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This study investigated the metabolic traits of 27 lactic acid bacteria (LAB) strains
belonging to different species, previously isolated from faba bean. The activities
assayed, related to technological and nutritional improvement of fermented faba bean,
included peptidases, β-glucosidase, phytase, as well as exopolysaccharides synthesis
and antimicrobial properties. In addition, the bacteria performance as starter cultures
during faba bean fermentation on proteolysis, antioxidant potential, and degradation
of condensed tannins were assessed. Fermentative profiling showed that only 7 out
of 27 strains were able to metabolize D-raffinose, particularly Leuc. mesenteroides
I01 and I57. All strains of Pediococcus pentosaceus exerted high PepN activity and
exhibited β-glucosidase activity higher than the median value of 0.015 U, while phytase
activity was largely distributed among the different strains. All the weissellas, and in
lower amount leuconostocs, showed ability to produce EPS from sucrose. None of
the strains showed antimicrobial activity toward Staphylococcus aureus, while eight
strains of P. pentosaceus exhibited a strong inhibitory activity toward Escherichia coli
and Listeria monocytogenes. Generally, the doughs fermented with pediococci exhibited
high amount of total free amino acids, antioxidant activity, and condensed tannins
degradation. These results allowed the identification of LAB biotypes as potential starter
cultures for faba bean bioprocessing, aiming at the enhancement of faba bean use in
novel food applications.

Keywords: faba bean, lactic acid bacteria, starter culture, legumes, sourdough, antinutritional factors,
fermentation

INTRODUCTION

In the last years, several studies (Randhir and Shetty, 2004; Multari et al., 2015) have been focusing
on the technological and nutritional properties of faba bean (Vicia faba L.). Due to its nutritional
quality and widespread use, this legume is considered one of the best candidates to substitute
soybean and meat proteins in the diet, contributing to mitigate the environmental burden of

Abbreviations: ANFs, antinutritional factors; EPS, exopolysaccharide; LAB, lactic acid bacteria; ME, methanol extracts;
PepA, glutamyl aminopeptidase; PepN, general aminopeptidase; PepO, endopeptidase; pNA, p-nitroanilide; RFOs, raffinose
family oligosaccharides; RSM, reconstituted skimmed milk; TFAA, total free amino acids; WSE, water/salt-soluble extracts.
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intensive animal farming (Multari et al., 2015; Bohrer, 2017). One
of the most interesting traits of faba bean is the high protein
content, up to 35%, characterized by a balanced amino acids
profile, especially rich in lysine. The high content of dietary fibers,
vitamins, minerals, carotenoids and bioactive constituents, such
as antioxidants and chemopreventive factors, further contribute
to increase the nutritional quality of this legume (Randhir and
Shetty, 2004).

Additionally, faba bean cultivation is beneficial to the
agroecosystem in general, contributing to diversify crop rotation
and enhancing the ecosystem diversity and overall sustainability
(Köpke and Nemecek, 2010). Due to all these positive attributes,
several efforts have been done to promote cultivation and to
extend faba bean use for human and animal diet, besides
its traditional consumption (Multari et al., 2015). One of the
hindrances to a broader use of this legume is constituted
by the presence of some so-called “ANFs,” including RFOs,
protease inhibitors, phytic acid, condensed tannins, vicine, and
convicine (Vilariño et al., 2009; Ray and Georges, 2010). These
ANFs exert unfavorable effects on human and animal digestion,
and sometimes cause pathologic conditions (Gupta, 1987). For
instance, RFOs induce gastrointestinal disorders and protease
inhibitors interfere with the digestion of proteins (Baucells
et al., 2000). When phytate and condensed tannins content
is high, they could form insoluble complexes with proteins
and minerals and result in low bioavailability of minerals,
proteins, and carbohydrates (Barry and McNabb, 1999). Vicine
and convicine are mostly unique ANFs existing in faba bean
and are toxic to individuals carrying a genetic deficiency of
glucose-6-phosphate dehydrogenase (G6PD) in red blood cells,
leading to the hemolytic disease called favism (Crépon et al.,
2010).

Different strategies have been used to decrease the content
of ANFs in faba beans and legumes, ranging from crop
genetic improvement to processing (for review see Multari
et al., 2015). Bioprocessing and fermentation are successful
strategies to decrease the content of ANFs in faba bean while
at the same time enhancing its nutritional properties, opening
new application scenarios for the food industry (Coda et al.,
2015, 2017b; Chandra-Hioe et al., 2016; Rizzello et al., 2016b,
2017a; Adebiyi et al., 2017). In our recent study, faba bean
flour fermentation carried out through traditional backslopping
method revealed the main LAB consortia and their positive
influence on the nutritional quality of sourdough (Coda et al.,
2017a). LAB isolated from faba bean mainly belonged to the
genera Pediococcus, Leuconostoc, and Weissella while lower
abundance of Lactobacillus and Enterococcus spp. was observed.
In this study, 27 of these LAB strains previously isolated during
backslopping were characterized for their technological and
functional properties. At this moment, fermentation is not largely
applied to legumes in food production. Moreover, in spite of
the increasing novel food applications explored in the recent
literature involving legumes and faba bean fermentation, there
are few information on properly selected starter cultures or on
their presumptive functional traits for faba bean fermentation.
The design of novel food products and processes has most
often involved the use of starters isolated from the matrix

to be processed, potentially showing the best adaptive and
competitive properties (Corbo et al., 2017), with the aim of
achieving specific desired attributes (Di Cagno et al., 2013;
Coda et al., 2014; Rizzello et al., 2016a). Among these, biogenic
(e.g., antioxidant, antimicrobial) and probiotic activities, as well
as the capacity to decrease the content of ANFs have been
extensively exploited in food fermentation (Gobbetti et al.,
2010).

The aim of this research was to establish the main metabolic
traits and the enzymatic activities of different LAB strains,
related to potential functional applications of fermented faba
bean for further selection and use as starters in the food
industry.

