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Abstract: Rye flour is used as the main ingredient of sourdough bread, which has technological
and gastronomic benefits and increased nutritional value. The transformations observed during
fermentation and baking may enable the conversion or degradation of rye dietary fiber carbohy-
drates built mainly of arabinoxylans, fructans, and β-glucans. This study aimed to determine the
dynamics of the changes in the contents of complex carbohydrates in sourdoughs inoculated with
potential probiotic microorganisms as well as the polysaccharide composition of the resulting bread.
Sourdoughs were inoculated with the potential probiotic microorganisms Saccharomyces boulardii,
Lactiplantibacillus plantarum, Lacticaseibacillus rhamnosus, and Bacillus coagulans, and spontaneous fer-
mentation was performed as a control. Samples of the sourdoughs after 24 and 48 h of fermentation
and of bread obtained with these sourdoughs were analyzed for the content of individual dietary
fiber components. The present study demonstrated that the treatments applied contributed to an
increased total content of arabinoxylans in the breads, and the inoculation of the sourdoughs with
the potential probiotic strains improved their solubility in water. The use of the S.boulardii strain may
seem prospective as it allowed for the greatest reduction in fructans in the rye bread. Rye sourdough
bread is an attractive source of dietary fiber and can be modified for different nutritional needs.

Keywords: dietary fiber; rye bread; sourdough fermentation; probiotics; arabinoxylans; fructans;
β-glucans

1. Introduction

Rye is the second most commonly used grain for bread making after wheat cereal.
The main constituents of its grain include starch (57.1–65.6%), dietary fiber (14.7–20.9%),
protein (9.0–15.4%), and ash (1.8–2.2%) [1]. Dietary fiber is built of carbohydrate polymers
containing three or more monomeric units, which cannot be absorbed in the small intes-
tine, and is commonly classified based on its solubility in water. Soluble dietary fiber is
fermented in the colon, and this process results in the formation of short-chain products,
including lactate, butyrate, acetate, and propionate. This dietary fiber fraction reduces the
serum cholesterol level and the postprandial blood glucose level [2]. It is also effective
in mitigating the general symptoms of irritable bowel syndrome (IBS) [3]. In turn, the
insoluble dietary fiber fraction is effective in softening fecal bulk and shortening the time
of stool passage through the colon [4]. This fraction of rye dietary fiber is mainly built of
arabinoxylans, fructans, and β-glucans with the first mentioned compounds being the most
abundant in rye among all cereal grains. The content of these carbohydrates in rye grain
affects the water-binding capacity and viscosity of dough [5]. Arabinoxylans are dimers of
arabinose and xylose [1]. They are divided into water-soluble and water-insoluble fractions
depending on their molecular weight, substitution pattern (arabinose to xylose ratio), and
cross-linking degree [6]. Their content in the rye grain ranges from 7% to 12% [7]. Arabi-
noxylans are proven to elicit great benefits to human health by their immunomodulatory
activity and their impact on reducing cholesterol levels, as well as by alleviating symptoms
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of type 2 diabetes, increasing absorption of certain minerals, and causing the stool-swelling
effect [8]. Given the above-mentioned effects, the water-soluble arabinoxylans of rye pos-
itively affect enteral fermentation and the production of short-chain fatty acids [9]. In
turn, fructans are carbohydrates built from fructose monomers of various polymerization
degrees, and some of them possess a terminal D-glucose unit. In general, they are classified
based on the differences in the polymerization degree and bonds between monomers. Their
content in the rye grain ranges from 4.3% to 5.0% [9]. Fructans increase the sensation of
satiety, thereby contributing to lower energy consumption. They also enhance calcium
absorption and decrease the serum concentration of triglycerides [2]. β-Glucans are ho-
mopolysaccharides built from glucose monomers linked by means of β-(1→3), β-(1→6),
β-(2→3), or β-(3→6) glycosidic bonds. They are classified as the water-soluble fraction of
dietary fiber, although they also contain some water-insoluble fractions [2]. Their content
in the rye grain ranges from 2% to 3% [7]. They are capable of producing highly viscous
solutions, thereby exerting positive physiological effects [10].

Fermentable oligosaccharides, disaccharides, monosaccharides, and polyols (called
FODMAPs), which include the fermentable carbohydrates of the rye grain, may elicit both
positive and negative impacts on human health. On the one hand, they may serve as a
medium for intestinal microbiota, but on the other hand, they may trigger unbeneficial
symptoms associated with IBS. The prebiotic effect of oligosaccharides relates to bacterial
inversion resulting in the production of short-chain fatty acids, which improve the proper-
ties of the intestinal barrier and stimulate resistance to various intestinal infections [7]. The
FODMAPs are dietetic triggers of symptoms of the functional disorders of the intestines,
owing to which it is feasible to treat these symptoms [11]. A low-FODMAP diet may confer
beneficial effects by mitigating IBS symptoms but may also pose a risk associated with
insufficient dietary fiber intake and malnutrition. Thus, it is essential to provide the body
with the appropriate amounts of dietary fiber and nutrients, which are indispensable for its
proper development and functioning [12].

