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Abstract: Brewers’ spent grain or BSG is a fiber and protein rich food-grade side stream that has
remained underutilized due to its poor technological and sensory characteristics. In this study, BSG
was fermented with Weissella confusa A16 in presence of sucrose to induce the synthesis of dextran and
maltosyl-isomaltooligosaccharides. Fermented BSG with or without the above polysaccharides was
used as ingredient in wheat bread. Digestion of BSG breads was simulated in vitro with Simulator of
Human Intestinal Microbial Ecosystem, and levels of fecal metabolites were analyzed. Enrichment of
BSG breads with in situ dextran and maltosyl-isomaltooligosaccharides improved the baking quality
compared to native BSG. Metabolism of free amino acids and synthesis of short chain fatty acids
varied at different stages and parts of colon. The increase in butyric acid was similar in both the
proximal and distal colon. In situ dextran and maltosyl-isomaltooligosaccharides, and higher content
of proteins and fiber in BSG breads had a positive influence towards gut microbiota functionality.
Along with several essential amino acids, an increase in amount of γ-aminobutyric acid was also
observed after simulated digestion. BSG breads had a significant effect on the gut metabolome
during in vitro digestion, showing increased production of microbial metabolites with potential
health benefits.

Keywords: brewers’ spent grain; fermentation; lactic acid bacteria; SHIME; short chain fatty acids;
free amino acid; dextran; oligosaccharides

1. Introduction

Underutilized fiber-rich by-products originating from plant sources are becoming
increasingly studied as food ingredients due to their important contribution to the circular
economy and sustainable development goals. These by-products usually contain a high
amount of nutrients and are typically generated as consequence of good manufacturing
practices. Brewers’ spent grain (BSG) is a by-product originating from beer production
and it is an example of the underutilized food side-streams available in tons globally
(ca. 39 million tons). BSG is a lignocellulosic material rich in dietary fibers [1] and protein
that has been largely neglected by the food industry due to the multiple challenges that it
poses as food ingredient. However, in the recent past, BSG reintegration into the food chain
has been increasingly studied and BSG has been converted into flakes, flour, pasta and
cookies [2–4]. BSG has been treated following different technological approaches, including
bioprocessing and fermentation technology [3]. Fermentation with lactic acid bacteria (LAB)
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has improved the textural and nutritional properties of BSG, enhancing its performance in
food applications [3,5,6]. When used as ingredient in bread, fermented BSG enhanced the
antioxidant capacity (in vitro), sensory attributes and technological properties [5].

Previously, we showed that Weissella confusa A16 can synthesize significant amount of
dextran in several grains, including BSG, along with maltosyl-isomaltooligosaccharides
(MIMO) up to degree of polymerization (DP) 6 [7–9]. Prebiotic polysaccharides can resist
human gastric enzymes and low pH during enzymatic digestion in the stomach and small
intestine, finally reaching the colon to be metabolized by microbial fermentation [10].
Among these, dextran and oligosaccharides produced commercially have been successfully
used as food ingredients [11,12].

The human gut microbiota plays a vital role in the breakdown and digestion of indi-
gestible carbohydrates, synthesizing short-chain fatty acids (SCFA), methane or different
gases (esp. carbon dioxide) as the final product. Metabolites produced during microbial
fermentation and SCFA such as acetate, propionate and butyrate can regulate overall
metabolism and affect the whole human body by acting as signaling molecules [13,14].
Production of SCFAs directly stimulates the growth of beneficial gut bacteria and maintains
low production of toxic compounds such as ammonia. Specifically, increase in the pro-
duction of butyrate is considered very beneficial for cellular metabolism and proliferation,
improvement in barrier functions, immune regulation and endocrine functionality [15,16].
In vitro digestion of soluble fiber (or arabinoxylan) extracted from BSG has been shown to
increase short chain fatty acids, especially acetate and propionate [17], thus making BSG a
possible ingredient for fiber rich food applications.

In this study we investigated the impact of composite bread containing fermented BSG
with in situ produced dextran and oligosaccharides on the gut metabolome through the
Simulator of Human Intestinal Microbial Ecosystem (SHIME) in vitro. Previously, bread
enriched with galactooligosaccharides (DP2 to DP5) stimulated the growth of lactobacilli
and bifodobacteria in vitro, and increased butyrate production [18]. The role of dextran
in bread baking has been explained before, but its impact as bread ingredient on gut
microbiota has not been elucidated yet. Due to its hydrocolloid behavior, dextran improves
the water absorption capacity and gas retention, leading to higher volume, moister crumb
and reduced staling rate; furthermore, it has shown the ability to mask bitter tasting
compounds present in whole grains [8]. Fermentation with dextran producing LAB has
proven a successful way to incorporate fiber-rich raw material in wheat bread baking, to
obtain composite wheat bread with improved technological and sensory properties [9,19].

The effect of wheat sourdough breads on gut microbiota functionality was recently
assessed with the Twin Mucosal-SHIME [20]. Feeding with sourdough bread did not
significantly alter the genus core microbiota but it enhanced its metabolic activity, leading
to an increase of SCFA, isovaleric and 2-methylbutyric acid as well as some free amino
acids (FAA) content at the colon level compared to common wheat bread [20].

In this research, we compared wheat bread containing BSG fermented by W. confusa
A16 as such or enriched with dextran and oligosaccharides synthetized in situ during
the fermentation process. This comparison is possible due to the activation of the dex-
transucrase via the addition of sucrose to the BSG. Dextran, mono- and oligo-saccharides
composition of the fermented BSG was analyzed and bread properties have been assessed.
Finally, the potential of the two types of bread on the metabolic end products (SCFA and
FAA) was investigated through the SHIME.

2. Materials and Methods
2.1. Microorganism and Growth Conditions

Weissella confusa A16 previously isolated from yellow pearl millet [9] was available at
the Department of Food and Nutrition at the University of Helsinki, Finland. The strain
was stored at −80 ◦C in 20% glycerol and routinely cultivated in MRS broth (NEOGEN,
Ayr, UK) at 30 ◦C for 24 h when used for fermentations.
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2.2. Raw Materials

Brewers’ spent grain (BSG) used for this study was provided by Dugges Bryggeri
(Dugges Bryggeri AB, Landvetter, Sweden). BSG was collected immediately after its gener-
ation and stored at −20 ◦C before use. Prior to fermentation and baking, BSG was thawed
at room temperature and subjected to wet milling (Microcut MC15, K04 blade, Stephan
Machinery GmbH, Hameln, Germany). Milling was performed twice for a finer BSG paste.
Milled BSG had 80.5% moisture and 19.5% dry matter (AACC method 44−15.02). Dried
BSG had composition of 9.9% fat, 23.4% protein and 47.9% total dietary fiber. Granulated
sugar (Suomen sokeri Oy, Kantvik, Finland) was used to induce the synthesis of dextran
during fermentations and for baking. Wheat flour (moisture 10.2%, Halvgrovt Vetemjol,
Helsinki Mylly Oy, Vaasa, Finland), fat (Juokseva rypsiölyivalmiste, Bunge Finland Oy,
Raisio, Finland), fresh yeast (Lahti, Finland) and salt were used for bread making.

2.3. Brewers’ Spent Grain Fermentation

Before fermentation, the LAB strain was cultivated in MRS broth for 24 h. Bacterial
cells were harvested, cells were centrifuged (10,000 rpm for 10 min at room temperature)
and washed once with 1× PBS (pH 7.4). Cell pellets were re-suspended in 250–500 µL
Milli-Q water and used for the inoculation of BSG, targeting an initial cell density of
6.0 Log cfu/g. Since BSG was used as wet material, no extra water was added for the
fermentation, and only the water contained initially in BSG was accounted for. To enable
dextran synthesis, 10% w/w of BSG was substituted with sucrose (EPS+BSG) or BSG was
used without any addition (EPS-BSG). Controls without microbial inoculum were prepared
in the same way. Fermentations were performed at 25 ◦C for 24 h in batches of 500 g.

2.4. Bacterial Enumeration, pH and Total Titratable Acidity (TTA)

For microbial enumeration, 10 g of BSG was homogenized with 90 mL of sterile 0.9%
(w/v) sodium chloride solution using a stomacher (Colworth, UK), and serially diluted
suspensions were plated accordingly. Microbial growth was monitored on the native BSG,
and on BSG before and after 24 h of fermentation. Presumptive LAB, total mesophilic
bacteria (TMB), Enterobacteriaceae, Bacillus cereus, and yeasts and molds were cultivated as
explained previously [7].

The pH of fermented BSG was measured using an online pH meter (Knick, Berlin,
Germany). TTA was determined using the manual titrator (Mettler Toledo DL53, Uster,
Switzerland) and with a modified AACC method 02–31.01, as explained previously [7].
TTA was expressed as the amount (mL) of 0.1 N NaOH used during titration up to pH 8.5.