MATERIALS AND METHODS

Microorganisms
Twenty-seven LAB strains previously isolated from Italian and
Finnish faba bean sourdoughs were employed in this study (Coda
et al., 2017a). All the strains, including Enterococcus spp. F09;
Enterococcus casseliflavus F05; Lactobacillus sakei F71, F1410;
Lactococcus lactis F55; Leuconostoc mesenteroides I01, I21, I57,
I211; Pediococcus spp. I56; Pediococcus pentosaceus F01, F15,
F77, F213, I02, I014, I76, I147, I214; Weissella cibaria F16,
F110; and Weissella koreensis F111, F113, I06, I19, I148, I149
were previously identified genotypically through sequencing of
the 16S rDNA gene (Coda et al., 2017a) and propagated in
MRS broth (Thermo Fisher Scientific Oxoid Ltd., Basingstoke,
Hampshire, United Kingdom). When characterized or used
for the inoculum of doughs, the LAB strains were cultivated
into MRS at 30◦C for 24 h and the cells were harvested by
centrifugation (10,000 × g, 10 min, 4◦C), washed twice in
50 mmol/l sterile potassium phosphate buffer (pH 7.0), and
re-suspended in tap water at the cell density of ca. 9.0 log cfu/ml.
Aliquots of cell suspension were stored at −20◦C before the
enzymatic assays.

Fermentative Profiling by Biolog System
The carbon-source utilization profiles of the LAB strains
were determined by Biolog System (Biolog, Inc., Hayward,
CA, United States) using 95 different carbon sources. Before
being used for inoculating Biolog AN plates (Biolog Inc.,
Hayward, CA, United States), strains were grown twice on
MRS broth for 24 h, and the cells harvested by centrifugation
(8,000 × g for 10 min) and washed twice in sterile phosphate
buffer 50 mmol/l pH 7.0. Then, cells were re-suspended
into sterile physiological solution. Each well of the Biolog
AN plates was inoculated with 100 µl bacterial suspensions
adjusted to 65% transmittance as recommended by the
manufacturer. Positive reactions were automatically recorded
using a microplate reader with a 590-nm wavelength filter
after 24 h of incubation at 30◦C. Three separate experiments
were carried out. Similarities between the fermentation
profiles were investigated through permutation analysis,
using PermutMatrixEN software (Caraux and Pinloche,
2005).
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Peptidase Activities
Peptidase activities were measured in the cell suspension (ca.
9.0 log cfu/ml) using different synthetic pNA substrates, as
previously proposed by Gobbetti et al. (1999): Leucine-pNA
(Leu-pNA, Sigma, as substrate for PepN, PepN EC 3.4.11.1),
glutamyl-pNA (Sigma, as substrate for PepA, EC 3.4.11.7), and
NCBZ-Gly-Gly-Leu-pNA (Sigma, as substrate for PepO, EC:
3.4.24.-). A reaction mixture containing 20 µl of 20 mmol/l
substrate, 80 µl of 50 mmol/l Tris–HCl buffer, pH 7.5, and
100 µl of cell suspension was incubated at 30◦C from 2 to
23 h, according to the time needed for the pNA release from
the different substrates, preliminarily determined. The reaction
was stopped by adding 500 µl of 10% acetic acid, the mixture
was centrifuged at 10,000 × g for 10 min, and the absorbance
of the supernatant, containing the released pNA, was measured
at 410 nm. The analyses were performed in duplicates following
the modified method of Herreros et al. (2003). One Unit (U)
of peptidase activity was defined as the amount of peptidase
required to produce 1 nmol of p-nitroaniline from substrate
per 1 (PepN) or 10 (PepA and PepO) min under the assay
conditions.

β-Glucosidase Activity
β-Glucosidase activity (EC: 3.2.1.21) was measured by the
release of p-nitrophenol from the substrate p-nitrophenyl-β-D-
glucopyranoside (pNPG; Sigma), using a modification of the
method of Di Cagno et al. (2010). The assay mixture consisted
of 900 µl of 2.5 mmol/l pNPG in 0.5 M potassium phosphate
buffer, pH 7.5, and 100 µl of cell suspension (ca. 9.0 log cfu/ml).
After incubation at 40◦C for 2 h, the reaction was stopped by
heating at 95◦C for 5 min. The liberated p-nitrophenol was
determined spectrophotometrically at 410 nm. The activity of
β-glucosidase was represented by the concentration of released
p-nitrophenol, using calibration curve for p-nitrophenol (Sigma).
The β-glucosidase activity was analyzed in triplicate.

Phytase Activity
Phytase activity (EC: 3.1.3.8) was determined by a modified
method previously proposed by De Angelis et al. (2003), based on
the determination of the inorganic orthophosphate released from
the phytic acid by phytases. The assay mixture contained 150 µl
of cell suspensions and 600 µl of substrate, 3 mmol/l Na-phytate
(Sigma) in 0.2 M Na-acetate (Merck Millipore, Finland), pH 4.0.
The mixture was incubated at 45◦C for 2 h and the reaction
was stopped by the addition of 750 µl of 5 % trichloroacetic
acid (Merck Millipore). Color reagent was prepared daily,
mixing four volumes of 1.5% (w/v) ammonium molybdate (J.T.
Baker, Netherlands) in 5.5% sulfuric acid (Merck Millipore) and
1 volume of 2.7 (w/v) ferrous sulfate (Merck Millipore). Seven
hundred and fifty microliters of color reagent was added and
the released inorganic orthophosphate was determined according
to the absorbance at 700 nm by spectrophotometer. Phytase
activity was determined in duplicates and 1 U of enzyme activity
was defined as the amount of phytase that released 1 nmol of
phosphate from sodium phytate per minute under the assay
conditions (Songré-Ouattara et al., 2008).

