI–MS/MS analysis.

Eight peptides were identified in the four active fractions, all characterized by a molec-
ular mass ranging from 1.4 to 2.6 kDa. Two of the purified fractions contained mixtures
of different peptides. Three of the identified peptides derived from the hydrolysis of
the κ-casein. TIASGEPTSTPTTEA and NQDKTEIPTINTIASGEPTSTPTIE, which were
identified in partially purified fractions A (eluted in 12% eluent B) and D (eluted in 22%
eluent B), respectively, showed partial or complete overlapping with previously reported
κ-casein antihypertensive fragments (DQTEIPT, DKTEIPTINTIA, KTEIPTINTIA, TEIPTIN,
EIPTINTIA, EIPTINTIAS, PTIN, and PTINTIASSGEP) [58]. Such peptides were purified
from a κ-casein hydrolysate obtained using L. helveticus CEP cell envelope proteinases.
Moreover, the other κ-casein-derived peptide, VIESPPEINTVQVTSTA, was previously re-
ported as antihypertensive, together with other sequences sharing the epitopes VIESPPEIN
and TVQVTSTA [46,58,61].

To the best of our knowledge, the two peptides deriving from serum albumin (DAFLGS-
FLYEYSR and RHPYFYAPELLYYANK), were not previously reported as anti-ACE pep-
tides; nevertheless, serum album hydrolysates produced with different enzymes, such as
papain and proteinase-K, were already reported as sources of different antihypertensive
sequences [62,63].

In addition, the cell adhesion molecule 1 (GlyCAM-1), known as proteose-peptone
3 (PP3) [64], corresponding to the C-terminal-truncated variant of lactophorin [65] was
already reported as source of angiotensin-converting enzyme (ACE)-inhibitory peptides.
Three different GlyCAM-1 fragments were identified in the active subfractions of the
fermented R-UF, and in particular, a large similarity was found between DETHLEAQPT-
DASAQ and a previously identified bioactive sequence isolated in RCEW hydrolysates
obtained with commercial proteases [52].

Aiming at RCEW valorization through the reuse as food ingredient, the fermented
R-UF fraction, enriched in bioactive peptides, was spray-dried and used as functional
supplement for making fortified ricotta cheese, at a pilot plant level. The fortified ricotta
cheese was characterized by a marked increase of the anti-ACE activity compared to the
control and to the ricotta cheese samples obtained with the unfermented R-UF fraction at
the same levels of fortification.

Based on the concentration found in the purified active fractions, it can be estimated
that bioactive peptides corresponded to circa 14% (w/w) of the total peptide concentration
of the spray-dried fermented R-UF. Consequently, circa 30 mg of bioactive peptides can be
found in a 100 g portion of the ricotta cheese produced at a 5% fortification level.

Although the most recent literature shows a positive antihypertensive in vivo effect
when the ACE-inhibitory peptides are used at doses of 3.8–52.5 mg/kg [66,67], an analytical
quantification of the bioactive peptides in fortified ricotta cheese is needed to make further
considerations. Moreover, in vivo and human studies are necessary to elucidate the dose-
effect and the mechanisms involved in the activity of these sequences.

Compared to the use of unfermented spray-dried R-UF fraction, the fermentation
reflected in a moderate acidification of the final product, especially at the highest level
of inclusion in the ricotta cheese formulation (5% w/w). Obviously, the moisture of the
ricotta cheeses was also affected by the addition of the dried RCEW fraction at the highest
level of fortification. The supplementation also caused a relevant increase of the protein
(calculated on the basis of the total nitrogen) and lactose contents, the latter was still
abundant in both unfermented and fermented R-UF, although at a lower level. Probably
due to the extensive proteolysis, the use of the fermented spray-dried R-UF attenuated the
increase in hardness and chewiness that characterized the ricotta cheese fortified with the
5% unfermented R-UF.

Since peptides generally have a taste, covering the entire range of established taste
modalities: sweet, bitter, umami, sour and salty [68], the sensory properties of the fortified
ricotta cheese needed to be investigated. The fortification modified the overall charac-
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teristics of the ricotta cheese by decreasing the milk odor and taste, while increasing the
acidic one. Moreover, the persistence of flavor and sapidity was also improved with the
fortification.

5. Conclusions

A biotechnological protocol to obtain bioactive peptides with angiotensin-I-converting
enzyme (ACE)-inhibitory activity was set up. A Lactobacillus helveticus selected strain
was used as starter for the fermentation of the ultrafiltration protein-rich retentate (R-
UF) obtained from the RCEW. The fermented R-UF was characterized by a high anti-
ACE activity and the peptides responsible for the bioactivity showed partial or complete
overlapping with previously reported κ-casein antihypertensive fragments.

When the freeze-dried fermented R-UF was used to enrich ricotta cheese at different
fortification levels (1 and 5% w/w), a high anti-ACE activity was found. Indeed, a 100 g
portion of the ricotta cheese produced at 5% fortification level containing circa 30 mg of
bioactive peptides.

The fortification led to a moderate acidification, increased hardness and chewiness,
and decreased the milk odor and taste of the ricotta cheese as compared to the control,
while flavor persistence and sapidity improved.

The biotechnological protocol proposed here for the enrichment in antihypertensive
bioactive peptides represent an easily scalable process that can be employed for the upcycle
of the RCEW and its components, providing novel supplements for the design of innovative
functional foods, with ricotta cheese as one of the many potential applications.
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Abstract: The Food and Agriculture Organization (FAO) has been estimating the potential of insects as
human food since 2010, and for this reason, Tenebrio molitor larvae, also called mealworms, have been
explored as an alternative protein source for various foods. In this study, in order to increase nutrient
contents and improve preference as an alternative protein source, we fermented the T. molitor larvae
by Cordyceps militaris mycelia. T. molitor larvae were prepared at optimal conditions for fermentation
and fermented with C. militaris mycelia, and we analyzed T. molitor larvae change in functionality with
proximate composition, β-glucan, cordycepin, adenosine, and free amino acids content. T. molitor larvae
fermented by C. militaris mycelia showed higher total protein, total fiber, and β-glucan content than
the unfermented larvae. In addition, the highest cordycepin content (13.75 mg/g) was observed in
shaded dried T. molitor larvae fermented by C. militaris mycelia. Additionally, the isolated cordycepin
from fermented T. molitor larvae showed similar cytotoxicity as standard cordycepin when treated with
PC-9 cells. Therefore, we report that the optimized methods of T. molitor larvae fermented by C. militaris
mycelia increase total protein, total fiber, β-glucan and produce the amount of cordycepin content, which
can be contributed to healthy food and increase T. molitor larvae utilization.

Keywords: edible insects; Tenebrio molitor larvae; functionality change; fermentation;
Cordyceps militaris mycelia

1. Introduction

As the world’s population steadily increases, the International Feed Industry Federation
(IFIF) predicted that it will reach 10 billion by 2050 [1]. This means that it is necessary to increase
food production to meet consumer demands. Mass breeding of livestock has a negative impact
on the environment by producing a large amount of greenhouse gases and ammonia and
spending considerable water, energy, and land [2]. A previous study reported that insects are
significantly decreased the production of am-monia and greenhouse gases (CO2, N2O, and CH4)
and also reported that less land-dependent than livestock [3,4]. In addition, insects are estimated
to be able to supply food to approximately two billion people. For these reasons, edible insects
have received worldwide attention as potential sources of alternative proteins [5,6].

Among the edible insects, Tenebrio molitor larvae, also called mealworms, are commercially
reared in many countries as food for animals or even for human consumption. For example,
T. molitor larvae are the most common insect produced in China, and the amount is more
than 1000 tons per year [7,8]. In a previous study, T. molitor larvae were reported to have
approximately 50% crude protein content [9] and contain essential amino acids, which are
recommended for adult consumption by the World Health Organization (WHO) [7,10]. For
these reasons, producers who cultivate T. molitor larvae and their production amounts have
steadily increased. However, T. molitor larvae are usually produced in terms of living status and
dried status, whereas consumers do not prefer them because of their disgusting appearance [11].
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Therefore, it is necessary to develop a method that leads to an increase in T. molitor larvae
consumption and utilization.

Cordyceps militaris, called Dong-Chong-Xia-Cao, which includes means of winter worm
transforming into summer grass, is one of the entomogenous fungi that form a fruiting
body mainly on pupae or larvae [12,13]. It has been traditionally used as an herbal medicine
in Korea and China to enhance longevity and vitality [14] and contains many types of
biologically active compounds such as cordycepin, adenosine, cordycepic acid, sterols,
nucleosides, and polysaccharides [15]. Among them, cordycepin (3′-deoxyadenosine),
a derivative of adenosine, was the first compound to be isolated from C. militaris [16].
Cordycepin has been reported to have antitumor, antiangiogenic, antimetastatic, and
antiproliferative effects, and it induces apoptosis in cancer cells [17].

Biofortification is a very important method to improve the shortage of food and provide
nutrients for those who rarely have access to foods [18]. Among those, fermentation is a
very economical and useful method of improving nutrient ingredients by producing active
ingredients [19,20]. Fermentation is a process that is subjected to the action of microorganisms
or enzymes, and it can cause biochemical changes in food [21]. These changes may result
in sensory qualities and improved nutritional value [22]. A previous study that fermented
the T. molitor larvae performed lactic acid bacteria and soy sauce fermentation, but there is
not enough study fermented with C. millitaris myceila using their entomogenous character.
On account of this reason, in this study, T. molitor larvae fermented by C. militaris mycelia
were performed to increase their utilization and progressing appearance. In addition, we
analyzed changes in functionality to confirm the potential of nutritional components as food.