2.5. Quantification of Dextran and Oligosaccharides from Fermented BSG

The amount of dextran synthesized after BSG fermentation was analyzed by an
enzyme-assisted method as previously described by [21] using a mixture of two enzymes,
dextranase (Sigma-Aldrich, Søborg, Denmark) and α-glucosidase (Megazyme, Ireland).
Samples were analyzed in high-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) system fitted with a CarboPac PA-1 (4 × 250 mm)
column (Dionex Corporation, Sunnyvale, CA, USA) and Waters 2465 pulsed amperometric
detector (Waters, Milford, MA, USA). The gradient elution method was used with flow
rate of 1 mL/min for 60 min with two solvents, water (S-A) and 200 mM NaOH (S-
B). The gradient run was 60 min, starting with 99% S-B and 1% S-A for 4 min, 70% S-
B and 30% S-A until 30 min, 100% S-A until 38 min, remain stable at 100% S-A until
48 min, 99% S-B and 1% S-A until 50 min and remain stable at 99% S-B and 1% S-A
until 60 min. D-glucose (Merck, Darmstadt, Germany) was used to prepare the standard
series for quantification, 2-Deoxy-D-galactose was used as the internal standard and the
amount of dextran was calculated as the sum of anhydro-glucose using a corrector factor
of 0.90. Samples for dextran quantification were prepared using 100 mg of freeze-dried
and powdered fermented BSG in 4 tubes, one tube for glucose background correction
and the others for quantification of glucose after hydrolysis. Samples were washed with
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50% (v/v) ethanol by boiling and centrifuging. Washed samples were resuspended in
sodium citrate buffer (pH 5.5). Samples were than hydrolyzed with transglucosidase for
background correction and transglucosidase and dextranase for quantification of released
glucose. Hydrolysis was performed at 30 ◦C for 48 h with shaking, and enzymes were
deactivated by boiling in a water bath for 10 min. Supernatants were collected and filtered
through Amicon® Ultra Centrifugal Filters 0.5 mL 10 K (Merck Millipore Ltd., Dublin,
Ireland) before injection.

The total amount of malto-oligosaccharides (MO) and malto-oligosaccharides equiva-
lent (MOE) maltosyl-isomaltooligosaccharides (MIMO) were determined from fermented
BSG using HPAEC-PAD method. HPAEC-PAD system was fitted with a CarboPac PA-100
(4 × 250 mm) column (Dionex Corporation, Sunnyvale, CA, USA) and a Waters 2465 pulsed
amperometric detector (Waters, Milford, MA, USA). Gradient elution was applied with
solvents 100 mM NaOH with 1M NaOAc (S-A) and 100 mM NaOH (S-B) with a flow rate
of 1 mL/min. The applied gradient run was 50 min, starting with 100% S-B for 15 min, 12%
S-A and 88% S-B until 35 min, remain stable at 12% S-A and 88% S-B until 40 min, 100% S-B
until 45 min and remain stable at 100% S-B until 50 min. For quantification, several oligosac-
charide standards ranging from DP3 to DP7 were used as a reference according to their
different HPAEC-PAD detector responses. The oligosaccharide standard was composed
of panose, maltotriose (DP3), maltotetraose (DP4), maltopentaose (DP5), maltohexaose
(DP6) and maltoheptaose (DP7) (Megazyme, Wicklow, Ireland). Xylotriose was used as an
internal standard. As our main objective was to quantify total oligosaccharides, for MIMO
quantification, peaks closest to the peaks of reference MO standards were used. MIMO
peaks with retention time between 27.5 and 29.5, 29.5 and 32, 32 and 35.5, 35.5 and 38, 38 and
41 and 41 and 44 min were quantified using peaks of panose, maltotriose, maltotetraose,
maltopentaose, maltohexaose and maltoheptaose, respectively (Figure 1).
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Figure 1. Chromatograms (obtained from HPAEC-PAD) of malto-oligosaccharides present in na-
tive BSG produced during fermentation of BSG without addition of sucrose (EPS-BSG) and malto-
oligosaccharides equivalent maltosyl-isomaltooligosaccharides produced during fermentation of
BSG with addition of sucrose (EPS+BSG). X axis denotes the retention time of different compounds.
Profile of malto-oligosaccharides and MIMO present in native and fermented BSG with (EPS+BSG)
and without (EPS-BSG) sucrose. Reference oligosaccharides: panose (Pan), maltotriose (DP3), mal-
totetraose (DP4), maltopentaose (DP5), maltohexaose (DP6) and maltoheptaose (DP7) were detected
in all analysed samples.
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For sample preparation, 500 mg of freeze-dried fermented and unfermented BSG were
homogenized in 20 mL of ice-cold milli-Q water and kept in a shaker at +4 ◦C for 30 min.
The homogenized BSG was then centrifuged at full speed (at +4 ◦C) for 10 min and the
supernatant was kept in the cold throughout the process. Then, 500 µL of the supernatants
were filtered through Amicon® Ultra Centrifugal Filters 0.5 mL 10 K (Merck Millipore Ltd.,
Dublin, Ireland) to remove molecules larger than 10 kDa. Finally, the filtrate was transferred
into the HPAEC-PAD vial, internal standard was added and used for the quantification.

2.6. Organic Acids and Sugars Analysis of Fermented BSG

Amount of lactic and acetic acid was determined from fermented BSG using a high-
performance liquid chromatography (HPLC) system as previously explained by [22]. A Wa-
ters high performance liquid chromatography system was fitted with an Aminex HPX-87H
column (300 × 7.8 mm; Bio-Rad, Hercules, CA, USA) and Waters 2487 Dual λ Absorbance
Detector 35 (operating at 210 nm). The isocratic run was performed with sulfuric acid
(10 mM) as the eluent at a flow rate of 0.6 mL/min for 25 min. The organic acid standard
was composed of lactic acid (Sigma-Aldrich) and acetic acid (Merck) at various concentra-
tions. For sample preparation, 1 g of fermented BSG was homogenized in Milli-Q water in
a falcon tube using a vortex shaker for 5 min. The homogenized sample was centrifuged at
full speed (at +4 ◦C) for 10 min. The supernatant was filtered through Acrodisc® Syringe
Filters with PTFE Membrane 0.45 µm.

Glucose, fructose, sucrose and maltose were quantified from fermented BSG using an
Ultra Performance Liquid Chromatography (UPLC) system as explained by [7]. Waters™
Acquity Ultra-High Performance Liquid Chromatography system was fitted with an AC-
QUITY BEH Amide 1.7 µm (2.1 × 100 mm) column and Acquity evaporative light scattering
detector. The gradient elution method was applied to separate different carbohydrates
using mobile phase A (0.2% triethylamine in Acetonitrile) and mobile phase B (0.2% tri-
ethylamine in MQ water) at flow rate 0.15 mL/min and at 35 ◦C column temperature. The
applied gradient run was of 25 min starting with 85% of mobile phase A and 15% of B for
1 min, 75% A and 25% B until 10 min, 55% A and 45% B until 16 min, and 85% A and 15% B
until 25 min. Glucose, sucrose, fructose and maltose (MERCK, Darmstadt, Germany) were
used as standards and 2-Deoxy-D-galactose was used as the internal standard. For sample
preparation, 500 mg of freeze-dried fermented and unfermented BSG was homogenized in
5 mL milli-Q water in a 15 mL falcon tube. The tube was then kept in a boiling water bath
for 5 min, then centrifuged at full speed (at +4 ◦C) for 10 min. The supernatant was filtered
through Amicon® Ultra Centrifugal Filters 0.5 mL 10 K (Merck Millipore Ltd., Dublin,
Ireland). Finally, the filtrate was transferred into the UHPLC vials, internal standard was
added and used for the quantification.

2.7. BSG Bread Baking Procedure, Volume and Texture Analysis of Breads

Bread recipes for wheat control bread (WB), native BSG bread (BB), EPS negative
BSG bread (EPS-BB) and EPS positive BSG bread (EPS+BB) are reported in Table 1. Initial
moisture content of native BSG was taken into account to reach the same amount of water
in each dough. For bread preparation, all ingredients were mixed in a DIOSNA mixer
bowl (Dierks & Söhne GmbH, Osnabrück, Germany) for 3 min at low speed and 4 min
at fast speed, adjusting water temperature in order to reach a final dough temperature of
26 ± 1 ◦C. Dough was rested for 15 min in fermentation cabinet (Lillnord, Odder, Denmark)
at 35 ◦C and 75% relative humidity, then it was divided into 250 g pieces, molded manually
and proofed in pans for 45 min (at 35 ◦C and 75% relative humidity). Baking was performed
in a rotating convection oven (Sveba Dahlen, Fristad, Sweden) at 200 ◦C for 15 min with
15 s steaming at the beginning; afterwards breads were depanned and cooled at room
temperature for 1 h before storage in plastic bags.
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Table 1. Recipes for fermented BSG and BSG bread doughs.

WB BB EPS-BB EPS+BB

g * % d.w. ** g % d.w. g % d.w. g % d.w.

