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This work was aimed to characterize functional and biochemical parameters of a bakery ingredient prepared
with durum wheat by-products (micronized bran and middling) fermented by a selected microbial consortium
composed of yeasts and lactic acid bacteria. The unfermented milling by-products mixture and the mixture
fermented by a baker’s yeast were used as reference. The innovative ingredient showed more stable colour in-
dexes compared to the references, a more complex profile in volatile molecules characterized by a higher
presence of alcohols, ketones and acids compared to the references. A significant increase in the content of

peptides, short chain fatty acids, total phenols, antioxidant activity and prebiotic activity together with a
reduction in phytic acid content was observed in the samples fermented by the selected microbial consortium
compared to the references. This work provides information on the impact of lactic acid bacteria and yeasts on
functional and biochemical characteristics of fermented milling by-products.

1. Introduction

Wheat is the most extensively grown cereal crop worldwide, both in
terms of kernel yield and cultivated area. Currently, the most significant
varieties of wheat are hexaploid soft wheat (Triticum aestivum L.), pri-
marily used in the production of wheat-based foods such as bread and
biscuits, and tetraploid durum wheat (Triticum durum Desf.), especially
used for pasta production (de Sousa et al., 2021). According to FAOSTAT
(2022), global wheat production reached 808 million tons (Mt) in 2022,
with durum wheat accounting for approximately 30 Mt. Traditionally
milling processes are based on the isolation and utilization of endo-
sperm, which is primarily made of starch and proteins. Therefore, the
outer husks and germ are typically discarded, representing approxi-
mately 23 %-27 % of the milling output (Wrigley et al., 2015; Nayik
et al., 2023; Cardenia et al., 2018; Priickler et al., 2014). However,
wheat-milling by-products represent a valuable source of dietary fibers,
antioxidants, B vitamins and minerals (Stevenson et al., 2012). Certain
health benefits associated with wheat bran have been already
acknowledged by the European Food Safety Authority, including its

capacity to promote intestinal transit and increase faecal mass (Shewry,
2009; EFSA Panel on Dietetic Products and Nutrition and Allergies
(NDA), 2010). Moreover, epidemiological evidence suggests that daily
consumption of cereal products enriched with bran may reduce the risk
of colorectal cancer, cardiovascular disease, coronary atherosclerosis,
obesity and type 2 diabetes (Cheng et al., 2022; Singh et al., 2019;
Vuksan et al., 2020; de Munter et al., 2007). Despite the growing in-
dustrial and consumer interest in the inclusion of wheat bran into cereal
food products, its current utilization remains limited in comparison to its
production rate and the technological and functional potential of these
by-products is currently not being fully exploited (Luithui et al., 2019).
Indeed, despite their excellent functional properties, incorporating
wheat bran into cereal-based foods still presents challenges due to its
negative technological and sensory impact (Siroli et al., 2022; Alzuwaid
et al., 2021). For example, inclusion of wheat bran in bakery products
can have adverse effects on dough rheology, resulting in reduced loaf
volume, impaired bread crumb texture, and imparting a dark colour and
undesirable flavour to foods (Alzuwaid et al., 2021; Cai et al., 2014).
To enhance the nutritional, technological and functional properties

Abbreviations: DFM, Durum fermented mixture; UFM, Unfermented milling by-product mixture; BCM, Benchmark control mixture; LAB, Lactic acid bacteria.
* Corresponding author at: Department of Agricultural and Food Sciences, Campus of Food Science, Piazza Goidanich 60, Cesena, FC, Italy.

E-mail address: lorenzo.siroli2@unibo.it (L. Siroli).

https://doi.org/10.1016/j.jff.2024.106136

Received 14 December 2023; Received in revised form 29 February 2024; Accepted 12 March 2024
1756-4646/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:lorenzo.siroli2@unibo.it
www.sciencedirect.com/science/journal/17564646
https://www.elsevier.com/locate/jff
https://doi.org/10.1016/j.jff.2024.106136
https://doi.org/10.1016/j.jff.2024.106136
https://doi.org/10.1016/j.jff.2024.106136
http://creativecommons.org/licenses/by/4.0/

S. Rossi et al.

of bran, new milling techniques, enzymatic treatments, and fermenta-
tion processes have been developed and studied (Coda et al., 2015). For
example, Pasqualone et al. (2017) showed that the negative effect of the
bran addition in bread making was mitigated by its micronization. In
fact, the bread obtained by the addition of micronized durum wheat
bran showed similar properties compared to the pure re-milled semolina
bread (Pasqualone et al.,, 2017). Moreover, in recent years, the
fermentation of wheat bran attracted interest from the scientific com-
munity. Indeed, the metabolic activity of selected microorganisms or
microbial consortia can enhance its technological and health-promoting
properties (Bertsch et al., 2020; Verni et al., 2019). For instance, several
studies have demonstrated an increase in phytase activity during bran
fermentation, resulting in reduced levels of phytic acid (Zhang et al.,
2022; Coda et al., 2014; Manini et al., 2014; Zhao et al., 2017). Fer-
menting wheat bran with selected microbial consortia, containing yeast
and lactic acid bacteria, can also increase the concentration of peptides
and free amino acids, including the functional y-aminobutyric amino
acid (GABA), thereby enhancing the in-vitro digestibility of proteins
(Arte et al., 2015; Coda et al., 2014; Manini et al., 2014). Furthermore,
incorporation of fermented wheat bran, whether fermented with yeast
or lactic acid bacteria, in bakery products has been demonstrated to
increse the phenolic content and consequently enhance the antioxidant
activity of bread (Katina et al., 2012; Pontonio et al., 2017; Priickler
et al., 2015). A microbial consortium containing Latilactobacillus curva-
tus, Kazachstania servazzii and Kazachstania unispora, utilized for fer-
menting a mixture of wheat germ and rye bran, demonstrated the ability
to enhance the overall properties of the fermented product (Siroli et al.,
2022). Therefore, employing well-characterized microbial consortia for
fermenting high fiber ingredients, such as wheat bran mixtures or
sourdough, could enhance their functional, qualitative, and technolog-
ical characteristics.

Despite most of the available literature focuses on enhancing by-
products of soft wheat, rice, barley and rye, few studies address
durum wheat bran, which nevertheless represents a by-product of great
impact in the Mediterranean area (Spaggiari et al., 2021; Galanakis,
2022; Bartkiene et al., 2020; Sabater et al., 2020). Regarding durum
wheat, recent studies have indicated that edible oil obtained from
durum wheat by-products may serve as a rich source of phytochemicals.
This suggests a promising approach for maximizing the utilization of
durum wheat by-products (Squeo et al., 2022). However, as demon-
strated with other agrifood by-products, a targeted fermentation of
durum wheat by-products may modify their overall characteristics.

