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Abstract: The use of milling by-products as ingredients in food formulations has increased 

gradually over the past years, due to their well-recognized health properties. Fermentation 

performed with selected microbial strains or microbial consortia is the most promising way to 

reduce antinutritional factors of cereals and bran, while increasing their nutritional and functional 

properties. This work, developed within the BBI project INGREEN, was aimed to study the 

functional, nutritional and technological features of a pre-fermented ingredient obtained from the 

fermentation of a mixture of rye bran and wheat germ by a selected microbial consortium composed 

of yeasts (Kazachstania unispora and Kazachstania servazii) and lactic acid bacteria (Latilactobacillus 

curvatus) using as reference the unfermented mixture and the same mixture fermented by a baker’s 

yeast. The selected microbial consortium improved the complexity of the volatile molecules such as 

acids, alcohols and esters. A better retention of color parameters was maintained compared to the 

product fermented by a baker’s yeast. In addition, the fermentation by the selected consortium 

showed a significant increase in short chain fatty acids (more than 5-fold), antioxidant activity (22–

24%), total phenol content (53–71%), bioactive peptides (39–52%), a reduction of 20–28% in phytic 

acid content and an increase in prebiotic activity not only compared to the unfermented product 

but also compared to the preferment obtained with a baker’s yeast. Overall, the fermentation by the 

selected microbial consortium can be considered a valuable way to valorize milling by-products 

and promote their exploitation as food ingredients. 
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1. Introduction 

World cereal production stands at around 2.77 million tons/year [1] which makes 

cereals one of the main food sources for human consumption [2]. Among cereals, wheat, 

rice, corn, barley, rye, sorghum and oats are the most consumed ones [3]. During milling 

processing, several by-products are produced and classified based on particle size and 

endosperm content. Among them, bran and germ represent the most abundant ones [4]. 

Currently, cereal bran and germ are mainly used as a feed supplement, while the 

application in the food sector plays only a minor role [2,5,6]. Although the interest in using 

bran and germ in food formulation has increased gradually over the years, due to their 

widely recognized health properties [7,8], their current usage is too limited compared to 

their production rate (millions of metric tons a year), and it does not fully exploit their 

wide technological and functional potential [9]. For example, rye bran represents a 
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valuable by-product due to its composition (33.4% cellulose, 5.3% hemicellulose, 3.3% 

lignin, 18.6% starch, 17.0% protein and 2.5% lipids) [10]. In addition, rye bran contains 

high amounts of bioactive compounds, including ferulic acid, characterized by 

antioxidant, anti-inflammatory, and anticancer properties [11]. However, its application 

in the food sector is still limited due to the negative impact on the sensory properties 

(mainly appearance, taste and texture) of food, reducing consumer acceptance to a certain 

extent [2,12]. Additionally, wheat germ is reported to be an excellent source of vitamins, 

minerals, dietary fiber, proteins, and some functional micronutrients [13,14]. However, 

the presence of wheat germ adversely affects the quality of flour and bran products, 

mainly due to the oxidation of unsaturated fatty acids [2,15]. 

Literature data show that fermentation and enzymatic treatments of cereal bran may 

increase its functionality [8,16]. In fact, some technological and health promoting 

properties of bran can be increased by the activity of selected microorganisms or microbial 

consortia [2,17]. Fermentation performed by selected microbial strains and consortia is the 

most promising way to reduce the phytate content of cereals and bran, increasing their 

nutritional values [11]. Literature data indicate that fermentation with well-characterized 

microbial cultures, containing yeasts and lactic acid bacteria (LAB), represents a useful 

tool to improve the quality, processability and functionality of fermented cereal products 

or high fiber ingredients, such as sourdough bread, fermented wheat bran and whole-

meal flour [18]. For this reason, the interest in the selection of microbial consortia for the 

fermentation of milling by-products has greatly increased in recent years [2]. For example, 

a microbial consortium containing Levilactobacillus brevis and Kazachstania exigua increased 

the nutritional quality of fermented bran compared to native bran [4]. Fermentation of 

wheat bran with Levilactobacillus brevis and Candida humilis increased also the functionality 

of native bran due to the release of free amino acids and phenols [19]. Therefore, a 

sourdough-like fermentation could improve the nutritional and functional profile of rye 

bran and wheat germ, also compared to the use of baker’s yeast, usually applied in bakery 

processes [20,21]. 

In this context, the aim of this work was to study the functional, nutritional and 

technological features of a pre-fermented ingredient obtained from the fermentation of a 

mixture of rye bran and wheat germ by a selected microbial consortium composed of yeast 

and LABs. The new pre-fermented ingredient was compared with an unfermented milling 

by-product mixture and a mixture fermented by baker’s yeast (benchmark). In fact, 

sourdough-like fermentation could improve the nutritional and functional profile of 

cereal bran compared to the use of traditional baker’s yeast. This study allowed us to 

valorize a low value by-product into a high functional food ingredient potentially suitable 

for bakery application. 

2. Materials and Methods 

2.1. Raw Material: Wheat Germ and Rye Bran 

The wheat germ and rye bran were provided by Molini Pivetti S.p.A. (Ferrara, Italy) 

and Barilla G. e R. F.lli S.p.A. (Parma, Italy), respectively. Samples of wheat germ and rye 

bran were characterized for moisture, protein, ash, crude fat, soluble, insoluble, and total 

dietary fiber, as well as mineral content according to [22]. The fatty acid profiles and starch 

content were determined according to AOAC International [23] and AACC [24], 

respectively. Lipid fractions were analyzed by gas chromatograph combined with mass 

spectrometer according to AACC [24]. Phytate content was determined according to 

Buddrick et al. [25]. 

The chemical composition of the raw ingredients used in this work is summarized in 

Table 1. 
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Table 1. Chemical composition of wheat germ and rye bran used in this work. 

Component %  Wheat Germ Rye Bran 

Proteins % 28.9 13.8 

Humidity % 12.1 11.6 

Ashes % 3.9 2.5 

Soluble Fiber % 1.1 4.6 

Insoluble Fiber % 11.9 18.5 

Total fat % 7.5 2.9 

Starch % 23.6 45.0 

Phytic acid % 1.6 1.3 

2.2. Microbial Consortium 

A microbial consortium composed of one lactic acid bacterium (LAB) and two yeasts 

was used as starter for the fermentation of milling by-products. The strains were Latilacto-

bacillus curvatus LS1, Kazachstania unispora FM2 and Kazachstania servazii KAZ2. All the 

strains belong to the collection of the Department of Agricultural and Food Sciences of 

Bologna University and were isolated from spontaneously fermented wheat and rye bran. 

This consortium was selected after a preliminary functional and technological characteri-

zation and on the basis of its rapid growth both on wheat germ and rye bran, in the frame-

work of the EU project INGREEN. Both LAB and yeast strains were maintained as frozen 

stocks (−80 °C), respectively, on Maltose, Man, Rogosa and Sharpe (mMRS) medium (Ox-

oid, Italy) and on Yeast Extract–Peptone–Dextrose (YPD) medium (Oxoid, Italy), supple-

mented with 25% glycerol (w/v). The cultures were propagated three times with about 3% 

(v/v) inoculum in MRS for Latilactobacillus curvatus and YPD for Kazachstania spp. and in-

cubated at 25 °C for 24 h for LAB and 48 h for yeasts. 