2. Materials and Methods

2.1. Samples

T. molitor larvae used in this study were purchased from Myeong Pum, Inc. (Jang-
seong, Korea). T. molitor larvae were reared for 9 weeks and did not feed for two days
before harvest to remove feces. Harvested T. molitor larvae were separated from wheat and
excretions using steel mesh. T. molitor larvae were separated into two test groups to compare
the nutrient composition and functional ingredient and to find optimal fermentation
conditions. One test group of T. molitor larvae was spread in a steel tray and dried under
shade for 20 h at room temperature (shade dried, SD). The other test group of T. molitor
larvae was also spread in a steel tray and dried in an oven for 20 h at 80 ◦C and boiled for
30 min (30 min boil after hot air dried, 30BHAD).

2.2. Chemicals and Standards

Analytical-standard cordycepin and adenosine were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Standards of amino acids, OPA was purchased from Agilent (Agilent
Technologies, Santa Clara, CA, USA). Certified HPLC-grade solvents methanol and ace-
tonitrile were purchased from J. T. Baker Chemicals (Center Valley, Coopersburg, PA, USA).
All other reagents used for analysis were analytical grade. Potato dextrose agar (PDA) and
potato dextrose broth (PDB) were purchased from BD DIFCO (Detroit, MI, USA).

2.3. Fermentation

The C. militaris strain (No. 40226) was obtained from the Korean Agricultural Cul-
ture Collection (KACC, Suwon, Korea) and used in this study. To prepare the inoculum,
C. militaris mycelia in the PDA plates were punched using a cork borer (diameter 5 mm),
and five discs were transplanted into 500 mL PDB and incubated for 10 days at 25 ◦C
with 150 rpm in a shaking incubator. The 500 mL liquid media were transferred to 1 L
PDB, incubated for 15 days at 25 ◦C, and homogenized for transplantation. T. molitor
larvae of two test groups (SD, 30BHAD) were filled with each polypropylene bottle and
sterilized in an autoclave for 30 min at 121 ◦C. The polypropylene bottle was cooled to
room temperature on a clean bench and inoculated with an equal ratio of inoculum (v/w,
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1:2). The polypropylene bottles containing T. molitor larvae and C. militaris mycelia were
harvested after incubation for 60 days at 25 ◦C and freeze-dried for use in the analysis.

2.4. Proximate Composition Determination

The contents of proximate compositions were measured according to the official methods
of the Association of Official Analytical Chemists (AOAC, Rockville, Maryland, 2005). The
moisture content was determined by oven-drying methods at 105 ◦C for 12 h. Crude protein
(N × 6.25) in the samples was determined using the Kjeldahl method. Crude fat was extracted
using a Soxhlet apparatus. To measure the ash content, samples were burned at 600 ◦C for
3 h. The crude fiber was extracted as digesting with dilute H2SO4 and KOH solutions.

2.5. β-Glucan Determination

The β-glucan content was measured using a Megazyme yeast and mushroom kit
(Megazyme, Bray, Ireland), and β-glucan content was calculated as the total glucan content
minus the α-glucan content.

2.6. Analysis of Free Amino Acids

To determine free amino acids, samples were extracted for 3 h in 60 ◦C water bath with
distilled water. The extraction was filtered using a syringe filter of 0.45 μm (Advantec Dismicr,
Tokyo, Japan) and incubated at 4 ◦C after adding sulfosalicylic acid. After 4 h, water extract was
separated by centrifugation at 10,000× g for 10 min and used for analysis. The free amino acids
were quantified by high-performance liquid chromatography (HPLC; 1200 Series HPLC system,
Agilent Technologies, Santa Clara, CA, USA) after derivatization with o-phthaldialdehyde.
The column size was 2.1 × 150 mm, with a 4 μm particle size (Agilent Technologies, Santa
Clara, CA, USA) and a 340 nm detection wavelength at 40 ◦C. Mobile phase A was 10 mM
sodium phosphate and 10 mM sodium tetraborate (v/v, 1:1), pH 8.2, and mobile phase B was
acetonitrile, methanol, and distilled water (v/v/v, 45:45:10) with a flow rate 0.35 mL/min.

2.7. Analysis of Cordycepin and Adenosine

To determine cordycepin and adenosine, samples were extracted using a sonicator for
90 min in distilled water. The water extract was separated by centrifugation at 2264× g for
15 min. The supernatant was filtered using a syringe filter of 0.45 μm (Advantec Dismicr, Tokyo,
Japan). HPLC analysis was performed on a 1200 Series HPLC system (Agilent Technologies,
Santa Clara, CA, USA) with an Agilent ZORBAX Eclipse XDB-C18 column (Agilent Technolo-
gies, Santa Clara, CA, USA). The parameters used were as follows: flow rate of 0.8 mL/min,
injection volume of 10 μL, wavelength of 260 nm, and column temperature of 30 ◦C.

2.8. Separation and Purification Cordycepin

Separation and purification were performed to determine the cell viability effect of
cordycepin isolated from SD T. molitor larvae fermented by C. militaris mycelia. Semi-HPLC was
used for separation. The composition ratio of the mobile phase was LC-water and methanol
(v/v, 70:30) to obtain a sub-fraction by loading the extract of SD T. molitor larvae fermented by
C. militaris mycelia into the cartridge column. Among them, the main fraction that included
the cordycepin peak was collected and concentrated under freeze drying and gained 46.5 mg
of dried cordycepin peak fraction. HPLC-MS/ELSD was used for purification. The dried peak
fraction and cordycepin standard were dissolved in methanol and analyzed using an Agilent
Poroshell 120 SB—C18. Detection was performed under the condition that the composition ratio
of the mobile phase was water: Acetonitrile (v/v, 70:30), and the flow rate was 0.4 mL/min.
The injection volume was 10 μL, and the detection wavelength was 260 nm.

2.9. Cell Culture and Viability Assay

PC-9 cells (human lung adenocarcinoma cell line) were obtained from the European
Collection of Authenticated Cell Cultures (ECACC). The cells were cultured in RPMI-
1640 medium containing 10% fetal bovine serum, 1% penicillin/streptomycin, and 0.1%
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2-mercaptoethanol. Cultures were maintained at 37 ◦C and 5% CO2, and the media were
changed every three days. Cells were seeded in a 96-well plate (6 × 104 cells/well) and
subcultured for 24 h, and 10, 30, 100, and 300 μM isolated cordycepin and standard
cordycepin were treated to each well. The cells were incubated in 5% CO2 at 37 ◦C for 48 h.
Subsequently, 100 μL of the solution was removed from each well, and 10 μL of CCK-8
reagent was added. After 1 h, the absorbance was measured at 450 nm using a microplate
reader (Versamax, Molecular Devices, San Jose, CA, USA).

2.10. Statistical analysis

Data are presented as mean ± SD of three replicates. Statistical differences between groups
were compared using the Student’s t-test. Probability values less than 0.05, were considered
significant (p values * < 0.05, ** < 0.01, and *** < 0.001). One-way ANOVA and Tukey’s post
hoc test were performed using Graphpad 7.0 (Graphpad Software, San Dieogo, CA, USA).

3. Results

3.1. Proximate Composition and β-Glucan Contents

Proximate compositions were analyzed to determine the usefulness of T. molitor
larvae fermented by C. militaris mycelia as a functional food source. Table 1 shows the
proximate composition of T. molitor larvae fermented with or without C. militaris mycelia.
The proximate composition of SD T. molitor larvae and fermented by C. militaris mycelia
contained moisture (3.5% and 9.15%), crude protein (44.01% and 59.34%), crude fat (32.02%
and 18.54%), crude ash (3.21% and 3.84%), and crude fiber (5.54% and 9.48%, respectively).
In addition, 30BHAD T. molitor larvae fermented by C. militaris mycelia contained moisture
(2.25% and 8.87%), crude protein (47.49% and 64.24%), crude fat (36.9% and 32.02%),
crude ash (2.63% and 2.21%), and crude fiber (12.97% and 15.62%, respectively). By
fermentation of T. molitor larvae with C. militaris mycelia, they substantially increased the
crude protein and crude fiber content and reduced the crude fat content. In a previous
study, it was reported that bioactive compounds such as ergosterol, the precursor of
vitamin D2, are integrally linked with mycelial growth [23]. The protein and fat contents of
several mushrooms grown in various media have been described previously [24]. Microbial
proteins can be derived from a variety of microorganisms, both unicellular and multicellular,
including bacteria, yeast, and fungi [25]. In this study, T. molitor larvae fermented by
C. militaris mycelia produced more crude protein than unfermented T. molitor larvae. We
suggest that these results are affected by microbial proteins and can be more attractive as
alternative protein sources than unfermentation.

Table 1. Proximate composition and β-glucan content of shade dried (SD), and 30 min boil after hot
air dried (30BHAD) Tenebrio molitor larvae before and after fermentation.

Variables (%)
SD 30BHAD

Unfermented Fermented Unfermented Fermented

Moisture 3.5 ± 0.24 a1 9.15 ± 0.79 b 2.25 ± 0.09 c 8.87 ± 0.15 b

Crude protein 44.01 ± 0.27 a 59.34 ± 0.12 b 47.49 ± 0.19 c 64.24 ± 0.52 d

Crude fat 32.02 ± 0.21 a 18.54 ± 1.24 b 36.9 ± 0.58 c 32.02 ± 0.21 d

Crude ash 3.21 ± 0.04 a 3.84 ± 0.19 a 2.63 ± 0.42 ab 2.21 ± 0.15 b

Crude fiber 5.54 ± 0.24 a 9.48 ± 0.2 b 12.97 ± 1.44 c 15.62 ± 0.19 d

β-Glucan 0.34 ± 0.17 a 4.77 ± 0.26 b 0.61 ± 0.29 a 8.78 ± 0.33 c

1 All values are means ± SD (N = 3). a–d Groups that do not share a common letter indicate a significant difference
(p < 0.05).