BSG 523.3 33.32 523.3 526.0 33.49
Sucrose 58.4 3.72

Fermented
BSG 523.3 33.32 584.4

Wheat
flour 900 57.31 798 50.81 798 50.81 739 47.06

Water 540 34.38 118.7 7.56 118.7 7.56 116.6 7.42
Salt 13.5 0.86 13.5 0.86 13.5 0.86 13.5 0.86

Sugar 18.0 1.15 18.0 1.15 18.0 1.15 18.0 1.15
Yeast 45.0 2.87 45.0 2.87 45.0 2.87 45.0 2.87
Fat 54.0 3.44 54.0 3.44 54.0 3.44 54.0 3.44

Total 1570.5 100.0 1570.5 100.0 1570.5 100.0 1570.5 100.0

Bread recipes for wheat control bread (WB), native BSG bread (BB), EPS negative BSG bread (EPS-BB) and EPS
positive BSG bread (EPS+BB). * gram, ** dough weight. Similar amounts of fermented BSG and water in (EPS-BB
and EPS+BB) sourdoughs, and total dough amounts are reported in bold format.

Specific volume was determined after 1 day of storage at room temperature using a
VolScan Profiler (Stable Micro Systems, Godalming, UK). Specific volume was calculated
by dividing the loaf volume (mL) by the weight (g). Texture profile analysis (TPA) was
performed on days 1 and 4, and bread parameters (hardness, springiness, cohesiveness,
chewiness, resilience; see Supplementary Table S1) were determined as previously de-
scribed [23]. For SHIME®, independent baking trials were performed in two different days
and six loaves were prepared for each type of bread.

2.8. Determination of pH, TTA, Sugars and Free Amino Acids of Breads

To determine the acidity of breadcrumbs, crust was removed from bread slices and 10 g
of crumb was homogenized with 95 mL Milli-Q water for 1 min using a Bamix blender, then
5 mL of acetone was added before starting the titration. Measurements were performed
using an automatic titrator (Easy PlusTM, Mettler Toledo, Columbus, OH, USA): TTA was
expressed as the volume of 0.1 N NaOH used (mL) during titration up to pH 8.5.

Water/salt-soluble extracts (WSE) of freeze-dried BB, EPS-BB and EPS+BB breads
were obtained according to [24] and used to analyze sugars and FAA. The amount of
fructose and glucose was measured using the D-Fructose-D-Glucose Assay Kit K-FRUGL
(Megazyme International Ireland Limited, Bray, Ireland), whereas maltose and sucrose
were measured using the Maltose-Sucrose-D-Glucose Assay Kit K-MASUG (Megazyme
International Ireland Limited, Bray, Ireland), following the manufacturer’s instructions.
Quantification of sugars was performed using a spectrophotometer set at 340 nM following
the instructions given by manufacturer. The concentration of FAA was determined by
a Biochrom 30+ series Amino Acid Analyzer (Biochrom Ltd., Cambridge Science Park,
Cambridge, UK), equipped with a Li-cation-exchange column (4.6 × 200 mm internal
diameter). Amino acids were post-column derivatized with ninhydrin reagent and detected
by absorbance at 440 (proline and hydroxyproline) or 570 nm (all the other amino acids), as
described by [25].

2.9. In Vitro Bread Digestion

EPS+BB and EPS-BB were pre-digested separately according to the consensus protocol
developed within a large European framework (COST Action InfoGest) [26] with some
improvements [27]. In summary, the steps for the pre-digestion comprised oral, gastric and
small intestinal phases. Breads were ground and diluted 1:2 (dry, w/w) with a simulated
salivary fluid (SSF, pH 7) solution (KCl, 15.10 mM; KH2PO4, 3.70 mM; NaHCO3, 13.60 mM;
MgCl2(H2O)2, 0.15 mM; (NH4)2CO3, 0.06 mM). To the mixture, 0.75 mL of amylase solution
was added (1500 U/mL of SSF) and CaCl2 0.30 M solution (41.98 µL). The final product was
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mixed for 2 min at 37 ◦C. Then, the oral bolus was diluted with a mixture mimicking the
gastric content. The stomach phase incubation started by adding 82.02 mL of gastric juice
(0.04 M KCl and 0.24 M NaCl). To the mixture, 6.07 mL of 2% pepsin solution (≥400 U/mg)
and 0.68 mL of lecithin solution (0.17 mM) were then added. The incubation lasted for 2 h at
37 ◦C, with a pH gradient from 5.5 to 2.0 using the SHIME software (TwinShime v2, version
4.0.43, Prodigest, Gent, Belgium). Finally, the gastric chyme (140.00 mL) was added with
50.00 mL of simulated pancreatic juice containing NaHCO3 (0.19 M) and 8.00 g/L of Oxgall
(Difco™ Oxgall, BD, Franklin Lakes, NJ, USA), 4.50 mL of trypsin solution (50.00 mg of
trypsin 5000 USP-U/mg in 5.00 mL of 1.00 mM HCl), 5.60 mL of chymotrypsin (100.00 mg
chymotrypsin ≥ 1000 USP-U/mg in 10.00 mL of 1.00 mM HCl), 180.00 mg of lipase (type
II, 100–500 U/mg) and 300.00 mg of hog α-amylase (50 U/mg) and 350.00 mL of 0.30 M
CaCl2. The entire mixture (200.00 mL) was incubated for a further 3 h at 37 ◦C under static
dialysis, with a membrane of 14 kDa in 400 mL of dialysis solution (0.04 M NaHCO3, pH 7).
The pre-digested suspension was used as treatment for the SHIME.

2.10. Simulator of Human Intestinal Microbial Ecosystem (SHIME®) Set up and Experiment

The experimental setup consisted of two SHIME units in parallel, each one including
three double-jacketed vessels maintained at 37 ◦C under anaerobic conditions, simulat-
ing the stomach and small intestine (ST/SI), proximal colon (PC) and distal colon (DC),
respectively [28,29]. PC and DC vessels were inoculated with the same fecal sample from
a representative fecal donor that was selected from a cohort of volunteers adhering to
the Mediterranean Diet as described by [20]. An initial cohort of 61 healthy volunteers
(age between 19 and 50 years) were recruited. Preliminary nutritional questionnaires were
administrated to assess the Mediterranean Diet Score (MDS). Main food component and
typical habits (8 indicators) of MS contributed to the MDS which ranged from 0 (low
adherence) to 8 (high adherence). The cut off 4 was used to assess a satisfactory MDS. Forty
recruited volunteers presented a high adherence to MD with an average of MDS of ±5.
Fecal samples (10 g to 50 g per person) from these subjects were collected and analyzed for
their microbiota composition and SCFAs content. The selection of the donor was based on
the clustering of fecal microbiota abundances of the 40 recruited individuals, aggregated
at family level, together with SCFA data. Clustering was performed with the Manhattan
distance matrix and ward.D2 method. Partial least-squares discriminant analysis (PLS-DA)
was performed considering the adherence to MD as an independent variable and OTU
abundances as feature for the model. Contribution of each feature was further explored
and annotated with the explanatory independent variable level. All statistical analyses
were performed in R programming version 4.04 (R Foundation, Vienna, Austria).

The colonic microbiota was allowed time for stabilization (2 weeks) and further steady
state (2 weeks). During these 4 weeks, each colon bioreactor was supplied, three times per
day (every 8 h), with 200 mL of pre-digested adult SHIME® feed PDNM001B (ProDigest,
Ghent, Belgium). Pre-digestion consisted of a 45 min incubation in the ST/SI vessels with
the addition of 60 mL of pancreatic juice (12.5 g NaHCO3, 6 g dehydrated bile extract and
0.9 g pancreatin per liter). Then, a treatment phase (1 week) followed, in which the feeding
of colon bioreactors was supplemented with 100 g/day (33.3 g, three times per day) of
digested EPS+BB or EPS-BB. After the treatment phase, 1 week of wash out was carried out,
with the same feeding conditions adopted in the first four weeks of run. Before and after
bread feeding period and after washing out period, lumen samples (20 mL) were collected
from each colon bioreactor of both SHIME® units. Lumen samples were stored at −80 ◦C
until the analyses. Figure 2 describes the experimental design.
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Figure 2. Experimental design of the Simulator of the Human Intestinal Microbial Ecosystem
(SHIME®). Different running periods and sampling points are illustrated in the schematic dia-
gram. After fecal inoculation, a stabilization (2 weeks) and a steady state (2 weeks) period were
followed by one week of treatment period and one week of wash out period. During the treatment
period, digested EPS+BB and EPS-BB breads were added to the SHIME® feeding cycles (one for
each unit).

2.11. Metabolic Activity Analysis

Metabolic profile of SCFA (acetate, propionate and butyrate) and total FAA were eval-
uated on lumen samples. Samples were extracted and injected into an Agilent 7890A gas
chromatograph coupled to an Agilent 5975 quadrupole mass detector (Agilent Technolo-
gies Italia SpA, Cernusco sul Naviglio, Milano, Italy). A fused silica Stabilwax-DA column
(30 m × 0.25 mm i.d. 0.25 mm) (Restek Corporation, Bellefonte, PA, USA) was used for the
chromatographic separation. The MS detection operated on full-scan mode (EI at 70 eV,
ion source temperature at 250 ◦C, m/z values ranged from 40 to 300 Da and acquisition
scan time was 0.2 s) [30]. The identification of the acetic, propionic and butyric acids was
achieved by comparing their mass spectra with those stored in the National Institute of
Standards and Technology (NIST) US Government library. All amino acids were analyzed
by a Biochrom 30+ series Amino Acid Analyzer as in 2.8. All analyses were performed
in triplicate.

