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Abstract: In recent years, fermented foods have attracted increasing attention due to their important
role in the human diet, since they supply beneficial health effects, providing important sources of nu-
trients. In this respect, a comprehensive characterization of the metabolite content in fermented foods
is required to achieve a complete vision of physiological, microbiological, and functional traits. In
the present preliminary study, the NMR-based metabolomic approach combined with chemometrics
has been applied, for the first time, to investigate the metabolite content of Phaseolus vulgaris flour
fermented by different lactic acid bacteria (LAB) and yeasts. A differentiation of microorganisms
(LAB and yeasts), LAB metabolism (homo- and heterofermentative hexose fermentation), LAB genus
(Lactobacillus, Leuconostoc, and Pediococcus), and novel genera (Lacticaseibacillus, Lactiplantibacillus,
and Lentilactobacillus) was achieved. Moreover, our findings showed an increase of free amino acids
and bioactive molecules, such as GABA, and a degradation of anti-nutritional compounds, such as
raffinose and stachyose, confirming the beneficial effects of fermentation processes and the potential
use of fermented flours in the production of healthy baking foods. Finally, among all microorganisms
considered, the Lactiplantibacillus plantarum species was found to be the most effective in fermenting
bean flour, as a larger amount of free amino acids were assessed in their analysis, denoting more
intensive proteolytic activity.

Keywords: NMR; metabolomics; chemometrics; lactic acid bacteria; fermentation; legumes; common
bean; Phaseolus vulgaris

1. Introduction

Innovations in the food industry are exploring improvement processes, such as fer-
mentation, to develop novel functional foods from conventional or unconventional raw
materials. Microbial fermentation is an ancient technology aimed to enhance shelf life,
to provide new and peculiar flavors, and to improve the nutritional value of foods by
transforming raw components into health-promoting compounds [1]. Yeasts and lactic
acid bacteria (LAB) are widely used microorganisms in fermentation processes [2–4]. Car-
bohydrates are the substrate for yeasts and LAB to produce alcoholic [5] or lactic acid
derivatives [3,6] as the end products of alcoholic or lactic fermentations, respectively. Ac-
cording to their metabolism, LAB can be distinguished into homo- or heterofermentative
categories; homofermentation converts carbohydrates into lactate, while heterofermen-
tation produces lactate, ethanol, acetate, and carbon dioxide in equimolar amounts [7].
In addition, early taxonomy based on morphology, carbon source as sugar, and growth
temperature allow the classification of LAB into a few genera, including Lactobacillus, Leu-
conostoc, and Pediococcus [8,9]. Through the availability of DNA sequencing technologies,
LAB classification has been extended, up to the recent reorganization of the Lactobacillus

Molecules 2023, 28, 4864. https://doi.org/10.3390/molecules28124864 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules28124864
https://doi.org/10.3390/molecules28124864
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-8861-1583
https://orcid.org/0000-0002-3304-7548
https://orcid.org/0000-0002-8821-0787
https://orcid.org/0000-0003-0184-2384
https://doi.org/10.3390/molecules28124864
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28124864?type=check_update&version=1


Molecules 2023, 28, 4864 2 of 15

genus, into novel genera, among which Lacticaseibacillus, Lactiplantibacillus, and Lentilac-
tobacillus [10] are included. Such classifications can be correlated to species-dependent
profiles of fermentative metabolites, prone to be investigated with metabolomics [11,12].