In this context, this research aimed to demonstrate how a low-value
by-product, such as durum wheat bran, can be enhanced through tar-
geted fermentation processes, thereby increasing its potential in food
applications. In this study, a selected microbial consortium composed of
lactic acid bacteria and yeasts was used to ferment a mixture of durum
wheat by-products fractions. The effect of fermentation, by the selected
microbial consortium, on functional and biochemical characteristics of
the milling by-products mixture was compared with a mixture fer-
mented by a commercial baker’s yeast and an unfermented milling by-
product mixture.

2. Material and methods
2.1. Raw material: durum wheat by-products fractions

Barilla G. e R. F.1li S.p.A. (Parma, Italy) supplied fractions of durum
wheat by-products, comprising durum wheat micronized bran and
durum wheat middling. The by-products fractions were characterized
for protein, humidity, ash, total, soluble and insoluble dietary fibers,
total fat and mineral content according to Khalid et al. (2017). The
starch content and fatty acid profiles were determined according to
AACC (2000) and AOAC International respectively. Lipid fractions were
evaluated by Gas Chromatography - Mass Spectrometry analysis ac-
cording to AACC (2000). Phytate content was investigated according to

Journal of Functional Foods 116 (2024) 106136

Buddrick et al. (2014). Each of the reported analyses was performed in
triplicate.

2.2. Microbial consortium

The microbial consortium, used as starter for the fermentation of
milling by-products, was composed by three lactic acid bacteria (LAB), i.
e. Latilactobacillus curvatus LANC A, Leuconostoc mesenteroides LANC B
and Pediococcus pentosaceus LANC C, and two yeast strains, i.e.
Kazachstania servazzii KAZ2 and Kazachstania unispora FM2. All strains
of the selected microbial consortium belong to the collection of the
Department of Agriculture and Food Sciences of the University of
Bologna and were isolated from spontaneously fermented milling by-
products. The selection of this specific microbial consortium was
based on preliminary tests, carried out in the framework of the EU
project INGREEN (Siroli et al., 2022). First, following spontaneous
fermentation of different milling by-products was possible to identify
several microbial consortia, composed of yeast and lactic acid bacteria,
responsible for the fermentation process. The most performing microbial
consortium, used in this work, was selected based on the fastest
fermentation kinetics on durum wheat milling by-products fractions and
the capability to provide an increase of functional and organoleptic
characteristics such as antioxidant activity and volatile molecule profile.

The yeast and LAB strains, stored as frozen stocks (—80 °C) were pre-
cultivated three times, prior to be used, on Yeast Extrac-
t-Peptone-Dextrose (YPD) medium (Oxoid, Italy) for Kazachstania spp.
and on Maltose, de Man, Rogosa and Sharpe (mMRS) medium (Oxoid,
Italy) for LAB and incubated at 25 °C for 48 h and 24 h respectively for
yeasts and LAB.

2.3. Fermentation of durum wheat by-products

The milling by-product mixture used in this work was composed by
durum wheat middlings (75 %) and durum wheat micronized bran (25
%) and was prepared according to Siroli et al. (2022). One kilogram of
the mixture was produced in a commercial kneader (Major, Kenwood,
Italy) by combining durum wheat middlings (75 %) and durum wheat
micronized bran (25 %), hydrated with tap water in a 2:1 ratio. The
composition of the mixture was determined based on the compositional
characteristics of the by-products and the ability of the microbial con-
sortium to exhibit rapid fermentation kinetics and to maintain stability
over time.

The LABs and yeasts strains were pre-cultivated as reported in sec-
tion 2.2 and then cultured on mMRS broth for 24 h at 25 °C and on YPD
broth for 48 h at 25 °C, for LABs and yeasts respectively. Prior to use, the
strains were centrifuged at 10,000 rpm and washed twice with saline
solution (0.9 % NacCl).

The hydrated milling by-product mixture was inoculated with 7.0 log
CFU/g of LABs and 4.5 log CFU/g of yeasts. The inoculated mixture was
statically fermented at 25 °C for 24 h in a sanitized tank. The innovative
ingredient fermented by the microbial consortium of yeasts and LAB,
referred to as “durum fermented mixture” (DFM), was compared with
two control samples: an unfermented milling by-product mixture (UFM)
and a benchmark control mixture fermented by commercial baker’s
yeast (BCM), produced using the same milling by-product mixture but
inoculated with lyophilized commercial baker’s yeast (Lievital, Lesaffre
Italia, Parma, Italy) at an initial concentration of 7.0 log CFU/g. Before
use, the baker’s yeast was rehydrated by adding water at 30 °C for 15
min. Fermentation experiments were carried out in triplicate on
different days.

2.4. Acidification kinetics and plate count
The acidification kinetics were monitored by measuring the pH of the

different preferments every two hours from 14 to 24 h of fermentation at
25 °C. The cell counts of LAB and yeasts were determined at the
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beginning (0 h) and at the end (24 h) of fermentation by plate counting
on selective agar media.

Yeast enumeration was conducted using YPD agar supplemented
with 0.02 % chloramphenicol, while LAB cell counts were determined
on m-MRS agar supplemented with 0.02 % cycloheximide. Additionally,
the total titratable acidity was determined at the end of fermentation
following the method described by Rizzello et al. (2010).

2.5. Nutritional profile

According to the Reg UE 1169/2011 25/10/2011 GU CE L304 22/
11/2011, the preferments were characterized for their energy, fats,
saturated fatty acids, carbohydrate, sugar, dietary fiber, protein, and salt
content.

Specifically, the energy content was evaluated according to da Rocha
Lemos et al. (2021). The fat content was determined using the Soxhlet
extraction method described in AOAC official methods (Aoac 920.39,
2022), and saturated fatty acids were analysed as previously described
by dos Santos Oliveira et al. (2011). The carbohydrate content (%) was
calculated by subtracting the ash, fat, fibre and protein content from
total dry matter (Costantini et al., 2014). Sugar content was measured
according to the method outlined by Luchese et al. (2015), while dietary
fibers was evaluated using the AACCI Approved Method 32-07.01, as
reported by Khalid et al. (2017). The protein content was determined
using the Kjeldahl method, with a conversion factor of N x 5.7. The
acetic acid and lactic acid content were measured using the acetic acid
assay kit and lactic acid assay kit, respectively (Megazyme, Ayr, UK).
The fermentation quotient was calculated as the molar ratio between
lactic and acetic acids.

2.6. Colour analysis

The colour was assessed according to Siroli et al. (2022), using a
Minolta® CR-400 colorimeter (Milan, Italy) that was previously cali-
brated. The CIELAB system was utilized, with parameters including
lightness (L*), redness (a*) and yellowness (b*), which were used to
objectively define the colour (Pointer, 1981). Colour determination was
conducted for each preferment both before and after 24 h of
fermentation.

2.7. Volatile molecule profiles and short-chain fatty acids

The volatile compounds of both the pre-fermented and unfermented
mixtures were analysed using solid phase micro extraction-gas chro-
matography-mass spectrometry (SPME-GC/MS) following the method
outlined by Burns et al. (2008), with some modifications as reported by
Rossi et al. (2021). The analysis was conducted with an Agilent Tech-
nology 7890N gas chromatograph coupled with a Network Mass Selec-
tive detector HP 5975C mass spectrometer (Agilent Technologies).