2.12. Statistical Analysis

All statistical analyses were performed using R software (version 4.0.3, R Foundation,
Vienna, Austria). Comparisons between paired groups were performed using the Student’s
t-test when the data followed the normal distribution. One-way ANOVA and individual
post hoc comparisons with the Tukey–Kramer were adopted to highlight statistically
significant differences between different SHIME® sampling points when the data followed
the normal distribution. The level of significance adopted for all hypothesis tests was 5%.
Pearson’s rank correlation matrix and p values corrected by False Discovery Rate Correction
(FDR) were generated by cor.test and visualized by corrplot package [31].

The linear relationship was used to determine significantly (p < 0.05) correlation
between breads variables and microbial metabolites. Pearson correlation among initial
content of carbohydrates (fiber, dextran, MO, MIMO (MOE), glucose, fructose, sucrose,
maltose, total carbohydrates), protein, fat, lactic and acetic acids, pH and TTA values, SCFA
and individual FAAs profile was performed.
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3. Results
3.1. Microbial Growth, pH, TTA and Organic Acids of Fermented BSG

Before inoculum, LAB were not found at the dilutions considered (hence < 2 Log cfu/g).
After starter inoculum, the growth pattern of presumptive LAB was the same in both
BSG fermented by W. confusa A16 with (EPS+) and without sucrose (EPS-). The growth
was observed from ca. 6.4, corresponding to the initial targeted inoculum, to 9.4–9.8 Log
cfu/g after 24 h of fermentation in EPS+ and EPS- fermented BSG, respectively. TMB
followed a similar growth pattern from ca. 6.6 to 10.0 Log cfu/g after 24 h fermentation.
Enterobacteriaceae, Bacillus cereus, yeasts and molds were not detected at the dilutions
considered (<3 Log cfu/g) in any unfermented and fermented BSG sample. The initial pH
of EPS- and EPS+BSG was 5.9. pH dropped similarly in 24 h fermented EPS+BSG (4.3) and
EPS-BSG (4.6) (Table 2). TTA values were similar for both EPS- and EPS+ before and after
fermentation, starting from ca. 2.0 mL NaOH and reaching ca. 7.1 mL NaOH after 24 h
fermentation. Lactic and acetic acid were not detected before the fermentation. The amount
of lactic acid was significantly higher in 24 h fermented EPS+BSG (398.9 mg/100 g) than in
EPS-BSG (246.2 mg/100 g) while no significant difference was observed in the amount of
acetic acid in EPS+BSG (91.8 ± 1.9 mg/100 g) and EPS-BSG (106.4 ± 6.9 mg/100 g) (Table 2).

Table 2. Acidity (pH and TTA) and amount of organic acids (lactic and acetic) before and after
fermentation of BSG with W. confusa A16 with (EPS+) and without (EPS-) addition of sucrose.

Timepoints BSG pH
TTA Lactic Acid Acetic Acid

mL of 0.1 N NaOH mg/100 g Fermented BSG

T0
EPS-

5.9 ± 0.0 a 2.4 ± 0.1 a
nd * nd *EPS+ 1.9 ± 0.1 a

T24
EPS- 4.6 ± 0.4 b 7.1 ± 1.4 b 246.2 ± 24.5 a 106.4 ± 6.9 a

EPS+ 4.3 ± 0.1 c 7.2 ± 0.3 b 398.9 ± 7.8 b 91.8 ± 1.9 a

a–c Values with different letters in the same column are significantly different (Tukey’s test. p < 0.05). * nd: not detected.

3.2. Sugar, Oligosaccharides and Dextran Analysis of Fermented BSG

Fructose (0.5% d.w.), glucose (0.4%) and maltose (2.3%) were quantified from native
BSG. After fermentation, the amount of fructose (% d.w.) and glucose (% d.w.) in EPS-
BSG was similar to native BSG, while it had a slightly lower amount of maltose (% d.w.).
In fermented EPS+BSG, no sucrose and glucose were detected. Fructose increased signifi-
cantly up to 21 g, while 50% of maltose was consumed during the fermentation, reaching
1.1 g (Table 3).

Table 3. Consumption and release of sugars during fermentation of BSG with W. confusa A16. Amount
of sugars (% dry weight of fermented BSG) quantified before (native) and after fermentation of BSG
with W. confusa A16 with (EPS+) and without (EPS-) addition of sucrose.

Fructose Glucose Sucrose Maltose

Native 0.5 ± 0.01 a 0.4 ± 0.01 a nd * 2.3 ± 0.01 a

EPS- 0.5 ± 0.01 a 0.5 ± 0.01 a nd * 2.1 ± 0.1 b

EPS+ 21.0 ± 1.0 b nd *,b nd * 1.1 ± 0.1 c

a–c Values with different letters in the column are significantly different (Tukey’s test. p < 0.05). * nd: not detected.

Like for native BSG, after 24 h fermentation with W. confusa A16, no increase in viscosity
and no dextran were detected in EPS-BSG. In EPS+BSG fermentation, a significant increase
in viscosity was observed visually when compared to EPS-BSG samples. The increase
in viscosity after fermentation corresponded to the synthesis of dextran in EPS+BSG.
The dextran amount after 24 h was 7.2% (d.w.) (Table 4), corresponding to ca. 40%
of the theoretical possible value (18.11%) based on sucrose addition (i.e., 10 g sucrose
in 90 g wet BSG or 17.6 g dry BSG). Control BSG samples (EPS+ and EPS-) without
inoculum were also prepared and incubated at 25 ◦C for 24 h. In these samples, no viscosity
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change was observed and no dextran was formed (data not shown). The chromatograms of
oligosaccharide profiles analysed with HPAEC-PAD from the BSG samples is presented in
Figure 1. MO (DP3-DP7), used as a reference for quantification, were present in all analysed
samples. In case of EPS-BSG fermentation, without added sucrose, MO were synthesized,
unlike the synthesis of MIMO after fermentation of EPS+BSG with added sucrose. Overall,
a significant increase (from 1.5 to 2.6% d.w. of fermented BSG) in production of MO was
observed after fermentation (Table 4) of EPS-BSG. MIMO (MOE) production increased
significantly, up to 9.9% d.w. of fermented BSG, when sucrose was added (EPS+). After the
fermentation, there was a significant increase in the amount of MIMO (MOE) in EPS+BSG,
unlike the decrease in the amount of MO in EPS-BSG.

Table 4. Synthesis of dextran and oligosaccharides during fermentation of BSG with W. confusa
A16. Amount of dextran (% dry weight of fermented BSG), malto-oligosaccharides present in native
BSG (% dry weight of fermented BSG), malto-oligosaccharides synthesized during fermentation of
BSG with W. confusa A16 without (EPS-), addition of sucrose and malto-oligosaccharides equivalent
maltosyl-isomaltooligosaccharides synthesized during fermentation of BSG with W. confusa A16 with
(EPS+) addition of sucrose.

Dextran
Oligosaccharides

DP3-DP4 ** DP5 ** DP6-DP7 **

Native
nd *

0.6 ± 0.02 a 0.5 ± 0.04 a 0.4 ± 0.01 a

EPS- 0.3 ± 0.04 b 1.2 ± 0.11 b 1.1 ± 0.06 b

EPS+ 7.2 ± 0.3 2.5 ± 0.13 c 4.8 ± 0.39 c 2.6 ± 0.25 c

a–c Values with different letters in the column are significantly different (Tukey’s test. p < 0.05). * nd: not
detected, ** DP3-DP4: Panose, malto-triose and malto-tetraose, DP5: malto-pentaose and DP6-DP7: malto-hexaose
and malto-heptaose.

3.3. Technological and Chemical Profile of Breads

The specific volume of the breads was highest in control WB (5.1 mL/g) and decreased
when BSG was added to the bread. Among BSG breads, the specific volume was highest
in EPS+BB (3.4 mL/g), while it was ca 3.0 mL/g in EPS-BB and BB. After the first day of
storage at room temperature, hardness was significantly higher in BSG breads, reaching
highest value for EPS-BB (ca. 590 g), while it was more moderate in EPS+BB (ca. 282 g). The
same hardness pattern was also observed after 4 days. Hence, the staling rate (hardness
increase in gram per day) was different for each type of breads, with the lowest values
observed for WB and EPS+BB (34.3 and 53.9, respectively). Results are reported in detail in
Supplementary Table S1.

The differences in the sugar concentration of breads reflected that of the spent grain. The
sucrose added for dextran synthesis was completely utilized, compared to BB (60 mg/100 g)
and EPS-BB (50 mg/100 g), EPS+BB (40 mg/100 g) had lower sucrose content, whereas
a higher content of fructose and glucose, released from sucrose hydrolysis, were found
in EPS+BB bread. The amount of maltose in breads containing fermented BSG was lower
(ca. 2.4 mg/100 g d.w) when compared to native BSG (BB) bread (3.2 mg/100 g d.w.) (Table 5).