Nuclear magnetic resonance (NMR) represents one of the most powerful and ex-
haustive approaches to monitor the metabolite content of complex matrices, providing
both qualitative and quantitative evaluation of different classes of chemical compounds
simultaneously. NMR data could be further analyzed by means of multivariate statisti-
cal analysis in order to detect possible sample differentiations/homologies according to
specific metabolites, thus providing markers for different processes or treatments [13,14].
Some examples of NMR-based metabolomic studies of fermented foods and beverages
are reported in the literature. Specifically, an NMR metabolomic approach was applied to
monitor changes in metabolites in cheese ripening with added autochthonous LAB [15];
in milk fermentation for yogurt production [16]; in soymilk [17] and coconut milk [18]
fermented with specific strains of bacteria; in fermented plant- and fruit-based juices to
improve their functional properties [19], flavor [20], and shelf life [21]; and in fermented
cereals to analyze the nutraceutical and antioxidant profile [22]. In the present work, NMR-
based metabolomics, combined with multivariate statistical methods, was applied, for
the first time, to analyze fermented common bean (Phaseolus vulgaris) flour. This flour is
naturally enriched in proteins, dietary fibers, vitamins, minerals, and flavonoids but also
characterized by the presence of some anti-nutritional factors (ANFs), such as toxic proteins
like lectins that, if not properly heat inactivated, may cause adverse gastrointestinal effects,
phytates that reduce mineral cation bioavailability, and raffinose family oligosaccharides
(RFOs), represented by raffinose, stachyose, and verbascose, whose fermentation is the
main cause of intestinal gases [23]. Due to the numerous nutraceutical benefits of this
flour, we planned to exploit the advantages of fermentative processes, carried out by nine
selected LAB and two yeasts, to reduce the ANF components like RFOs and to enrich the
content of nutritional compounds. The fermented products were investigated by NMR
and chemometrics, revealing a coherent strain differentiation based on metabolism- and
genera-dependent fermentative metabolites. Moreover, the reduction in RFOs and an im-
provement in beneficial compounds, such as free amino acids (FAAs) and γ-aminobutyric
acid (GABA), a bioactive compound known for its anti-hypertensive and antidepressant
activities [24], were observed as the result of fermentation processes.

2. Results and Discussion
2.1. Phaseolus vulgaris Flour Fermentation

The experimental design adopted in this work firstly involved a small-scale fermen-
tation (ss) step using nine strains of LAB and two yeasts as starters (Table 1), accurately
selected on the basis of their biochemical characteristics (exopolysaccharide synthesis,
antimicrobial activity, carbon dioxide production, etc.), related to their class group. Non-
inoculated bean flour was used as the control (CTRL). LAB fermentation resulted in a
decrease of pH, due to the synthesis of organic acids. Yeast-fermented flour displayed a
less acidic pH (Table 1), as yeasts mainly produce alcohols.

Then, the small-scale protocol was scaled up to verify that productivity and quality
were not affected by large-scale conditions, allowing for planning a potential use of this
fermented flour for the preparation of baked products and providing useful information
for applications in the food sector. In this respect, based on their biochemical characteristics
and observed results in terms of RFO (raffinose and stachyose) reduction and GABA and
FAA production, three LAB strains (Lacticaseibacillus rhamnosus LRH01, Lentilactobacillus
buchneri LBC01, and Leuconostoc lactis LN01) and the two yeasts (Kazachstania humilis 2 and
Saccharomyces cerevisiae 2B) were selected to perform large-scale fermentations (ls), up to a
total of 2.5 kg of fermented product. After homogenizing the dough, a few grams of each
sample were lyophilized to be analyzed.
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Table 1. Microbial starters selected for Phaseolus vulgaris flour fermentation and their discussed classifications. Scale, initial and final cell counting, and pH values
after incubation of fermented flours are reported.

Sample Microorganism Hexose
Fermentation

Early Taxonomy
Genera

Latest Taxonomy
Genera

Scale Small
(ss)/Large (ls)

Initial
Cell Counting
(107 CFU/mL)

Final
Cell Counting

(109 CFU/g)
pH

Lacticaseibacillus
casei VC201 LAB Homofermentative Lactobacillus Lacticaseibacillus ss 5.1 5.8 4.20

Lacticaseibacillus
paracasei VC213 LAB Homofermentative Lactobacillus Lacticaseibacillus ss 12 15.5 4.17

Lactiplantibacillus
plantarum LP01 LAB Homofermentative Lactobacillus Lactiplantibacillus ss 7.8 2.8 4.18