2.3. Fermentation Process 

A milling by-product mixture was prepared in the amount of 1 kg using rye bran 

(70%) and wheat germ (30%) and placed in a commercial kneader (Major, Kenwood, It-

aly). The composition of the mixture was preliminarily chosen on the basis of the compo-

sitional characteristics of the by-products and the ability of the microbial consortium to 

have rapid fermentation kinetics and to remain stable over time. Tap water was added in 

proportion 2:1 to milling by-products. The three strains were previously propagated, as 

reported above, and then cultivated for 24 h at 25 °C in mMRS broth for Latilactobacillus 

curvatus and in YPD broth for Kazachstania unispora and Kazachstania servazii. The strains 

were than collected by centrifugation at 10,000 rpm, washed twice in saline solution (0.9% 

NaCl) and resuspended in the same solution before their use. The strains were inoculated 

in the hydrated milling by-product mixture in order to reach a cell load of about 6.5 log 

CFU/g for Latilactobacillus curvatus and 4.5 log CFU/g for the two yeast strains. 

After mixing the inoculated ingredients with a kneader, the mixture was transferred 

to a sanitized tank, and the fermentation process was conducted in a static way at 25 °C 

for 24 h. As a benchmark, the same milling by-product mixture, prepared as described 

above, was inoculated with a lyophilized commercial bakery yeast (Lievital, Lesaffre Ita-

lia, Parma, Italy) at an initial level of 7.0 log CFU/g. The lyophilized yeast culture was 

rehydrated prior to use by adding water at 30 °C for 15 min. Eventually, an unfermented 

milling by-product mixture was included in the sample set. Fermentation experiments 

were carried out in triplicate. 

Three different preferments were obtained: 

1. Milling by-product mixture fermented by the microbial consortium of yeasts and 

LAB (FM), 

2. Milling by-product mixture fermented by a commercial bakery yeast (benchmark) 

3. Unfermented milling by-product mixture (UF). 



Fermentation 2022, 8, 722 4 of 21 
 

 

2.4. Acidification Kinetics and Plate Count 

The kinetics of acidification were monitored by measuring the pH of the different 

preferments after 17, 20, 22 and 24 h of fermentation at 25 °C. At the beginning and at the 

end of fermentation, the cell loads of LAB and yeasts were determined by plate counting 

on selective agar media: m-MRS + 0.02% cycloheximide for the enumeration of LAB, and 

YPD + 0.02% chloramphenicol for the enumeration of yeasts. In addition, at the end of 

fermentation, total titratable acidity (TTA) was determined according to Rizzello et al. 

[14]. 

2.5. Nutritional Profile 

The preferments were characterized for energy, fats, saturated fatty acids, carbohy-

drates, sugars, dietary fiber, proteins, and salt according to the Reg UE 1169/2011 

25/10/2011 GU CE L304 22/11/2011. In particular, the energy content was evaluated ac-

cording to da Rocha et al. [26]. The fat content was measured by a Soxhlet extraction 

method according to AOAC official methods 920.39 [27], and saturated fatty acids were 

analyzed according to dos Santos Oliveira et al. [28]. The carbohydrate content (%) was 

calculated by subtracting the contents of ash, fat, fiber and protein from 100% dry matter, 

according to Costantini et al. [29]. Sugar content was evaluated according to Luchese et 

al. [30], while dietary fiber was evaluated according to AACCI Approved Method 32–

07.01, as reported by Khalid et al. [22]. Protein content was determined by the Kjeldahl 

method, using N × 5.7 as conversion factor. Acetic acid assay kit and Lactic acid assay kit 

(Megazyme, Ayr, UK) were used for the quantification of acetic acid and lactic acid, re-

spectively. The fermentation quotient (QF) was determined as the molar ratio between 

lactic and acetic acids. 

2.6. Color Analysis 

Color was assessed by a Minolta® CR-400 colorimeter (Milan, Italy), previously cali-

brated using a standard white ceramic tile, in standardized illuminant (C) and observation 

angle (0 with respect to an area of 8 mm in diameter) conditions. The CIELAB system was 

utilized, and the parameters of lightness (L*), redness (a*) and yellowness (b*) were used 

to objectively define color [31]. 

2.7. Volatile Molecule Profiles and Short-Chain Fatty Acids 

The volatile molecule profiles and short-chain fatty acids (SCFA) were detected using 

a GC-MS coupled with a solid-phase microextraction technique (SPME), according to 

Burns et al. [32] with some modifications reported by Rossi et al. [33]. 

2.8. Fatty Acid Profiles 

The lipid fractions of the different preferments were extracted according to the 

method reported by Boselli et al. [34] with some modifications described in Rossi et al. 

[33]. The fatty acid composition was determined as fatty acid methyl esters (FAMEs) using 

GC-MS. Methyl tridecanoate (Sigma, Milan, Italy) (13:0, 0.02 mg/mL) was used as internal 

standard, and Supelco FAME MIX 37 (Sigma) was used as external reference. The total 

fatty acid methyl ester profiles analyses were carried out according to Rossi et al. [30]. 

2.9. Peptide and Phytate Content 

The peptide content was determined on the purified fractions obtained from prefer-

ment samples. Specifically, 1 g of sample was diluted in 4 mL of Tris-HCl (pH 8.8) 50 mm, 

stored at 4 °C for 1 h vortexing every 15 min, and centrifuged at 20,000 g for 20 min. The 

supernatant containing albumins and globulins was used to determine the peptide con-

centration by the o-phtaldialdehyde (OPA) method according to Coda et al. [35]. As a 

reference, a standard curve prepared with tryptone (0.1 to 1.5 mg/mL) was used. Phytate 
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content was analyzed according to the AOAC 986.11/88 methodology [36] with a confi-

dence interval calculated at a probability level of about 95%. 

2.10. Antioxidant Activity and Phenol Content 

To determine total polyphenols and antioxidant activity, 5 g of sample was previ-

ously added with 50 mL of 80% methanol. After 30 min, the mixture was centrifuged at 

6000 rpm for 20 min. The evaluation of antioxidant activity was performed on the samples 

using different methodologies. The 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay 

was used according to Rizzello et al. [37]. For the calculation of the μmol DPPH radical 

scavenged by the extracts, the absorbance value measured after 10 min was read at 517 

nm. A blank reagent was used to verify the stability of DPPH radical dot during the test 

time. The kinetics of the antioxidant reaction were also determined over 30 min and com-

pared with Trolox as an antioxidant reference. The 2,2′-azino-bis (3-ethylbenzothiazoline-

6-sulfonic acid (ABTS) assay was used as reported by Miller and Rice-Evans [38]. The 

ABTS antioxidant reaction mixture contained 3.0 mL of ethanolic ABTS with an absorb-

ance between 0.68 a 0.72 at 734 nm, and 30 μL of extract sample or 30 μL of ethanol/water 

(1:1 v/v) for the control. The absorbance at 734 nm was measured every 30 s for 6 min, and 

the Trolox equivalent was calculated using a standard curve prepared with Trolox. Trip-

licate determination was performed. 

The analysis of total polyphenols was carried out according to the Folin–Ciocalteu 

methodology as reported by Slinkard and Singleton [39]. The mixture absorbance was 

read at 750 nm, and the concentration of total phenols was expressed as gallic acid equiv-

alent. 