β-Glucan contents of T. molitor larvae fermented by C. militaris mycelia are shown in
Table 1. First, different content of β-glucan was shown between SD T. molitor larvea (0.34%)
and fermented SD T. molitor larvea (4.77%). The β-glucan content of 30BHAD T. molitor
larvae was 0.61%, and when 30BHAD T. molitor larvae fermented by C. militaris mycelia,
it contained 8.78%, which the highest β-glucan content in the samples. The β-glucan
content of T. molitor larvae fermented by C. militaris mycelia was substantially higher than
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those of the non-fermented T. molitor larvae. It is well known that mushrooms contain
many bioactive compounds that have diverse beneficial impacts on human health [26]. In
particular, β-glucan is the main polysaccharide normally present in the cell walls of fungi
and yeast. It has been reported that β-glucan affects immune system activation, as well
as antimicrobial, antioxidant, and antitumor effects [27,28]. According to these results, we
expect the use of T. molitor larvae as functional food.

3.2. Free Amino Acids Content

The free amino acids content of T. molitor larvae before and after fermentation are
shown in Table 2. In all of the samples, a total of 15 amino acids, which include eight
essential and seven non-essential amino acids, were detected. Total free amino acids
content of SD T. molitor larvae was 2587.73 mg/100 g and after fermentation contained
1626.05 mg/100 g. Moreover, total free amino acids content of 30BHAD T. molitor larvae
was 1080.14 mg/100 g and after fermentation contained 3018.25 mg/100 g. In case of SD
T. molitor larvae, total free amino acids content was 0.62-fold decreased after fermentation,
but 30BHAD T. molitor larvae was 2.79-fold significantly increased. Total essential amino
acids content of SD T. molitor larvae was 1138.64 mg/100 g but decreased after fermentation
to 607.33 mg/100 g (0.53-fold). On the other hand, the total essential amino acids content
of 30BHAD T. molitor larvae was 490.88 mg/100 g and after fermentation increased to
1262.5 mg/100 g (2.57-fold). C. militaris is entaentomogenous fungi that form a fruiting
body mainly on pupae or larvae and use insects as a nutrient source for grown [12,13]. For
these reasons, it seems that the free amino acids content of SD T. molitor larvae fermented
by C. militaris mycelia was decreased [29]. On the other hand, the total free amino acids in
30BHAD T. molitor larvae was increased after fermentation. These free amino acids content
differences require additional experiments. Other previous studies showed that when
Pleurotus eryngii and Bacillus subtilis were fermented in Gryllus bimaculatus, total free amino
acids increased due to protease [29,30]. Additionally, aspartic acid content of 30BHAD
T. molitor larvae was 28.72 mg/100 g and after fermentation increased to 149.61 mg/100 g.
The glutamic acid content of 30BHAD T. molitor larvae was 143.68 mg/100 g and after
fermentation increased to 588.89 mg/100 g. These free amino acids are known for being
highly responsible for the taste properties and development of flavor-forming reactions [31].
Aspartic acid and glutamic acid are related to umami [32], umami content of 30BHAD
T. molitor larvae was significantly increased when fermented by C. militaris mycelia.

Table 2. Free amino acid contents of shade dried (SD), and 30 min boil after hot air dried (30BHAD)
Tenebrio molitor larvae before and after fermentation.

Variables (mg/100 g)
SD 30BHAD

Unfermented Fermented Unfermented Fermented

Aspartic acid 91.22 ± 11.49 a1 84.8 ± 14.16 a 28.72 ± 4.33 b 149.61 ± 7.44 c

Glutamic acid 224.22 ± 37.16 a 292.31 ± 44.24 a 143.68 ± 30.04 a 588.89 ± 67.85 b

Serine 81.47 ± 8.26 a 59.53 ± 7.67 ab 40.66 ± 7.24 b 88.61 ± 11.54 a

Histidine 165.14 ± 16.02 a 81.7 ± 10.16 b 52.18 ± 11.6 b 128.87 ± 19.16 a

Glycine 48.02 ± 3.56 a 25.04 ± 2.94 b 21.45 ± 2.95 b 36.38 ± 5.56 c

Threonine 77.35 ± 8.61 a 52.28 ± 5.87 b 38.44 ± 6.85 b 112.77 ± 9.37 c

Arginine 456.76 ± 42.2 a 385.09 ± 35.44 a 172.39 ± 32.27 b 602.94 ± 85.19 c

Alanine 239.22 ± 31.98 a 56.68 ± 13.94 b 122.08 ± 25.07 b 98.04 ± 38 b

Tyrosine 308.19 ± 42.63 a 115.27 ± 12.17 b 60.27 ± 11.24 b 191.28 ± 24.32 c

Valine 189.16 ± 30.24 a 113.28 ± 11.29 b 91.54 ± 16.9 b 221.11 ± 18.24 a

Methionine 63.82 ± 5.39 a 33.36 ± 5.16 b 18.48 ± 2.09 c 26.16 ± 1.9 bc

Phenylalanine 120.66 ± 12.59 a 49.37 ± 5.59 b 51.32 ± 9.62 b 102.14 ± 11.98 a

Isoleucine 124.7 ± 16.84 a 48.77 ± 5.07 b 59.51 ± 10.6 b 70.32 ± 4.85 b

Leucine 143.62 ± 16.6 a 57.47 ± 5.58 b 91.01 ± 17.92 bc 117.56 ± 16.43 ac

Lysine 254.18 ± 70.69 a 171.1 ± 4.31 a 88.41 ± 33.91 a 483.57 ± 114.86 b

Total free AA 2587.73 ± 330.84 a 1626.05 ± 160.85 b 1080.14 ± 219.62 b 3018.25 ± 419.4 a

Total EAA 1138.64 ± 162.42 a 607.33 ± 41.08 b 490.88 ± 107.59 b 1262.5 ± 188.49 a

1 All values are means ± SD (N = 3). a–c Groups that do not share a common letter indicate a significant difference
(p < 0.05).
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3.3. Cordycepin and Adenosine Contents

Table 3 shows the cordycepin and adenosine contents of T. molitor larvae fermented
with or without C. militaris mycelia. Cordycepin and adenosine contents of unfermented
T. molitor larvae were not detected, and when SD T. molitor larvae fermented by C. militaris
mycelia, it contained 13.75 mg/g of cordycepin and 0.85 mg/g of adenosine. Additionally,
30BHAD T. molitor larvae fermented by C. militaris mycelia contained 9.19 mg/g of cordy-
cepin and 1.66 mg/g of adenosine. The cordycepin and adenosine contents of T. molitor
larvae were produced according to fermentation.

Table 3. Cordycepin and adenosine contents of various Cordyceps militaris, including Tenebrio molitor
larvae before and after fermentation.

Samples
Variables (mg/g)

Cordycepin Adenosine

SD
Unfermented ND 1 ND

Fermented 13.75 ± 0.03 a3 0.85 ± 0.03 a

30BHAD
Unfermented ND ND

Fermented 9.19 ± 0.02 b 1.66 ± 0.05 b

CCMBR1 2 Fruiting body 0.78 ± 0.02 c 2.77 ± 0.03 c

Substrate 0.26 ± 0.01 d 0.4 ± 0.01 d

CCMBR2
Fruiting body 1.16 ± 0.02 e 3.24 ± 0.03 e

Substrate 0.63 ± 0.01 f 0.23 ± 0.01 f

CCMP
Fruiting body 1.06 ± 0.04 g 4.1 ± 0.09 g

Substrate 6.45 ± 0.02 h 1.7 ± 0.12 b

1 ND—not detected. 2 CCMBR1—commercial C. militaris grown on brown rice 1; CCMBR2—commercial
C. militaris grown on brown rice 2; CCMP—commercial C. militaris grown on the pupae. CCMBR1,2 were
purchased from distinct farmer market. 3 All values are means ± SD (N = 3). a–h Groups that do not share a
common letter indicate a significant difference (p < 0.05).

Additionally, we purchased commercial C. militaris to compare cordycepin and adeno-
sine contents with SD and 30BHAD T. molitor larvae fermented by C. militaris mycelia.
Commercial C. militaris were separated from the fruiting body and substrate for analysis.
Table 3 also shows the cordycepin and adenosine contents of commercial C. militaris. The
contents of cordycepin in commercial C. militaris were found to be highest in order to
CCMP substrate (6.45 mg/g), CCMP fruiting body (1.06 mg/g), CCMBR2 fruiting body
(1.16 mg/g). Furthermore, the adenosine contents in commercial C. militaris were found to
be highest in order to CCMP fruiting body (4.1 mg/g), CCMBR2 fruiting body (3.24 mg/g),
CCMBR1 fruiting body (2.77 mg/g). In the case of CCMBR1, 2 cordycepin and adenosine
contents of fruiting bodies were higher than those of the substrate. Additionally, the adeno-
sine content of the CCMP fruiting body was higher than the substrate, but cordycepin
content was higher in the fruiting body. Among the different substrates of C. militaris, the
SD T. molitor larvae had the highest cordycepin content (13.75 mg/g). Cordycepin, which
was first isolated from C. militaris, has been reported to have antitumor, antiangiogenic, an-
timetastatic, and antiproliferative effects [16,17]. Previous studies have reported cordycepin
content in C. militaris fruiting bodies of brown rice were 5.62 mg/g [33], 1.2–3.5 mg/g [34],
and in a substrate of brown rice was 2.27–3.97 mg/g [35]. A previous study reported
that the differences between cordycepin contents are due to differences in the C. militaris
strain [35]. This study showed that T. molitor larvae produce amount of cordycepin when
fermented by C. militaris mycelia. According to a previous study, cordycepin is well known
for strong antitumor effects. Therefore, we expect an additional bio-active effect of T. molitor
larvae fermented by C. militaris mycelia.