2.8. Fatty acid profiles

The lipid fraction extraction was performed according to the method
reported by Boselli et al. (2001), with some modifications as described in
Rossi et al. (2021). The composition of fatty acids was determined as
fatty acid methyl esters (FAMEs) using GC-MS. Methyl tridecanoate
(Sigma, Milan, Italy) was used as internal standard (13:0, 0.02 mg/mL),
and Supelco FAME MIX 37 (Sigma) served as the external reference. The
total profiles of fatty acid methyl esters were analysed following the
procedure described by Rossi et al. (2021).

2.9. Peptide, phytate content and protein profile
The peptide content was determined in sample extracts obtained

following the method outlined by Siroli et al. (2022), using the o-
phtaldialdehyde (OPA) method as reported by Coda et al. (2012). A
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standard curve prepared with tryptone (0.1 to 1.5 mg/mL) was used as
reference.

Phytic acid content was measured according to the AOAC 986.11/88
methodology (AOAC 986.11-, 2022), with a confidence interval calcu-
lated at a probability level of approximatively 95 %.

The protein profile was obtained using SDS-PAGE electrophoresis.
Proteins were extracted from the different types of sourdough under
reducing conditions following the method proposed by Marco et al.
(2007), with some modifications as reported by Rossi et al. (2021). A
quantity of 10 mg of the obtained pellet was mixed with 500 pL of
Laemmli Sample Buffer 2X (Bio-Rad Laboratories, Milan, Italy) con-
taining p-mercaptoethanol. The mixtures were incubated at 100 °C for 5
min, and then, 10 pL were diluted in 40 pL of Laemmli Sample Buffer. 20
uL of diluted samples were loaded on an 8-16 % Criterion TGX precast
Gel (Bio-Rad Laboratories, Milan, Italy), with 10 pL of Precision Plus
Protein Standard All Blue (Bio Rad) serving as standard. The gel was run
in a Mini Protean Cell System with a Tris-Glycine SDS Running Buffer at
100 V for the first 10 min and then at 200 V for 1 h. Gels were stained
and de-stained according to Gottardi et al. (2023). Images were captured
using Bio-Rad’s GS-900 (Bio-Rad, Milan, Italy).

2.10. Antioxidant activity and phenol content

The total polyphenols and antioxidant activity were assessed ac-
cording to Siroli et al. (2022).

Antioxidant activity was evaluated using two different methods: the
2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay, as described by
Rizzello et al. (2012), and the 2,20-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid (ABTS) assay, according to Miller and Rice-Evans (1997).
These determinations were conducted in triplicate. The concentration of
total polyphenols was determined using the Folin-Ciocalteu method, as
reported by Slinkard and Singleton (1977).

2.11. Prebiotic activity

To simulate passage through the gastro-intestinal tract, 100 mg of
each sample (DFM, UFM and BCM) were digested in 3 mL of simulated
gastric fluid (SGF, 125 mmol/L NaCl, 7 mmol/L KCl, 45 mmol/L
NaHCOs, 3 g/L pepsin, pH 2) for 3 h at 37 °C under stirring conditions
(100 rpm). Subsequently, 3 mL of simulated intestinal fluid (SIF, 0.1 %
w/v pancreatin, 0.15 % w/v Oxgall bile salt, pH 7) were added, pH was
adjusted at pH 7.0 with NaOH 1 M, and digestion was carried out for
further 3 h at 37 °C (100 rpm). Supernatants containing the digested and
soluble parts of the pre-ferments were harvested after centrifugation
(14.000 g for 20 min) and used to assess the prebiotic and antimicrobial
activities.

The prebiotic activity of the samples was evaluated towards six
Bifidobacterium spp. (Bifidobacterium adolescentis DSM20086, Bifido-
bacterium bifidum DSM20082, Bifidobacterium breve DSM20091, Bifido-
bacterium longum subsp. infantis DSM20090, Bifidobacterium longum
subsp. longum DSM20219, and Bifidobacterium angulatum DSM20098)
purchased from DSMZ (Braunschweig, Germany). Three mechanisms of
action were considered: (i) stimulation of planktonic growth; (ii) stim-
ulation of biofilm formation; (iii) stimulation of pre-formed biofilm.

Bifidobacteria were grown in de Man, Rogosa, and Sharpe broth
(MRS, Difco, Detroit,MI, USA) supplemented with L-cysteine 0.05 % (w/
v) (Merck, Milan, Italy) at 37 °C in anaerobic jars containing Gas-Pak EZ
(Beckton, Dickinson and Co., Milan, Italy).

One hundred microliters of Bifidobacterium spp. suspensions in MRS
(2 x 10° CFU/mL) were incubated in 96 multi-well plates (Corning Inc.,
Pisa, Italy) together with 100 pL of digested samples at 37 °C under
anaerobic conditions. Wells inoculated with 100 pL of Bifidobacterium
spp. suspension and 100 pL of the mixture of simulated fluids (SGF and
SIF) were used as growth control. Blanks, consisting of simulated fluids
and MRS, were also included. The plates were incubated for 24 h or 48 h
to evaluate the impact on the planktonic growth and biofilm formation,
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Table 1
Durum wheat by-products fractions used in this work.

Component % Durum wheat bran micronized Durum wheat middling

Proteins % 1630 +  2.00 2000 <+ 0.50
Humidity % 11.40 + 0.30 12.10 + 3.00
Ashes % 4.70 + 0.20 4.60 + 1.10
Soluble Fiber % 3.30 + 090 2.90 + 120
Insoluble Fiber % 40.10 + 3.20 26.10 + 2.30
Total fat % 5.40 + 0.30 6.50 + 070
Starch % 1500 +  3.00 23.00 + 250
Phytic acid % 2.50 + 0.10 2.60 + 1.00

respectively. Bifidobacterium spp. growth was quantified by reading the
absorbance at 600 nm (EnSpire Multimode Plate Reader, PerkinElmer
Inc., Waltham, MA, USA) and results are expressed in percentage with
respect to growth control (100 %).

Biofilms were quantified through crystal violet (CV) staining as re-
ported by Giordani et al. (2023) . Briefly, wells were washed twice,
remaining biofilms were fixed in absolute ethanol (Merck) and stained
with crystal violet 0.4 % (w/v) (Merck) for 10 min. The excess of dye
was removed through three washing steps, CV bound to adherent cells
was resolubilized in ethanol and the absorbance was measured at 595
nm. The biofilm formation was calculated as percentages relative to the
absorbances of the control (100 %).

To investigate the effect on pre-formed biofilms, Bifidobacterium spp.
biofilms were first allowed to form by seeding 200 pL of suspensions in
96 multi-well plates for 48 h. Afterwards, supernatants were removed,
adherent cells were washed twice with sterile saline, and plates were
further incubated for 24 h in the presence or not of samples as described
above. Biofilms were finally stained with CV.