2.11. Prebiotic Activity 

The prebiotic activity of the samples was evaluated towards several bacterial strains 

(Lactiplantibacillus plantarum ATCC 8014, Lacticaseibacillus rhamnosus ATCC 7469, Lactoba-

cillus acidophilus ATCC 4356, Limosilactobacillus fermentum ATCC 9338, Bifidobacterium breve 

DSM 20091). Bifidobacterium angulatum DSM 20098 and Bifidobacterium longum DSM 20219 

were purchased from Medical-Supply Co. Ltd. (Ireland), while Escherichia coli ECOR 1 

(ATCC 35320) was purchased in freeze-dried form from ATCC-LGC Standards (UK). The 

prebiotic index (PI) scores of the various strains were calculated using the following for-

mula: 
��������� �����

=  
(24 h increase in OD of probiote on prebiotic) − (24 h increase in OD in control MRS)(24 h increase in OD of probiote on glucose) − (24 h increase in OD in control MRS) 

(24 h increase in OD of �. ���� on feed) − (24 h increase in OD in control LBA)(24 h increase in OD of �. ���� on glucose) − (24 h increase in OD in control MRS)
 

The formula determined the ratio of growth of Lactobacilli or Bifidobacteria using 

commercial prebiotics (FOS, GOS and inulin—Merck, Darmstadt, Germany) and prefer-

ments in relation to the growth of the non-probiotic E. coli. With the modified formula, 

glucose yielded a score of 1.00, and the growth of probiotic and enteric strains on known 

prebiotics or preferments was compared to growth on glucose. Negative or low PI scores 

were obtained for those strains that grew less on prebiotics or biomass than on glucose 

or/and exhibited less growth on the prebiotics than the enteric strains [40]. 

The ability of preferments to sustain the growth of Bifidobacterium spp. (Bifidobacte-

rium breve DSM 20456, Bifidobacterium bifidum DSM 20213, Bifidobacterium longum DSM 

20219 and Bifidobacterium adolescentis DSM 20083) was also evaluated through viable cell 

count. In particular, 50 mg of FM, benchmark or UF sample were dispersed in 10 mL of 

simulated intestinal fluid (SIF: 0.1% w/v pancreatin, 0.15% w/v Oxgall bile salt, pH 7) [41], 

and Bifidobacteria, previously grown in MRS, were inoculated at a final concentration of 

106 CFU/mL. Bifidobacteria inoculated in SIF only served as control growth. Counts of 

viable Bifidobacteria on MRS agar plates were carried out at the inoculation time and after 

3 h, 6 h and 24 h of incubation at 37 °C. Plates were then incubated at 37 °C in anaerobic 

jars containing GasPak EZ (Beckton, Dickinson and Co., Milan, Italy) for 24 h. 
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2.12. Antimicrobial Activity against Gastrointestinal Pathogens 

The antibacterial activity of preferments was evaluated towards three gastrointesti-

nal pathogens, namely Escherichia coli ECET, Salmonella choleraesuis serovar typhimurium 

and Yersinia enterocolitica, belonging to Department of Pharmacy and Biotechnology of 

University of Bologna. The preferments (FM, benchmark and UF) were incubated in SIF 

(5 mg/mL) for 24 h at 37 °C. Subsequently, the samples were centrifuged (5000× g for 20 

min) in order to harvest the supernatants containing the digested and soluble parts of the 

preferments, which were used for microbial testing. 

The pathogens were cultured in nutrient broth (Difco, Detroit, MI, United States) for 

24 h. One hundred microliters (100 μL) of cell suspensions in growth medium (2 × 105 

CFU/mL) were then incubated inside 96-multi-well plates together with 100 μL of di-

gested samples at 37 °C under anaerobic conditions. Wells inoculated with 100 μL of cell 

suspension in culture medium and 100 μL of SIF were used as growth control. Blanks, 

consisting of SIF and culture medium, were also included. 

The growth was evaluated after 24 h of incubation by reading the absorbance at 600 

nm (EnSpire Multimode Plate Reader, PerkinElmer Inc., Waltham, MA, USA), and the 

impact of preferments on microbial growth was expressed in percentage with respect to 

growth control (100%). 

2.13. In Vitro Digestion, Cell Culture and Viability Assay 

Tested samples were artificially digested to mimic the natural processes occurring in 

the human digestive system. Simulated salivary fluid (SSF), simulated gastric fluid (SGF) 

and simulated intestinal fluid (SIF) were prepared according to the publication of 

Minekus et al. [42]. Oral digestion was achieved by first mixing weighed amounts of the 

products with simulated salivary fluid, then adding calcium chloride and distilled water 

to produce a liquid sample. Gastric digestion was achieved by adding a set volume of 

gastric fluid to the liquid sample, followed by porcine pepsin and calcium chloride and 

then bringing the pH to 3 with hydrochloric acid. More distilled water was added, and 

the samples were placed in a shaking incubator at 37 °C for 2 h. Intestinal digestion was 

performed by adding simulated intestinal fluid, pancreatin, freshly made bile and calcium 

chloride. The pH was increased to pH 7 with sodium hydroxide. The samples were thor-

oughly mixed and incubated at 37 °C for 2 h in the shaking incubator. The samples were 

then heated to 60 °C for 20 min to inactivate the enzymes. The samples were centrifuged 

at 4000 rpm for 5 min. The pH was checked to ensure that it was pH 7. The supernatants 

were removed, filter-sterilized and stored at −20 °C in the freezer for further analysis. 

The human epithelial cell line Caco-2 was purchased from European Collection of 

Cell Culture (ECACC, Salisbury, UK). Cells were maintained in Dulbecco’s modified Ea-

gle’s medium (DMEM; Gibco™, Thermofisher, Waltham, MA, USA) supplemented with 

10% fetal bovine serum, 1% non-essential amino acids solution, 100 U/mL penicillin, 100 

μg/mL streptomycin and 1% GlutaMAX™ solution (Gibco™). Cells were incubated at 37 

°C under 5% CO2 atmosphere. Medium was changed every 2 days, and cells passed at 

60% confluence. 

The influence of tested samples on Caco-2 viability was determined using Presto-

Blue™ Cell Viability Reagent (Thermofisher, Waltham, MA, USA). Caco-2 cells were 

seeded at a density of 10,000 cells per well in 96-well plates in 100 μL of complete culture 

media. Cells were allowed to adhere overnight. After 24 h, the cell culture medium was 

carefully removed and replaced with culture medium supplemented with tested samples. 

Medium only was used to treat control cells. After 24 h of incubation, PrestoBlue™ Cell 

Viability Reagent was added to each well of the 96-well plate to the final concentration of 

10%. Plates were incubated in the dark for 2 h at 37 °C. Fluorescence was read using a 560 

nm excitation/590 nm emission filter set (10 nm bandwidth) with a Thermo Scientific™ 

Varioskan™ LUX spectrophotometer. Fluorescence data in wells containing cells were 

corrected for background fluorescence using cell-free media control replicates. 
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2.14. Statistical Analysis 

The results are expressed as the mean of three different samples from three repeated 

experiments on different days. The data were statistically analyzed using the one-way 

ANOVA procedure of Statistica 6.1 (StatSoft Italy srl, Vigonza, Italy). The differences be-

tween mean values were detected by the HSD Tukey test, and evaluations were based on 

a significance level of p ≤ 0.05. 