3.4. Cell Viability Assay

We used the human lung cancer cell line PC-9 to investigate the cell viability of
the isolated cordycepin produced in T. molitor larvae. Standard cordycepin and isolated
cordycepin were administered at 10, 30, 100, and 300 μM for 48 h. The CCK-8 assay
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showed a dose-dependent decrease in the growth of PC-9 cells. The toxicity of standard
and isolated cordycepin at 100 μM was 42.4% and 61%, respectively; at 300 μM, it was 31%
and 42.7%, respectively (Figure 1). Cordycepin is well known for cytotoxicity in various
cancers, and PC-9 cells are more sensitive to lung cancer [36]. In this study, we confirmed
the cordycepin isolated from SD T. molitor larvae fermented by C. militaris mycelia reduces
PC-9 cell viability as well as standard cordycepin.

Figure 1. Effect of standard cordycepin and isolated cordycepin on PC-9 human lung cancer cell
viability. Cells were seeded at a density of 6 × 103 cells/well in a 96-well plate and then treated with
different concentrations of standard cordycepin and isolated cordycepin (10, 30, 100, and 300 μM) for
48 h. The culture supernatant was removed, and cell counting kit-8 was added. All data are expressed
as mean ± SD of three independent experiments. ** p < 0.01, *** p < 0.001 compared to the control.

4. Conclusions

This study was performed to analyze the functional change of T. molitor larvae ac-
cording to fermentation by C. militaris mycelia. The functional changes of T. molitor larvae
were investigated using two drying methods (SD and 30BHAD) and fermentation with
C. militaris mycelia. The results showed not only did T. molitor larvae increase crude
protein, crude fiber, β-glucan, and free amino acids (only 30BHAD T. molitor), but it also
reduced crude fat when fermented with C. militaris mycelia. Moreover, T. molitor produced
cordycepin and adenosine after fermentation, and also SD T. molitor larvae fermented by
C. militaris mycelia produced the highest contents of cordycepin compared with commercial
C. militaris. Then, we isolated cordycepin from T. molitor larvae, which has the highest
content, and analyzed its cell viability activity; it inhibited the growth of PC-9 cancer cells.
In this study, we only performed cytotoxicity effects of isolated cordycepin from fermented
T. molitor larvae, but if additional anti-cancer effects are confirmed, it can be possible to
develop functional foods using fermented T. molitor larvae. These results suggest that
fermentation with C. militaris mycelia can increase the functionality of T. molitor larvae. In
addition, fermentation using C. militaris mycelia to T. molitor larvae is considered to will be
useful for the development of high-protein and eco-friendly alternative foods.
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Abstract: Fungal growth and consequent mycotoxin release in food and feed threatens human health,
which might even, in acute cases, lead to death. Control and prevention of foodborne poisoning is a
major task of public health that will be faced in the 21st century. Nowadays, consumers increasingly
demand healthier and more natural food with minimal use of chemical preservatives, whose negative
effects on human health are well known. Biopreservation is among the safest and most reliable
methods for inhibiting fungi in food. Lactic acid bacteria (LAB) are of great interest as biological
additives in food owing to their Generally Recognized as Safe (GRAS) classification and probiotic
properties. LAB produce bioactive compounds such as reuterin, cyclic peptides, fatty acids, etc.,
with antifungal properties. This review highlights the great potential of LAB as biopreservatives
by summarizing various reported antifungal activities/metabolites of LAB against fungal growth
into foods. In the end, it provides profound insight into the possibilities and different factors to
be considered in the application of LAB in different foods as well as enhancing their efficiency in
biodetoxification and biopreservative activities.

Keywords: synthetic preservatives; preservation enhancement; metabolites; supplementation with LAB

1. Introduction

Fungi are among the most serious food-spoiling micro-organisms threatening the
quality and health of food, food products, and feed [1]. Fungal plant-pathogens destroy up
to 30% of crop products, and spoiling fungi and their toxins contaminate about 25% of raw
materials produced by agriculture worldwide [2]. It is estimated that the annual economic
loss caused by the spoilage of bread by fungi will reach to more than EUR 200 million in
Western Europe [3].

The disadvantages of using synthetic preservatives such as the formation of carcino-
genic nitrosamines in food are well known, though mold species are also becoming resistant
to them [4,5]. The biopreservation of food products by natural and biological compounds
may be a satisfactory alternative to solving microbial spoilage of food and food products
and its consequent economic loss, which will also contribute to reducing the incidence of
foodborne illnesses [6].

According to extensive studies in recent decades, LAB being able to produce active
compounds such as fatty acids, organic acids, hydrogen peroxide, peptides, and reuterin
represent ideal biopreservatives for conventional chemical antifungal preservatives against
spoilage and toxigenic compounds in food [7,8]. A total of 25% of Europe’s diet and 60%
of the diet of many developing countries is composed of fermented food, and LAB play
a great role in the fermentation process [9,10]. In addition, LAB cultures isolated from
native fermented food products with probiotic attributes and mycotoxin binding may be of
immense value in decontaminating mycotoxins in food [11,12].

Foods 2022, 11, 395. https://doi.org/10.3390//foods11030395 https://www.mdpi.com/journal/foods
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This review aimed to summarize the capability of LAB as green preservatives in
different foods by highlighting their antifungal substances and mechanisms of their action.
Moreover, foodborne diseases caused by pathogenic fungi as well as the hazards of synthetic
preservatives for human health were outlined. Finally, a comprehensive insight into various
aspects of the application of LAB as biopreservatives in foods was provided.

2. Foodborne Diseases

Foodborne diseases (also called foodborne infection or food poisoning) comprise a
wide spectrum of diseases resulted from the ingestion of foodstuff spoilage or pathogen
microorganisms and toxic chemicals. Foodborne diseases count as a considerable cause
of morbidity and mortality, which subsequently pose a remarkable impediment to so-
cioeconomic development all around the world [13]. Since many different pathogenic
microorganisms can contaminate food, there is a wide variety of foodborne infections.
The Centers for Disease Control and Prevention (CDC) estimated that each year in the
United States of America, 48 million people become sick as a result of foodborne illness,
128,000 people are hospitalized, and 3000 people die [14]. According to the WHO, unsafe
food causes 600 million cases of foodborne diseases and 420,000 deaths annually world-
wide, of which 30% belong to children under 5 years of age. The WHO estimated that
eating unsafe food leads to the loss of 33 million years of lives globally each year [15]. The
production and release of mycotoxins in food is the most important and dangerous effect
caused by fungi to human health [16].

3. Synthetic Preservatives and Hazards of Their Use

Synthetic preservatives are substances of chemical origin that inhibit the growth of
spoilage microorganisms. Some examples are benzoates, sorbates, propionate, EDTA,
nitrites, and sulfites [17]. The majority of preservatives used today are synthetic rather
than natural, and several of them potentially pose life-threatening side effects over time for
humans as well as negative impacts on the environment [18]. Researchers have reported
that synthetic preservatives can cause serious health hazards such as cancer, allergy, asthma,
hyperactivity, and damage to the nervous system [19,20]. A scientific report described the
cumulative behavioral effects of bread preservative on children. Daily consumption of
preservative in foods has the potential to cause irritability, restlessness, inattention, and
sleep disturbance in children [21]. Table 1 shows the most common synthetic antifungal
preservatives, their negative effect on human health, and fungi that have developed partial
resistance to them.

Table 1. The most common synthetic antifungal preservatives, their negative effect on human health,
and fungi that have developed partial resistance to them.

Preservatives Food Health Effects Resistant Fungi References

Benzoate Fruit products
Acidic foods
Margarine
Cereals
Meat
Carbonated drinks

Neurotransmission and
cognitive functioning
Hyperactivity and allergic
reactions
Genotoxic
Clastogenic
intercalation in the DNA
structure

[19]
[22]
[23]

Zygosaccharomyces bailii [24]
Aspergillus flavus [25]
Aspergillus niger and Penicillium
notatum

[5]

Elymus repens and A. niger [26]
Aspergillus conicus, Penicillium,
Cladosporium and Wallemia

[27]

Propionate
Breads and other baked goods

Hypersensitivity
Visual irritability
Restlessness
Inattention
Sleep disturbance

[19]
E. repens and A. niger [26]
A. conicus, Penicillium, Cladosporium
and Wallemia

[27]

Penicillium expansum and Penicillium
roqueforti

[28]

P. roqueforti [29]
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Table 1. Cont.

Preservatives Food Health Effects Resistant Fungi References

Sorbate Syrups
Dairy products
Cakes
Mayonnaise
Margarine
Processed meats

Cytotoxic and genotoxic
effects
DNA breakage
Irritant to respiratory
epithelium

P. roquefortii [19]
[30]
[31]
[32]

A. flavus [32]
P. notatum and A. niger [5]
Rhizopus nigricans [4]
E. repens and A. niger [26]
A. conicus, Penicillium, Cladosporium
and Wallemia

[27]

Benzoates mainly inhibit mold, yeasts, and bacteria in liquid environments such as
acidic and soft drinks. Sodium benzoate is the most common salt of benzoate used in
carbonated drinks, fruit juices, and some other foods with a pH of 3.6 or lower. It is
established that benzoate can react with ascorbic acid in drinks and produce benzene,
which is a carcinogen [17]. It is also reported to influence neurotransmission and cognitive
functioning [33]. Although sodium benzoate is regarded as safe by major regulatory
agencies, there are still questions over its adverse effects on human health. Sodium benzoate
intake of above 5 mg/kg resulted in allergy and hyperactivity. Sodium benzoate has the
potential to cause changes in the cell cycle and impairment in DNA as well as being
considered as genotoxic and clastogenic [34].

Propionates inhibit mold growth in baked goods [17]. Although regarded as GRAS
by FDA, there is still a lack of clarity on the metabolic effects of propionate in humans.
Propionate may cause hyperinsulinemia, promoting adiposity and metabolic abnormalities
over time [35]. Propionate preservatives are also reported to contribute to or cause visual
irritability, restlessness, inattention, and sleep disturbance in some children [21].