2.12. Antimicrobial activity against gastrointestinal pathogens

The antimicrobial activity of samples (DFM, UFM and BCM) was
assessed against Escherichia coli SO107, Escherichia coli (ECET), Salmo-
nella enterica and Yersinia enterocolitica, strains obtained from the
Department of Pharmacy and Biotechnology of University of Bologna
(Giordani et al., 2023).

All microorganisms were cultured in brain heart infusion broth (BHI)
(Difco) at 37 °C under aerobic conditions. Cell suspensions in growth
medium were prepared (2 x 10° CFU/mL), and the assays were con-
ducted following the same mechanisms of action as reported in the
previous section: (i) effect on planktonic growth; (ii) effect of biofilm
formation; (iii) effect on pre-formed biofilm.

2.13. Statistical analysis

The results represent the average of three samples obtained from
three independent experiments conducted on different days. Statistical
analysis of the data was performed using the one-way ANOVA procedure
of Statistica 6.1 (StatSoft Italy srl, Vigonza, Italy). HSD Tukey test was
used to identify the differences between mean and evaluations were
based on a significance level of p < 0.05.

Table 2
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3. Results and discussion
3.1. Fermentation kinetics and microbial characteristics

The milling by-products mixture used in this study consisted of 75 %
durum wheat middling and 25 % durum wheat micronized bran, with
their chemical composition provided in Table 1.

The chemical composition of the raw material employed in this study
is in agreement with literature findings concerning moisture and protein
content, whereas fiber content was higher in bran compared to middling
(Esposito et al., 2005; Sobota et al., 2015).

The milling by-product mixture, subjected to fermentation by a
selected microbial consortium containing LABs (Latilactobacillus curvatus
LANC A, Leuconostoc mesenteroides LANC B and Pediococcus pentosaceus
LANC C) and yeasts (Kazachstania servazzii KAZ2 and Kazachstania uni-
spora FM2) (DFM), was characterized for fermentation kinetics, colour,
volatile molecules profile, fatty acids profile, peptides, phytic acid,
antioxidant activity, total phenols, and prebiotic activity. This charac-
terization was then compared with an unfermented mixture (UFM) and a
mixture fermented by commercial baker’s yeast (BCM).

Table 2 reports the pH and acidity measured after 24 h of fermen-
tation at 25 °C, along with the cell load of LABs and yeasts before and
after the fermentation of the different samples.

Before fermentation (UFM), the pH value was 6.40, with a titratable
acidity of 7.1 meqNaOH. As expected, the fermentation process led to a
reduction in pH across the samples. Specifically, the DFM samples, due
to the acidification activity of LABs, attained a pH of 3.95 and a titrat-
able acidity of 30.6 meqNaOH while the BCM sample showed a pH of
5.75 and titratable acidity of 12.5 meqNaOH after 24 h.

The LABs and yeasts cell loads in the UFM samples were below the
detection limit (1.0 log CFU/g). For the BCM, which was inoculated with
baker’s yeast, the initial yeast concentration exceeded 6 log CFU/g,
reaching 8.30 log CFU/g after 24 h of fermentation. LABs presence in
these samples was only observed at the end of fermentation, at a level of
1.9 log CFU/g. In the DFM samples, the initial cell count for yeasts and
LABs were 4.39 and 7.08 log CFU/g, respectively, which increased to
7.87 log CFU/g for yeasts and 9.54 log CFU/g for LABs after 24 h at
25 °C. Only strains belonging to the utilized microbial consortium were
detected in the DFM samples. Additionally, spontaneous fermentation
was conducted, showing no significant acidification of the samples after
24 h at 25 °C, with yeasts and LABs present at levels below 3.0 log CFU/g
(data not shown).

The results obtained indicate that after 24 h of fermentation, the
DFM sample was characterized by a yeasts: LABs ratio of approx-
imatively 1:100. This ratio is commonly recognized as optimal for
achieving a stable wheat sourdough (Scarnato et al., 2016; Gobbetti
et al., 2014; De Luca et al., 2021 ).

The LABs acidification activity was responsible for the low pH and
high titratable acidity observed in DFM samples, which can lead to
positive properties. Indeed, faster acidification leads to shorter
fermentation times, potentially enhancing production efficiency and
reducing associated energy costs, making it a crucial selection parameter
for a sourdough starter culture intended for industrial scale application

pH and LAB and yeast cell load of the different samples, immediately after inoculation (0 h) and at the end of the fermentation (24 h). For the same parameter, average

values lacking a common letter (a-c) are significantly different.

Acidity Log CFU/g + SD
Yeast LAB
pH + SD meqNaOH + SD 0Oh 24h Oh 24h
UFM ! 6.40 + 0.31° 7.1 + 0.4° <1.0 - <1.0 -
DFM 2 3.95 + 0.25° 30.6 + 0.7% 4.39 + 0.16° 7.87 + 0.02? 7.08 + 0.13 9.54 + 0.052
BCM 2 5.75 + 0.3 12.5 + 0.5" 6.67 + 0.02° 8.30 + 0.06° <1.0 1.9 + 0.12°

1 UFM: Unfermented milling by-product mixture.? DFM: Durum wheat by-products mixture fermented by microbial consortium composed of LABs and yeasts. > BCM:

Mixture fermented by a benchmark commercial baker’s yeast.
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Table 3
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Fat, saturated fatty acids, carbohydrates, total fibers, proteins, lactic acid and acetic acid expressed as g/100 g of dry matter (DM), of the pre-ferment DFM compared
with the BCM and the UFM sample. For the same parameter, average values lacking a common letter (a-b) are significantly different.

UFM ! DFM 2 BCM ®
Fat g/100 g 7.2 + 0.3? 7.9 + 0.4° 7.2 + 0.42
Saturated fatty acids g/100 g 1.7 + 0.1°% 1.4 + 0.2% 1.7 + 0.2?
Carbohydrates g/100 g 10.9 + 037 10.6 + 05? 10.2 + 05*
Sugars g/100 g 2.1 + 012 0.3 + 0.1° 0.3 + 0.1°
Total fiber g/100 g 49.2 + 1.22 49.5 + 1.0 49.8 + 1.52
Protein g/100 g 21.0 + 0.3° 21.2 + 0.4 21.6 + 0.3°
Lactic acid g/100 g - 0.30 0.01
Acetic acid g/100 g 0.02 0.05 0.03

! UFM: Unfermented milling by-product mixture.? DFM: Durum wheat by-products mixture fermented by microbial consortium composed of LAB and yeasts. > BCM:

Mixture fermented by a benchmark commercial bakery yeast.

(Boyaci Gunduz et al., 2022). It is generally reported that the acidifi-
cation by heterofermentative LABs increases the primary activity of
cereal proteases and strongly influences the proteolytic process, the
activation of various enzymes and the synthesis of microbial metabo-
lites, resulting in numerous changes during sourdough fermentation that
may enhance the nutritional and functional quality of the dough and the
final bread (Ganzle et al., 2008; Gobbetti et al., 2014). Moreover,
acidification can decrease the phytate content of whole wheat flour due
to increased activity of the flour’s endogenous phytase (Leenhardt et al.,
2005).