3. Results and Discussion 

3.1. Fermentation Kinetics and Microbial Characteristics 

In this work, a milling by-product mixture composed of rye bran (70%) and wheat 

germ (30%) was fermented (FM) by a microbial consortium composed of LAB (Latilacto-

bacillus curvatus LS1) and yeasts (Kazachstania unispora FM2 and Kazachstania servazii 

KAZ2) in order to evaluate the effect of fermentation on the final nutritional, technological 

and functional characteristics in comparison to an unfermented mixture (UF) and a mix-

ture fermented by commercial baker’s yeast (benchmark). The composition of the milling 

by-products mixture and the microbial consortium were based on preliminary tests, car-

ried out in the framework of the European project “INGREEN”, in which it was observed 

that this specific microbial consortium was particularly suitable for fermenting rye bran 

in a short time and with optimal technological characteristics (fermentation kinetics, sta-

bility to backslopping, optimal LAB:yeast ratio, and sensorial features). 

The fermentation of the rye bran and wheat germ mixture, with only Saccharomyces 

cerevisiae (benchmark) or with the selected microbial consortium (FM), was protracted for 

24 h at 25 °C. Table 2 lists the pH and acidity at the end of fermentation, and the cell load 

of LAB and yeasts prior to and after fermentation. 

Table 2. pH, titratable acidity, LAB and yeast cell load (pre- and post-fermentation) of the different 

samples after 24 h of fermentation. For the same parameter, average values lacking a common letter 

(a–c) significantly differ from each other. 

   Pre-Fermentation Post-Fermentation 
  Acidity LAB Yeasts LAB Yeasts 

Sample pH meqNaOH log CFU/g log CFU/g log CFU/g log CFU/g 

FM 1 3.88 ± 0.16 a 21.10 ± 0.40 a 6.54 ± 0.21 4.67 ± 0.18 a 9.46 ± 0.19 a 7.38 ± 0.18 a 

Benchmark 2 5.69 ± 0.13 b 9.40 ± 0.30 b <1.0 6.89 ± 0.22 b 2.11 ± 0.11 b 8.21 ± 0.21 b 

UF 3 6.43 ± 0.12 c 6.10 ± 0.10 c <1.0 <1.0 - - 
1 FM: Fermentation by microbial consortia composed of LAB and yeasts. 2 Benchmark: fermentation 

by a benchmark bakery yeast. 3 UF: unfermented milling by-product mixture. 

The UF samples showed a pH of 6.43 and a titratable acidity of 6.10 meqNaOH. As 

expected, the fermentative process by the microbial consortium of yeasts and LAB led to 

a higher acidification of the preferment that reached a pH of 3.88 and titratable acidity of 

21.2 meqNaOH after 24 h. Conversely, the fermentation by a bakery yeast resulted in a 

less acidic preferment. Lactic acid bacteria and yeasts were not detected in the UF sample. 

The benchmark sample had a starting yeast load of 6.89 log CFU/g; after 24 h of fermen-

tation, yeasts reached 8.21 log CFU/g while LABs were present at the end of fermentation 

at a level of 2.11 log CFU/g. The FM samples showed an initial load of LABs and yeasts of 

6.54 and 4.67 log CFU/g, respectively. At the end of fermentation, the detected loads of 

LABs and yeasts were 9.46 and 7.38 log CFU/g, respectively. Only the member strains in 

the microbial consortium used were detected in the FM preferment at the end of the fer-

mentation process. Spontaneous fermentation was also carried out, and after 24 h of incu-

bation, there was no significant acidification of the sample, while yeast and LAB were 

present at levels below 3.0 log CFU/g (data not shown). 

It is evident that the ratio between yeast and LAB in FM samples at the end of fer-

mentation was about 1:100, which is considered the required ratio for stable wheat sour-

dough [43–45]. The pH below 4.0 reached in FM samples strongly affected the protein 
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solubilization, proteolysis process and protein interactions [43]. Acidification and prote-

olysis during sourdough fermentation typically result in an increase in amino acids, flavor 

precursors, and a change in dough rheology and texture [46]. 

3.2. Nutritional Profile and Fatty Acid Composition 

The chemical composition of the preferments (FM and benchmark) and the unfer-

mented milling by-product mixture is reported in Table 3. 

Table 3. Fat, saturated fatty acids, starch, insoluble fiber, soluble fiber, proteins, salt, lactic acid and 

acetic acid expressed as g/100 g of dry matter (DM), of the preferment FM compared with the bench-

mark and the UF sample. For the same parameter, average values lacking a common letter (a,b) sig-

nificantly differ from each other. 

 FM 1 Benchmark 2 UF 3 

Fat g/100 g 4.0 ± 0.5 a 3.0 ± 0.4 a 3.5 ± 0.3 a 

Saturated fatty acids g/100 g 1.2 ± 0.2 a 0.9 ± 0.2 a 0.9 ± 0.2 a 

starch g/100 g 9.1 ± 0.4 b 9.3 ± 0.5 b 10.5 ± 0.7 a 

Sugars g/100 g 0.3 ± 0.1 a 0.3 ± 0.1 a 2.8 ± 0.3 b 

Insoluble fiber g/100 g 38.8 ± 1.2 a 41.3 ± 1.6 a 40.5 ± 1.3 a 

Soluble fiber g/100 g 9.3 ± 0.4 a 8.5 ± 0.5 ab 8.3 ± 0.3 b 

Protein g/100 g 16.6 ± 0.4 a 15.7 ± 0.5 ab 15.3 ± 0.4 b 

Lactic acid g/100 g 1.011 0.02 - 

Acetic acid g/100 g 0.104 0.06 0.02 
1 FM: Fermentation by microbial consortia composed of LAB and yeasts. 2 Benchmark: fermentation 

by a benchmark bakery yeast. 3 UF: unfermented milling by-product mixture. 

No significant differences among samples were observed in terms of total and satu-

rated fat content and total and insoluble fiber. However, the fermentation performed by 

the microbial consortium of LAB and yeasts led to a significant increase in soluble fiber 

compared to the UF samples but not compared to the benchmark. These data are in agree-

ment with findings reported by Manini et al. [47] that showed a 30% increase in soluble 

fiber in wheat bran fermented by backslopping propagation with a stable microbiota of 

LAB and yeasts. A similar result was also obtained by fermenting wheat bran with a se-

lected consortium containing Lactobacillus bulgaricus, Streptococcus thermophilus and a com-

mercial baker’s yeast [48]. An increase in fiber solubility was also observed in spontane-

ously fermented wheat germ and in wheat germ fermented by selected microbial consor-

tia containing LAB and yeasts combined or not with hydrolytic enzyme treatments [4,47]. 

The increase in soluble fiber is very interesting from a nutritional point of view. In fact, 

the health benefits associated with soluble fiber are several, including longer digestive 

processes, increased satiety, a positive influence on postprandial glycemic response and 

reduction of total and LDL cholesterol [49]. 

Additionally, a significant reduction in starch was observed in FM and benchmark 

samples, which showed a starch content of 9.1 and 9.3 g/100 g DM, respectively, compared 

to the UF sample (10.5 g/100 g DM). As expected, the fermentation by the microbial con-

sortium or by commercial bakery yeast reduced the sugar content to 0.3 g/100 g, compared 

to the native bran mixture that showed 2.8 g/100 g. These data are in agreement with find-

ings reported by other authors that showed a reduction in starch content and sugars, such 

as raffinose and sucrose, after fermentation of wheat bran and germ, due to microbial 

metabolism [15,47]. 