Bread is one of the most important staple foods consumed by people around the
world, and by this means, the main source of the intake of whole-grain cereals. The
emergence of industrial baking has made yeast fermentation superior over sourdough
fermentation. Recently, however, sourdough and the bakery products made with its use
have regained their popularity, not only due to technological and gastronomic benefits, but
also due to their increased nutritional value and health benefits [13]. Rye flour is commonly
used as the main ingredient of sourdough bread [1]. Traditional sourdough is produced
as a result of the spontaneous fermentation of flour and water with homo- and hetero-
fermentative lactic acid bacteria (LAB) and yeast. So far, approximately 50 LAB strains have
been isolated from sourdough, including Enterococcus, Lactococcus, Leuconostoc, Pediococcus,
Streptococcus, and Weissella, but the major isolates have been the strains of Lactiplantibacillus,
including Lb. Brevis, Lb. Sanfranciscensis, and Lactiplantibacillus plantarum. Sourdough also
contains over 20 species of yeast, the most popular of which is Saccharomyces cerevisiae.
Undoubtedly, the vast differences in the identified yeast number and species depend on
such factors as the type of cereal grain used, dough hydration process, leaven temperature,
and fermentation conditions [14].

The transformations observed during fermentation and baking may enable the conver-
sion or degradation of carbohydrates without reducing the total dietary fiber content of the
bread. Sourdough bread making is generally based on the capabilities of LAB representing
a reservoir of extracellular fructanases or glucanases, which enhance the metabolic potency
of the fermentative microbiota converting saccharose into non-digestible polysaccharides
or oligosaccharides. An extended fermentation time intensifies the involvement of flour
enzymes in the modifications and degradation of the dough ingredients [7,15]. Sourdough
fermentation is proven to trigger the conversions of lipids, macromolecules, and several
phytochemicals, including folates, phenolic acids, and bioactive compounds [13]. It has also
been shown to affect the breads’ texture and taste due to the formation of flavor compounds
and also its nutritional value [10].
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In recent years, allochthonous sourdough starters containing, i.a., probiotic microor-
ganisms have been used to control fermentation processes [14]. According to the 2002
report issued by the World Health Organization (WHO), probiotics are live microorganisms
that have a positive effect on host health when administered in appropriate amounts. Most
often, however, probiotic preparations are used in clinical practice, including bacteria of
the Lactiplantibacillus, Bifidobacterium, and Streptococcus genera, as well as Saccharomyces
yeast [16]. The consumption of functional food with therapeutic and health-promoting
effects by consumers imposes new requirements as to its quality [17]. The fact that most
probiotics are inactivated during the baking process poses a serious problem in this case.
However, recent studies show that dead or inactivated probiotics retain their beneficial
effects on the host due to their immunomodulatory activity [18]. Saccharomyces boulardii is
known as a potential probiotic yeast. It is a variety of Saccharomyces cerevisiae, which can be
distinguished from other strains of this genus based on diversified molecular criteria. Even
though it is a valuable microorganism, it is rarely used in the food industry; however, it
has been deployed for the fermentation of cereals and their derivative products [19]. The
strain Lpb. plantarum is highly tolerant to acids; hence, it is often the major strain involved
in the fermentation of cereals, especially considering its capability for transporting and
metabolizing various plant carbohydrates [20]. In turn, Lacticaseibacillus rhamnosus is a
facultative heterofermentative bacterium fermenting hexoses (e.g., fructose) to lactic acid
and also pentoses to a mixture of lactic and acetic acids [21]. When it comes to the strain
Bacillus coagulans, it is generally recognized as safe under the conditions of its intended
use [22]. It may survive in an environment of high temperature, acidity, and salinity; as a
result, it may be claimed a real candidate for use in high-temperature-treated products [23].

There are few reports so far on the benefits of using inoculums of potential probi-
otic microorganisms for the production of bread with a modified composition of complex
carbohydrates. Previous research focused on isolating various microorganisms from sponta-
neously fermenting sourdoughs and not on their effect on the metabolism of the individual
flour components during fermentation. The use of a single-component inoculum for fer-
mentation perfectly indicates the direction of changes in the carbohydrate content occurring
when using a particular potential probiotic strain. The production of bread with the use of
those strains can increase the diversity of the cereal product range, leading to a satisfac-
tion of the consumers’ needs. Knowledge of the metabolism of these strains gives great
prospects for the future in order to create bread with a specific carbohydrate composition,
e.g., with reduced FODMAP content for people with IBS. This study aimed to determine
the dynamics of the changes in the contents of complex carbohydrates in sourdoughs
prepared with potential probiotic microorganisms. Its second aim was to determine the
polysaccharide composition of the sourdough bread made with these microorganisms.

2. Results and Discussion
2.1. Rye Flour Composition

Table 1 presents the contents of individual polysaccharides in the rye flour and the
bread’s dry matter. Starch accounted for 58.67% of the flour composition. The content
of total arabinoxylans reached 8.12%, including 2.11% of its soluble fraction and 6.01%
of its insoluble fraction. Fructans accounted for 3.82% of the flour composition, whereas
β-glucans accounted for 1.07% of the flour composition. In turn, the dietary fiber content
reached 10.39%, including 1.12% of its soluble fraction and 9.27% of its insoluble fraction.
The rye flour used in this study had appropriate quality parameters for bread baking. The
chemical composition of rye flour depends mainly on genetic factors, soil quality, and
climatic and cultivation conditions [1].
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Table 1. The contents of individual polysaccharides and dietary fiber in the dry matter of the rye flour and sourdough breads [% dm].