Sorbates prevent mold/yeast growth in food products [17]. Even though sorbate is
legally used in the food industry, it still has the potential to cause harmful side effects if
consumed in quantities higher than the standard limits or if used long-term [36]. Various
research results showed that the increased potassium sorbate intake above 25 mg/kg may
lead to producing mutagenic compounds and inducing chromosome damage and DNA
breakage and irritation to the respiratory epithelium [36,37].

Apart from negative impacts on health, synthetic preservatives may also adversely
affect the organoleptic properties of the food. One of the serious problems in cheese
preserved with sorbate is the decomposition of sorbic acid and potassium sorbate to trans-1,
3-pentadiene by resistant strains, and the consequent undesirable taste and odor in cheese,
known as kerosene [38,39]. According to Ferrand et al. [40], sorbates might influence the
taste of the food, though they are physiologically harmless and less toxic compared to
benzoates [40].

Some fungi and yeasts have acquired the ability to resist chemical treatments and
preservatives, which consequently creates the demand for a higher dose of the preservatives
to be used. Frequent use of common antifungal agents is blamed for causing mutation in the
target microorganisms and increasing their resistance [41,42]. It has been reported that some
Penicillium, Saccharomyces, Zygosaccharomyces, Rhizopus, and Yarrowia strains can grow in
the presence of potassium sorbate [4,5,43,44]. Additionally, Z. bailii and P. roqueforti isolates
have been reported to be resistant to and even degrade benzoate, respectively [23,44].
These facts together with the demand for least processed foods and the potential hazards
of synthetic preservative usage have directed the research sector for seeking alternatives
for food preservation.
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4. Lactic Acid Bacteria (LAB)

LAB homofermentatives are the species that produce lactic acid as the sole final
product, while the heterofermentative ones produce lactic acid, CO2, and ethanol or acetate.
At least half of the final product carbon is a form of lactate [45].

For centuries, LAB have been employed as bacteria performing a central role in a
diversity of fermented foods involving milk, vegetables, meats, and sourdough by inducing
rapid acidification of the raw material [46,47]. When it is used regularly, LAB-fermented
food confers health benefits by strengthening the body in the battle with pathogenic
bacterial infections [48].

LAB have also received considerable attention as probiotics over the past few years.
Improving health by the biotransformation of different compounds in the gastrointestinal
tract into bioavailable ones such as vitamins and short-chain fatty acids by LAB have
been reported [49,50]. Immune modulation, anticarcinogenic and antitumor activity, the
reduction of cholesterol, alleviation of lactose intolerance, normalization of stool transit,
hepatic encephalopathy, and treatment of peptic ulcers are a number of health benefits
and indicate the safety of probiotics LAB. Additionally, some modes of action of probiotic
LAB are acid tolerance, adhesion to mucus and epithelial cells, production of antimicrobial
compounds, and immune stimulation [51–53].

4.1. LAB as Green Preservatives in Food Systems

Fermentation of some foods by LAB strains with antifungal properties has been
demonstrated to reduce chemical preservative usage in the food. According to Axel
et al. [54], the use of sourdough fermented with specific strains of antifungal LAB can
reduce chemical preservatives in bakery products [54].

LAB can be used as natural compounds to replace the chemical preservatives and
are associated with health-promoting and probiotic properties [55]. LAB strains with anti-
fungal activity also have the potential to work in synergy with synthetic preservatives. A
combination of propionate and sorbate with acetic acid was shown to represent synergistic
effects against fungal species of P. roqueforti and A. niger [56]. In another study, sourdough
fermented by antifungal Lactiplantibacillus plantarum strains was studied for inhibition ac-
tivity against Fusarium culmorum, A. niger, or P. expansum spores. Strong synergistic activity
was reported when a combination of calcium propionate and the sourdoughs fermented by
L. plantarum into the bread formulation was applied. The reduced use of calcium propionate
up to 1000 ppm maintained inhibition only when the antifungal sourdough was added.
Additionally, the increase in shelf life was interestingly higher than that obtained using
calcium propionate alone (3000 ppm) [28].

In some research, in situ addition of LAB into food and feed was proven to delay
fungal growth. Some examples are in fruits and vegetables, sour cream and semi-hard
cheese, quinoa, and rice bread [54,57,58].

In situ application of LAB strains with antifungal activity in some foods have proven
potential to act better than synthetic preservatives and competency to replace them in
the foods. Rice dough fermented by some LAB isolated from kimchi resisted against
three fungal species of Cladosporium sp. YS1, Penicillium crustosum YS2, and Neurospora
sp. YS3 much better than that of 0.3% calcium propionate [59]. One Leuconostoc and
five Lactobacillus strains surface sprayed on bakery products were shown to delay the
growth of some resistant and semi-resistant fungi to calcium propionate, potassium sorbate,
and sodium benzoate [26]. In the study of Mandal, Sen, and Mandal [60], the antifungal
compound of Pediococcus acidilactici LAB 5 at a high dilution (0.43 mg mL−1) exerted a
greater inhibition of Curvularia lunata conidia than sodium benzoate [60]. Valerio et al. [61]
also reported that Leuconostoc citreum, Weissella cibaria, and Lactobacillus rossiae isolated from
Italian durum wheat semolina inhibit fungal strains of A. niger, P. roqueforti, and Endomyces
fibuliger to the same or a higher extent in comparison with calcium propionate. The results
of the study indicated a potent inhibitory activity of the ten LAB strains used in their
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study compared to that obtained with calcium propionate (0.3% w/v) against the most
widespread contaminant of bakery products, P. roqueforti [61].

4.2. Antifungal Activity Spectrum of LAB

LAB have a reported potential use as adjunct or starter cultures to inhibit fungi growth
in the final products such as fruit and vegetables, dairy, and bakery. Twenty LAB isolates
from fermented cassava were investigated against fungal pathogens associated with the
spoilage of vegetables and fresh fruits. Strong inhibition of the radial growth and spores of
the fungal pathogens was observed when the products were inoculated with the antifungal
metabolites produced by the strains [57].

In cheese, Lactobacillus amylovorus DSM 19280 was used as an adjunct culture in a
cheddar cheese model system contaminated with P. expansum spores. The presence of the
strain resulted in a four-day delay in Penicillium growth on the cheddar cheese compared
with the control [62]. Lactobacillus rhamnosus A238 was also shown alone or in combination
with Bifidobacterium animalis to inhibit mold growth on cottage cheese for at least 21 days at
6 ◦C [63]. In another study, 12 selected L. plantarum isolates were inoculated into cottage
cheese challenged with Penicillium commune. All the isolates were found to prevent the
obvious P. commune growth on cottage cheese by between 14 and more than 25 days longer
than the control [64]. Lactobacillus brevis and Enterococcus faecium isolated from “chal”, a
product from yogurt, reduced the growth of Rhodotorula glutinis in doogh, diluted yogurt,
over 15 days of storage [65].

In sour cream and semi-hard cheeses, Lactobacillus paracasei CIRM-BIA1759 and L.
rhamnosus CIRM-BIA1761 were tested as adjunct cultures. In situ assays showed that the
strains postponed the growth of P. commune, Rhodotorula mucilaginosa, and Mucor racemosus
on sour cream for 2–24 days and also delayed the growth of P. commune in semi-hard
cheese for 1–6 days [58]. Ouiddir et al. [66] tested the antifungal activity of L. plantarum
CH1, L. paracasei B20, and Leuconostoc mesenteroides L1 in sour cream and sourdough
bread challenged with fungal spoilers. The strains delayed the growth of the Aspergillus
tubingensis, A. flavus, P. commune, and M. racemosus for up to 5 days in sourdough bread. In
sour cream, L. plantarum CH1 and L. paracasei B20 completely inhibited P. commune growth
for 5 and 3 days, respectively [66].

In bakery products, in situ sprays of one Leuconostoc and five Lactobacillus strains
delayed one or several fungal species growths. The incorporation of the same strains in
milk-bread-roll preparation also delayed fungal growths [26]. In another study, two strains
of Lactobacillus were used for sourdough fermentation of quinoa and rice flour. L. reuteri
R29 and L. brevis R2Δ fermented sourdough bread reached a shelf life of quinoa and rice
from 2 to 4 days, respectively [54]. A Chinese steamed bread manufactured with L. plan-
tarum CCFM259 did not show any fungal contamination until 7 days of storage, a similar
level of inhibition compared with that obtained by 0.25% (w/w) calcium propionate [67].
Fermenting rice dough with some LAB isolated from kimchi greatly retarded the growth
of three fungal species from Cladosporium, Neurospora, and Penicillium genus in the rice
cakes [59].

Different LAB isolates have the potential to synergically inhibit fungal growth in food.
Seven strains of LAB were selected and tested for their anti-penicillium activity to prevent
Penicillium chrysogenum growth in cottage cheese. They found that some of the strains
act in synergy, and their combination has potential for use as bio-preservatives in fresh
cheese [63].

Antifungal activity of LAB depends on the pH, temperature, growth media, incuba-
tion time, nutrients, antifungal compounds, production levels, and mode of action [68].
Mandal, Sen, and Mandal [60] observed that the production of antifungal compound(s)
from P. acidilactici LAB 5 against pathogenic fungi showed a great dependency on media
specifications. TGE, and TGE + Tween 80 media did not support the production of any
antifungal compounds, while the fungal growth was completely restricted in MRS agar
media [60]. Another study reported that supplementation of WFH media with 2.5% olive
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oil and 150 mM glycerol raised the antifungal activity of L. brevis Lu35 and L. reuteri 5529,
respectively [26]. The addition of linoleic acid supported the antifungal activity of Lac-
tobacillus hammesii [69]. Rouse et al. [70] reported that when grown in different carbon
sources, the antifungal activity of the LAB strains tested was stable, although the quantity
of metabolites produced varied depending on the carbon source. Among the sugars tested,
for three out of four strains, glucose and lactose were the best and worst, respectively [70].