As expected, the preferment obtained by the fermentation of the selected consortia 

of LAB and yeasts showed a significant increase in lactic acid and acetic acid, to 1.011 and 

0.104 g/100 g, respectively, compared to the benchmark and UF. The fermentation quo-

tient (FQ) of the FM samples was 6.5. On the other hand, the presence of Latilactobacillus 

curvatus in FM samples determined a fast acidification of the matrix due to the rapid 
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conversion of fermentable carbohydrates into mainly lactic acid, but also other organic 

acids such as acetic acid, formic acid, and ethanol. 

Although the amount of fat present was not significantly different as a result of the 

fermentation process, the fatty acid (FA) profiles of the different samples were determined 

and are reported in Table 4. 

Table 4. Fatty acid profiles expressed as relative percentages, of each considered preferment (FM 

and benchmark) and unfermented milling by-product mixture (UF). For the same parameter, aver-

age values lacking a common letter (a,b) significantly differ from each other. 

 FA Relative Percentage   

 C14:0 C15:0 C16:1 C16:0 C18:2 n-6 C18:1 Δ9 C18:3 n-3 C18:0 CL * UL† 

UF 1 0.4 a 0.3 a 0.4 a 37.7 b 42.2 a 15.1 a 2.1 a 1.8 a 1722 1.06 

Benchmark 2 0.6 a 0.3 a 0.3 a 35.5 b 42.0 a 16.9 a 2.2 a 2.2 a 1725 1.08 

FM 3 0.7 a 0.1 a 0.8 b 30.5 a 40.1 a 22.6 b 2.8 b 2.4 a 1732 1.11 
1 FM: Fermentation by microbial consortia composed of LAB and yeasts. 2 Benchmark: fermentation 

by a benchmark bakery yeast. 3 UF: unfermented milling by-product mixture. The fatty acid relative 

percentages were calculated with respect to the total fatty acid methyl esters. The results are means 

of three repetitions of three independent experiments. The coefficients of variability, expressed in 

percentages as ratios between the standard deviations and the mean values, ranged between 2% 

and 5%. * Mean chain length calculated as (FAP * C) (where FAP is the percentage of fatty acid and 

C the number of carbon atoms). † Unsaturation level calculated as [percentage monoenes + 2(per-

centage dienes) + 3(percentage trienes)]/100. 

Palmitic and linoleic acids were found to be the main fatty acids detected in all the 

samples, followed by oleic, linolenic and stearic acid. When compared to the benchmark 

and UF sample, the relative percentages of oleic and palmitoleic acid increased in FM, 

while the relative percentage of palmitic acid decreased. Therefore, fermentation by the 

selected microbial consortium (FM) led to an increase in the unsaturation level (UL) of the 

fatty acids compared to the benchmark and the UF. Other authors reported an increase in 

lipid content and a modification of fatty acid profiles in wheat and maize bran subjected 

to a sourdough-like fermentation [47,50]. The presence of unsaturated FA such as linoleic, 

linolenic and oleic acid in the pre-fermented ingredients, associated with a reduced con-

tent of total FA, has great industrial importance since it is associated with a nutritional, 

functional and health promoting effect [14]. In addition, the interest in the presence of 

unsaturated FA is not only related to nutritional aspects, but also to the fact that they are 

precursors of aromatic and antimicrobial compounds (i.e., furanones) [51]. 

3.3. Color Analysis 

Figure 1 presents the appearance of the UF, FM and benchmark samples, while Table 

5 lists the indexes of lightness (L*), redness (a*) and yellowness (b*). 

 

Figure 1. Appearance of unfermented rye bran and wheat germ mixture (UF) and of the preferment 

obtained by the fermentation of the selected microbial consortia (FM) and the benchmark after 24 h 

of fermentation. 
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Table 5. Average lightness (L*), redness (a*) and yellowness (b*) values prior to fermentation (UF) 

and at the end of fermentation by the selected microbial consortia of LAB and yeasts (FM) and by a 

benchmark bakery yeast (benchmark). Data represent means ± SD. For the same parameter, average 

values lacking a common letter (a–c) significantly differ from each other. 

 L* a* b* 

UF 55.32 ± 1.07 b 0.85 ± 0.20 a 12.45 ± 0.56 c 

Benchmark 52.63 ± 1.11 c 2.62 ± 0.26 c 8.77 ± 0.52 a 

FM 63.15 ± 0.92 a 1.68 ± 0.40 b 10.66 ± 0.39 b 

As can be seen from Figure 1 and Table 5, the preferments were characterized by a 

very different appearance, and consequently of colorimetric indices. The fermentation by 

the selected microbial consortia of LAB and yeasts led to a significant increase in the L* 

index compared to the UF sample. In contrast, the benchmark showed rapid browning, as 

demonstrated by the significant reduction in the L* value compared to the other samples. 

In addition, a significant increase in the a* index and decrease in the b* index were ob-

served in the FM and benchmark samples compared to the UF sample. On the other hand, 

fermentation by commercial bakery yeast does not slow down the activity of browning 

related enzymes, while the lower pH achieved with the selected consortium is responsible 

for the reduction of enzymatic activity [2]. The color of a preferment, developed for appli-

cations in the bakery sector, represents an important parameter both for its acceptability 

and the impact on the final product. For these reasons, it is very important to prevent 

browning processes. Fermentation by selected microbial consortia, composed of LAB and 

yeasts, is from this point of view optimal, as it can increase the presence of antioxidant 

substances, such as ferulic acid, that can prevent color changes [2,11]. 

3.4. Volatile Molecule Profiles 

Specific profiles in terms of volatile molecules were detected based on the prefer-

ments considered (Table 6). A total of 26, 50 and 45 volatile molecules were identified in 

the aromatic profiles of the UF, FM and benchmark samples, respectively. The fermenta-

tion process led to a qualitative and quantitative increase in the aromatic molecules pre-

sent in the samples, in particular acids, alcohols, and esters. However, the type of micro-

bial consortium used strongly influenced the aromatic profile. In fact, the use of only Sac-

charomyces cerevisiae (benchmark) led to a particularly higher amount of alcohols (ethanol 

40.3 ppm) and esters (ethyl acetate 18.9 ppm). The fermentation by the selected microbial 

consortium of LAB and yeasts also led to an increase in alcohols and esters, but to a lesser 

extent than the benchmark. On the contrary, the FM samples showed an increase in acids, 

such as acetic acid, and short-chain fatty acids. In general, the fermentation process led to 

an improvement in the aromatic profile of the preferments due to the positive odor per-

ception of the identified molecules. The greater acidic note of the FM preferment was 

linked to the presence of Latilactobacillus curvatus in the consortium used and was related 

to the measured lower pH and higher TTA. Other authors reported a higher increase in 

acetic acid and hexanoic acid in rye bran fermented only by Latilactobacillus curvatus [52]. 