Type of
Fermentation Starch Total

Arabinoxylans
Soluble

Arabinoxylans
Arabinoxylans

Insoluble Fructans β-Glucans Total Fiber Soluble Fiber Insoluble Fiber

Rye flour 58.67 ± 0.08 8.12 ± 0.05 2.11 ± 0.19 6.01 ± 0.14 3.82 ± 0.012 1.07 ± 0.02 10.39 ± 0.32 1.12 ± 0.40 9.27 ± 0.07

Control bread 57.56 ± 0.91 bc 8.61 ± 0.19 cd 1.42 ± 0.08 c 7.19 ± 0.11 c 1.46 ± 0.19 a 0.30 ± 0.01 e 10.84 ± 0.33 b 1.66 ± 0.50 ab 9.18 ± 0.17 bc
Spontaneous
fermentation 57.15 ± 0.33 c 8.39 ± 0.18 d 2.30 ± 0.68 a 6.10 ± 0.86 e 1.32 ± 0.06 a 0.41 ± 0.08 d 9.78 ± 0.92 c 0.63 ± 1.09 c 9.14 ± 0.17 c

S.boulardii 58.79 ± 0.11 a 9.65 ± 0.24 b 1.77± 0.03 b 7.89 ± 0.27 b 0.62 ± 0.12 b 0.39 ± 0.01 d 10.01 ± 0.00 c 0.80 ± 0.24 bc 9.21 ± 0.23 bc
Lpb. plantarum 58.27 ± 1.27 ab 9.02 ± 0.83 c 2.22 ± 0.39 a 6.81 ± 1.22 cd 1.31 ± 0.62 a 0.49 ± 0.01 b 12.16 ± 0.42 a 2.21 ± 0.17 a 9.95 ± 0.25 a
L. rhamnosus 57.61 ± 0.56 bc 8.19 ± 0.11 d 1.90 ± 0.07 b 6.28 ± 0.18 de 1.15 ± 0.12 a 0.53 ± 0.01 a 10.82 ± 0.52 b 1.13 ± 0.35 bc 9.69 ± 0.17 ab
B.coagulans 55.91 ± 0.69 d 10.54 ± 0.39 a 1.91 ± 0.25 b 8.60 ± 0.65 a 1.33 ± 0.35 a 0.45 ± 0.06 c 10.26 ± 1.74 bc 1.16 ± 0.95 bc 9.10 ± 0.79 c

Values represent the means of two replicates ± standard deviation. Lowercase letters indicate homogeneous groups determined using the Duncan test.



Molecules 2023, 28, 1910 5 of 14

2.2. Contents of Individual Complex Carbohydrates in the Sourdoughs

The metabolism of carbohydrates during sourdough fermentation depends, to a
various extent, on the microbiological composition of the starter; availability of substrates,
NaCl, and microbiological enzymes derived from the flour; and such process parameters
as dough yield and fermentation time and temperature [24,25]. Fermentation is based
on the hierarchy of the consumption of various sugars with glucose consumed in the
first place [26].

The present study showed a positive effect of using the potential probiotic strains to
increase the content of soluble arabinoxylans in all the sourdoughs. Figure 1a–e depicts
the changes in the contents of the polysaccharides (dry matter) during the fermentation
of the sourdoughs inoculated with strains of various microorganisms. In the case of the
spontaneously fermenting sourdough (Figure 1a), the highest content of total arabinoxylans
and insoluble arabinoxylans was determined after 24 h of fermentation, which was further
observed to decrease but not to the baseline level observed before fermentation. The
content of soluble arabinoxylans decreased in this sourdough after 48 h of fermentation
compared to its level before fermentation, whereas the solubility decreased from 36% to
35%. In the sourdough inoculated with the S.boulardii strain (Figure 1b), the content of
total arabinoxylans was observed to increase along with the fermentation time, whereas
the content of the insoluble fraction was the lowest after 24 h of fermentation (4.52%) and
the highest after 48 h of fermentation (5.21%). Under the influence of fermentation, the
solubility increased by 16%. In the sourdough inoculated with the Lpb.plantarum strain,
the highest contents of total and insoluble arabinoxylans were determined after 24 h of
fermentation; however, with fermentation proceeding, the content of total arabinoxylans
decreased to the initial value, and that of the insoluble fraction remained stable (Figure 1c).
The use of this strain resulted in as much as a 18% higher solubility of arabinoxylans
after 48 h of fermentation. Arabinoxylan is known to be degraded by cereal enzymes
during dough resting, which contributes to its solubilization [27]. In the case of the
sourdough inoculated with the L.rhamnosus strain (Figure 1d), the highest content of
total arabinoxylans was determined after 24 h of fermentation (7.76%); it was observed to
decrease with fermentation time but not to the level before fermentation. In turn, the content
of insoluble arabinoxylans decreased over the entire fermentation period. The solubility of
the arabinoxylans increased in this sourdough by 15% during fermentation. The use of the
B.coagulans strain achieved the highest contents of total and insoluble arabinoxylans after
48 h of fermentation of the sourdough (Figure 1e). Among all sourdoughs inoculated with
the potential probiotic strains, the latter mentioned strain caused the smallest increase in
arabinoxylan solubility, i.e., by barely 4%. Acidic conditions positively affect the swelling of
arabinoxylans, simultaneously suppressing the activity of xylanases and, thereby, reducing
the degradation of arabinoxylans [28]. Given that soluble arabinoxylans feature high
capabilities for water binding, gas retention in dough, and retarding stalling rate, they are
highly suitable and desirable for rye bread making [6].