Lactiplantibacillus
plantarum VS513 LAB Homofermentative Lactobacillus Lactiplantibacillus ss 14.5 10.4 4.21

Lacticaseibacillus
rhamnosus LRH01 LAB Homofermentative Lactobacillus Lacticaseibacillus ss/ls 6/7.8 7.4/2.6 4.29/4.41

Lentilactobacillus
buchneri LBC01 LAB Heterofermentative Lactobacillus Lentilactobacillus ss/ls 0.1/1.2 0.12/2.7 4.83/4.23

Leuconostoc lactis
LN01 LAB Heterofermentative Leuconostoc Leuconostoc ss/ls 2.1/1.3 4.1/7.6 4.22/4.48

Pediococcus
pentosaceus CE65 LAB Homofermentative Pediococcus Pediococcus ss 7.2 4.6 4.55

Weissella confusa
WS01 LAB Heterofermentative Weissella Weissella ss 1 3.3 5.14

Kazachstania
humilis 2 Yeast - - - ss/ls 8.6/3.8 0.40/0.25 6.34/6.04

Saccharomyces
cerevisiae 2B Yeast - - - ss/ls 1.7/2.6 0.11/0.18 6.35/6.18
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2.2. NMR Spectra Analysis

The CTRL sample and the lyophilized products of fermentation were investigated
by NMR, and the metabolite content (Table 2 and Figure S1) was determined on the basis
of resonance assignments, by means of homo- and heteronuclear two-dimensional NMR
spectra (TOCSY, HSQC, and HMBC) and with the aid of public databases (BMRB [25]).

Table 2. 1H-NMR metabolite assignments of aqueous extract of CTRL and fermented bean flours.

Peak Compound Assignment ppm

1 2,3-Butanediol CH3 1.14

2 Acetate CH3 2.01

3 Acetoacetate CH3 2.54

4 Acetoin CH3 2.23, 1.38

5 Adenine aromatics 8.24, 8.21

6 Alanine βCH3 1.48

7 Asparagine β/β′CH2 2.96, 2.89

8 Citrate CH2 2.81, 2.69

9 Ethanol
CH2 3.65
CH3 1.18

10 Formate HCOO 8.43

11 GABA all CH2 3.00, 2.38, 1.94

12 Galactose
αH1 5.27
βH1 4.60

13 Glucose
αH1 5.25
βH1 4.66

14 Isoleucine γCH3 1.01

15 Lactate
CH 4.20
CH3 1.35

16 Leucine
βCH2 1.70

δ/δ′CH3 0.96

17 Methionine S-CH3 2.13

18 Phenylalanine aromatics 7.32–7.44
β/β′CH2 3.22, 3.25

19 Pipecolic acid all CH2 3.57, 3.41, 3.00, 2.21, 1.87, 1.63

20 Raffinose H1α Glu 5.44

21 Stachyose H1α Glu 5.43

22 Sucrose H1α Glu 5.41

23 Trigonelline aromatics 9.12, 8.84, 8.09
N-CH3 4.44

24 Tyramine aromatics 7.20, 6.90

25 Tyrosine aromatics 7.18, 6.87

26 Uracil aromatics 7.55, 5.81

27 Uridine aromatics 7.86, 5.92

28 Valine
αCH 3.61

γ, γ′CH3 0.99, 1.04

NMR spectra analysis showed that, along with fermentative metabolites such as
organic acids (lactate, acetate) and alcohols (ethanol, 2,3-butanediol), microbial fermentation
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of Phaseolus vulgaris flour produced some interesting bioactive compounds. As a matter of
fact, the proteolytic activity of the selected microorganisms released FAAs, and among them,
some essential amino acids, such as valine, leucine, and phenylalanine (whose presence
represents an added value) [26], were detected in higher amount in fermented flours than
in the CTRL sample. In addition, GABA content was found to be increased in fermented
flours. These findings are supported by extensive literature reporting the potential of
proteolytic activity and biosynthesis of health-beneficial compounds by microorganisms in
fermentative processes [1,27–30].