3.2. Nutritional profile and fatty acid composition

The pre-fermented samples (DFM and BCM) and the unfermented
milling by-product mixture (UFM) were characterized for their chemical
composition (Table 3).

Fermentation by the selected microbial consortium did not signifi-
cantly affect the total and saturated fat, carbohydrate, and total fiber
content compared to UFM and BCM. However, a considerable reduction
in sugar content was observed in the fermented samples (DFM and BCM)
compared to the unfermented one. Specifically, both DFM and BCM
samples showed a sugar content of 0.34 g/100 g, while the unfermented
sample contained 2.05 g/100 g of sugar. This decrease in sugar content
was expected, as simple sugars serve as the primary carbon source uti-
lized by yeast and LABs during fermentation, primarily converted into
ethanol, lactic acid, and acetic acid (Li, 2004; Priickler et al., 2015). As
expected, the preferment obtained by fermentation with the selected
microbial consortium showed higher concentrations of lactic acid and
acetic acid, reaching levels of 0.3 g/100 g and 0.05 g/100 g, respec-
tively. In contrast, the BCM samples showed concentrations of 0.01 and
0.03 g/100 g for lactic acid and acetic acid, respectively. It is well
documented that the fermentation by microbial consortia containing
both homofermentative and heterofermentative LABs can facilitate
rapid substrate acidification and the production of lactic acid, acetic acid
and other fermentation metabolites including formic acid and ethanol

(Siroli et al., 2022).

Fermentation also led to an increase in protein content, reaching
values of 21.23 and 21.60 g/100 g in DFM and BCM, respectively,
compared to UFM (20.96 g/100 g). However, only the sample inocu-
lated with baker’s yeast showed a significant increase in this parameter
compared to the unfermented mixture.

Furthermore, not only were the total fat amounts similar across the
different samples, but also the relative abundance of fatty acids. The
most representative fatty acids detected in both the unfermented and
fermented samples were linoleic, palmitic and oleic acids, with relative
abundances of approximately 39 %, 29 % and 27 %, respectively, fol-
lowed by linolenic acid (2.5 %) (data not shown). This finding aligns
with the results of Narducci et al. (2019), who demonstrated that,
regardless of the cultivar studied and the year of production, the dis-
tribution of the fatty acid content remained constant, with linoleic acid
being the most prominent, followed by palmitic and oleic acids, lino-
lenic acid, stearic acid, and finally palmitoleic acid.

3.3. Colour analysis

The appearance and colorimetric indices of the three samples were
different, as shown in Fig. 1.

The DFM sample showed lightness (L*: 53.35 + 1.70) and yellowness
(b*: 21.44 + 0.31) indexes similar to those of the unfermented sample
(L*: 51.73 4 0.74; b*: 20.71 + 0.43), while its redness (a*: 6.25 + 0.34)
was significantly lower than of UFM (a*: 7.72 + 0.25). However, DFM
showed significantly higher L*, a* and b* indexes than BCM samples (L*:
50.47 + 0.58; a*: 5.92 + 0.07; b*: 18.27 + 0.23).

Fermentation by the selected microbial consortium allowed to retain
color stability compared to the fermentation by a commercial baker’s
yeast. This aspect is crucial because the color parameter affects the
acceptability of the final product and the potential use of the obtained
ingredients in baking. Moreover, the ability of LABs to decrease the pH
and increase the presence of antioxidant substances may prevent the
rapid browning of the samples. Reque et al. (2020) also confirmed the

BCM

Fig. 1. Appearance of unfermented durum wheat mixture by-products (UFM) and of the pre-ferments obtained by the fermentation of the selected microbial

consortia (DFM) and the baker’s yeast (BCM) after 24 h of fermentation.
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Table 4 Table 4 (continued)
Volatile compounds, expressed as ppm, detected through GC-MS-SPME in pre-
ferments DFM, BCM, and the unfermented milling by-products mixture (UFM).

UFM DFM BCM 3
1 2

The coefficients of variability, expressed as the percentage ratios between the odour ppm eq
standard deviations and the mean values, ranged between 2% and 5%. Perception *
UFM DFM BCM 3 Octanoic Acid Fatty, Waxy, - 0.72 -
1 2 Rancid
Odour pPpm eq Total Acids 0.27 11.61 3.06
Perception ? Esters Benzenacetic Sweet, Floral, - - 0.40
Aldehydes  Pentanal Fruity 0.45 - - ;Cld’ e‘thyl.zster ?onez' 1.07
Hexanal Green, Fruity 538 261 022 t‘:’ZI‘““tm ’ Vyef - - :
Heptanal Green, Herbal 0.20 0.17 0.54 ethy! ester F uftergreen,
Octanal Waxy, Citrus, - - 0.30 . . ru% Y .
Butanoic acid, Fruity, Juicy - - 0.60
Green thyl ester
2-Heptenal, (E)-  Green - - 0.47 B i d Sweet. W 077
2-Hexenal Fruity, Green 0.30 - - te}:]calnmtc acid, Fwe'e » Waxy, a - '
2Nonenal, (E)-  Fatty, Green 021 017 090 T mety Sweet Loz
Nonanal Waxy, Citrus - - 0.44 ;pla“‘ilc acd, ruity, Swee - - :
Decanal Sweet, Orange, - - 0.16 ety es'er . .
Nonanoic acid, Waxy, Fruity - - 0.71
Waxy ethyl ester
2,4-Decadienal, Fatt - - 0.55 L
(EE)- y Octanoic acid, Ester Waxy, - 0.03 4.16
Benzaldehyde Fruity, Sharp 0.04 0.16 0.69 Ie{t_hyldester . xmty,;/\/ ntltey 0.38
Total Aldehydes 6.58 312  4.27 e_za iﬁa;‘o‘i o axy, Frully, - - '
Ketones 3-Pentanone Ethereal - 0.46 - gmt ,ne diyies eird S\fveaTYFr it 0.35
Methyl Isobutyl ~ Green, Sharp, 020 056 022 utanediolc acid, eeL, frulty, - - - :
dimethyl ester Green
Ketone Herbal o
. 3-Hexanoic acid, - - - 0.29
2-Hexanone, 4- Fruity, Fungal, 0.10 - -
ethyl ester
methyl- Meaty Ethyl Acetat Ethereal, Fruit 843 1623
3-Penten-2-one, Vegetable, 0.64 1.93 0.39 Yl Acetate ereal, Fruity, - - : ’
4-methyl- Pungent Sweet
4-Heptanone, Green, Fruity 0.14 0.21 _ Pentanoic acid, Fruity, Sweet - 0.23 4.52
i ethyl ester
2,6-dimethyl- H ic acid Frui 303 13.07
2-Heptanone Cheese, Fruity 0.11 0.06 - e;XTzltZ:CI ’ ruity B : ’
y!
2-Butanone, 3- Buttery, Sweet, 0.09 1.46 0.34 .
Ty 1-Butanol, 3- Acetate Fruity, - 0.15 0.72
hydroxy- Creamy thyl tat Sweet
Total ketones 1.29 4.68 0.95 rln; ty N ?Cg ate Gwee Fruit 418
Alcohols  1-Butanol, 3- Fruity, Sweet - - 7.91 “eutano’, S reen, frutty - : -
methyl methyl-, formate
Ethyl alcohol Ethereal 013 2807  63.09 i"?‘: s la4e  eee 1%
1-Propanol Alcoholic, - 0.17 - otal Volecwres . . .
Fermented “Based on data reported in the literature and information found at: https://
1-Penten-3-ol Green, Ethereal 0.47 0.25 -

www.thegoodscentscompany.com/index.html (accessed on 25 May 2023)