Rye represents a rich source of fructans, which increase the abundance of bifidobacteria
in the gastrointestinal tract and enhance the absorption of metals, thereby diminishing
appetite [2,9]. It has been shown that even a simple technological treatment decreases the
content of fructans in rye bread by approximately 3% [7]. In the case of the spontaneously
fermenting sourdough and the sourdough inoculated with the B.coagulans strain, the
content of fructans decreased significantly after 24 h, while it remained stable in the second
analytical term (Figure 1a–e). The use of the S.boulardii strain caused the fructan content
to decrease after 48 h of fermentation to 0.35%. The sourdoughs inoculated with the
Lpb. plantarum and L. rhamnosus strains contributed to a successive decrease in the content
of fructans along with the fermentation time (Figure 1c,d). Previous studies proved that
the reduced content of FODMAPs, including mainly fructans, could be ascribed to the
metabolic activity of the LAB strain, including i.a. Lpb.plantarum present in sourdough,
and extended dough fermentation time, which contributes to the increased tolerance of
these compounds by patients suffering from IBS [25,29,30]. LAB produce lactic and acetic
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acids, which decrease the dough’s pH, thereby allowing for the activation of a few specific
enzymes capable of reducing FODMAP content [31]. Various FODMAPs derived from rye
flour are fermented by intestinal microbiota, which triggers undesirable symptoms when
its level exceeds ca. 0.3 g/kg body weight, namely ca. 15 g/day. Sourdough fermentation
with the LAB strains featuring activity of fructanases enables the production of low-fructan
bread [7]. The content of β-glucans decreased significantly after 24 h of fermentation and
afterwards remained stable in the case of the spontaneously fermenting sourdough and the
sourdough inoculated with the Lpb.plantarum strain (Figure 1a,c). A previous study showed
that β-glucans might be a prebiotic released by LAB during sourdough fermentation,
thereby increasing the viability of the probiotic (Lpb.plantarum) [32]. The use of S.boulardii,
L.rhamnosus, and B.coagulans to prepare sourdoughs resulted in a decreased content of
β-glucans along with the fermentation time (Figure 1b,d,e). The use of spontaneous
fermentation and the Lpb. plantarum inoculum resulted in maintaining the content of β
-glucans at higher levels during sourdough production.

The metabolism of carbohydrates differs depending on the LAB species and strain,
sugar type, co-presence of yeast, and processing conditions. Vast changes occurred in the
carbohydrate fractions during sourdough fermentation due to both the enzymatic activity
of the flour and the metabolic transformations triggered by the enzymes secreted by the
microorganisms [24]. LAB activity in sourdoughs decreases the contents of non-digestible
oligosaccharides, fructans, and raffinose (belonging to FODMAPS) in flour [32].

2.3. Contents of Individual Complex Carbohydrates and Dietary Fiber in the Sourdough Breads

The fermentation of flour and water activates the endogenous enzymes of the flour,
thereby triggering starch degradation to amylase and the release of maltodextrin and
maltose [33]. In the present study, the highest content of starch was determined in the
breads made of the sourdoughs inoculated with S.boulardii (58.79%) and Lpb.plantarum
(58.27%). In contrast, the lowest content of starch was found in the bread made of the
sourdough prepared with B.coagulans (55.91%). The fermentation of sourdough leads to
an increase in its acidity and a decrease in its pH [25,29,31]. Lower dough pH facilitates the
formation of resistant starch, which diminishes the starch digestibility and, consequently,
blood glucose level [34]. However, high dough acidification during fermentation results in
suppressed enzymatic activity in the first stages of baking and, by this means, in reduced
starch degradation [28].

When comparing the contents of total arabinoxylans in the rye flour (8.12%) and
breads (8.61–10.54%), it was found that they increased during bread making regardless
of the production method deployed. The highest contents of total and water-insoluble
arabinoxylans were determined in the bread made of the sourdough inoculated with the
B.coagulans strain. In turn, the lowest content of total arabinoxylans was determined in
the control bread and in the breads made of spontaneously fermenting sourdough and the
sourdough inoculated with L.rhamnosus. The control bread had a lower content of soluble
arabinoxylans compared to the sourdough breads, and the highest content of this fraction of
arabinoxylans was found in the breads made of the spontaneously fermenting sourdough
and the sourdough inoculated with the Lpb.plantarum strain. Soluble arabinoxylans serve
the role of soluble dietary fiber, which contributes to proper body functions and prevents
such physiological disorders as diabetes, obesity, hypercholesterolemia, neoplasms, or
alimentary tract dysfunctions [35].
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Fructans represent the major group of compounds belonging to the FODMAPs. A
long fermentation time of bread dough may contribute to a 90% reduction in fructans and
74% reduction in total FODMAPs [36]. At the early stage of fermentation, all FODMAPs
are almost completely degraded (except for polyols); however, saccharose, fructose, and
glucose are completely degraded in the first stage of fermentation and at the end of
baking [37]. The content of fructans determined in the analyzed breads (0.62–1.46%) was
lower than in the flour (3.82%). The fructan content was identical in all samples, except
for the bread made of the sourdough inoculated with the S. boulardii strain, in which
it was significantly reduced. Investigations conducted by other authors demonstrated
that sourdough-based rye breads had higher contents of fructans than rye breads made
with yeast [31,36,38]. This difference is probably due to the activity of bacterial hydrolytic
enzymes; however, it is also likely that endogenous enzymes are activated in the sourdough
at lower pHs [38]. In spite of the fact that rye bread is the richest source of fructans
(1.94 g/100 g), extending fermentation time may be a means to prevent the degradation of
the fructans by invertase secreted by S.cerevisiae [9,39].