Fermentation by a bakery yeast resulted in a higher amount of volatile molecules, but the 

volatile profiles obtained with a consortium of yeasts and LAB showed a wider spectrum 

of compounds. The synthesis of volatile molecules in yeasts mainly involves the conver-

sion of pyruvate to diacetyl, the formation of esters and the Ehrlich pathway with the 

conversion of amino acids to volatile compounds; however, the formation of aromatic 

compounds by the Ehrlich pathway can be enhanced by sourdough fermentation due to 

the release of the precursor amino acids for the higher proteolysis level [53,54]. On the 

other hand, it is widely reported that the spectrum and amounts of volatile compounds 

are higher in sourdoughs fermented with yeasts and lactobacilli compared to baker’s 

yeast, proving that different microbiota affect the final food volatile profile [53,55]. Addi-

tionally, in LAB, the synthesis of volatile molecule compounds is strictly dependent on 
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the species, but in sourdough fermentation, it is well demonstrated that heterofermenta-

tive and homofermentative LAB, including Latilactobacillus curvatus, contribute to a higher 

and wider spectrum of volatile molecules with respect to the use of baker’s yeast [20]. 

Table 6. Volatile compounds, expressed as ppm, detected through GC-MS-SPME in preferments 

FM, benchmark, and the mixture of unfermented milling by-products (UF). The coefficients of var-

iability, expressed as the percentage ratios between the standard deviations and the mean values, 

ranged between 2% and 5%. 

  UF FM Benchmark 
 Odor Perception a ppm 

Pentanal Fruity - 0.03 0.02 

Hexanal Green, Fruity 0.73 2.24 3.10 

Heptanal Green, Herbal - 0.23 0.54 

2-Hexenal Fruity, Green 0.06 1.23 0.87 

2-Nonenal, (E)- Fatty, Green 0.05 0.18 0.83 

Acetaldehyde 
Ethereal, Pungent, 

Fruity 
0.24 1.18 1.01 

Benzaldehyde Fruity, Sharp - 0.20 0.19 

Total Aldehydes  1.08 5.29 6.56 

2,3-Butanedione 
Buttery, Creamy, 

Pungent 
- 0.13 0.15 

3-Pentanone Ethereal - 0.44 - 

Methyl Isobutyl Ketone 
Green, Sharp, 

Herbal 
0.34 0.16 0.31 

2-Hexanone, 4-methyl- 
Fruity, Fungal, 

Meaty 
0.08 0.11 0.20 

3-Penten-2-one, 4-methyl- Vegetable, Pungent 0.40 0.58 0.42 

4-Heptanone, 2,6-dimethyl- Green, Fruity 0.13 0.22 0.35 

2-Butanone, 3-hydroxy- 
Buttery, Sweet, 

Creamy 
- 1.23 0.28 

Total Ketones  0.96 2.85 1.71 

Ethyl Alcohol Alcoholic, Ethereal 0.35 26.71 40.33 

1-Propanol 
Alcoholic, Fer-

mented 
- 0.20 0.19 

1-Penten-3-ol Green, Ethereal - 0.21 0.18 

2-Hexanol Winey, Fruity 0.21 0.29 0.18 

1-Pentanol 
Fermented, Bal-

samic 
0.61 0.76 0.21 

2-Penten-1-ol, (E)- Green 0.13 0.38 0.17 

1-Hexanol Herbal, Hethereal 1.29 8.38 4.12 

1-Octen-3-ol Earthy, Mushroom 0.19 0.49 0.09 

Heptanol Green, Musty - 0.79 2.89 

1-Hexanol, 2-ethyl- Citrus, Floral 0.06 0.19 0.10 

1-Octanol Waxy, Green 0.06 0.53 0.47 

2-Furanmethanol Bready, Alcoholic - 0.06 0.10 

Benzyl Alcohol Floral, Balsamic - 0.59 0.67 

1-Butanol, 3-methyl Fruity, Sweet - 1.62 2.88 

3-Nonen-1-ol, (Z)- Waxy, Green - 0.15 3.18 

Phenylethyl Alcohol Floral 0.08 0.36 - 

Total Alcohols  2.96 41.70 55.67 

Acetic Acid Acidic, Sharp 0.15 7.96 1.85 
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Butanoic Acid Cheesy, Sharp - 0.12 - 

Butanoic Acid, 3-methyl- Sweet, Mentholic - 0.36 - 

Pentanoic Acid Cheesy, Acidic - 0.43 - 

Hexanoic Acid Fatty, Sour 0.08 3.60 0.35 

Heptanoic Acid 
Cheesy, Rancid, 

Sour 
- 0.11 - 

Octanoic Acid Fatty, Waxy, Rancid - 0.18 - 

Total Acids  0.23 9.76 2.20 

Ethyl Acetate 
Ethereal, Fruity, 

Sweet 
- 8.45 18.90 

Pentanoic Acid, Ethyl Ester Fruity, Sweet - 0.41 1.35 

Hexanoic Acid, Ethyl Ester Fruity - 1.21 5.21 

Heptanoic Acid, Ethyl Ester Fruity 0.05 0.05 0.73 

Octanoic Acid, Ethyl Ester 
Waxy, Fruity, 

Winey 
0.11 - 0.29 

Nonanoic Acid, Ethyl Ester Waxy, Fruity - - 0.51 

Butanoic Acid, Ethyl Ester Fruity, Juicy - - 0.27 

1-Butanol, 3-methyl-, Acetate Fruity, Sweet - 0.15 - 

1-Butanol, 3-methyl-, Formate Green, Fruity - 4.19 6.87 

Total Esters  0.16 14.46 34.13 

Butylated Hydroxytoluene 
Phenolic, Campho-

reous 
1.13 1.05 1.05 

Cyclohexene, 1,6,6-trimethyl- Citrus, Herbal 1.59 1.53 1.19 

Cyclohexene, 3-methyl- Citrus - 0.07 0.11 

Hexadecane - 0.08 0.02 0.08 

Furan, 2-pentyl- Fruity, Green - 0.02 0.07 

Benzenamine - 1.69 0.78 0.99 

Total Other Compounds  5.25 4.25 4.18 
  10.63 81.32 104.45 

a Based on data reported in the literature and information found at: http://www.thegoodscentscom-

pany.com/index.html (accessed on 11 November 2022). 

3.5. Functionality 

Several functional parameters including bioactive peptides, total SCFA, total phe-

nols, antioxidant activity (DPPH and ABTS) and phytic acid content of the mixture of rye 

bran and wheat germ fermented by a yeast/LAB consortium or bakery yeast were assessed 

and compared with the unfermented mixture (Table 7). As shown in Table 7, The fermen-

tation of the milling by-product mixture by the LAB/yeast consortium led to a significant 

increase in the SCFA content compared to both the unfermented mixture and those fer-

mented with a benchmark baker’s yeast. In fact, the SCFAs detected were 12.64 mg/kg, 

2.21 mg/kg and 0.23 mg/kg, respectively, in FM, benchmark and UF sample. The greater 

content of SCFAs in FM can be attributed to the presence of Latilactibacillus curvatus. In 

fact, the production of SCFAs in fermented bran and sourdough is related to the metabolic 

activity of LAB [56]. Lactobacilli can produce SCFAs by the fermentation of carbohydrate 

end-products such as pyruvate, which is generated during the glycolytic pathway and 

also by the phosphoketolase route in heterofermenting conditions [57,58]. The detected 

SCFAs in the FM sample were acetic acid, propanoic acid, butanoic acid, pentanoic acid, 

hexanoic acid and octanoic acid. However, the dominant SCFAs were acetic acid and hex-

anoic acid. The beneficial properties of SCFAs are widely reported; they are easily ab-

sorbed by the host and have beneficial effects on intestinal function as well as systemic 

roles in insulin secretion, lipid metabolism, and inflammation, among others [59]. In ad-

dition, the contribution of SCFAs to the flavor of bread crumb is also reported [60]. 
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Table 7. Bioactive peptides, total SCFA, phenols, antioxidant activity (ABTS and DPPH) and phytic 

acid content in UF, benchmark and FM. Data represent means ± SD. For the same parameter, aver-

age values lacking a common letter (a–c) significantly differ from each other. 