Regarding the breads’ acidity, BSG bread containing fermented BSG (EPS+ and EPS-)
had lower pH than (ca. 5) WB and BB (ca. 6). Consequently, TTA values of the bread were
higher in fermented BSG bread (EPS-BB and EPS+BB; ca. 5 mL of NaOH) than in WB and
native BSG bread (ca. 3 mL of NaOH).

Although FAA profiles were similar among breads, with glutamic acid (Glu), valine
(Val), glycine (Gly), cysteine (Cys) and aspartic acid (Asp) being the most abundant, the
total FAA content of BB was significantly (p < 0.05) higher than that of breads containing
fermented BSG. A slightly but significantly higher content of FAA was also observed in
EPS-BB, compared to EPS+BB bread (1.64 ± 0.02 and 1.53 ± 0.02 g/kg d.w., respectively).
The concentration of all FAA in EPS+BB was lower than BB and EPS-BB breads, except
for Asp and Val which were 153.00 ± 3.83 and 253.07 ± 4.82 mg/kg d.w. in the latter and
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129.46 ± 4.52 and 240.05 ± 5.69 mg/kg d.w. and 117.60 ± 4.27 and 217.99 ± 5.37 mg/kg
d.w. in the former (BB and EPS-BB, respectively).

Table 5. Acidity (pH and TTA) and sugar analysis of BSG breads (WB: wheat bread, BB: native BSG
bread, EPS-BB: EPS-BSG breads and EPS+BB: EPS+BSG breads). TTA values are the amount (ml) of
NaOH required during titration. Amount of sugars are expressed g/kg of dried breads.

Bread Types pH TTA (mL)
Sugars

Glucose Fructose Sucrose Maltose

WB 5.9 ± 0.1 a 3.2 ± 0.1 a nd *
BB 5.8 ± 0.1 a 3.4 ± 0.1 a 2.3 ± 0.07 ab 11.6 ± 0.07 b 0.6 ± 0.07 a 32.4 ± 1.02 a

EPS-BB 5.3 ± 0.1 b 5.0 ± 0.4 b 1.3 ± 0.07 b 8.5 ± 0.01 c 0.5 ± 0.04 b 24.9 ± 0.95 b

EPS+BB 5.1 ± 0.1 b 5.5 ± 0.1 b 3.3 ± 0.08 a 29.02 ± 0.02 a 0.3 ± 0.00 c 22.8 ± 0.91 b

a–c Values with different letters in the column are significantly different (Tukey’s test. p < 0.05). * nd: not determined.

3.4. SHIME® Lumen Microbial Metabolites

Based on the clustering analysis, we randomly selected a fecal donor representative of
the main cluster of volunteers displaying high adherence to MD (MDS > 5). Gut microbiota
composition of the selected donor are reported in Supplementary Table S2.

Results of SCFA and FAA analysis are reported in Table 6. Before treatment, no
significant (p < 0.05) differences were observed between SHIME® units in both colon tracts
(PC and DC), for all investigated SCFAs. This finding demonstrates that, before the start
of treatment period, two SHIME® units harbored the same gut ecosystem. Overall, the
consumption of different breads (EPS+BB and EPS-BB) had the potential to enhance the
synthesis of all SCFAs at the colon level. The concentration of acetic acid and butyric
acid showed a significant (p < 0.05) increase after treatment (1 week). Propionic acid
concentration did not vary during the time before and after bread intake. Following 1 week
of wash out, the content of SCFAs of all colon tracts trended to similar absolute values of
those found before bread feeding.

Table 6. Short chain fatty acid (SCFA) (mM) and individual free amino acid (FAA) (mg/Kg) concen-
tration in proximal colon (PC) and distal colon (DC) tracts of the SHIME model, before and after
treatment, and after washing out while fed with digested EPS+BB and EPS-BB. Sampling points refer
to the end of the steady state period (i.e., before the start of treatment period), after one week of
treatment period and after one week of wash out period.

SCFA
Short Chain Fatty Acids (mM)

Treatments PC1 (EPS+BB) PC2 (EPS-BB) DC1 (EPS+BB) DC2 (EPS-BB)

Acetic acid
Before treatment 20.86 ± 1.78 b 22.56 ± 0.67 b 30.72 ± 1.65 b 33.73 ± 2.23 a

After treatment 38.47 ± 2.14 a/* 33.91 ± 1.85 a 45.19 ± 3.71 a 43.00 ± 2.10 a

After washing out 24.15 ± 0.05 b/* 21.75 ± 0.22 b 35.45 ± 0.19 b/* 34.94 ± 2.91 a

Propionic acid
Before treatment 2.71 ± 0.17 a 3.02 ± 0.12 a 3.45 ± 0.20 a 3.73 ± 0.05 b

After treatment 3.09 ± 0.27 a 3.21 ± 0.20 a 4.33 ± 0.58 a 4.66 ± 0.40 a

After washing out 2.80 ± 0.28 a 3.06 ± 0.07 a 3.71 ± 0.08 a 3.97 ± 0.09 b/*

Butyric acid
Before treatment 8.88 ± 0.17 b 9.23 ± 0.15 b 9.62 ± 0.22 b 9.91 ± 0.04 b

After treatment 11.16 ± 0.32 a 12.05 ± 0.41 a/* 13.39 ± 0.92 a 13.46 ± 0.48 a

After washing out 9.02 ± 0.17 b 9.24 ± 0.09 b 10.43 ± 0.10 b/* 9.95 ± 0.07 b

FAA
Free Amino Acids (mg/Kg)

Treatments PC1 (EPS+BB) PC2 (EPS-BB) DC1 (EPS+BB) DC2 (EPS-BB)

Asp
Before treatment 3.44 ± 0.24 b 2.89 ± 0.20 b 1.91 ± 0.12 c 1.83 ± 0.13 b

After treatment 72.67 ± 5.13 a/* 33.26 ± 2.35 a 3.63 ± 0.26 a/* 2.86 ± 0.20 a

After washing out 5.11 ± 0.36 b/* 3.85 ± 0.27 b 2.55 ± 0.18 b/* 1.89 ± 0.13 b
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Table 6. Cont.

FAA
Free Amino Acids (mg/Kg)

Treatments PC1 (EPS+BB) PC2 (EPS-BB) DC1 (EPS+BB) DC2 (EPS-BB)

Thr
Before treatment 0.79 ± 0.01 c/* 0.52 ± 0.01 b 0.12 ± 0.01 c 0.17 ± 0.01 b/*
After treatment 80.43 ± 0.53 a/* 11.33 ± 0.07 a 0.32 ± 0.01 a 0.52 ± 0.01 a/*

After washing out 2.78 ± 0.02 b/* 0.26 ± 0.01 c 0.16 ± 0.01 b/* 0.11 ± 0.01 c

Ser
Before treatment 1.09 ± 0.05 b/* 0.69 ± 0.03 b 0.40 ± 0.02 b/* 0.20 ± 0.01 b

After treatment 15.14 ± 0.76 a/* 4.41 ± 0.22 a 0.64 ± 0.03 a 0.74 ± 0.04 a

After washing out 1.20 ± 0.06 b/* 0.75 ± 0.04 b 0.22 ± 0.01 c/* 0.15 ± 0.01 b

Glu
Before treatment 220.41 ± 36.13 b 180.89 ± 29.65 b 8.54 ± 1.36 b 9.26 ± 1.52 b

After treatment 497.21 ± 81.50 a 488.63 ± 80.10 a 23.50 ± 3.85 a 23.62 ± 3.87 a

After washing out 205.78 ± 33.73 b 185.34 ± 30.38 b 8.78 ± 1.44 b 7.86 ± 1.29 b

Ala
Before treatment 7.95 ± 0.29 b/* 5.08 ± 0.18 b 1.24 ± 0.05 b/* 0.66 ± 0.02 b

After treatment 166.07 ± 5.97 a/* 113.19 ± 4.06 a 43.14 ± 1.55 a/* 2.91 ± 0.10 a

After washing out 7.40 ± 0.27 b/* 1.51 ± 0.05 c 1.18 ± 0.04 b/* 0.45 ± 0.02 c

Gly
Before treatment 78.36 ± 2.24 c/* 65.54 ± 1.87 b 0.16 ± 0.01 b 0.15 ± 0.01 c

After treatment 147.59 ± 4.22 a/* 142.98 ± 4.08 a 12.93 ± 0.37 a/* 1.41 ± 0.04 a

After washing out 92.11 ± 2.63 b/* 38.31 ± 1.09 c 0.17 ± 0.01 b 0.29 ± 0.01 b/*

Val
Before treatment 12.29 ± 0.67 b 15.30 ± 0.84 b/* 0.31 ± 0.20 b 0.34 ± 0.02 b

After treatment 117.78 ± 6.45 a/* 80.75 ± 4.42 a 5.09 ± 0.29 a/* 1.55 ± 0.09 a

After washing out 8.71 ± 0.48 b 9.25 ± 0.50 c 0.34 ± 0.02 b/* 0.02 ± 0.01 c

Cys
Before treatment 5.85 ± 0.90 b 8.09 ± 1.24 b 0.27 ± 0.04 b 0.63 ± 0.10 b/*
After treatment 33.50 ± 5.14 a/* 13.61 ± 2.09 a 1.56 ± 0.24 a 1.81 ± 0.28 a