The incubation time has been observed to greatly influence the antifungal activity of
LAB. Rouse et al. [70] observed that the four tested LAB cultures were unable to grow at 10
and 42 ◦C, and consequently, no growth was observed. Incubation between 21 and 37 ◦C,
however, improved growth, and the bacteria presented different levels of antifungal activity
with the optimal production of the antifungal compounds between 25 and 30 ◦C [70]. The
antifungal activity of Lactobacillus coryniformis subsp. coryniformis strain Si3 was slightly
better at 30 ◦C as compared to 25 ◦C for 40 h. The production of antifungal compounds by
the strain was reported to begin in the log phase and reach a maximum level in the early
stages of the stationary phase followed by a drop in activity [71].

The antifungal activity of LAB has also been found to be influenced by pH. The
antifungal activity of L. plantarum K35 was reported to be pH-dependent and favorable to
acidic conditions [72]. Antifungal properties of L. coryniformis subsp. coryniformis strain Si3
were also observed at maximum at pH values of between 3.0 and 4.5, with a decrease in
pH between 4.5 and 6.0, and loss at higher pH values. Readjustment of the pH to 3.6 fully
returned the activity [71]. In another study, antifungal attributes of the four LAB strains
were found to be good at pH 3, moderate at pH 5, and low at pH 7, although poor fungal
inhibition was maintained at pH 8 [73]. The effect of temperature and pH on the antifungal
properties of the L. plantarum strain against Aspergillus fumigatus and Rhizopus stolonifer
in temperatures ranging from 20 ◦C to 40 ◦C and pH ranging from 4.0 to 7.0 for 48 h of
incubation was investigated. A combination of 30 ◦C and pH 6.5 ◦C presented optimum
antifungal activity [74].

The role of the concentration of supernatant in the antifungal activity of LAB were also
highlighted by Shehata et al. (2019), where they observed that increasing the supernatant
concentration of Lactobacillus sp. RM1 decreased the growth of Aspergillus parasiticus,
A. flavus, and Aspergillus carbonarius [18].

Fermentation time was also found to be effective in the antifungal activity of LAB.
Longer fermentation times of barley malt substrate fermented by LAB resulted in higher
carboxylic acids released by them against F. culmorum macroconidia. The maximal concen-
trations of the acids were obtained after 48 h of fermentation [75]. Among the four LAB
strains studied by Muhialdin, Hassan, and Saari [73], the highest antifungal activity of
Lc. mesenteroides and three L. plantarum occurred in different incubation times of 24 h and
48 h, respectively. They highlighted the significance of incubation time, growth stages, and
temperature for the production of antifungal compounds. According to them, maximizing
the production of inhibitory compounds could be obtained by determining the optimum
growth conditions [73].

The inhibitory activities of LAB are strain specific. Selecting the best strain/combination
of strains of LAB for biopreservation that would cause the minimum unfavorable changes
in the product requires prior experiments. In a study, more than 200 yeast and 200 LAB
strains were tested as biopreservatives against fungal growth during the cocoa fermen-
tation process. The most promising candidates among all belonged to only four species
of Lactobacillus fermentum, L. plantarum, Saccharomyces cerevisiae, and Candida ethanolica [76].
Lactobacillus coryniformis subsp. coryniformis strain Si3 was observed to have strong inhibitory
activity against A. fumigatus, P. Roqueforti, Aspergillus nidulans, Mucor hiemalis, Fusarium.
graminearum, Talaromyces flavus, Fusarium poae, F. culmorum, and Fusarium sporotrichoides.
A weaker activity from the same strain was observed against Kluyveromyces marxianus,
Debaryomyces hansenii, and S. cerevisiae while displaying no activity against Sporobolomyces
roseus, R. glutinis, and Pichia anomala [71]. Further support for this is another study where the
inhibitory percentage of L. brevis was stronger than E. faecium against P. chrysogenum [77].
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The selected strains must be adapted or adaptable to the environmental conditions
of target food, as well as the production process through which the food is prepared, so
that their activity and release of antifungal compounds can be reasonably expected during
storage. L. reuteri was added to a fermented milk product to inhibit pathogens and spoilage
microorganisms. No change in the pH, acidity, soluble solids, color, or rheological aspects
of the fermented milk product in the presence of reuterin was observed [78]. Fermentation
of an oat-based beverage by L. plantarum UFG 121 also best preserved it against F. culmorum,
causing no differences in terms of some qualitative features as compared to the control [79].

Bacterial metabolite profiles of LAB could sometimes be beneficially modulated, alter-
ing their spectrum of antifungal activity. Both the culture medium and the target fungal
species determine the antifungal activity of LAB. The quality and quantity of the antifungal
metabolites of Lactobacillus pentosus ŁOCK 0979 were reported to be dependent on the cul-
ture medium compounds. The presence of galactosyl-polyols and gal-erythritol improved
the anticandidal properties of L. pentosus ŁOCK 0979. The addition of the culture medium
of the strain conferred an inhibitory attribute against Aspergillus brassicicola and A. niger.

4.3. Antifungal Metabolites of LAB

LAB inhibitory compounds are secondary metabolites produced after 48 h of fermen-
tation [70]. Shehata et al. [18] observed that the production of the antifungal metabolites
of the LAB strain Lactobacillus sp. RM1 was initiated at the growth log phase (12–14 h),
reached the highest at the strain stationary phase (24 h), and remained stable. The pro-
posed mechanisms explaining the fungal inhibitory effect of LAB are competition over
the available nutrients and space, clogging the pathogen’s path through the matrix, and
manipulation of the spore membrane, causing viscosity and permeability [80]. Sangmanee
and Hongpattarakere [72] revealed that the mechanism of antifungal action of L. plantarum
K35 supernatant causes damage to the cytoplasmic membrane and cell wall and consequent
leakage of cytoplasmic content, the formation of membrane-bound vesicles followed by
the destruction of mitochondria and nuclei [72].

Lactic acid, formic acid, acetic acid, caproic acid, and phenyllactic acid (PLA), as
organic acids, as well as other metabolites from LAB such as carbon dioxide, hydroxyl fatty
acids, hydrogen peroxide, diacetyl, ethanol, reuterin, cyclic dipeptides, protein compounds,
reutericyclin, proteinaceous, acetoin, and volatile compounds such as diacetyl are natural
antimicrobial and antifungal metabolites produced by LAB [7,58]. Table 2 summarizes the
number of LAB studied for their antifungal metabolites, fungal spectrum of activity, and
their in situ application in the last 10 years.

Table 2. Selected LAB studied for their antifungal metabolites, fungal spectrum of activity, and their
in situ application in the last 10 years.

LAB Isolate Antifungal Compound Activity Spectrum Food Product Reference

L. pentosus G004
L. fermentum Te007
L. paracasi D5
Pediococcus pentosaceus Te010

Protein-like
compounds

A. niger and
Aspergillus oryzae

Bread
Tomato
Cheese

[81]

L. amylovorus DSM 19280 Acetic acid
Lactic acid
Hydrocinnamic acid
Azelaic acid
4-Hydroxybenzoic acid

P. expansum Cheddar cheese [62]

L. plantarum LR/14 Antimicrobial peptides AMPs
LR14

A. niger, Rhizopus stolonifera, M.
racemosus and P. chrysogenum

Wheat grain [82]
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Table 2. Cont.

LAB Isolate Antifungal Compound Activity Spectrum Food Product Reference

L. plantarum Phenolic acids
Organic acids

F. culmorum
P. expansum MUCL2919240

Barley malt
Bread grapes

[75]
[83]

L. fermentum, L. plantarum Phenyllactic acid
Organic acids

A. flavus, Penicillium citrinum,
Penicillium griseufulvum, A. niger
and A. fumigatus

Cocoa beans [76]

L. reuteri Reuterin P. chrysogenum and
M. racemosus

Yogurt [84]

L. pentosus, L. plantarum, L.
brevis, Lactobacillus delbrueckii,
L. fermentum, Lactococcus lactis
and Lc. mesenteroides

Hydrogen sulphide and lactic
acid

Penicillium oxalicum, Fusarium
verticillioides and A. niger

Fruits and vegetables [57]

Lactobaciullus strains Organic acids P. chrysogenum and A. favus Caciotta cheese [85]

L. plantarum CECT 749 Gallic, chlorogenic, caffeic and
syringic acids

Fusarium spp. Penicillium spp.
and Aspergillus spp.

Bread [86]

Number of LAB strains
isolated from Kimchi

Lactic acid and acetic acid Cladosporium sp. YS1, Neurospora
sp. YS3, and P. crustosum YS2

Rice cake [59]

Leuconostoc spp.
L. reuteri and L. buchneri

Organic acids such as lactic
acid, acetic acid and propionic
acid

Aspergillus, Eurotium, Penicillium,
Cladosporium and Wallemia spp.

Milk bread rolls [26]

L. plantarum CH1, L. paracasei
B20 and Lc. mesenteroides L1

Lactic acid and acetic acid M. racemosus, Penicillium
commune, Yarrowia lipolytica, A.
tubingensis, A. flavus and
Paecilomyces

Sour cream and
sourdough bread

[66]

The antifungal metabolites of LAB have the potential to act in synergy. The syner-
gistic effect between the decrease in pH resulted from the production of organic acids
and other antifungal metabolites of LAB poses a more efficient final antifungal activity [7].
Peyer et al. [75] demonstrated that there are synergistic effects between organic acids and
phenolic acids released by some LAB strains as antifungal metabolites against F. culmorum.
According to Alex et al. [54], the great synergistic effect between organic acids and antifun-
gal peptides produced by LAB allow the final biopreservation attribute to be influential in
bakery products [54].

Antifungal metabolites of LAB have also shown synergy with compounds of other
organisms. Ruggirello et al. [76] tested some yeast and LAB strains against six spoilage
fungi belonging to Aspergillus and Penicillium genera during the cocoa fermentation process.
The antifungal activity was explained by the synergic production of organic acids (from the
LAB) and proteinaceous compounds (from yeasts) [76].