β-glucan serves various roles in the human body, including mainly activation of the im-
mune system, reduction of the postprandial blood glucose level, and general improvement
in glycemia and the sensitivity to insulin in persons with normoglycemia [2,37]. The lowest
β-glucan content was determined in the control bread (0.30%). The use of sourdough,
regardless of its type, contributed to greater retention of β-glucans in the breads. Among
all the breads analyzed, the highest β-glucan content was determined in the bread made of
the sourdough inoculated with the L.rhamnosus strain (Table 1). LAB can produce glucans,
which are synthesized extracellularly by membrane-bound glycosyltransferase [16,40].

Dietary fiber has been shown to improve host metabolism by, i.a., the positive impact
of short-chain fatty acids produced from fermentable dietary fiber [41]. Rye bread consump-
tion increases the intake of cereal-derived dietary fiber, which is implicated in reducing
the risk of the development of, i.a., colorectal cancer [30]. The technological process of
rye bread making, including enzymatic and heat treatment, contributes to changes in the
content and solubility of the dietary fiber components [42].

The analyses conducted in the present study show that the highest total dietary
fiber content was determined in the bread made of the sourdough inoculated with the
Lpb. plantarum strain (12.16%), and the lowest was in the bread made of spontaneously
fermenting sourdough and the sourdoughs inoculated with S.boulardii and B. coagulans
strains (Table 1). The increase in dietary fiber content in the sourdough-based bread is
likely due to the production of exopolysaccharides (EPS) by the LAB and to resistant
starch formation during baking [42]. EPS have recently spurred great interest due to their
hydrocolloidal nature, enabling the manufacture of novel products that prevent chronic
non-communicable diseases, such as irritable bowel syndrome, high cholesterol level, car-
diopathies, colitis, ulcers, and cancers, and at the same time exhibiting immunomodulatory
effects [34,40]. In the case of the soluble dietary fiber fraction, its highest content was
determined in the bread made of the sourdough inoculated with Lpb.plantarum (2.21%) and
in the control bread (1.66%); in contrast, its lowest content was found in the bread made
of the spontaneously fermenting sourdough and in the breads made of the sourdoughs
inoculated with the S.boulardii, L.rhamnosus, and B.coagulans strains (Table 1). The highest
content of the insoluble dietary fiber fraction was determined in the breads made of the
sourdoughs inoculated with the Lpb.plantarum and L.rhamnosus strains; in contrast, the
lowest content was found in the other breads analyzed. The enzymatic activity of LAB
may contribute to the increased solubility of dietary fiber [17]. The improved properties of
the dietary fiber of sourdough-based bread contribute to its reduced glycemic index [34].
Conventional sourdough baking reduces and converts carbohydrate compounds in the
rye flour; however, the degree of reduction and transformation depends on the fermenting
organisms. Thanks to the combination of knowledge about the production technology of
baked goods from rye flour with the knowledge of the metabolism of selected potential
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probiotic microorganisms, it is possible to design and create innovative food products that
are currently not available on the market.

3. Materials and Methods
3.1. Materials

One type of rye wholemeal rye flour (Mona, Poland) was used for the sourdough
preparation and bread making. Encapsulated potential probiotic microorganisms of the
following monocultures were used in the study:

- S.boulardii (CNCM I-745) (Biocodex, Warszawa, Poland)
- Lpb.plantarum (DSM 9843) (Sanprobi SP.Z O.O.SP.K., Szczecin, Poland)
- L.rhamnosus (DSM 14870) (Bayer Pharma, Warszawa, Poland)
- B.coagulans (MTCC 5856) (Singularis Herbs Corporation Ltd., Lewes, DE, USA).

3.2. Sample Preparation

The study was divided into three stages. Stage I involved the preparation of rye
sourdoughs with 200% extraction yield with the addition of starter cultures that were
fermented for 24 and 48 h at a temperature of 30 ◦C and an air humidity of 85% in a
fermentation chamber (IBIS, Szubin, Poland). The microorganism preparations were added
directly to the sourdoughs in a dose of 109 CFU/kg of flour. Spontaneously fermenting
sourdough without inoculum served as a control sample. Samples of the sourdough were
analyzed immediately after preparation as well as 24 h and 48 h after fermentation. In stage
II, bread doughs were prepared in a Brabender’s farinograph (Duisburg, Germany) from
the sourdoughs fermented for 48 h, the remaining amount of flour (75%), water (90%), and
salt (1.5%). The control bread was prepared without the sourdough but with the addition
of lactic acid (1%). Afterwards, the prepared doughs (ca. 450 g) were placed in pans and
subjected to 24 h of fermentation with a single puncture. The fermentation was performed
at a temperature of 30 ◦C and relative air humidity of 85% in a fermentation chamber (IBIS,
Szubin, Poland). After fermentation was complete, the doughs were baked for 35 min
at 240 ◦C in a baking oven with water vapor (IBIS, Szubin, Poland). In stage III of the
study, the baked and cooled breads as well as the remaining collected samples of flour and
sourdoughs were dried, ground, and prepared for analyses. The study design scheme is
shown in Figure 2.