 FM 1 Benchmark 2 UF 3 

Bioactive peptides (mg/g) 5.41 ± 0.17 b 3.88 ± 0.34 a 3.55 ± 0.28 a 

Total SCFA (mg/kg) 12.64 ± 0.89 c 2.21 ± 0.50 b 0.23 ± 0.09 a 

Total phenols (Gallic acid mg eq/kg DM) 451 ± 22 b 295 ± 16 a 263 ± 16 a 

ABTS (TROLOX mg/kg DM) 432 ± 24 b 355 ± 16 a 349 ± 26 a 

DPPH (TROLOX mg/kg DM) 229 ± 14 b 199 ± 9 a 196 ± 15 a 

Phytic acid (g/100 g DM) 0.76 ± 0.06 b 0.95 ± 0.04 a 1.05 ± 0.05 a 
1 FM: Fermentation by microbial consortia composed of LAB and yeasts. 2 Benchmark: fermentation 

by a benchmark bakery yeast. 3 UF: unfermented milling by-product mixture. 

The peptide content was found to be dependent on the sample considered. In any 

case, the fermentation by the yeasts and LAB consortium led to a significant increase in 

bioactive peptides (5.41 mg/g) compared to the concentration found in the samples fer-

mented with a baker’s yeast (3.88 mg/g) and the unfermented milling by-product mixture 

(3.55 mg/g). The functional importance of bioactive peptides is widely demonstrated, and 

activities such as mineral binding, immunomodulatory, antimicrobial, antioxidative, an-

tithrombotic, hypocholesterolemic and antihypertensive, are attributed to them [35]. The 

increase in bioactive peptides observed in the FM samples can be attributed to the activi-

ties of the LABs present in the microbial consortia used. In fact, the release of various 

bioactive peptides (e.g., angiotensin I-converting enzyme (ACE)-inhibitory peptides) 

from proteins through proteolysis by LABs in various food systems is well documented 

[43,61,62]. 

The preferment FM showed a significant increase in total phenol content compared 

to the UF and benchmark. The increase in total phenols with respect to the UF and bench-

mark was found to be 70% and 50%, respectively. On the other hand, it is widely reported 

that sourdough fermentation increases the levels of extractable phenolic compounds [63]. 

These increases are mainly dependent on the breakdown of the cell wall of cereal and 

brans, followed by enzymatic activities that result in the release of bounded phenolic com-

pounds [64]. This is particularly important in cereal bran, which is very rich in phenolic 

compounds that generally are present in esterified form linked to the cell wall matrix and 

consequently not easily available [64,65]. Fermentation can be considered an optimal ap-

proach to release the insoluble bounded phenolic acids. In particular, it is well docu-

mented that fermentation with LABs or consortia of yeasts and LABs, combined or not 

with enzymatic treatments, has a positive effect on the bioavailability of polyphenols in 

fermented wheat bran, wheat germ, rice bran and rye bran [2,18,64]. 

The increase in phenolic compounds in FM samples resulted in higher antioxidant 

activity, detected with ABTS and DPPH assay, compared to the UF and benchmark sam-

ples. Fermentation of the rye bran and wheat germ mixture by a benchmark baker’s yeast 

did not lead to a significant increase in antioxidant activity compared to the unfermented 

mixture. On the contrary, the fermentation by the consortium showed an increase in anti-

oxidant activity ranging between 17 and 24%, depending on the method used, compared 

to the unfermented milling by-product mixture. These data are in agreement with Rizzello 

et al. [14], who reported an increase in antioxidant activity due to phenolics and bioactive 

peptides in wheat germ fermented by Lb. plantarum and Lb. rossiae. An increased content 

of free and soluble antioxidant compounds after fermentation of wheat bran with a Lb. 

rhamnosus strain was also observed by Spaggiari et al. [66]. 

On the other hand, during sourdough fermentation, LABs increased the amount of 

extractable phenolic compounds and antioxidant peptides [44]. Several lactobacilli can re-

inforce their inherent cellular antioxidant defense through the secretion of antioxidant en-

zymes such as superoxide dismutase. In addition, LABs promote the synthesis of 
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glutathione, the main non-enzymatic antioxidant and free-radical scavenger, and exopol-

ysaccharides that are other biomolecules synthesized by LABs and also share antioxidant 

activity [67]. 

The FM samples also showed a significantly lower content of phytic acid compared 

to the UF and benchmark samples. In fact, the FM samples showed a reduction in phytate 

concentration of about 28% and 20% compared to the UF and benchmark, respectively. 

Other than bioactive compounds, cereal bran usually contains anti-nutritional molecules 

such as phytic acid that reduces the bioavailability of important minerals such as Ca2+, 

Mg2+, Fe2+, and Zn2+ and amino acids. Therefore, the degradation of these compounds is 

fundamental in order to improve the functional and nutritional characteristics of cereal 

bran [66]. The results obtained in this work are in agreement with data in the literature 

that showed a decrease in phytic acid content in wheat bran and wheat germ fermented 

by LABs [14,48,66]. The hydrolysis of phytic acid is generally carried out by microbial and 

endogenous phytase that hydrolyzes phytic acid to a non-metal chelator compound [14]. 

Lactic acid bacteria are a source of phytase, and the pH reached during fermentation by 

LABs is more suitable to activate flour endogenous phytases [5]. 

3.6. Prebiotic Activity 

The prebiotic activity of the samples was assessed in both aerobic and anaerobic fer-

mentation models. The prebiotic index (PI) scores determined are reported in Table 8. 

Both the FM and UF samples showed a positive value of PI, which means all probiotic 

bacteria grew more than enteric strains (E. coli). The scores of Lactobacillae strains were 

noted to be higher than that of Bifidobacteria. Prebiotic indices obtained for Limosilactoba-

cillus fermentum ATCC 9338 grown in UF, FM and FOS were significantly higher than val-

ues determined for the other six strains considered. The strains Lactobacillus acidophilus 

ATCC 4356, Limosilactobacillus fermentum ATCC 9338 and Bifidobacterium angulatum DSM 

20098 demonstrated a significantly higher prebiotic index (PI) score for the fermented 

mixture (FM) in comparison with the unfermented one (UF). Data in the literature indicate 

that fermented cereal brans may exert prebiotic activity due to production of exopolysac-

charides by LABs and in response to the presence of oligosaccharides resulting from hy-

drolysis of arabinoxylans present in brans [68]. 

Table 8. The prebiotic indices of pre-fermented ingredients in UF and FM and commercial prebiotic 

products, FOS and inulin. For the same bacterial strains, average values lacking a common letter (a–

d) significantly differ from each other. 