Exopolysaccharide (EPS) Synthesis
To investigate the synthesis of EPS, the 27 LAB strains were
inoculated on MRS agar (Lab M) supplemented with 2% sucrose
(Korakli et al., 2001; Katina et al., 2009). EPS synthesis was
observed through the examination of slimy colonies on the plate
after 48 h of incubation at 30◦C. The synthesis of EPS was
assessed visually and expressed with a scale −, no production;
+, poor production; ++, moderate production; and +++,
abundant production.

Antimicrobial Activity
The 27 strains were tested for inhibition of potential
gastrointestinal pathogens by well diffusion assay using cell
culture supernatants as described by Schillinger and Lucke
(1989). S. aureus DSM20231, L. monocytogenes ATCC19115, and
Escherichia coli DSM30083, belonging to the Culture Collection
of the Department of Soil, Plants and Food Science, University of
Bari were used to characterize antibacterial activity. The assays
were carried out using different soft agar media (5 ml) overlaid
on 15 ml of agar-H2O (2%, wt/vol). In detail, LB (Thermo
Fisher Scientific Oxoid Ltd.) was used for E. coli DSM30083,
while M17 and BHI (Thermo Fisher Scientific Oxoid Ltd.) were,
respectively, used for S. aureus DSM20231 and L. monocytogenes
ATCC19115. Indicator strains were inoculated at 104 CFU/ml.
Wells 5 mm in diameter were cut into the agar plates and 50 µl
of cell-free supernatant of the LAB cultures were placed in each
well. Before the assay, the pH of the supernatants was corrected
to pH 7.0 with NaOH 2 N. Plates were stored at 4◦C for 4 h to
allow radial diffusion of the antimicrobial substance, incubated
at 37◦C for 24 h and subsequently examined for zones of
inhibition. Fifty microliters of sterile water and chloramphenicol
(final concentration 0.1 g/l) were used as negative and positive
control, respectively. All the experiments were carried out in
triplicate.

Fermentation of Faba Bean Flour:
Proteolysis, Antioxidant Activity, and
Degradation of Phytic Acid, Raffinose,
and Condensed Tannins
The proximal composition of the faba bean flour used in this
study was: moisture, 9.45 ± 0.07%; protein, 24.11 ± 0.19%
of dry matter (d.m.); fat, 1.43 ± 0.01% of d.m.; total
carbohydrates, 58.51 ± 0.68% of d.m. (starch, 44.83 ± 0.16%
of d.m.; dietary fibers, 9.90 ± 0.36% of d.m.); and ash,
3.52 ± 0.05% of d.m. Each bacteria strain was used to
ferment faba bean (Vicia faba minor, harvest year 2014)
doughs (flour and tap water at a ratio 60:40). Before and
after incubation, microbiological analysis was carried out:
LAB were counted on MRS agar (Thermo Fisher Scientific
Oxoid Ltd., Basingstoke, Hampshire, United Kingdom),
supplemented with 0.01% of cycloheximide (Sigma Chemical
Co., United States) at 30◦C for 48 h, under anaerobiosis;
yeasts were cultivated on Malt Agar (Oxoid) supplemented
with 0.01% chloramphenicol at 25◦C for 48 h, and
Enterobacteriaceae were cultivated on VRBGA (Oxoid) at
37◦C for 48 h.
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At the end of the fermentation, carried out at 30◦C for 24 h,
the pH value of fermented doughs was determined by a pH
meter (Model 507; Crison, Milan, Italy) with a food penetration
probe. Two not inoculated faba bean doughs were produced in
the same conditions as above described and used as controls,
before (Ct0) and after incubation at 30◦C for 24 h (Ctinc) WSE
of fermented doughs were prepared according to Weiss et al.
(1993) and used to determine proteolysis products, peptides, and
amino acids. Peptide profiles were investigated by reversed-phase
fast protein liquid chromatography (RF-FPLC), using a Resource
RPC column and ÄKTA FPLC equipment, with a UV detector
operating at 214 nm (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). A sample loop of 100 µl was used. The peptides total
peak area was determined with the software UNICORN 4.0 (GE
Healthcare Life Sciences). A calibration curve was obtained using
triptone (Oxoid) in the range 0.1–10 mg/ml. Free amino acids
were analyzed by a Biochrom 30 series Amino Acid Analyzer as
described by Rizzello et al. (2010).

The analysis of antioxidant activity was carried out on the
methanolic extracts (ME) of the fermented faba bean flour
doughs. Five grams of each sample were mixed with 50 ml
of 80% methanol to get ME. The mixture was purged with
nitrogen stream for 30 min, under stirring condition, and
centrifuged at 4,600 × g for 20 min. ME were transferred into
test tubes, purged with nitrogen stream, and stored at ca. 4◦C
before analysis. In particular, the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging activity was determined as previously
described by Rizzello et al. (2010). When the antioxidant
activity was determined on the WSE, the scavenging activity
on DPPH-free radical was measured according to the method
of Shimada et al. (1992) with some modifications (Rizzello
et al., 2010). The scavenging activity of both ME and WSE was
expressed as follows: DPPH scavenging activity (%) = [(blank
absorbance – sample absorbance)/blank absorbance] × 100.
The value of absorbance was compared with 75 ppm butylated
hydroxytoluene (BHT), which was used as the antioxidant
reference.

Phytic acid and raffinose concentrations were measured using
Megazyme kit K-PHYT 05/07 and Raffinose/D-Galactose Assay
Kit K-RAFGA (Megazyme International Ireland Limited, Bray,
Ireland), respectively, following the manufacturer’s instructions.

The analysis of condensed tannin content was determined
on fermented faba bean flour doughs prepared as described in
Coda et al. (2015) through the vanillin assay of Price et al.
(1978), using catechin as equivalents to standardize the reaction.
The calibration curve was made using catechin (Sigma) and
the content of condensed tannins was presented as catechin
equivalents (cat.).