3.3. Carbohydrates Content Determination

The samples were determined for the contents of individual complex carbohydrates:
arabinoxylans with the spectrophotometric method, as well as fructans [43] andβ-glucans [44]
with the enzymatic-spectrophotometric method. For the soluble arabinoxylans assay, aque-
ous suspensions were extracted for 3 h and, after centrifugation, 1 ml of the liquid fraction
was taken for future examination. The method of determination of the content of total, solu-
ble, and insoluble arabinoxylans included boiling the samples for 1 h with sodium chloride,
hydrochloric acid, and xylene, and then cooling and separating the solutions. Subsequently,
the solutions were mixed with ethyl aniline and ethanol, and then their extinctions were
measured at a wavelength of 540 nm and compared with the xylose standard curve. The
insoluble arabinoxylans fraction content was calculated as the difference between the total
and soluble fractions. The fructan content determination was based on the determination
of the fructose content in the samples resulting from the enzymatic breakdown of the
fructans. Using a spectrophotometer (GENESYS 10S, Thermo Fisher Scientific, Waltham,
MA, USA), the fructose content was measured at a wavelength of λ = 410 nm. The total
β-glucan content was determined with the mixed linkage β-glucan assay kit (Megazyme
International, Bray, Ireland) following the ICC Standard Method No. 166 [44].
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The bread samples were additionally analyzed for starch content with the polarimetric
method and for dietary fiber content (including the water-soluble and water-insoluble
fractions) with the enzymatic–gravimetric AOAC method [45]. All determinations were
performed in duplicate.

3.4. Statistical Analysis

The statistical analysis of the results was performed using Statistica 13.3 software (Stat-
Soft, Tulsa, OK, USA). The results are presented as the mean values of two replications. Mul-
tiple comparisons were made using the analysis of variance (ANOVA) at p = 0.95. The signif-
icance of the differences between the mean values was determined using the Duncan test.

4. Conclusions

The awareness of consumers and their interest in the quality of food and nutrition,
especially in various ailments of the gastrointestinal tract such as IBS, have immensely
increased in the last decade. The present study demonstrated that the treatments applied
contributed to an increased total content of arabinoxylans in the breads, and that the
inoculation of sourdoughs with potential probiotic strains improved their solubility in
water. Bakery products made using sourdough degrade and convert FODMAPs in the rye
flour; however, the extent of the degradation of the FODMAPs depends on the fermenting
microorganisms. The use of the S.boulardii strain may seem prospective as it allowed for
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the greatest reduction in fructans in the bread in the present study. The high-fiber and
low-FODMAP bread prevents bifidobacteria depletion in the intestines and may alleviate
IBS symptoms [7]. LAB, despite the ability to ferment sugars into lactic acid, are able to
produce proteolytic enzymes. In the bakery industry, LAB enzymes cause gluten protein
degradation, resulting in changes of dough rheology and improvement of dough raising
capacity, bread volume, and texture. The resulting sourdough bread can be characterized by
an extended shelf life as well as improved aroma and taste [46]. Rye bread is an attractive
source of dietary fiber as well as other nutrients and bioactive compounds that elicit benefi-
cial nutritional effects because it is consumed in almost all world countries and is available
in different variants. Studying the metabolism of carbohydrates by selected strains of
microorganisms will allow the future development of innovative cereal products dedicated
to consumers with diverse nutritional needs. The current research may contribute to the
development of food technology by enabling the use of potential probiotic microorganisms
and their metabolic abilities to produce food products with designed composition and
quality characteristics.
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16. Żółkiewicz, J.; Marzec, A.; Ruszczyński, M.; Feleszko, W. Postbiotics-A Step Beyond Pre- and Probiotics. Nutrients 2020, 12, 2189.
[CrossRef] [PubMed]

17. Păcularu-Burada, B.; Georgescu, L.A.; Vasile, M.A.; Rocha, J.M.; Bahrim, G.E. Selection of Wild Lactic Acid Bacteria Strains as
Promoters of Postbiotics in Gluten-Free Sourdoughs. Microorganisms 2020, 8, 643. [CrossRef] [PubMed]

18. Park, D.M.; Bae, J.H.; Kim, M.S.; Kim, H.; Kang, S.D.; Shim, S.; Lee, D.; Seo, J.H.; Kang, H.; Han, N.S. Suitability of Lactobacillus
plantarum SPC-SNU 72-2 as a Probiotic Starter for Sourdough Fermentation. FMB 2019, 29, 1729–1738. [CrossRef]

19. Lazo-Vélez, M.A.; Serna-Saldívar, S.O.; Rosales-Medina, M.F.; Tinoco-Alvear, M.; Briones-García, M. Application of Saccharomyces
cerevisiae var. boulardii in food processing: A review. J. Appl. Microbiol. 2018, 125, 943–951. [CrossRef]

20. Weckx, S.; Van der Meulen, R.; Maes, D.; Scheirlinck, I.; Huys, G.; Vandamme, P.; De Vuyst, L. Lactic acid bacteria community
dynamics and metabolite production of rye sourdough fermentations share characteristics of wheat and spelt sourdough
fermentations. Food Microbiol. 2010, 27, 1000–1008. [CrossRef]