Bacterial Strains UF 1 FM 2 FOS INULIN 

L. plantarum ATCC 8014 2.73 a 2.78 a 1.17 b 0.95 c 

L. rhamnosus ATCC 7469 2.80 a 2.75 a 1.03 b 0.28 c 

L. acidophilus ATCC 4356 2.08 b 2.65 a 0.97 c 0.23 d 

L. fermentum ATCC 9338 5.60 b 7.86 a 1.95 c 1.13 c 

B. angulatum DSM 20098 1.61 b 2.66 a 0.46 c 2.16 ab 

B. breve DSM 20091 1.96 b 0.82 c 1.59 bc 5.70 a 

B. longum DSM 20219 3.10 a 2.15 b 0.79 d 1.27 c 

1 UF: unfermented milling by-product mixture. 2 FM: fermentation by microbial consortia composed 

of LAB and yeasts. 

The ability of pre-fermented ingredients (FM and benchmark), as well as UF one, to 

support the growth of Bifidobacterium spp. highly present in the gut microbiota (B. breve, 

B. bifidum, B. longum and B. adolescentis) was also confirmed through viable counts in sim-

ulated intestinal fluid (Figure 2). The viability of bifidobacteria incubated in SIF without 

preferments or UF strongly decreased over time and was completely abolished after 6 h 

(B. bifidum DSM 2013 and B. longum DMS 20219) or 24 h (B. breve DSM 20456 and B. ado-

lescentis DSM 20083). On the contrary, bifidobacteria were able to grow in the presence of 
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the unfermented and fermented mixtures, reaching at least 7.5 log CFU/mL after 24 h of 

incubation. In particular, after 3 h of incubation, the viable count of Bifidobacterium spp. 

was always lower in the presence of benchmark, while the viability in the presence of FM 

was equal (B. breve DMS 20456) or slightly lower than that observed in the presence of the 

UF mixture. On the contrary, after 6 h and 24 h of incubation, the highest growth was 

observed in the presence of the FM mixture for all bifidobacteria tested, reaching 8.31–

8.96 log CFU/mL. These results underlined that bifidobacteria were able not only to sur-

vive, but also to grow in the presence of FM as substrate, confirming the prebiotic activity 

previously observed. 

 

Figure 2. Viability over time of Bifidobacterium spp. in SIF only or in the presence of FM, benchmark 

and UF (mean ± SD, n =3). 

3.7. Antimicrobial Activity against Gastrointestinal Pathogens 

The impact of preferments and UF on relevant gastrointestinal pathogens (E. coli 

ECET, S. choleraesuis and Y. enterocolitica) was also sought in order to exclude undesired 

stimulating effects. Results are reported in Figure 3, as growth percentages compared to 

the growth of pathogens in the absence of mixtures (control). The UF mixture significantly 

stimulated the growth of S. choleraesuis and Y. enterocolitica, by ~10–18%. Y. enterocolitica 

was also slightly stimulated by the benchmark (by ~9%, p < 0.05). Noticeably, the FM mix-

ture strongly reduced the growth of gastrointestinal pathogens, with inhibition percent-

ages against E. coli ECET, S. choleraesuis and Y. enterocolitica of 60.5, 48.8 and 43.9%, respec-

tively. This behavior can be due to the lower pH and the presence of metabolites in the 

FM mixture that can exert antibacterial activities, such as bioactive peptides, SCFA and 

phenols [69–71]. 
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Figure 3. Effects of FM, benchmark and UF on the growth of E. coli ECET, S. choleraesuis and Y. 

enterocolitica (mean ± SD, n =3). * p < 0.05. 

3.8. Caco-2 Viability Assay 

Caco-2 cells were treated with tested samples for 24 h, and the viability of the cells 

was measured using a fluorescent dye, PrestoBlue™. The results of the performed cyto-

toxicity experiment are displayed in Figure 4. 

 

Figure 4. Effect of tested samples on Caco-2 cell proliferation. Cells were treated with different con-

centrations of tested samples for 24 h, and proliferation was assessed using PrestoBlue™ Cell Via-

bility Reagent. The data are presented as the mean ± SEM. Statistical significance in comparison to 

the negative control (untreated cells) was assessed using one-way ANOVA followed by Dunnett’s 

multiple comparison test; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 

The results show that three of the highest concentrations of the unfermented milling 

by-product and the four highest concentrations of sample after fermentation significantly 

reduced Caco-2 proliferation. All other concentrations of tested samples showed no cyto-

toxic effect against the analyzed cell model. Moreover, a significant increase in cell prolif-

eration was observed for these doses of tested samples. The best results were obtained for 

2.88 mg/mL UF and 3.90 mg/mL FM–Caco-2 viability was 204.77% and 203.93%, respec-

tively. The Caco-2 cellular model is commonly used to investigate potential toxic effects 

of food or food metabolites in the intestinal mucosa [72]. The effect of pre-fermented ce-

reals on growth of the Caco-2 cell line was assessed by Bruininx et al. [73]. The results of 

a tetrazolium-based colorimetric assay indicated that after 19 days of cell incubation with 

1%, 5% and 10% of fermented cereal supernatant, the cytotoxic effect of tested samples 

was not observed. In the study by Galli et al. [74], 23 LAB strains were selected and used 

for wheat flour inoculation. The obtained sourdough extracts did not negatively affect the 

viability of human intestinal cells, Caco-2. Yang et al. [75] analyzed the cytotoxicity of 

Lactobacillus rhamnosus and Bifidobacterium animalis ssp. Lactis-fermented seaweed extract 

using an MTT assay in the Caco-2 cell line. No significant decrease in cell viability was 



Fermentation 2022, 8, 722 17 of 21 
 

 

observed. Moreover, one of the tested fermented extracts significantly increased Caco-2 

viability when used at a concentration of 400 μg/mL. 

4. Conclusions 

The data obtained showed the excellent potential of the microbial consortium con-

taining Lb. curvatus, K. servazzii and K. unispora to improve the functional and technologi-

cal properties of fermented wheat germ and rye bran. First, they showed rapid fermenta-

tion kinetics on the by-products used, reaching optimal pH of 3.9 and acidity values of 

21.1 meqNaOH within 24 h, with all of the consequences that this aspect has from an in-

dustrial point of view. Second, this consortium improved the complexity of the volatile 

molecules obtained after fermentation, mainly acetic acid and hexanoic acid. Moreover, 

fermentation by the selected yeasts and LAB determined an increase in SCFA (by more 

than 5-fold), antioxidant activity (22–24%), total phenol content (53–71%), bioactive pep-

tides (39–52%), a reduction in phytic acid content of 20–28%, and an increase in prebiotic 

activity not only compared to the unfermented product but also compared to the prefer-

ment obtained with a baker’s yeast. FM samples also showed a strong inhibition against 

gastrointestinal pathogens, ranging between 44 and 61% depending on the pathogen, and 

at a certain concentration, a stimulation of Caco-2 cell viability by more than 200%. This 

outcome confirms that a sourdough-like fermentation with a selected consortium of LAB 

and yeasts can provide superior technological and functional features to the final product. 

The characteristics of the obtained pre-fermented ingredient indicate that it is potentially 

suitable for application in the bakery sector, even if other sectors of application, such as 

the nutraceutical one, can be explored. However, further studies are required to define 

the optimal ratio to be used and the effects that this ingredient may provide in the final 

product. 
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