Statistical Analysis
All data of biochemical analyses were obtained at least in
duplicates and each replicate was analyzed twice. Data were
subject to one-way ANOVA, using the IBM SPSS Statistics 26
(IBM Corporation, New York City, NY, United States) software.
Data resulting from the faba bean LAB characterization were
analyzed through permutation analysis using PermutMatrixEN
software (Caraux and Pinloche, 2005).

FIGURE 1 | Raffinose consumption by the faba bean LAB as determined by
the Biolog system. LAB were previously cultivated on MRS broth (MRS) until
the stationary phase of growth (30◦C for 24 h) was reached. Data are the
means of three independent analyses. Error bars indicating the standard
deviation are represented. a−dValues with different superscript letters differ
significantly (P < 0.05).

RESULTS

Fermentative Profiling
The profile of fermentation was determined using 95
carbon sources according to Biolog system. Overall, all the
strains were able to metabolize α-D-glucose, D-fructose,
D-cellobiose, mannose, maltose, maltotriose, dextrin, N-acetyl-
D-glucosamine, D- and L-lactic acid, and its methyl esters.
In particular, P. pentosaceus I02, I147, I014, I76, I56; Leuc.
mesenteroides I01; and W. koreensis I19 showed the most
intense carbohydrates consumption. P. pentosaceus F15
metabolized the lowest number of carbon sources, while W.
koreensis I19 the highest, followed by P. pentosaceus I02.
Only 7 out of 27 strains metabolized D-raffinose and Leuc.
mesenteroides I01 and I57 showed the highest raffinose use
(Figure 1).

Peptidase Activities
The activity of PepN, PepA, and PepO was observed after
2, 6, and 23 h, respectively, at 30◦C, using Leu-pNA, Glu-
pNA, and NCBZ-Gly-Gly-Leu-pNA as chromogenic substrates.
Among these, PepN activity was found at the highest values.
As showed in Table 1, PepN activity ranged from 0 to
2.472 U. In particular, P. pentosaceus F77 showed the highest
activity, with a value of 2.472 ± 0.067 U. All strains of
P. pentosaceus exerted high PepN activity and exceeded the
median value of 0.987 U, with the exception of P. pentosaceus I147
(0.549 U).

On the contrary, PepA and PepO activities were found at a
lower level for all the isolates, compared to PepN activity. After
6 h incubation, 20 strains from different species showed PepA
activity varying from 0 to 0.250± 0.030 U and only P. pentosaceus
F09 had an activity of 1.650 ± 0.120 U (Table 1). The values of
PepO activity ranged from 0 to 0.090 ± 0.006 U after overnight
incubation (Table 1).
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β-Glucosidase and Phytase Activity
The β-glucosidase activity ranged between 0.005 ± 0.001 and
0.040 ± 0.002 U (Figure 2A). All the strains belonging to
the genus Pediococcus (P. pentosaceus I02, I147, I014, I214,
I76, F15, F77, F01, F213 and Pediococcus spp. I56) and
W. koreensis I149 exhibited β-glucosidase activity higher than
the median value (0.015 U). In particular, P. pentosaceus I02,
I56, F01, and F213 showed the highest activity (0.028 ± 0.002,
0.025 ± 0.002, 0.025 ± 0.001, and 0.024 ± 0.001 U,
respectively).

Despite the differences, phytase activity was largely distributed
among the different strains (Figure 2B) and ranged from 0 to
0.958 ± 0.013 U (median value of 0.288 U). In particular, Leuc.
mesenteroides I01 and P. pentosaceus I214 showed the highest
activity (0.912 ± 0.013 and 0.958 ± 0.150 U, respectively). Only
six strains (Lc. lactis F55, Enterococcus spp. F09, Lb. sakei F71,
W. koreensis F113, W. cibaria F16, and E. casseliflavus F05) were
found to have no activity or activity lower than 0.108 ± 0.017 U
toward Na-phytate.

EPS Synthesis
Under the study conditions, 12 out of LAB strains showed the
ability to produce EPS (Table 1). Specifically, all the strains
belonging to the W. koreensis and W. cibaria species had a notable
ability to produce EPS after 48 h incubation at 30◦C. Strains of
Leuc. mesenteroides (I01, I57, I211, I21) were also able to produce
EPS, but in lower amount. No production was observed for the
strains belonging to Pediococcus spp., Lb. sakei, Enterococcus spp.,
and Lc. lactis.

Antimicrobial Activity
The ability of the LAB strains to inhibit potential gastrointestinal
pathogens was investigated by agar-well diffusion assays,
using the supernatant of the 24 h-cell cultures. Overall,
L. monocytogenes ATCC19115 was inhibited by almost all
the strains tested, with the exception of W. koreensis I148,
I149, Leuc. mesenteroides I211, Enterococcus spp. F09, and
Lb. sakei F71 (Table 2). The strongest inhibitory activity was
observed for P. pentosaceus I014, I56, I147, I214, F77, F213,

TABLE 1 | Peptidase activities and exopolysaccharide (EPS) synthesis of the faba bean lactic acid bacteria.