21. Pinheiro de Souza Oliveira, R.; Perego, P.; Nogueira de Oliveira, M.; Converti, A. Effect of inulin on the growth and metabolism of
a probiotic strain of Lactobacillus rhamnosus in co-culture with Streptococcus thermophilus. LWT 2012, 47, 358–363. [CrossRef]

22. Soares, M.B.; Martinez, R.C.R.; Pereira, E.P.R.; Balthazar, C.F.; Cruz, A.G.; Ranadheera, C.S.; Sant’Ana, A.S. The resistance of
Bacillus, Bifidobacterium, and Lactobacillus strains with claimed probiotic properties in different food matrices exposed to
simulated gastrointestinal tract conditions. Food Res. Int. 2019, 125, 108542. [CrossRef] [PubMed]

23. Poshadri, A.; Deshpande, H.W.; Khodke, U.M.; Katke, S.D. Bacillus coagulans and its Spore as Potential Probiotics in the Production
of Novel Shelf- Stable Foods. Nutr. Food Sci. 2022, 10, 858–870. [CrossRef]

24. Robert, H.; Gabriel, V.; Lefebvre, D.; Rabier, P.; Vayssier, Y.; Fontagné-Faucher, C. Study of the behaviour of Lactobacillus plantarum
and Leuconostoc starters during a complete wheat sourdough breadmaking process. LWT 2006, 39, 256–265. [CrossRef]

25. Menezes, L.A.A.; Minervini, F.; Filannino, P.; Sardaro, M.L.S.; Gatti, M.; De Dea Lindner, J. Effects of Sourdough on FODMAPs
in Bread and Potential Outcomes on Irritable Bowel Syndrome Patients and Healthy Subjects. Front. Microbiol. 2018, 9, 1972.
[CrossRef] [PubMed]

26. Struyf, N.; Laurent, J.; Lefevere, B.; Verspreet, J.; Verstrepen, K.J.; Courtin, C.M. Establishing the relative importance of damaged
starch and fructan as sources of fermentable sugars in wheat flour and whole meal bread dough fermentations. Food Chem. 2017,
218, 89–98. [CrossRef]

27. Korakli, M.; Gänzle, M.G.; Vogel, R.F. Metabolism by bifidobacteria and lactic acid bacteria of polysaccharides from wheat and
rye, and exopolysaccharides produced by Lactobacillus sanfranciscensis. J. Appl. Microbiol. 2002, 92, 958–965. [CrossRef]

28. Deleu, L.J.; Lemmens, E.; Redant, L.; Delcour, J.A. The major constituents of rye (Secale cereale L.) flour and their role in the
production of rye bread, a food product to which a multitude of health aspects are ascribed. Cereal Chem. 2020, 97, 737–754.
[CrossRef]

29. Marco, M.L.; Heeney, D.; Binda, S.; Cifelli, C.J.; Cotter, P.D.; Foligné, B.; Gänzle, M.; Kort, R.; Pasin, G.; Pihlanto, A.; et al. Health
benefits of fermented foods: Microbiota and beyond. COBIOT 2017, 44, 94–102. [CrossRef]

30. Laatikainen, R.; Koskenpato, J.; Hongisto, S.-M.; Loponen, J.; Poussa, T.; Hillilä, M.; Korpela, R. Randomised clinical trial:
Low-FODMAP rye bread vs. regular rye bread to relieve the symptoms of irritable bowel syndrome. Aliment Pharmacol. Ther.
2016, 44, 460–470. [CrossRef]

31. Graça, C.; Lima, A.; Raymundo, A.; Sousa, I. Sourdough Fermentation as a Tool to Improve the Nutritional and Health-Promoting
Properties of Its Derived-Products. Fermentation 2021, 7, 246. [CrossRef]

32. Lau, S.W.; Chong, A.Q.; Chin, N.L.; Talib, R.A.; Basha, R.K. Sourdough Microbiome Comparison and Benefits. Microorganisms
2021, 9, 1355. [CrossRef] [PubMed]

33. De Vuyst, L.; Comasio, A.; Kerrebroeck, S.V. Sourdough production: Fermentation strategies, microbial ecology, and use of
non-flour ingredients. Crit. Rev. Food Sci. Nutr. 2021, 15, 1–33. [CrossRef] [PubMed]

34. Canesin, M.R.; Baú Betim Cazarin, C. Nutritional quality and nutrient bioaccessibility in sourdough bread. Curr. Opin. Food Sci.
2021, 40, 81–86. [CrossRef]

35. Qaisrani, T.B.; Qaisrani, M.M.; Qaisrani, T.M. Arabinoxylans from psyllium husk: A review. J. Agric. Sci. Environ. 2016, 6, 33–39.
36. Martín-Garcia, A.; Riu-Aumatell, M.; López-Tamames, E. Influence of Process Parameters on Sourdough Microbiota, Physical

Properties and Sensory Profile. Food Rev. Int. 2021, 37, 1–15. [CrossRef]
37. Lanzerstorfer, P.; Rechenmacher, E.; Lugmayr, O.; Stadlbauer, V.; Höglinger, O.; Vollmar, A.; Weghuber, J. Effects of various

commercial whole-grain breads on postprandial blood glucose response and glycemic index in healthy subjects. Austin J.
Clin. Med. 2018, 5, 1031. Available online: https://austinpublishinggroup.com/clinical-medicine/fulltext/ajcm-v5-id1031.pdf
(accessed on 15 December 2022).