After washing out 0.61 ± 0.09 c 3.14 ± 0.48 c/* 0.54 ± 0.08 b 0.53 ± 0.08 b

Met
Before treatment 3.03 ± 0.78 b 2.72 ± 0.29 b 0.16 ± 0.01 b 0.15 ± 0.01 a

After treatment 9.87 ± 0.61 a 10.64 ± 0.65 a 5.92 ± 0.36 a/* 0.16 ± 0.01 a

After washing out 0.72 ± 0.18 c 0.62 ± 0.21 c 0.12 ± 0.01 b 0.11 ± 0.01 b

Ile
Before treatment 8.50 ± 0.52 b 10.44 ± 0.63 b/* 2.63 ± 0.18 b 2.57 ± 0.16 b

After treatment 76.70 ± 4.66 a/* 38.36 ± 2.33 a 5.47 ± 0.33 a/* 3.30 ± 0.20 a

After washing out 6.19 ± 0.38 b 6.40 ± 0.39 c 2.26 ± 0.14 b/* 0.01 ± 0.01 c

Leu
Before treatment 5.79 ± 0.36 b 6.87 ± 0.43 b 1.82 ± 0.13 b/* 0.89 ± 0.06 b

After treatment 73.69 ± 4.58 a/* 58.89 ± 3.66 a 2.91 ± 0.18 a/* 1.61 ± 0.10 a

After washing out 4.45 ± 0.28 b/* 3.45 ± 0.21 c 1.27 ± 0.08 c/* 0.01 ± 0.01 c

Tyr
Before treatment 4.69 ± 0.34 b/* 1.63 ± 0.12 b 0.81 ± 0.07 b/* 0.52 ± 0.04 b

After treatment 53.20 ± 3.86 a/* 14.14 ± 1.03 a 10.25 ± 0.74 a/* 2.36 ± 0.17 a

After washing out 6.84 ± 0.50 b/* 1.45 ± 0.11 b 0.64 ± 0.05 b/* 0.34 ± 0.02 b

Phe
Before treatment 6.07 ± 0.43 c/* 1.78 ± 0.13 b 1.46 ± 0.12 b/* 1.03 ± 0.07 b

After treatment 134.13 ± 9.54 a/* 44.27 ± 3.15 a 75.52 ± 5.37 a/* 6.10 ± 0.43 a

After washing out 10.62 ± 0.76 b/* 0.99 ± 0.07 b 0.99 ± 0.07 b 0.83 ± 0.06 b

GABA
Before treatment 5.91 ± 0.04 a/* 4.14 ± 0.03 c 3.93 ± 0.04 b 4.64 ± 0.03 b/*
After treatment 5.82 ± 0.04 a 10.93 ± 0.08 a/* 8.72 ± 0.06 a/* 8.43 ± 0.06 a

After washing out 4.83 ± 0.03 b/* 4.68 ± 0.03 b 2.01 ± 0.01 c/* 1.78 ± 0.01 c

Ammonia
Before treatment 387.23 ± 11.97 a 369.68 ± 25.86 a 597.77 ± 41.82 b 632.95 ± 44.28 b

After treatment 287.21 ± 20.09 b 408.31 ± 28.56 a/* 779.79 ± 54.55 a 811.31 ± 56.76 a

After washing out 361.28 ± 25.28 a 422.16 ± 29.53 a 606.98 ± 42.46 b 688.60 ± 48.17 b

Orn
Before treatment 1.43 ± 0.09 c 3.96 ± 0.25 b/* 1.16 ± 0.08 b/* 0.51 ± 0.03 c

After treatment 6.27 ± 0.40 a 25.76 ± 1.66 a/* 2.14 ± 0.14 a 5.55 ± 0.36 a/*
After washing out 2.29 ± 0.15 b 3.59 ± 0.23 b/* 0.46 ± 0.03 c 1.31 ± 0.08 b/*
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Table 6. Cont.

FAA
Free Amino Acids (mg/Kg)

Treatments PC1 (EPS+BB) PC2 (EPS-BB) DC1 (EPS+BB) DC2 (EPS-BB)

Lys
Before treatment 8.62 ± 0.70 c 33.24 ± 2.73 b/* 1.66 ± 0.15 a 1.41 ± 0.12 b

After treatment 23.64 ± 1.94 a 70.59 ± 5.80 a/* 1.94 ± 0.16 a 2.44 ± 0.20 a

After washing out 13.55 ± 1.11 b 30.73 ± 2.52 b/* 1.60 ± 0.13 a 1.62 ± 0.13 b

His
Before treatment 29.25 ± 5.74 b 23.55 ± 4.62 b 0.12 ± 0.01 a 0.18 ± 0.01 a

After treatment 44.96 ± 8.82 a 47.48 ± 9.32 a 0.17 ± 0.03 a 0.17 ± 0.03 a

After washing out 23.27 ± 4.57 b 23.73 ± 4.66 b 0.13 ± 0.03 a 0.07 ± 0.01 b

Trp
Before treatment 14.21 ± 1.47 b/* 7.17 ± 0.74 c 1.14 ± 0.21 b/* 0.47 ± 0.04 b

After treatment 35.30 ± 3.65 a 36.43 ± 3.76 a 2.31 ± 0.24 a/* 1.07 ± 0.11 a

After washing out 15.31 ± 1.58 b 13.27 ± 1.37 b 0.82 ± 0.09 b/* 0.48 ± 0.05 b

Arg
Before treatment 1.60 ± 0.17 b 3.46 ± 0.36 c/* NF NF
After treatment 13.06 ± 1.34 a 19.85 ± 2.04 a/* 0.93 ± 0.09 a 1.51 ± 0.16 a/*

After washing out 2.92 ± 0.30 b 6.62 ± 0.68 b/* 0.01 ± 0.01 b 0.32 ± 0.03 b/*

Pro
Before treatment 1.35 ± 0.05 b/* 0.93 ± 0.03 c 0.90 ± 0.03 b 0.98 ± 0.03 b

After treatment 12.90 ± 0.47 a/* 2.02 ± 0.07 a 1.76 ± 0.06 a/* 1.44 ± 0.05 a

After washing out 0.82 ± 0.03 b 1.47 ± 0.05 b/* 0.86 ± 0.03 b/* 0.77 ± 0.03 c

Total
Before treatment 807.87 ± 19.35 b 748.57 ± 45.42 b 626.51 ± 42.33 b 659.55 ± 43.58 b

After treatment 1907.15 ± 24.32 a/* 1675.85 ± 21.01 a 988.65 ± 58.68 a 880.88 ± 55.18 a

After washing out 776.82 ± 25.24 b 761.57 ± 10.18 b 632.11 ± 43.10 b 707.52 ± 48.87 b

a–c values in the same column with different superscript letters differ significantly (p < 0.05) based on one-way
ANOVA and individual post hoc comparisons with Tukey–Kramer. For each colon tract (PC1, PC2, DC1, DC2)
at different sampling points, comparison was performed for every compound. The data are the means of three
independent analyses ± standard deviations (n = 3). * Values with asterisks in the same row differ significantly
(p < 0.05) based on Student’s t-test. Comparison between bioreactors of different SHIME units at the same
sampling point were performed for every colon tract. NF means not found.

After the treatment period, the PC tract fed with EPS+BB resulted in a significantly
(p < 0.05) higher acetic acid concentration compared to that fed with EPS-BB. After the
wash out period, the acetic acid concentration in both PC and DC tracts fed with EPS+BB
was higher (p < 0.05) compared to that in PC and DC tracts fed with EPS-BB. Propionic
acid was only significantly (p < 0.05) higher in the DC colon tract after washing out with
EPS-BB compared to EPS+BB. Contrarily, butyric acid concentration showed a significant
(p < 0.05) increase after treatment with EPS-BB in the PC colon tract and after washing out
in the EPS+BB DC colon tract.

FAA concentration generally trended to an increase during the treatment period with
both breads (EPS+BB and EPS-BB) in both colon tracts having a marked persistence after
washing out in PC colon tract (Table 6). Asp, Thr, Ser, Ala, Val, Cys, Ile, Leu, Tyr, Phe and
Pro were significantly (p < 0.05) higher after treatment with EPS+BB in the PC colon tract,
while GABA, ammonia, Orn, Lys and Arg were higher after treatment with EPS-BB. The
DC colon tracts showed slightly less statistical differences compared to PC tracts. Asp, Ala,
Val, Ile, Leu, Tyr, Phe and Pro kept their significant (p < 0.05) also in the DC colon tract after
treatment with EPS+BB, while Gly, Met, GABA, Trp turned out to be significantly (p < 0.05)
higher, exclusively during EPS+BB treatment in the DC colon tract.