Strain Enzymatic activity EPS

PepN (UA) PepA (UB) PepO (UB) SynthesisC

median 0.765 ± 0.013 0.050 ± 0.004 0.010 ± 0.000

P. pentosaceus I02 2.273 ± 0.016 0.190 ± 0.020 0.020 ± 0.009 −

I147 0.549 ± 0.007 0.250 ± 0.012 0.010 ± 0.000 −

I014 1.977 ± 0.009 0.100 ± 0.060 0.000 ± 0.000 −

I214 2.208 ± 0.019 0.090 ± 0.011 0.000 ± 0.000 −

I76 1.904 ± 0.002 0.090 ± 0.021 0.000 ± 0.000 −

F15 2.005 ± 0.074 0.230 ± 0.015 0.040 ± 0.013 −

F77 2.472 ± 0.067 0.040 ± 0.018 0.030 ± 0.010 −

F01 1.804 ± 0.032 0.250 ± 0.030 0.010 ± 0.000 −

F213 1.693 ± 0.008 0.110 ± 0.038 0.010 ± 0.000 −

Pediococcus spp. I56 2.033 ± 0.045 0.030 ± 0.022 0.000 ± 0.000 −

W. koreensis I06 0.000 ± 0.008 0.000 ± 0.000 0.020 ± 0.001 +++

I19 0.015 ± 0.001 0.000 ± 0.000 0.010 ± 0.000 ++

I148 0.005 ± 0.002 0.010 ± 0.008 0.020 ± 0.008 ++

I149 1.059 ± 0.044 0.190 ± 0.016 0.020 ± 0.009 +++

F111 0.012 ± 0.000 0.010 ± 0.001 0.020 ± 0.007 +++

F113 0.006 ± 0.001 0.000 ± 0.000 0.020 ± 0.000 +

W. cibaria F110 0.000 ± 0.010 0.000 ± 0.000 0.060 ± 0.014 +++

F16 0.011 ± 0.002 0.050 ± 0.004 0.030 ± 0.000 +

Leuc. mesenteroides I01 0.781 ± 0.006 0.050 ± 0.004 0.000 ± 0.000 +

I21 0.571 ± 0.006 0.070 ± 0.008 0.010 ± 0.000 +

I57 0.166 ± 0.006 0.001 ± 0.001 0.000 ± 0.001 +

I211 0.765 ± 0.013 0.050 ± 0.004 0.010 ± 0.000 +

Lb. sakei F1410 1.143 ± 0.000 0.000 ± 0.000 0.010 ± 0.000 −

F71 1.103 ± 0.013 0.020 ± 0.001 0.090 ± 0.006 −

Enterococcus spp. F09 0.004 ± 0.001 1.650 ± 0.120 0.010 ± 0.000 −

E. casseliflavus F05 0.000 ± 0.003 0.200 ± 0.020 0.030 ± 0.002 −

Lc. Lactis F55 0.118 ± 0.006 0.160 ± 0.010 0.020 ± 0.003 −

PepN, general aminopeptidase; PepA, glutamyl aminopeptidase; PepO, endopeptidase. AOne Unit (U) of peptidase activity was defined as the amount of peptidase
required to produce 1 nmol of p-nitroaniline per minute under the assay conditions. BOne Unit of peptidase activity was defined as the amount of peptidase required to
produce 1 nmol of p-nitroaniline per 10 min under the assay conditions. CThe EPS synthesis capacity was assessed visually and expressed with a scale –, no production;
+, poor production; ++, moderate production; +++, abundant production.
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FIGURE 2 | β-Glucosidase (A) and phytase (B) activities of faba bean LAB.
One unit (U) of β-glucosidase activity corresponds to the release of 1 µmol/ml
p-nitrophenol, per minute. One U of phytase activity corresponds to the
release of 1 nmol of phosphate from Na-phytate per minute the under assay
conditions. Data are the means of three independent analyses. Error bars
indicating the standard deviation are represented. a−dValues with different
superscript letters differ significantly (P < 0.05).

L. lactis F55, W. cibaria F110, and W. koreensis F11 and
F113.

No antimicrobial activity was found toward S. aureus
DSM20231, while eight strains (P. pentosaceus I02, I014, I76,
I147, F01; W. koreensis I19, F113; and E. casseliflavus) exhibited a
strong inhibitory activity toward E. coli DSM30083 (Table 2).

Faba Bean Flour Fermentation:
Proteolysis, Antioxidant Activity, and
Degradation of Phytic Acid, Raffinose,
and Condensed Tannins
All the 27 strains were singly used to ferment faba bean doughs.
Before the fermentation the pH value of the dough was 6.66,
and Ct0 was characterized for cell densities of LAB, yeasts, and
Enterobacteriaceae of 2.8± 0.3, 2.1± 0.2, and 2.0± 0.2 log cfu/g,
respectively. After 24 h of fermentation, pH decreased in the
range 4.91–5.78. In Ctinc, LAB and Enterobacteriaceae increased
to 5.2± 0.1 and 5.8± 0.3 log cfu/g, respectively, while no increase
was observed for yeasts. The lowest pH values were obtained
when the fermentation was carried on with P. pentosaceus I76,
I214, F77; W. cibaria F110; Lb. sakei F1410; and Lc. lactis F55;

while the highest with W. koreensis I06, I19, I148; W. cibaria F16;
Enterococcus spp. F09; P. pentosaceus F15; and Lb. sakei F71.

The proteolysis ability of the LAB strains was investigated
through the determination of the peptides and TFAA
concentrations at the end of fermentation (Figure 3).
A significant (P < 0.05) increase in peptide concentration was
found in Ctinc compared to Ct0, probably as the consequences
of the activity of the endogenous proteolytic enzymes. When
the LAB was inoculated, peptides concentration (Figure 3A)
significantly (P < 0.05) decreased (with the only exception
of W. koreensis I149). The lowest values of peptides, ranging
5.24–5.62 mg/g, were found when fermentation was carried out
with P. pentosaceus I014, I76, F01, I147, and F213, while doughs
fermented with Lb. sakei F71; Lc. lactis F55; and W. koreensis I19
showed the highest values (6.71–8.07 mg/g).

Before fermentation, in the Ct0, 0.73 mg TFAA/g were found
(Figure 3B). A slight increase was observed after incubation
of the not inoculated (spontaneously fermented) control dough
(Ctinc), nevertheless the LAB fermentation caused the highest
increases (Figure 3B). In particular, the doughs fermented with
Pediococcus spp. I56 and Lb. sakei F1410 showed the highest

TABLE 2 | Antimicrobial activity of the faba bean LAB (cell culture supernatants)
toward potential gastrointestinal pathogens.