1-Nonanol W?Xy’ Florz.d - - 0.95 (The Good Scents Company Information System, 2023). 1 UFM: Unfermented
2-Hexanol Winey, Fruity 0.25 0.28 - illi b duct mixt 2 DEM: D heat b duct ixt f
1-Pentanol Fermented, 1.37 2.03 0.95 milling y-pr'o uc. mix ure.' . urum whea y-pro U.CSS mix ur'e er-
Balsamic mented by microbial consortium composed of LAB and yeasts. © BCM: Mixture
2.Penten-1-ol, Green 0.45 0.49 0.19 fermented by a benchmark commercial bakery yeast.
(B)-
1-Hexanol Ee:]]ial’ ' 1.91 9.40 7.86 antioxidant and anti-browning properties of wheat middling fermented
etherea . . . . . .
1-Octen-3-ol Farthy, 0.40 0.75 0.83 with L. plantarum, asso.c1ated with the increase in total pl'.leIIOllC ?onte.nt.
Mushroom Conversely, fermentation by baker’s yeast caused a rapid deterioration
1-Propanol, 2- Ethereal - - 0.22 of the color parameters. This finding is consistent with Siroli et al.
methyl- (2022) who observed a rapid color deterioration in a mixture of rye and
?3’;231 1oL, (@) gz:z Musty ~ 1'02 6 12 wheat germ fermented with S. cerevisiae compared with the pre-ferment
1-Hexanol, 2 Gitrus, Floral 012 o022 - obtained by the fermentation with a microbial consortium containing
ethyl- LABs. The authors attributed the enhanced retention of color parameters
1-Octanol Waxy, Green 0.06 1.66 0.82 in preferments obtained by LABs fermentation to the increased presence
316’N°nad‘e"'1' Green - - 0.20 of antioxidant substances, such as ferulic acid.
0. el
3-Nonen-1-ol, Waxy, Green 0.15 0.68 2.24
@- 3.4. Volatile molecule profiles
Phenylethyl Floral - 1.01 9.74
Alcohol . . . 1s
Total Alcohols 5.32 46.01  95.11 The volatile molecules profiles of the different milling by-products
Acids Acetic Acid Sharp . 4.86 2.11 formulations were analysed by GC/MS/SPME immediately after
Propanoic Acid Pungent, Acidic - 0.07 - formulation (UFM) and after 24 h of fermentation at 25 °C (DFM and
Butanoic Acid Cheesy, Sharp - 0.12 - BCM). Differences in the volatilome were observed in relation to the
Butanoic acid, 3- Sweet, - 0.36 - . ) .
methyl- Mentholic analysed sample. The aromatic profile of UFM, DFM and BCM contained
Pentanoic Acid Cheesy, Acidic - 0.40 _ a total of 23, 37 and 41 volatile molecules, respectively. The detected
Hexanoic acid Fatty, Sour 0.27 4.95 0.95 volatile molecules belonged to the chemical classes of alcohols, esters,
Heptanoic acid Cheesy, Rancid, - 0.13 - acids, aldehydes, and ketones, as reported in Table 4.
Sour

The fermentative process increased the relative abundance and the
number of the volatile molecules detected. The fermented samples
showed a higher abundance of acids, alcohol and esters classes
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Peptides, total short chain fatty acids (SCFA), phenols, antioxidant activity (ABTS and DPPH) and phytic acid content in UFM, BCM and DFM. Data represent means +
SD. For the same parameter, average values lacking a common letter (a-c) are significantly different.

UFM ! DFM 2 BCM ®
Peptides (mg/g) 2.43 + 0.36° 4.87 + 0.242 2.79 + 0.17°
Total SCFA (mg/kg) 0.27 + 0.10° 10.92 + 0.99° 2.86 + 0.45°
Total phenols (Gallic acid mg eq/kg DM) 289.7 + 13.2° 396.9 + 145° 297.0 + 18.0°
ABTS (TROLOX mg/kg DM) 211.0 + 20.0° 307.8 + 26.0 222.0 + 18.0°
DPPH (TROLOX mg/kg DM) 158.0 + 10.0° 199.0 + 14.0° 169.0 + 8.0°
Phytic acid (g/100 g DM) 2.60 + 0.09° 1.72 + 0.06° 2.34 + 0.07°

1 UFM: Unfermented milling by-product mixture.? DFM: Durum wheat by-products mixture fermented by microbial consortium composed of LAB and yeasts. > BCM:

Mixture fermented by a benchmark commercial bakery yeast.

compared to the unfermented ones. This is an important aspect since the
volatile molecule profile of prefermented ingredients for bakery appli-
cation can be considered as crucial technological properties. Nowadays,
sourdough is mainly used as an aroma improver typicality in wheat
breads (Pétel et al., 2017). Specifically, the samples obtained by the
fermentation with a commercial baker’s yeast (BCM) were mainly
characterized by the presence of alcohols and esters, with ethanol
(63.09 ppm) and ethyl acetate (16.23 ppm) being the most representa-
tive molecules. These results are in accordance with Siroli et al. (2022),
who observed similar trends in a mixture of rye bran and wheat germ
fermented by S. cerevisiae. On the other hand, the strong ability of
S. cerevisiae to produce ethanol and ethyl acetate is widely reported in
literature (Saerens et al., 2010; Hazelwood et al., 2008). In contrast, the
samples obtained by the fermentation with the selected microbial con-
sortium were mainly characterized by a higher abundance of acids, such
as acetic acid (4.86 ppm) and hexanoic acid (4.95 ppm), and ketones.
The presence of acetic acid is typical in sourdough obtained by the
fermentation with complex microbial consortia composed of LABs and
yeasts (Pétel et al., 2017). Hexanoic acid results from LABs metabolism
and is associated with a sour, fatty, cheesy, and sweet odour (Pétel et al.,
2017).