The understanding of the synergy mechanism between antifungal compounds could
provide insight in maximizing the impact whilst altering the involved compositions of
bacteria or nutrients, eventually leading to actual application in food [75].

4.3.1. Organic Acids

The production of organic acids is believed to determine an LAB strain’s mycotoxigenic
fungi inhibition properties; the type and quantity of the acids differ from strain to strain [87].
These acids are mainly produced by LAB as a byproduct of acidification process rather
than as active synthesis of metabolic compounds aimed at restricting fungi [88].

As the main acid produced by LAB, lactic acid (2-hydroxy propionic acid) is an organic
acid widely distributed in nature in two forms of L and D; L lactic acid was recognized
as a safe preservative by the FDA [89]. Russo et al. [79] tested the activity of some LAB
strains against Aspergillus, Fusarium, and Penicillium and reported that lactic acid was
produced at a high concentration during the growth phase as the main metabolic antifungal
associated with the low pH. Lactic acid was also identified as the main antifungal compound
from E. faecium, L. rhamnosus, and L. plantarum [90]. In the study of Baek et al. [59], the
fermentation of rice dough with some LAB isolates from kimchi greatly delayed the growth
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of three fungal species in rice cakes. They found lactic acid and acetic acid as the main
antifungal substances [59].

The best characterized and most important antimicrobials produced by LAB are lactic
acid and acetic acid, which are bioactive in the protonated form at low pH [91]. LAB can
produce a variety of compounds at low concentrations and below their minimum inhibitory
concentration, which are likely to act synergistically with lactic acid and acetic acid [92,93].
Acetic acid and lactic acid were also proved to display a synergistic antifungal activity in
combination; however, due to higher pKa that causes a higher level of dissociation inside
the cell, acetic acid has a stronger antifungal activity [94,95]. Loubiere et al. [96] suggested
that lactic acid has an inhibitory effect on the metabolism and cell proliferation, which is
probably due to the synergistic effect with some of the other side fermentation products
such as acetic acid and formic acid [96].

Organic acids of lactic acid, oleic acid, linoleic acid, palmitic acid, 3-PLA, stearic acid,
pyroglutamic acid, and 5-oxo-2-pyrrolidine-carboxylic acid were detected as antifungal
compounds from L. plantarum K35 inhibiting the growth and aflatoxin production of
A. flavus and A. parasiticus [72]. Some other carboxylic acids including benzoic, vanillic,
azelaic acid, hydrocinnamic acid, and hydroxy benzoic acid were isolated as antifungal
compounds from mediums of Weissella cibaria PS2 and three Lactobacillus species [97].
Hydrocinnamic acid, azelaic acid, vanillic, p-couramic, and 4-hydroxy benzoic acid were
also reported from L. reuteri eep1 with antifungal activity [98].

The mechanism of inhibitory activity of organic acids in the growth and activity of
many pathogenic and putrefactive bacteria and fungi is attributed to creating an acidic
environment and reducing the pH to below the metabolic inhibition and growth range [94].
Loubiere et al. [96] suggested that the inhibitory effect of lactic acid on the metabolism
and cell proliferation is probably due to the increase in osmotic pressure of the medium.
Organic acids alter plasma membrane permeability and electrochemical, killing the mi-
croorganism [80]. In other words, organic acids diffuse to the fungi through the membrane
and degrade the cells, thereby releasing hydrogen ions and causing a decrease in pH [99].

For organic acids to penetrate the cell wall, they must be turned to an undissociated
form. The pKa of lactic, acetic, caproic acid, and 3-phenyl-L-lactic is 3.8, 4.7, 4.9, and 3.5,
respectively [99]. Therefore, in an acidic environment, they will act more efficiently in
inhibiting fungi. This fact was proven in the study of Cortés-Zavaleta et al. [7], where
they tested the fungal inhibition of the cell-free supernatant of 13 LAB strains against four
food-spoilage fungi. The results demonstrated that the inhibition properties dropped when
the pH was raised to 6.5 [7].

The production of organic acids confers extra inhibition properties to LAB by activating
other antifungal compounds triggered as a result of lowering the pH [99]. Furthermore,
organic acids often work in synergy with other compounds, which adds to the complexity
of LAB antifungal activity [54]. There is also a synergistic effect between several organic
acids together produced by LAB as antifungal compounds. The antifungal activity of
L. plantarum CCFM259 was assessed against P. roqueforti. Acetic acid and PLA showed
better antifungal activity than other compounds, and their mixture displayed a synergistic
effect [67]. The synergistic contribution of acetic acid was reported in the extension of
sourdough fermented by two Lactobacillus strains [54].

4.3.2. Phenyllactic Acid (PLA)

PLA (2-hydroxy-3-phenyl propionic acid) is another well-studied organic acid with
natural antibacterial properties derived from phenylalanine catabolism. PLA possesses a
similar metabolic pathway as lactic acid and is metabolized during fermentation by the
glycolytic enzyme and lactate dehydrogenase [100].

The composition of the culture medium was reported to play a great role in the quan-
tity of PLA produced by LAB. The addition of 1.5% (w/v) phenylalanine to MRS medium
of L. reuteri R29 significantly increased the production of PLA and, consequently, antifungal
performance against F. culmorum [101]. The fungal inhibitory strength of PLA produced by

181



Foods 2022, 11, 395

LAB are well-established. Lavermicocca et al. [102] reported that a 10-fold-concentrated
culture supernatant of L. plantarum 21B inhibited Eurotium, Fusarium, Penicillium, A. monilia,
and Endomyces. Under the same conditions, 3 mg mL−1 calcium propionate was not effec-
tive, while sodium benzoate performed similar to L. plantarum 21B. The antifungal activity
of L. plantarum 21B was attributed to PLA and 4 OHPLA isolated from the supernatant
of the bacteria [102]. In a similar study, L. plantarum UM55 was found to produce lactic
acid, PLA, OHPLA, and indole lactic acid (ILA). The acids were individually tested against
A. flavus, and among them, PLA showed the strongest effects with the obtained IC90 for
the growth inhibition of 11.9 mg mL−1 [103]. PLA and 3,5-Di-O-caf- feoylquinic acids were
identified as the predominant antifungal compounds in cell-free supernatant of seven LAB
isolated from traditional fermented Andean products with inhibitory activity against a few
spoiler fungi from Penicillium and Aspergillus genus [104]. The antifungal compounds of
L. plantarum against A. fumigatus and R. stolonifera resembled the structure of 3PLA with
the formed ligands [74].

Although promoting the metabolic pathway of PLA is likely to increase the efficiency,
the antifungal properties of PLA depend on a synergistic mechanism with other metabo-
lites [101]. Cortés-Zavaleta et al. [7] tested the fungal inhibition of the cell-free supernatant
of 13 LAB strains against four food-spoilage fungi. With two exceptions, all other LAB
strains produced PLA ranging from 0.021 to 0.275 mM. They concluded that even if PLA
cannot be the only inhibitory compound, it very likely performs in synergy with other acidic
compounds from LAB [7]. PLA and acetic acid produced from L. plantarum CCFM259 ex-
hibited a synergistic inhibitory effect against P. roqueforti [67]. A weak synergistic inhibitory
effect of PLA was also reported in combination with cyclo (L-Phe–L-Pro) produced from
L. plantarum against A. fumigatus and P. roqueforti [105]. Acetic acid, lactic acid, and PLA
produced by L. plantarum VE56 and Weissella paramesenteroides LC11 exhibited synergism
against A. tubingensis, A. niger, Candida albicans, and P. crustosum [106].

4.3.3. Reuterin

Reuterin (β-hydroxy propionaldehyde) is a low-molecular-weight multi-compound
system consisting of 3-HPA hydrate, 3-hydroxypropionaldehyde (3-HPA), 3-HPA dimer,
and acrolein produced by the conversion of glycerol [107]. Reuterin is secreted mainly
by L. reuteri, though some other bacterial species and genera could also secrete it [107].
Reuterin has a wide spectrum of antimicrobial properties against a range of Gram-positive
and Gram-negative bacteria, bacterial spores, molds, yeasts, and protozoa [84,94].

The growth conditions and culture medium can alter the content of reuterin produced
by LAB. Schaefer et al. [108] reported the optimum conditions for reuterin production from
L. reuteri 1063 as culturing the cells for 16 h followed by suspension in 5 mL of 250 mM
glycerol in distilled water and incubated for 2 h at 37 ◦C under anaerobic conditions. An-
other study reported that supplementation with 150 mM glycerol increased the antifungal
activity of L. reuteri 5529 cultured in WFH medium. The enhanced antifungal activity
of L. reuteri 5529 was linked to the production of reuterin. In a similar study, glycerol
addition to the culture medium of L. coryniformis improved reuterin synthesis, consequently
having an antifungal effect against yeast cells and fungal spores and conferring inhibition
performance against a couple of new fungal strains [109].

The activity of LAB against fungi is mostly limited to antifungal rather than fungicidal.
Reuterin, however, apart from antifungal activity, has also presented a fungicidal effect.
Purified Reuterin produced by L. reuteri ATCC 53608 fungicidal activity by killing 99.9% of
the indicator microorganisms at concentrations equal or below 15.6 mM. As an antifungal
agent, it was then added to yogurt. In yogurt also, reuterin exhibited an antifungal effect at
a concentration of 1.38 mM while a fungicidal effect at 6.9 mM [84].

The mechanism of action of reuterin has been reported to cause oxidative stress to
fungal cells. Reuterin exposure E. coli increased the expression of genes regulated and
expressed in response to periods of oxidative stress. It was determined that the aldehyde
group of reuterin binds to thiol groups of small peptides and other molecules, leading
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to oxidative stress, which is hypothesized as the mechanism of inhibition [108]. Another
proposed inhibition mechanism of reuterin is through the suppression of ribonuclease
activity, which is the main enzyme mediating the biosynthesis of DNA [110], as cited in [68].
More recently, acrolein was reported as the main component conferring antimicrobial
activity to reuterin [107].