L. monocytogenes S. aureus E. coli

ATCC19115 DSM20231 DSM30083

P. pentosaceus I02 + − ++

I147 ++ − ++

I014 ++ − ++

I214 ++ − +

I76 + − ++

F15 ± − +

F77 ++ − +

F01 ± − ++

F213 ++ − +

Pediococcus spp. I56 ++ − ±

W. koreensis I06 ± − +

I19 + − ++

I148 − − +

I149 − − +

F111 ++ − ±

F113 ++ − ++

W. cibaria F110 ++ − ±

F16 ± − +

Leuc. mesenteroides I01 ± − ±

I21 + − +

I57 ± − ±

I211 − − +

Lb. sakei F1410 + − ±

F71 − − ±

Enterococcus spp. F09 − − +

E. casslifavus F05 ± − ++

Lc. Lactis F55 ++ − +

Inhibitory activity was scored as follows:−, no inhibition;±, inhibition zone 1–2 mm;
+, inhibition zone 3–4 mm; ++, inhibition zone diameter 5–6 mm. Data are the
means of three independent analyses.
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FIGURE 3 | Concentration of peptides (A) and total free amino acids (B) of
the fermented faba bean doughs. Two not inoculated doughs, before (Ct0)
and after incubation for 24 h at 30◦C (Ctinc) were the controls. Data are the
means of three independent analyses. Error bars indicating the standard
deviation are represented. a−cValues with different superscript letters differ
significantly (P < 0.05).

TFAA concentration (2.87 mg/g). In all the other cases, an
increase of two–three times the initial TFAA concentration was
observed, reaching values varying from 1.11 to 2.62 mg/g.

The DPPH radical scavenging activity of the ME of the
fermented doughs was evaluated. As shown in Figure 4,
there were no significant (P > 0.05) differences among the
strains, except for P. pentosaceus I76, I147 and Lb. sakei F1410
corresponding to the lowest values, 54.6, 78.4, and 74.2%,
respectively. Compared to ME, the WSE (Figure 4) had a
markedly lower radical scavenging activity, varying from 26.6
to 50.0%. Nevertheless, the increases compared to the control
(0.98% of antioxidant activity) were higher than those found for
the ME. The highest antioxidant activity for WSE was found
when P. pentosaceus I56, I76, I214, and F01 were used as starters.

A concentration of 0.51 g/100 g of phytic acid was detected
in Ct0 (Figure 5A). After incubation without LAB inoculum
no significant (P > 0.05) differences were found. The same
was observed when E. casseliflavus F05, Enterococcus spp. F09,
W. cibaria F16, Lc. lactis F55, Lb. sakei F71, W. koreensis F111,
and F113 were used as starters for fermentation. Significant
(P < 0.05) decreases were found in all the other cases. Leuc.
mesenteroides I01 and P. pentosaceus I214 caused the more

FIGURE 4 | Antioxidant activity expressed as DPPH radical scavenging
activity (%) determined on methanolic (ME) and water/salt-soluble (WSE)
extracts from faba bean doughs inoculated with the LAB strains and
fermented for 24 h at 30◦C. Two not inoculated doughs, before (Ct0) and after
incubation for 24 h at 30◦C (Ctinc), were the controls. Data are the means of
three independent analyses. Error bars indicating the standard deviation are
represented. a−dValues with different superscript letters differ significantly
(P < 0.05).

intense phytic acid degradation (final concentrations were 0.27
and 0.26 g/100 g, respectively).

Compared to Ct0, no significant (P < 0.05) differences were
found in raffinose concentration of Ctinc (0.85 g/kg). A marked
consumption of raffinose was found for dough started with
Leuc. mesenteroides I01 and I57 (final concentration of 0.50 and
0.52 g/kg, respectively), while P. pentosaceus I21; Lc. lactis F55;
E. casseliflavus F05; and W. koreensis I19 caused only slight
(P < 0.05) decreases (final concentration ranging from 0.68 to
0.72 g/kg).

Condensed tannins concentration was determined on faba
bean doughs after fermentation (Figure 5B). Compared to
unfermented control (20.15 mg cat./100 g of dough), no decrease
was observed for doughs fermented with Leuc. mesenteroides
I57, I21; W. koreensis I148, F111; and Lb. sakei F1410, while the
concentration of condensed tannins decreased up to ca. 30% in
doughs fermented with the other strains. P. pentosaceus F15 was
the most effective strain, followed by P. pentosaceus I147; Lb.
sakei F71; and P. pentosaceus I214 (decrease of 23, 20, and 16%,
respectively).

Permutation Analysis
Data collected from the characterization of faba bean LAB and
related fermented doughs were subjected to permutation analysis
(Figure 6). The strains were grouped into four clusters. The
cluster I included the two L. mesenteroides strains characterized
by the highest raffinose consumption (I01 and I57). The cluster II
grouped eight of the nine P. pentosaceus strains investigated, and
other two strains belonging to other species. This cluster included
the major part of the strains causing the highest increases in
antioxidant activity and the most intense degradation of phytic
acid. Among these, P. pentosaceus I147, whose fermentation
caused a marked decrease in condensed tannins concentration,
and P. pentosaceus I56, also characterized by high β-glucosidase,
by the ability to increase the antioxidant activity and to decrease
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FIGURE 5 | Phytic acid (A) and condensed tannins (B) concentrations in faba
bean doughs inoculated with the LAB strains and fermented for 24 h at 30◦C.
Two not inoculated doughs, before (Ct0) and after incubation for 24 h at 30◦C
(Ctinc), were the controls. Data are the means of three independent analyses.
Error bars indicating the standard deviation are represented. a−dValues with
different superscript letters differ significantly (P < 0.05).

condensed tannins and phytic acid during fermentation of faba
bean dough.

The cluster III grouped EPS-producing strains belonging to
Weissella genus, with moderate or low phytase and β-glucosidase
activities, and poor ability to degrade condensed tannins and
raffinose.

Cluster IV grouped strains characterized by moderate
proteolytic activity (release of TFAA). Among these,
P. pentosaceus F15 also showed high phytase and β-glucosidase
activities, and an intense degradation of condensed tannins.