3.5. Correlation between Bread Variables and Microbial Metabolites

The use of Pearson correlation analysis showed n = 41 (Table S3) and n = 15 (Table S4)
significant (p < 0.05) correlations between bread variables and colon metabolites when
SHIME® was fed with EPS+BB and EPS-BB, respectively. Furthermore, non-zero correla-
tions at 99% confidence level were found in PC-EPS+BB (n = 4), DC-EPS+BB (n = 1) and
PC-EPS–BB (n = 2) tract. Specifically, 27 positive and 14 negative correlations were found
within EPS+BB and SHIME microbial metabolites.
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A range (80.5%) of significant (p < 0.05) correlations (r) (from −0.999 to 1) were
found for the relationship between nutritional composition (fiber, dextran, MIMO, glucose,
fructose, sucrose, maltose, total carbohydrates, protein and fat) of bread and metabolites
produced when SHIME® was fed with EPS+BB. Within nutritional variables of EPS+BB,
MIMO showed the highest number of significant (p < 0.05) correlation (n = 13). The con-
centration (mg/100 g d.w.) of MIMO (MOE) in EPS+BB (DP3-DP4, 183.32 ± 6.84; DP5
363.46 ± 20.69; DP6-DP7, 178.69 ± 4.29) showed a significant (p < 0.05) positive correlation
with the release of free amino acids in DC-EPS+BB lumen (n = 8). The only negative
significant (p < 0.05) correlation between EPS+BB MIMO and amino acids was found for
Thr in both colon tracts (PC-EPS+ and DC-EPS+). The abundance of MIMO in EPS+BB is
strongly positively related with the release of SCFAs from the colon microbial community.
Specifically, a positive significant (p < 0.05) relationship was found between MIMO (MOE)
of DP5 in EPS+BB and the release of butyric acid (r = 0.998). The release of GABA in the PC
lumen seems to be strongly positively significant (p < 0.01) dependent by the presence of
the fructose and fiber in EPS+BB. However, the dextran variable in bread EPS+BB seems to
be negatively correlated with the production of GABA and total amino acids in SHIME®

colon tracts (PC and DC, respectively). In PC, a strongly significant (p < 0.01) positive
correlation was observed with fat in EPS+BB with two fecal amino acids (Pro and Lys),
and a significant (p < 0.05) positive correlation was observed with seven fecal amino acids
(Arg, Met, Orn, Ser, Ala, Ile and Phe); meanwhile no significant (p < 0.05) correlation was
observed when digested in the DC.

The percentage of significant (p < 0.05) correlation from a nutritional source for EPS-BB
was 60%. EPS-BB variables had significant (p < 0.05) influence only on the release of His, Tyr,
Trp, Leu and Thr. A negative and significant (p < 0.05) relationship was also found between
EPS-BB lactic acid content and propionic acid. The same negative correlation (p < 0.05)
was found for lactic and acetic acids and SHIME® lumen amino acids. All correlations are
graphically presented in Figures 3 and 4.
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4. Discussion

In this study, BSG containing dextran and oligosaccharides synthesized in situ during
fermentation with W. confusa A16 was used as an ingredient in bread making, allowing for
successful integration of fermented BSG into wheat bread.

Microbial growth during controlled fermentations of BSG with and without addition
of sucrose had a similar pattern to that observed previously [7]. After 24 h of fermentation,
BSG inoculated with W. confusa A16 showed an increase in presumptive LAB cell density
of ca. three logarithmic cycles, while other microbial groups remained below the detection
level from the beginning to the end of fermentation, indicating a good microbiological
quality of the spent. Acidification during BSG fermentation was higher in this study (when
fermentation was performed without addition of water) than that previously observed
in [7], in which BSG sourdough was fermented with 60% water. The amount of lactic acid in
EPS-BSG was lower than in EPS+BSG, while acetic acid content did not differ significantly
between the two types of fermentations. BSG is a lignocellulosic material with high content
of hemicellulose, cellulose and lignin, but a limited amount of fermentable sugars [32].
Firstly, available fermentable sugars are consumed at the beginning of the fermentation and
different sugars, released during the endogenous and microbial enzymatic activities, are
consumed at later stages of fermentation [32,33]. During EPS+BSG fermentation, fructose is
released due to the action of dextransucrase enzyme on added sucrose [34]. W. confusa A16
lacks the capability to form mannitol from fructose, which is then retrieved in an amount
close to the theoretical (i.e., 50% of the added sucrose) [35,36]. With no sucrose present
in the environment, the starter utilized mainly maltose, while during fermentation, in
presence of sucrose (or EPS+), the carbohydrate fermentation pattern changed, as previously
observed when different BSG was fermented with the same strain with addition of water [7].
However, in the conditions of this study, where fermentation was performed without
adding water, in the presence of sucrose, the strain consumed glucose completely and
utilized ~50% of maltose, while only 10% of maltose was used with no added sucrose. The
increased use of maltose also corresponds to the synthesis of a higher amount of MIMO (ca.
four times more than in EPS-BSG fermentation), ranging from panose to malto-heptaose
(DP7). Without sucrose in the fermenting environment, small MIMO (MOE) could have
been utilized along with the free maltose for both the metabolism and synthesis of the
higher amount of bigger oligosaccharides. Dextransucrases synthesize low molecular
weight oligosaccharides beside dextran in the presence of sucrose and acceptor molecules
like maltose, isomaltose and panose [37]. The presence of oligosaccharides with higher DP
(but only up to DP6) was previously observed during fermentation of a different type of
BSG with W. confusa A16 [7]. In this study, the increase in the type of oligosaccharides in
EPS+BSG compared to EPS-BSG was analyzed. Malto-pentaose (DP5) was mostly found in
native BSG, which might have been degraded during fermentation to simple sugars such
as maltose, increasing the amount of acceptor sugars in the environment, leading to the
increased synthesis of MO and MIMO [38].

A significant change in viscosity and the production of dextran were detected only
after fermentation of BSG supplemented with sucrose. Based on added sucrose (36.2% of
dry BSG), the theoretical limit for dextran production is 18.1% [34]. In these conditions, 7.2%
dextran (d.w. or 1.4 g/100 g fermented BSG) was produced after fermentation of EPS+BSG
for 24 h, which is 40% of the theoretical limit based on sucrose addition. This amount is
similar to the amount reported earlier when fermenting different spent [7], highlighting
the process reproducibility. Furthermore, the dextran produced was able to counteract the
detrimental effects of BSG supplementation in wheat bread. In fact, the specific volume of
EPS+BB was 13% higher when compared to BB and EPS-BB. Hardness decreased by 38%
when compared to BB breads and up to 58% when compared to EPS-BB. The amount of
maltose remained high in all breads and a high amount of fructose was found in EPS+BB
due to the leftover from sucrose addition. Both essential and non-essential amino acid
content was highest in BB followed by EPS-BB and EPS+BB, most probably due to limited
proteolysis and thus, microbial consumption during fermentation.
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In our experimental set-up, 100 g of bread was fed to the SHIME® per day (i.e., 33.3
g of bread, three times per day). Each 100 g bread slice of EPS-BB contained 0.16 g MO
(DP3 to DP7), while EPS+BB contained 0.52 g of dextran, and 0.72 g MIMO (MOE, DP3
to DP7) produced after 24 h of fermentation. Prebiotic polysaccharides are metabolized
during microbial fermentation inside a human gut producing SCFAs such as acetic, bu-
tyric and propionic acids as main end products, which could provide a positive effect
on human gut health and could play a key role in mediating the metabolic effects on
the host [39,40]. The prebiotic properties of dextran, oligodextran (DP1 to DP11+) and
fructo-oligosaccharides have also been observed before [41]. Utilization of carbohydrates
by gut microbiota was dependent on their respective molecular masses. In the presence
of dextran and oligodextrans, an increased amount of butyric acid was already observed
along with total SCFA production [41].

A significant increase in SCFA production along with an increase in beneficial com-
mensal microorganisms was observed previously in an in vitro fermentation of malto-
oligosaccharides (malto-triose, -tetraose and -pentaose) and galacto-oligosaccharides by
human fecal microbiota [42]. At the concentration of 2% of malto-oligosaccharides in basal
medium, the highest amount of SCFAs (acetic acid, propionic acid, butyric acid and valeric
acid) were detected [42]. In a similar study, 100 g breads containing 3.3 g galactooligosac-
charides were digested in vitro using a colon model system, the level of butyrate increased
similarly along with the proliferation of beneficial commensal microbes (bifidobacteria
and lactobacilli) after digestion [18]. Production of SCFAs varied in different colon com-
partments (proximal and distal) when fed with both BSG breads (EPS+BB and EPS-BB).
When feeding EPS+BB with in situ dextran and MIMO, a positive correlation (even if
not significant) of SCFA production with MIMO (MOE, DP3-DP4) and pH was observed
when digestion occurred in the PC. Furthermore, a non-significant positive correlation was
found between the release of SCFAs and the content of higher MO (M6-M7) and bread
proteins when EPS-BB is digested in the PC. Fructose content, higher in EPS+BB compared
to EPS-BB, had a moderate positive correlation (p > 0.05) with the production of SCFAs
when EPS+BB was digested in the PC while there was a negative non-significant correlation
when reaching the DC. The variable amount of SCFAs released in the PC and DC, could be
due to the differences in commensal gut bacteria, as highlighted in recent studies [43–45].