Reuterin could be a potentially promising candidate as a food biopreservative since
in vitro studies using human liver microsomes demonstrated that reuterin does not present
the possibility of displaying drug interactions [63]. P. expansum was inhibited at concen-
trations of above 10 mM reuterin produced by L. reuteri ATCC 53608 [78]. The addition
of L. reuteri INIA P572 with glycerol to semi-hard ewe milk cheese resulted in a lower
level of 2-heptanone in cheese, which was attributed to the activity of reuterin in mold
inhibition [111]. Reuterin was also found to be responsible for the antifungal performance
of three Lactobacillus and one Leuconostoc strains applied in pound cake and milk bread
rolls [26].

4.3.4. Peptides and Cyclic Peptides

The antimicrobial peptides are chains of 5–100 amino acid attached through peptide
bonds with natural origin (held together through peptide bonds [112]. Protease enzyme
treatment is usually employed to determine the peptide nature of the active compounds.
The treatment of Lactobacillus fermentum CRL 251 supernatant with trypsin, proteinase
K, and pepsin decreased the antifungal activity by 50, 4, and 3%, respectively. Further
ultrafiltration analysis attributed the activity to smaller fraction of peptides (<10 kDa) [113].
In the study of Magnusson and Schnürer [71], L. coryniformis subsp. coryniformis presented
a strong inhibitory activity against a number of fungi and yeast strains. The activity was
attributed to the production of small (3 kDa) and heat-stable proteinaceous antifungal
compounds demonstrated by the alteration of activity through the treatment with pro-
teinase K, trypsin, and pepsin [71]. A group of peptides was purified and identified from
cell-free supernatants of L. plantarum exhibiting inhibitory activity against A. parasiticus and
P. expansum by 58% and 73%, respectively [112]. A total of 37 peptides were identified in the
fraction of cell-free supernatant of L. plantarum TE10. Treatment of bread with the fraction
resulted in slight growth and a fourfold reduction in spore formation of A. flavus [73].

Smaller peptides usually possess stronger antifungal activity. Low-molecular-weight
peptides (<10 KDa) isolated from the supernatants of four LAB strains represented higher
antifungal inhibition against six fungi in comparison with the control supernatant [73].

The mechanism of action of peptides is through binding to lipid bilayers in carpet-like
and puncturing channels in it, which impairs the function. They also act through peptide-
lipid interaction resulting in phase separation as well as solubilizing the membrane [114].

Low-molecular-weight peptides with high heat-stability from LAB have high potential
for replacing chemical preservatives commonly used in the bakery [73]. In the study of
Muhialdin, Hassan, and Saari [73], they simulated the maximum heat process of food in
manufacturing (121 ◦C for 60 min) and exposed the supernatants of four LAB strains with
antifungal activity to it. The nature of the bioactive substances secreted by bacteria was
found to determine whether the activity is heat sensitive and to what extent [73].

Cyclic peptides are composed of polypeptide chains linked covalently in a circular
manner. The circular structure is formed either by binding either ends of the peptide
chain through an amide bond, or by lactone, thioether, ether, or disulfide bonds [115]. The
cyclic dipeptide properties as antifungal agents produced by LAB have been shown in
several studies and reviews. L. plantarum CM8, Weissella confusa I5, P. pentosaceus R47, and
W. cibaria R16 presented inhibitory activity against P. notatum. Concentrated supernatants
were heated to 80 ◦C for 1 h followed by an autoclavation step (121 ◦C for 15 min). No
significant influence of heat was observed in the activity of the supernatants. Protease
sensitivity properties of the activity implied that the bioactive substances most likely have
a proteinaceous nature, perhaps (cyclic) peptides [70].
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Cyclo peptide (glycyl-L-leucyl), as a compound that delays the growth of fungi
Fusarium avenaceum, was isolated from L. plantarum [116]. Magnusson [109] also reported
the secretion of cyclic dipeptides by P. pentosaceus (MiLAB 024), L. plantarum (MiLAB 006),
and Lactobacillus sakei (MiLAB 091). The growth condition of the LAB strain was found to
be influential in the quantity of the cyclic peptides released by them. The results obtained
by Ryan et al. [88] revealed that acidification of dough fermented by L. plantarum FST
significantly increased the quantity of cis-cyclo (LPhe-L-Pro) and cis-cyclo (L-Leu-L-Pro) as
compared to nonacidified dough [88].

The mechanism of action of antimicrobial cyclic peptides is mainly attributed to the
disruption of structural integrity. They target the cell envelope components, causing lysis
of the membrane or inhibiting the membrane and/or cell wall biosynthesis [117].

4.3.5. Fatty Acids

Fatty acids are organic acids that possess a carboxyl group (-COOH) and a methyl
group (-CH3) at either end [118]. Strong antifungal activities have been reported from fatty
acids. Sjogren et al. [119] characterized 3-hydroxydodecanoic acid, 3-hydroxydecanoic acid,
3-3-hydroxy-5-cis-dodecenoic acid, and hydroxytetradecanoic acid from the supernatant
of L. plantarum MiLAB 14. The hydroxy fatty acids displayed inhibition in the range 10 to
>100 μg/mL and were reported to be much more effective than cyclic dipeptides against
several molds and yeasts [119].

Fatty acids have been reported in a number of studies to be the main antifungal
metabolite preserving foods fermented by LAB. Fermentation of sourdough bread and sour
cream by three isolates of LAB of L. plantarum CH1, L. paracasei B20, and Lc. mesenteroides
L1 delayed fungal growth in the final food. The main produced compounds were detected
to be DL-hydroxyphenyl, 3, 3-(4-hydroxyphenyl) propionic, 4-dihydroxyhydrocinnamic,
and 3-(4-hydroxy-3-methoxyphenyl) propanoic acids [66]. Black et al. [69] reported that
L. hammesii converts linoleic acid to antifungal C18:1 monohydroxy fatty acids. Further
supplementation of linoleic acid strengthened the antifungal activity of L. hammesii. Hy-
droxylated fatty acids synthesized by the strain were found to be responsible for the
extended shelf life of sourdough fermented with L. hammesii and the inhibition of A. niger
and P. roqueforti in the bread prepared by that [69].

Little knowledge of the antifungal mechanisms of fatty acids is available so far; how-
ever, some pathways have been proposed. Detergent-like properties of the fatty acids affect
the structure of cell membranes of the cells, leading to death [119]. Antifungal fatty acids
disintegrate lipid bilayers of the membranes and, consequently, cause destruction of the
membrane integrity, leading to the disintegration of cells and release of intracellular pro-
teins and electrolytes [120]. Other targets of fatty acids include protein synthesis, which may
be inhibited by myristic acid analogues, fatty acid metabolism, as well as topoisomerase
activity, which may be inhibited by, amongst others, acetylenic fatty acids [121].

The antifungal activity of fatty acid highly depends on the structure. In the study of
Black et al. [69], unsaturated monohydroxy fatty acids were antifungally active; saturated
hydroxy fatty acids and unsaturated fatty acids of oleic and stearic acids, however, did not
exhibit any activity. This implies the fact that for the fatty acid to function as an antifungal
agent, at least one double bond as well as one hydroxyl group along a C18 aliphatic chain
should be present in the structure [69].

Pathogenic fungi are less likely to become resistant to antifungal fatty acids [121].
Other antifungal compounds targeting the membrane of fungi are more susceptible to
pathogen resistance, which shortens their lifespans. However, as these substances could
present synergism with antifungal fatty acids, they could alternatively provide prolonged
usage, reducing the required quantity of the antifungal substances [120]. An example of
the synergism of fatty acids with other compounds was provided by the study of Ndagano
et al. (2011). They observed that 3-hydroxylated produced by L. plantarum VE56 and W.
paramesenteroides LC11 acts in synergy with other bacterial compounds secreted by the
bacteria inhibiting A. niger, A. tubingensis, C. albicans, and P. crustosum [106].
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5. Conclusions

Fungal growth and consequent mycotoxin release in food and feed threaten human
health, which might even, in acute cases, lead to death. Addressing the consumer health
concern as well as the potential negative risk of using synthetic preservatives, the substitu-
tion of LAB as a green preservative could be an alternative due to their safety, health-giving
benefits, and preservation properties. LAB release antifungal metabolites against fungal
species, which in many cases work in strong synergy.

The application of LAB species with antifungal properties in food can reduce the
occurrence of fungal spoilage and toxicity, consequently improving its shelf life as well as
causing a reduction in mycotoxins. However, case investigation is required to be carried
out individually for each food candidate since the presence of LAB in food can exclusively
affect its physiochemical and organoleptic properties, which may or not be desirable. On
the other hand, the major population of fungi contaminating a particular food should be
regarded in selecting the best LAB/combinations of LAB planned for inhibiting fungal
growth in the food. The reason for that is the fact that the antifungal properties of LAB are
fungal strain-specific, meaning that an LAB strain might be strongly active against a fungal
strain while not causing much disturbance in the viability of another strain.

Almost all antifungal metabolites of LAB present synergy with at least one other
component. This fact counts as an advantage in employing LAB as antifungal bacteria in a
way to group main producers of synergic components together, thereby maximizing the
final activity. The composition of the medium has also been demonstrated to be a significant
factor stimulating/raising the release of antifungal compounds by LAB. Therefore, the
food nutrient composition is another item to take into account when selecting LAB strains
to inhibit fungal growth/mycotoxin control in food. If the formula of the food allows,
supplementation with additives along the LAB strains could be a desired alternative, e.g.,
the addition of phenylalanine along with L. reuteri to food in order to increase PLA release.

For an advance in academic studies, enhancement in protection and the safety of
products by LAB as probiotics and biopreservatives could be pursued. For food industrial
researchers as well, the isolation, formulation, and industrialization of LAB antifungal
bioactive metabolites could be of interest.
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