DISCUSSION

The growing importance of legumes as component of the human
diet (Randhir and Shetty, 2004; Multari et al., 2015; Bohrer, 2017),
and the many confirmed advantages of fermentation (Coda et al.,
2015; Curiel et al., 2015; Rizzello et al., 2017a) point toward the
necessity to have proper starter for bioprocessing.

In our previous studies, fermentation with LAB successfully
enhanced the nutritional properties of faba bean flour and
cereal-based foods fortified with such processed ingredient
(Coda et al., 2015, 2017a,b; Rizzello et al., 2016b, 2017a).
Based on a recent study (Coda et al., 2017a), this research

FIGURE 6 | Permutation analysis of condensed tannins (cT) and phytic acid
(Ph) concentrations; β-glucosidase activity (bG); raffinose concentration (Rf);
antioxidant activity, as determined on the water/salt soluble extracts (A–w);
EPS synthesis (Eps); free amino acids concentration (Faa). Faba bean LAB
strains are indicated by codes, the name of the species is reported in the
Section “Materials and Methods.” Euclidean distance and McQuitty’s criterion
(weighted pair group method with averages) were used for clustering. Colors
correspond to normalized mean data levels from low (green) to high (red).

aims to the characterization of the LAB strains found to
be dominant in spontaneously fermented faba bean flour.
Isolation was performed in faba bean doughs subjected to
backslopping procedure, limiting the investigation to the biotypes
showing the best competitive and adaptive features (Coda
et al., 2017a). Twenty seven strains chosen on the basis of a
molecular typing (Coda et al., 2017a) were characterized for
their metabolic traits related to the functional and nutritional
improvement of faba bean matrix. Compared to starters tailored
for wheat flour fermentation, the selection of strains within
the microbiota of the non-wheat matrix is a pre-requisite for
rapid adaptation, and could have a positive influence on the
nutritional, functional, and technological properties (Corbo et al.,
2017). A phenotypic characterization of the strains was carried
out through the study of the fermentative profiles. Generally,
such investigation is used to understand the phenotypic
manifestation of microbial environmental adaptation and as a
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tool in bioprocess optimization (Mozzi et al., 2016). As expected,
all the faba bean LAB strains metabolize maltose, glucose,
fructose, while few strains are able to use lactose and galactose.
Different strains showed the ability to metabolize raffinose.
According to their fermentative profiles, the concentration of
raffinose in doughs fermented with Leuc. mesenteroides I01
and I57 markedly decreased, reaching final concentrations
lower than 40% compared to controls. This α-galactoside is
not degraded in the upper gastrointestinal tract due to the
lack of α-galactosidase (α-Gal) activity (Teixeira et al., 2012),
and, despite favoring the metabolism of beneficial intestinal
microorganisms (e.g., bifidobacteria) at low concentrations,
it can be fermented in the large intestine by the intestinal
microbiota, causing gastrointestinal symptoms (e.g., abdominal
discomfort, flatulence, and diarrhea) (Teixeira et al., 2012). Faba
bean and many other legumes contain relevant concentrations
of α-galactosides such as raffinose, verbascose, and stachyose
which can act as ANF (Teixeira et al., 2012). Fermentation of
legumes was already reported as an efficient tool for raffinose
elimination in different legumes (Zamora and Fields, 1979;
Connes et al., 2004). The possibility to degrade α-galactosides
during fermentation can be an important selection criterion for
faba bean starters (Connes et al., 2004).

Together with the lactic acid fermentation, proteolysis is
considered a LAB key-feature in food biotechnology, since
the degradation of native proteins is of great importance for
improving the digestibility of polypeptides and bioavailability of
free amino acids, but also for the release of potential bioactive
peptides (with antimicrobial, antioxidant, anti-hypertensive,
antitumoral activities) (Rizzello et al., 2016c). In addition,
proteolysis is responsible for the organoleptic changes on taste
and flavor perception, related to the release of free amino acids
and their derivatives (Leroy and De Vuyst, 2004). The proteolytic
system of LAB isolated from dairy and cereal environments has
been largely investigated (Gobbetti et al., 2005), nevertheless,
little is known about the proteolytic system of LAB isolated
from other food environments, and on the effect of fermentation
on legume proteins. Unlike cereal seeds, the major storage
proteins in legumes, faba bean included, are globulins (mainly
legumins and vicilins), characterized by abundance of leucine
and glutamic acid residues (Muehlbauer and Kaiser, 2012). First,
this work revealed a large distribution of the broad specificity
aminopeptidase PepN, especially in P. pentosaceus strains, while,
PepA and PepO activities were detected at a low level, although
more investigation could help in addressing the role and effect of
such enzymes in legume-based products.

Faba beans are rich in vicine and convicine, which are the
precursors of the aglycones divicine and isouramil. These toxic
derivatives are responsible, in susceptible individuals, for the
hemolytic disease favism, but also for the lower nutritive value
of faba beans as feed for monogastric animals. Together with the
application of some processing methods (e.g., soaking, roasting,
and cooking), able to contribute to the decrease of vicine and
convicine concentration, the hydrolysis of such molecules and
their derivatives can occur during fermentation, as a consequence
of the activity of the β-glucosidases of the starter microorganisms
(Cardador-Martinez et al., 2012; Rizzello et al., 2016b). In order

to avoid the generation of toxic derivatives, full destruction of
pyrimidine glycosides vicine and convicine before digestion is
essential. According to previous findings (Zotta et al., 2007;
Nuraida, 2015), high β-glucosidase activity was observed in
several P. pentosaceus strains and in W. koreensis, although
at lower level compared to Lb. plantarum DPPMAB24W,
previously selected for this activity (Coda et al., 2015; Rizzello
et al., 2016b). LAB β-glucosidases also play a beneficial role in
the metabolism of compounds from the (iso)flavonoid family,
for instance isoflavone aglycones, equol, and anthocyanins
improving the functional properties of different ingredients
(Di Cagno et al., 2010; Michlmayr and Kneifel, 2014).