Among the three SCFAs, the amount of acetic and butyric acids increased after feeding
the bread. Generally, in a healthy human colon, the amount of acetic acid is always more
than the amount of butyric and propionic acid combined. This phenomenon was clearly
visible at every stage of our intervention [46,47]. The production of acetic acid is common to
most of the gut bacteria metabolism, meanwhile butyric and propionic acid are specific to
some bacterial species, such as Clostridium spp., Eubacterium spp. and Bacteroides spp. [48].
Acetate also acts as a precursor for the production of butyric acid, including various
carbohydrates and amino acids through glycolysis, while propionic acid is produced
through the succinate pathway using monosaccharides (especially hexose and pentose
sugars) as precursors [47,49]. The butyric acid increase during feeding of EPS+BB and
EPS-BB can be considered a positive effect of breads on gut microbiota. Higher production
of butyrate tends to positively influence colonic-mucosal defense against inflammations
and promote overall human health [15,45]. Butyric acid formation during feeding with
both EPS+BB and EPS-BB seems to suggest an only minimal effect of in situ dextran and
oligosaccharides. However, the higher content of MIMO (DP5) in EPS+BB compared with
MO (DP5) in EPS-BB, showed a positive influence on the release of butyric acid from
the microbial ecosystem that was harbored in the proximal colon. The similar increase
in butyric acid in both colons could be due to other types of fibers and proteins present
in both BSG breads. The increase in bifidobacteria, butyrate and acetate due to the high
fiber content and arabinoxylan present in BSG was also observed in an earlier study [50].
The correlation pattern between BSG bread contents (fibers, polysaccharides and protein)
and SHIME metabolites is visible in the correlation matrix. A recent study also disclosed
evidence of the increase in butyric acid after ingesting barley rich in fiber [51]. The increased
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amount of butyric acid directly correlated with the pH variation in the proximal and distal
colons; this variation in pH has also been found to promote the production of butyrate
in the proximal colon [15,52]. BSG breads have not only influenced the production of
SCFAs during microbial fermentation, but also influenced metabolism of FAA. Ingested
proteins usually end up in the large intestine and they are metabolized by colonocytes
releasing FAAs and different types of organic compounds such as peptides. Depending
on the amount and type, ca. 10% of the ingested protein reaches the large intestine and
undergoes proteolysis by colonic microbiota, generating peptides and FAAs [53].

Overall, when the SHIME® system was fed with breads containing fermented BSG,
an accumulation of ammonia, Glu, Ala, and Phe was observed in the PC. In particular,
the EPS+BB rather than EPS-BB bread feeding led to higher FAA bio-accessibility, despite
the lower input in FAAs provided by the same amount of bread ingested. Nevertheless,
FAA profiles did not correspond to those found for breads, thus indicating additional ways
of release and synthesis during intestinal transit. It was previously reported that in the
distal colon, where carbohydrate sources are depleted, fermentation of amino acids as an
energy source is often operated by Bacteroides species that possess very intense peptidase
activity [53,54]. Moreover, the presence of dextran and MIMO in EPS+BB could have
stimulated proliferation of different microbial groups, e.g., bifidobacteria, involved in in
the anabolism of amino acids and vitamins [55].

The amount of FAAs increased significantly for both types of bread (EPS+BB and
EPS-BB) digestion in the PC except for ammonia, which has significantly higher values in
DC. Among 21 analyzed FAAs, all 9 essential amino acids increased significantly after the
1-week of treatment in the PC and DC, except for His and Met for EPS-BB in DC, and Lys
and His in the case of EPS+BB digestion in the DC. These amino acids are very important
for synthesizing microbial protein and they are also important for microbial growth [56].
Undigested proteins or peptides reaching the later part of the colon are utilized by gut
bacteria, releasing SCFAs, ammonia and FAA as products. Usually, a significant amount of
ammonia is released in the environment during proteolytic fermentation [57]; this is also
true in this study. Excess ammonia is either utilized as nitrogen source or is eliminated as
waste [58]. Bacteria tends to proliferate efficiently with selected amino acids like glutamate,
glycine, phenylalanine, arginine and tyrosine [57]. These same amino acids are also being
significantly synthesized and utilized when lumen samples are analyzed after intake of
EPS+BB and EPS+BB (end of treatment period) and after washing out, especially in the PC.

The main pathway of amino acid catabolism in the human colon is deamination, thus
leading to the production of SCFAs and ammonia, which is why ammonium concentration
in the intestinal lumen increases progressively from the ascending colon to the descending
colon, due to the higher rate of protein hydrolysis in the latter [59]. The lower ammonia
concentration observed in the PC and DC of EPS+BB compared to the EPS-BB fed unit
could be attributed to the higher level of polysaccharides available for the gut microbiota.
Indeed, decrease in ammonia release is an indirect consequence of the fermentation of
carbohydrates [59] that leads to a glucose increase and, consequently, to a correlated
inhibition of alanine and glutamate deaminase synthesis [60,61]. Given that ammonia
is associated with tumor cancer promotion by altering morphology and functionality of
intestinal colon tissues [53], a limited release can be considered as a noteworthy result.

Pearson correlation coefficient analysis between EPS+BB and EPS-BB constituents
(sugars, dextran, MO, MIMO, organic acids, fiber, protein and acidity) and metabolites
(SCFAs and FAAs) in lumen samples showed different FAA metabolism correlation in the
PC and DC after 1 week of treatment (Supplementary Tables S3 and S4). After EPS+BB
treatment in PC, in situ dextran, sucrose and fat contained in bread showed a strong
positive correlation with most of the FAAs, while bread protein had moderate positive
correlation. Meanwhile in the DC, total carbohydrates, fibers, protein, bigger MIMO (DP6-
DP7), glucose, fructose and maltose had positive correlation with FAAs from luminal
samples. Gamma aminobutyric acid (GABA) showed a very strong positive correlation
(p < 0.01) with EPS+BB bread fiber and fructose content in the PC. Oligosaccharides with
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higher DP, such as malto-hexaose and malto-heptaose in this study, and others present in
BSG, like cellulose or hemicellulose, which are more resistant to human digestive enzymes,
have been found to favor the synthesis of SCFAs and peptides, promoting better health [10].

An increase in amount of GABA was observed after the digestion of EPS+BB and EPS-
BB BSG breads. GABA increase was also observed after feeding sourdough breads when
compared to normal wheat breads in a previous study [20]. Production and presence of the
inhibitory neurotransmitter GABA is considered beneficial, due to its physiological role
and capacity for modulating the gut–brain axis. The ability of gut microbiota to produce
neurotransmitters like GABA during the fermentation of oligosaccharides in a high fiber
diet was also previously observed [62–64].

Preference of colonic microbiota towards the carbohydrates was clearly different in
the PC and DC. Bigger MIMO (DP6 and DP7) and BSG fibers seemed more resistant to
microbial digestion and enzymes in the PC, thus they reached later part of colon i.e., the DC,
in which they were more actively fermented and evidently influencing the levels of fecal
FAAs. An earlier study discussed the preference of Bifidobacterium spp. towards shorter
oligos, up to DP3 (like raffinose), while Bacteroides spp. preferred oligos with DP > 4 [65].
Sanchez [66] have also reported the fermentation of polysaccharides with DP up to 15 in
the ascending and transverse colon, while 30% of total polysaccharides with DP higher
than 15 were utilized in the descending colon. This suggests that dextran (a branched
polymer) could also be utilized in a later part of colon. In this study, the enrichment of
wheat bread with plant fiber and protein contained in (EPS+ and EPS-) BSG showed a
positive influence on SCFA and FAA metabolism. The inclusion of plant fibers and proteins
has been shown to diversify the gut microbiome compared to calorie-rich diets high in fat
and animal protein, leading to potential beneficial effects on health [67].

5. Conclusions

Fermentation of BSG with W. confusa A16 enabled the synthesis of dextran and oligosac-
charides with positive repercussions on the technological and nutritional quality of wheat
bread. Overall, fermented BSG contained in breads induced a significant response from the
gut microbiota during in vitro trials, leading to high synthesis of SCFAs and FAAs. While
SCFA synthesis showed moderate differences during digestion of the two types of bread,
when dextran and MIMO were present, higher FAA bioaccessibility and lower production
of ammonia were observed. The supplementation of fermented BSG in the wheat bread
enriched the bread with fiber and proteins that showed a positive influence on gut health.
Tailored fermentation of BSG represents an effective strategy to increase the overall value
of this nutritious and underutilized by-product and facilitate its use as food ingredient.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8100487/s1, Supplementary Table S1: technological
parameters and texture analysis of BSG breads. WB: control wheat bread; BB: native BSG bread;
EPS-BB: EPS-fermented BSG breads; EPS+BB: EPS+ fermented BSG breads; Table S2: Gut microbiota
composition of selected donor at genus level; Table S3: Pearson correlation among bread EPS+BB
composition and SHIME metabolites in luminal samples after one week of treatment; Table S4:
Pearson correlation among bread EPS-BB composition and SHIME metabolites in luminal samples
after one week of treatment
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