2.3. Multivariate Statistical Analysis

In order to evaluate the influence of the metabolites on sample separations, multivari-
ate statistical analysis was applied to the complete 1H NMR spectra as well as to selected
spectral regions, particularly the aliphatic and the aromatic ones. A total of 17 samples,
which included the non-fermented bean flour control sample (CTRL), 12 LAB-fermented
bean flour (hereafter LAB-fermented) samples, and four yeast-fermented bean flour (here-
after yeast-fermented) samples, in small and large scales (ss and ls), were considered.

The score plot of the PCA model performed on all samples, displayed in Figure 1a,
showed LBC01_ss and WS01_ss well separated from all other LAB-fermented and yeast-
fermented samples, clustering on the right and left sides of the score plot, respectively.
This could be justified by a slightly lower amount of initial CFU/mL (<7.0 log), leading to
an incomplete or slower fermentation process that determined a less acidic final pH than
other LAB (Table 1). As expected, the CTRL sample, having experienced no fermentation
process, was well separated from all the other samples, becoming as a moderate outlier.
The corresponding loading plot (Figure 1b) indicated sucrose (bucket at 3.74 ppm) as
the characteristic metabolite for the CTRL sample, while LAB-fermented flours, grouped
on the right side of the score plot, were characterized by lactate (buckets at 1.30 and
4.15 ppm). LBC01_ss and WS01_ss samples were found to be characterized, as yeast-
fermented samples, by acetate (bucket at 1.97 ppm) and 2,3-butanediol (bucket at 1.12 ppm).
In order to better focus on the type of microorganism-, metabolism-, and genera-dependent
fermentative metabolite differentiations, subsequent analyses were performed excluding
the CTRL, LBC01_ss, and WS01_ss samples. The new PCA permitted observation of a
much clearer separation between LAB-fermented and yeast-fermented flours along the
first PC (Figure 2a). The corresponding loading plot (Figure 2b) highlighted lactate and
sucrose and acetate, 2,3-butandiol, ethanol (buckets at 1.16 ppm and 3.64 ppm), citrate
(bucket at 2.62 ppm), and acetoacetate (bucket at 2.53 ppm) as the characteristic metabolites
for LAB-fermented and yeast-fermented samples, respectively. Citrate and 2,3-butanediol
are two additional metabolites of fermentation, used in the food industry because of their
flavoring activity when converted to diacetyl, an important preservative agent in foods due
to its acidity [31–33].

Interestingly, samples in double scale (Lb. rhamnosus, Ln. lactis, K. humilis) seemed not
to be affected by scaling up, except for S. cerevisiae, denoting, most likely, an anomalous
fermentation process. Actually, prolonged fermentation (48 h) applied with S. cerevisiae,
as a result of the high pH of the dough, could favor the development of alterative mi-
croorganisms naturally present in bean flour, affecting the stability of the dough and the
reproducibility of the results [34].

A supervised classification approach (OPLS-DA) was applied to LAB strains to maxi-
mize differentiations between homofermentative and heterofermentative glycolytic path-
ways. As depicted in the score plot in Figure 3a, the samples were clearly separated
according to metabolism along the predictive component: homofermentative LAB clus-
tered on the positive values of t1, while heterofermentative LAB clustered in the opposite
direction. The corresponding S-plot, represented in Figure 3b, showed homofermentative
LAB mainly characterized by lactate and sucrose, while heterofermentative LAB were
mainly characterized by ethanol, acetate, and 2,3-butanediol.
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Subsequently, PLS-DA was performed according to LAB genera as defined in the early
taxonomy. The score plot (Figure 4a) showed a clear separation between the Lactobacillus
genus and the Leuconostoc and Pediococcus genera along the first latent component. The
corresponding weight plot (Figure 4b) showed lactate, citrate, and 2,3-butanediol as mark-
ers for the Lactobacillus genus and acetate and bucket at 3.95 ppm, not yet assigned, as
characteristic metabolites for Leuconostoc and Pediococcus genera.
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Finally, in order to evaluate a possible sample differentiation according to the novel
classes of genera, a PCA model was performed considering only flours fermented by the
Lactobacillus genus bacteria. The score plot (Figure 5a) showed a clear separation between
the three novel classes of genera described in the latest taxonomy 10. Actually, Lacticas-
eibacillus samples clustered in the upper part of the score plot, while Lactiplantibacillus and
Lentilactobacillus grouped in the lower right and left sides of the score plot, respectively.
As shown in the loading plot (Figure 5b), the compounds responsible for this separation
were mainly fermentative metabolites, such as sucrose (buckets at 3.66, 3.74, and 5.39 ppm),
lactate, ethanol, acetate, 2,3-butanediol, and citrate.
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(bucket at 2.08 ppm), isoleucine (buckets at 0.90 and 1.01 ppm), and alanine (bucket at 1.47 