Phytic acid is widely present in legume flours (Campos-Vega
et al., 2010). Phytase, catalyzing the hydrolysis of phytic acid
to myo-inositol and phosphoric acid, makes available phosphate
and leads to non-metal chelator compound (Martinez et al.,
1996). Phytates also reduce the digestibility of protein, starch, and
lipids (Frias et al., 2003). High endogenous phytase activity was
found in cereals, whereas lower activity was described for legumes
(Frias et al., 2003; Steiner et al., 2007; Luo et al., 2010). Overall,
lactic acidification activates cereal flour endogenous phytases due
to more suitable values of pH, but, unlike cereals, it was found
that the acidification conditions did not improve the activity
of the legume endogenous phytases (Gustafsson and Sandberg,
1995; Coda et al., 2015). For this reason, the contribution of
microbial or exogenous phytases to the degradation of phytic acid
in faba bean might be relevant. LAB possess phytase activity to a
certain extent, largely investigated in previous studies (De Angelis
et al., 2003; Zotta et al., 2007; Songré-Ouattara et al., 2008).
Among the LAB characterized in this work, Leuc. mesenteroides
I01 and P. pentosaceus I214 showed the highest phytate degrading
activity leading to a decrease up to 50% of the phytic acid,
compared to the controls. Both the species were already efficiently
used for the phytate degradation in fermented foods (Lopez et al.,
2000; Oh and In, 2009; Raghavendra et al., 2011).

Recently, the interest in EPS enrichment of vegetable matrices,
including legumes has been increasing (Hickisch et al., 2016;
Xu et al., 2017a,b), since in situ synthesis during fermentation
improves technological and physiochemical properties of the raw
materials and derived food products (as reviewed by Galle and
Arendt, 2014). In accordance with the literature data (Galle and
Arendt, 2014), the highest EPS production from sucrose among
the faba bean LAB was observed for different Weissella spp.
strains.

Some LAB strains, mainly belonging to P. pentosaceus, showed
the in vitro inhibition of the human pathogenic strains E. coli
DSM30083 and L. monocytogenes ATCC19115. The antimicrobial
activity of P. pentosaceus was largely documented (Porto et al.,
2017).

To assess acidification, proteolysis, antioxidant activity and
raffinose, phytic acid, and tannins degradation as a consequence
of starter–matrix interaction, LAB strains were singly inoculated
in dough, and fermented for 24 h at 30◦C. The growth of faba
bean LAB caused a decrease of the pH (up to 1.75 U).

Compared to controls, almost all fermented doughs were
characterized by a lower total concentration of peptides.
An inversely proportional correspondence with the peptidase
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activities was not always found since the contribution of other
bacterial peptidases and endogenous proteolytic enzymes can be
hypothesized. However, the increase of TFAA, as the consequence
of the further peptides hydrolysis, was observed in all the
fermented doughs. Compared to cereals (Lattanzi et al., 2013),
the final TFAA in faba bean doughs resulted markedly higher.
According to the results, a positive correlation between the
proteolysis products and peptidases activities was found when
Leuc. mesenteroides I01; P. pentosaceus I014, I76, I214, F01; and
F213 were used as starters.

Recently, the interest for the presence of antioxidant
compounds in foods has increased, according to the recognized
role in the prevention mechanisms of the oxidative stresses
associated with numerous degenerative aging diseases (e.g.,
cancer and atherosclerosis) (Adebiyi et al., 2009). The application
of antioxidants in food industry is also related to the ability
to delay food discoloration and deterioration, occurring as
consequence of oxidative processes (Shahidi and Wanasundara,
1992). The antioxidant activity found in the ME from faba bean
control dough was markedly higher than that found for common
cereal doughs, probably thanks to the high total phenols content
(Ragaee et al., 2006; El-Mergawi and Taie, 2014). Overall, an
increase of the antioxidant activity was commonly found in
fermented vegetable matrices, nevertheless, in this study, only
a slight increase was found in fermented faba bean doughs
compared to the control (up to 7.72%). Contrary to ME, high
increases of the antioxidant activity were found on WSE as a
consequence of fermentation, with relevant differences among
the strains. As previously reported (Coda et al., 2012; Rizzello
et al., 2017b) the antioxidant activity of the WSE is related to
the increase of the TFAA concentration, but especially to peptides
release. The lack of correspondence between the concentration of
proteolysis degradation products and activity is not surprising,
because the potential activity of the peptides strongly depends
from their structure and sequence, varying on the basis of the
proteolytic enzymatic activity of the different LAB strains (Coda
et al., 2012; Rizzello et al., 2017b).

Faba bean contains considerable amounts of condensed
tannins (Jansman and Longstaff, 1993), responsible for the
formation of insoluble complexes with enzymes, other proteins,
metal ions, and other macromolecules (i.e., polysaccharides)
(Schofield et al., 2001). As a result, condensed tannins can
reduce the nutritional value of food and feed. All the traditional
processing methods including dehulling, soaking, germination,
and addition of chemicals were found to be ineffective,
expensive, or laborious (Jansman and Longstaff, 1993), while the
effects of fermentation have been explored in different cereals
and legumes with promising results (Starzynska-Janiszewska
et al., 2014; Coda et al., 2015; Rizzello et al., 2016a). Some
LAB enzymes, such as polyphenol oxidase and decarboxylases
induced by LAB seem to be responsible for the reduction of
condensed tannins during fermentation (Reddy and Pierson,
1994; Coda et al., 2015). Decreases up to ca. 30% of the
initial concentration were observed in fermented faba bean
doughs.

The results of this study do not lead toward the selection of
a unique strain sharing all the desired tested characteristics, but
allow the identification of biotypes which, singly or in pool could
be useful to achieve different biotechnological goals aimed at
novel products.
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