Among esters, ethyl acetate was the most representative molecule in
both the preferments, mainly in BCM, while it was not detected in UFM.
The presence of esters in sourdough mainly derives from yeasts meta-
bolism during flour fermentation, and the highest content of esters in
BCM is related to the activity of Saccharomyces cerevisiae, known as a
high ester producer (Jin et al., 2021; Pico et al., 2015; Zhang et al.,
2018). Regarding alcohols, ethanol was the most represented one in
both the pre-fermented samples, but the content in samples obtained
with commercial baker’s yeast was significantly higher than in the
sample inoculated with the selected microbial consortium. This is due to
the alcohol dehydrogenase activity of Saccharomyces cerevisiae, making
it one of the most important microorganisms from a technological point
of view (de Smidt et al., 2008). Instead, 1-hexanol, characterizing the
DFM sample, is a lipid oxidation compound mainly produced by LABs
(Gobbetti et al., 1995; Kaseleht et al., 2011). In fact, some LABs can
convert certain lipid oxidation compounds into their corresponding al-
cohols (Vermeulen et al., 2007) and significantly reduce lipid oxidation
during fermentation (Czerny & Schieberle, 2002; Ganzle et al., 2007).

3.5. Functionality

The samples were characterized in terms of peptides, total short
chain fatty acids (SCFA), phenol content, antioxidant activity (ABTS and
DPPH), and phytic acid content and the results are reported in Table 5.

The OPA analysis showed that the fermentation by the selected
consortium of LABs and yeasts (DFM) significantly increased the peptide
content (4.87 mg/g) compared to UFM (2.47 mg/g) and BCM (2.79 mg/
g) samples. The results are in agreement with those reported by Siroli
et al. (2022), who demonstrated the ability of a microbial consortium
composed of Latilactobacillus curvatus, Kazachstania unispora and
Kazachstania servazii to significantly increase the peptide content of a

mixture of rye bran and germ after 24 h of fermentation. These findings
were also confirmed by the SDS-PAGE analysis, which showed a
reduction of high molecular weight peptides in the DFM samples
compared to the BCM ones (data not showed). The high peptide content
in the DFM samples may be attributed to the proteolytic activity of the
microbial consortium used in the trial. Indeed, the LABs used in this
study, Latilactobacillus curvatus, Leuconostoc mesenteroides and Ped-
iococcus pentosaceus, are characterized by strong proteolytic activity
(Zotta et al., 2006; Mamhoud et al., 2016; Bartkiene et al.,2017). The
increased peptide content of wheat bran fractions fermented by a con-
sortium composed by Lactobacillus brevis and Kazachstania exigua was
also reported by Coda et al. (2014), who highlighted that microbial
proteolysis was mainly due to the activity of LABs. Additionally, the
proteolytic activity of LABs and their ability to increase the content of
bioactive peptides in various fermented foods, such as milk and dairy
products, spinach, lentil, cereals, soy, corn, rice and amaranth, are well
documented (Scarnato et al., 2016; Tagliazucchi et al., 2019; Pessione
and Cirrincione, 2016). However, Kazachstania spp. are also character-
ized by proteolytic activity and may contributes to the increased avail-
ability of peptides (Palla et al., 2017).

The fermentation carried out by the selected microbial consortium
caused a significant increase in SCFAs compared to UFM and BCM
samples. In fact, the DFM samples were characterized by a SCFAs con-
tent of 10.92 mg/kg, while the UFM and BCM samples contained 0.27
and 2.86 mg/kg of SCFAs, respectively. Overall, the fermentation pro-
cess led to an increase in the SCFAs content, but the presence of LABs
significantly increased the SCFAs content in DFM samples. Pérez-
Alvarado et al. (2022) highlighted that the strong metabolic activity of
LABs in sourdough and fermented bran increased the SCFAs content.
The SCFAs detected in DFM samples were acetic acid, propanoic acid,
butanoic acid, pentanoic acid, hexanoic acid, heptanoic acid and octa-
noic acid. However, the dominant SCFAs were acetic acid and hexanoic
acid. The increase in SCFAs content is very important as their health
benefits are widely reported in literature (Xiong et al., 2022; Tan et al.,
2014). In fact, SCFAs are easily absorbed by the host with systemic roles
in insulin secretion, inflammation, lipid metabolism, and beneficial ef-
fects on intestinal function (Kasubuchi et al., 2015; McLoughlin et al.,
2017). In addition, SCFAs contribute to the production of bread crumb
flavours during baking (Birch et al., 2013).

The DFM samples also exhibited a significant increase in total
phenolic compounds. Specifically, the total phenol content of the DFM
samples was significantly higher than that in UFM and BCM samples.
This expected result can be attributed to the enzymatic activities of the
strains applied in the consortium, which led to the release of phenolic
compounds. Cereal bran is indeed very rich in phenolic compounds;
however, they are bound to the cell wall matrix and are therefore not
readily available (Adebo et al., 2020; Moore et al., 2007). Fermentation
with selected microbial consortia could release the insoluble bounded
phenolic acids, thereby increasing their availability and enhancing the
protective and physiological functions these compounds can exert on
human health. Among the benefits of phenolic compounds, the most
notable are the antioxidant properties and, consequently, their ability to
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Fig. 2. Effects of milling by products (UFM, DFM and BCM) on planktonic growth (A), biofilm formation (B), and pre-formed biofilms (C) of Bifidobacterium spp.
Results are expressed as percentages with respect to control (100 %) (means + SD, n = 3). * p < 0.05.

protect against degenerative diseases, such as cancer and heart disease,
where reactive oxygen species are implicated (superoxide anions, hy-
droxyl radicals, peroxyl radicals) (Saura-Calixto, 2011).

As expected, the high concentration of phenolic compounds in the
DFM samples resulted in significantly higher antioxidant activity
compared to the UFM and BCM samples. The antioxidant capacity of the
samples was assessed using ABTS and DPPH assays, both of which
exhibited the same trend observed in determination of total phenol
content. These findings are in agreement with those of Siroli et al.
(2022), who observed a substantial increase in phenolic compounds and
antioxidant activity in a preferment of rye bran and wheat germ fer-
mented by a microbial consortium composed of L. curvatus and two
strains of Kazachstania spp. These results were attributed to the LABs
ability to promote the synthesis of exopolysaccharides, biomolecules
with antioxidant activity, and glutathione, the main non-enzymatic
antioxidant and scavenger of free-radicals (Laurent-Babot & Guyot,
2017). Several authors reported the ability of LABs to enhance the
antioxidant activity of wheat sourdough. For instance, Pejcz et al.
(2021) demonstrated that Lactiplantibacillus plantarum and Lacticasei-
bacillus casei, used individually in sourdough production, increased
antioxidant activity by boosting the amount of easily extractable
phenolic compounds. Moreover, Abedfar et al., 2018 showed the ability
of P. pentosaceus to produce antioxidant exopolysaccharides in sour-
dough. The combined effect of LABs and yeasts could have also
contributed to an increase in antioxidant compounds. In fact, Coda et al.
(2014) observed heightened antioxidant activity and peptide content in
a wheat bran sourdough obtained through fermentation by Lb. brevis and
Kazachstania exigua.