38. Nyyssölä, A.; Ellilä, S.; Nordlund, E.; Poutanen, K. Reduction of FODMAP content by bioprocessing. Food Sci. Technol. 2020, 99,
257–272. [CrossRef]

http://doi.org/10.1038/s41598-018-24149-w
http://www.ncbi.nlm.nih.gov/pubmed/29632321
http://doi.org/10.1016/j.tifs.2016.10.015
http://doi.org/10.3390/foods8120663
http://www.ncbi.nlm.nih.gov/pubmed/31835575
http://doi.org/10.3390/nu12082189
http://www.ncbi.nlm.nih.gov/pubmed/32717965
http://doi.org/10.3390/microorganisms8050643
http://www.ncbi.nlm.nih.gov/pubmed/32354104
http://doi.org/10.4014/jmb.1907.07039
http://doi.org/10.1111/jam.14037
http://doi.org/10.1016/j.fm.2010.06.005
http://doi.org/10.1016/j.lwt.2012.01.031
http://doi.org/10.1016/j.foodres.2019.108542
http://www.ncbi.nlm.nih.gov/pubmed/31554104
http://doi.org/10.12944/CRNFSJ.10.3.4
http://doi.org/10.1016/j.lwt.2005.01.013
http://doi.org/10.3389/fmicb.2018.01972
http://www.ncbi.nlm.nih.gov/pubmed/30186276
http://doi.org/10.1016/j.foodchem.2016.09.004
http://doi.org/10.1046/j.1365-2672.2002.01607.x
http://doi.org/10.1002/cche.10306
http://doi.org/10.1016/j.copbio.2016.11.010
http://doi.org/10.1111/apt.13726
http://doi.org/10.3390/fermentation7040246
http://doi.org/10.3390/microorganisms9071355
http://www.ncbi.nlm.nih.gov/pubmed/34201420
http://doi.org/10.1080/10408398.2021.1976100
http://www.ncbi.nlm.nih.gov/pubmed/34523363
http://doi.org/10.1016/j.cofs.2021.02.007
http://doi.org/10.1080/87559129.2021.1906698
https://austinpublishinggroup.com/clinical-medicine/fulltext/ajcm-v5-id1031.pdf
http://doi.org/10.1016/j.tifs.2020.03.004


Molecules 2023, 28, 1910 14 of 14

39. Struyf, N.; Verspreet, J.; Courtin, C.M. FODMAP Reduction in Yeast-Leavened Whole Wheat Bread. Cereal Foods World 2018, 63,
152–154. [CrossRef]

40. 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]

41. Cox, L.M.; Cho, I.; Young, S.A.; Anderson, W.H.K.; Waters, B.J.; Hung, S.-C.; Gao, Z.; Mahana, D.; Bihan, M.; Alekseyenko,
A.V.; et al. The nonfermentable dietary fiber hydroxypropyl methylcellulose modulates intestinal microbiota. FASEB J. 2012, 27,
692–702. [CrossRef] [PubMed]

42. Mihhalevski, A.; Nisamedtinov, I.; Hälvin, K.; Ošeka, A.; Paalme, T. Stability of B-complex vitamins and dietary fiber during rye
sourdough bread production. J. Cereal Sci. 2013, 57, 30–38. [CrossRef]

43. McCleary, B.V.; Murphy, A.; Mugford, D.C. Measurement of Total Fructan in Foods by Enzymatic/Spectrophotometric Method:
Collaborative Study. J. AOAC Int. 2000, 83, 356–364. [CrossRef] [PubMed]

44. McCleary, B.V.; Codd, R. Measurement of (1-3) (1-4)-β-D-glucan in barley and oats: A streamlined enzymic procedure. J. Sci. Food
Agric. 1991, 55, 303–312. [CrossRef]

45. AOAC. Official Methods of Analysis of AOAC International, 18th ed.; AOAC International: Arlington, VA, USA, 2006; Volume I–II.
46. Kieliszek, M.; Pobiega, K.; Piwowarek, K.; Kot, A.M. Characteristics of the Proteolytic Enzymes Produced by Lactic Acid Bacteria.

Molecules 2021, 26, 1858. [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.

http://doi.org/10.1094/CFW-63-4-0152
http://doi.org/10.3390/foods10071489
http://doi.org/10.1096/fj.12-219477
http://www.ncbi.nlm.nih.gov/pubmed/23154883
http://doi.org/10.1016/j.jcs.2012.09.007
http://doi.org/10.1093/jaoac/83.2.356
http://www.ncbi.nlm.nih.gov/pubmed/10772173
http://doi.org/10.1002/jsfa.2740550215
http://doi.org/10.3390/molecules26071858
http://www.ncbi.nlm.nih.gov/pubmed/33806095

	Introduction 
	Results and Discussion 
	Rye Flour Composition 
	Contents of Individual Complex Carbohydrates in the Sourdoughs 
	Contents of Individual Complex Carbohydrates and Dietary Fiber in the Sourdough Breads 

	Materials and Methods 
	Materials 
	Sample Preparation 
	Carbohydrates Content Determination 
	Statistical Analysis 

	Conclusions 
	References