Finally, a decrease in phytic acid was observed as a result of the
fermentation process compared with unfermented mixture. In partic-
ular, DFM samples fermented by the selected microbial consortium
exhibited a higher reduction of phytic acid compared to BCM samples
fermented by commercial baker’s yeast. The ability of the selected mi-
crobial consortia to reduce phytate content is an important achievement
and aligns with results reported in the literature which demonstrate a
reduced content of phytic acid in wheat bran and germ fermented by
LABs (Zhao et al., 2017; Spaggiari et al., 2020; Siroli et al., 2022). The
degradation of phytic acid is generally attributed to the phytase activity
of LABs, which, aided by acidification and the consequent reduction of
pH, can promote the activation of endogenous phytases (Rizzello et al.,
2010; Siroli et al., 2022).

This finding is particularly significant as phytic acid is an anti-
nutritional compound capable of interfering with the absorption of
essential micronutrients such as iron, zinc, calcium, magnesium and

manganese due to its chelating properties (Bohn et al., 2004; Gupta
et al., 2015; Phillippy, 2006). The decrease of phytic acid improves the
bioavailability of various cations, thereby enhancing functionality and
nutritional value of pre-fermented ingredients (Coulibaly et al., 2011;
Gupta et al., 2015).

3.6. Prebiotic activity

The pre-ferments from the durum wheat by-products mixture, fer-
mented with the selected microbial consortium (DFM), were initially
sought for their ability to stimulate the planktonic growth of Bifido-
bacterium species highly represented in human colon, i.e., B. adolescentis,
B. bifidum, B. breve, B. longum subsp. longum, B. longum subsp. infantis
and B. angulatum (Martin et al., 2016). For comparison, pre-ferments
obtained with commercial baker’s yeast (BCM) and the unfermented
mixtures (UFM) were also tested. Results are reported in Fig. 2A. All
samples significantly improved the growth of Bifidobacterium spp., with
growth percentages ranging from 145 to 175 %, 133-161 % and
136-168 % in the presence of DFM, BCM and UFM, respectively. The
bifidogenic activity observed for DFM samples exceeded that of the
unfermented mixtures for two strains out of six (p < 0.05), while for the
remaining bifidobacteria strains, the activities of DFM and UFM samples
were comparable (p > 0.05). Furthermore, DFM were more effective
than BCM samples in stimulating the growth of four bifidobacteria out of
six (p < 0.05), suggesting that the fermentation of wheat bran and germ
by LABs can increase the prebiotic potential of pre-ferments.

Since microorganisms are primarily present in their microenviron-
ment as adherent rather than as free-floating cells (Motta et al., 2021),
the bifidogenic potential was further investigated in terms of ability to
stimulate Bifidobacterium spp. biofilms. The data clearly revealed that
both pre-ferments and unfermented mixtures were able to promote the
formation of Bifidobacterium spp. biofilms (Fig. 2B) and to stimulate the
pre-formed ones (Fig. 2C). Specifically, DFM samples were more effi-
cient than the unfermented mixtures in promoting the formation of
biofilms for five out of six bifidobacteria strains and in stimulating pre-
formed biofilm for three bifidobacteria (p < 0.05), reaching biofilm
formation percentages of 131-188 % and 126-178 %, respectively.
Consistent with what was observed for planktonic cultures, in half of the
cases, the stimulating activity attributed to DFM samples was also
significantly higher than that of BCM samples. Indeed, the fermentation
of wheat bran and germ by LABs may lead to the production of metab-
olites with prebiotic behaviour, including oligosaccharides and exopo-
lysaccharides (Poutanen et al., 2009). In particular, the latter have been
reported to selectively increase the growth of probiotic species
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Fig. 3. Effects of milling by products (UFM, DFM and BCM) on planktonic growth (A), biofilm formation (B), and pre-formed biofilms (C) of gastrointestinal
pathogens. Results are expressed as percentages with respect to control (100 %) (means &+ SD, n = 3). * p < 0.05.

(Bifidobacterium spp. and Lactobacillus spp.) and to act as biofilm-
promoting molecules (Giordani et al., 2023). This aspect is of partic-
ular importance as the capability to stimulate the biofilms of Bifido-
bacterium spp. can, in turn, favour a strong colonization of such bacteria
in the intestinal tract, thus improving their health-promoting activity
(Kelly et al., 2020).

3.7. Antimicrobial activity against gastrointestinal pathogens

The impact of pre-ferments and unfermented mixtures on opportu-
nistic (E. coli SO107) and virulent (E. coli ECET, S. enterica and
Y. enterocolitica) gastrointestinal pathogens was also investigated to
exclude possible undesired stimulating effects. Results on planktonic
cultures, biofilm formation and pre-formed biofilms of pathogenic
strains are depicted in Fig. 3A, 3B and 3C, respectively. The unfermented
mixtures slightly promoted the proliferation of E. coli strains and
S. enterica (+8-14 %, p < 0.05); no effects were observed on the biofilms
of virulent strains, while UFM samples enhanced the pre-formed biofilm
of E. coli by 22 %.

While the mixtures fermented by baker’s yeast did not impact on
pathogens grown as free-floating form or as biofilms, the mixtures fer-
mented by LABs and yeasts reduced the growth of all pathogens by
34-43 % and exerted a significant anti-biofilm activity, both in terms of
inhibiting pathogens’ biofilm formation (inhibition of 30-70 %) and
dispersing pre-formed biofilms (eradication of 17-32 %). This finding is
consistent with Siroli et al. (2022) and can be attributed to the lower pH
of the DFM samples and the presence of metabolites with antibacterial
activity, such as bioactive peptides, SCFA and phenols. These and other
LABs-derived metabolites, including exopolysaccharides and bio-
surfactants, can also exert anti-biofilm activities against non-probiotic
bacteria (Giordani et al., 2023, Hussaini et al., 2023). This aspect,
together with the prebiotic activity, can be important to avoid the for-
mation by enteropathogens of strong and difficult to treat biofilms on
gastrointestinal mucosa.

4. Conclusion

This study demonstrated how sourdough fermentation with selected
microbial consortia of lactic acid bacteria and yeast represents a strategy
for improving the overall characteristics of by-products of the milling
industry. Specifically, the prefermented ingredient obtained through the
fermentation of durum wheat bran was characterized by a volatile
molecules profile that includes compounds associated with a positive
odor perception, typical of traditional sourdough used in bakery appli-
cations. Additionally, the preferments obtained by the fermentation of
the selected microbial consortium exhibited a significant increase,
compared to the references, in functional properties including SCFA,

antioxidant activity, total phenol and peptide content. This increase was
associated with a reduction of antinutritional compounds such as phytic
acid. Furthermore, the innovative prefermented ingredient inhibited the
growth and exerted a significant anti-biofilm activity against different
gastrointestinal pathogens, while also stimulating the growth of pro-
biotic microorganisms. In conclusion, the preferment obtained in this
work displayed interesting properties that may promote its use as food
ingredients capable of imparting positive sensorial and functional
properties to bread and semolina-pasta. However, future studies should
focus on assessing the overall properties of bakery products obtained by
including these ingredients into the recipe.
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