Figure 5. Score (a) and loading (b) plots of PCA performed on LAB-fermented flours considering
only genera in the latest taxonomy and the complete 1H NMR spectra. In (a), orange circles, blue
diamonds, and green pentagons represent Lacticaseibacillus, Lactiplantibacillus, and Lentilactobacillus
samples, respectively; in (b) black triangles represent the loadings of the variables of X matrix (the
numbers refer to the initial ppm values of the buckets). 3PCs, R2X = 97.6%, Q2cum = 74.7%.

Particularly, as expected, as a consequence of heterofermentative metabolism, bean flour
fermented by Lentilactobacillus bacteria resulted in being characterized by a higher content
in ethanol, acetate, and 2,3-butanediol. A greater lactate production was instead observed
for Lactiplantibacillus (Lb. plantarum strains), while citrate and sucrose characterized the other
homofermentative Lactobacillus (Lb. casei, Lb. paracasei, and Lb. rhamnosus), highlighting that
among the others, the Lb. plantarum species performed a more effective fermentative process.
A plausible reason is that bean flour represented a suitable environment for those species
rather than others. Further evidence for this assumption was provided by the multivariate
statistical analysis performed on the aromatic and aliphatic regions of 1H NMR spectra,
which also revealed other metabolites produced during fermentation, which were found to
be characteristic of this genus. The PCA performed on the aliphatic (Figure S4) and aromatic
(Figure S5) regions indicated Lactiplantibacillus (Lb. plantarum strains) characterized by both
aliphatic FAAs, such as leucine (buckets at 0.94 and 1.62 ppm), valine (buckets at 0.98 and
1.03 ppm), methionine (bucket at 2.08 ppm), isoleucine (buckets at 0.90 and 1.01 ppm), and
alanine (bucket at 1.47 ppm), and aromatic FAAs, such as phenylalanine (buckets at 7.21, 7.35
and 7.41 ppm), tyrosine (bucket at 7.15 ppm), and another aromatic compound, tyramine
(buckets at 6.89 and 7.15 ppm). These findings demonstrated the most effective proteolytic
activity in bean flour fermentation by these bacteria.
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2.4. Essential Amino Acids, GABA, and RFO Analysis

Finally, the focus was placed on the improvements of fermented products in terms of
beneficial compounds, such as the increase in FAA and GABA contents and the reduction
in RFOs (raffinose and stachyose).

For this purpose, the evolution of GABA, RFOs, and some essential amino acids,
such as valine, leucine, methionine, and phenylalanine, was investigated (Figure 6a–f).
The selection of the above-mentioned essential amino acids was driven by the possibility
of integrating the corresponding isolated signals in the NMR spectra. In addition, the
evolution of fermentative metabolites, such as lactate, ethanol, acetate, 2,3-butanediol, and
sucrose, was also analyzed and reported in Figure S6a–e.

As showed in Figure 6a, GABA content increased in all fermented flours compared
with CTRL, achieving a higher relative content when fermentation was carried out by yeasts.
RFO degradation occurred strongly in all fermented products, being almost complete when
fermentation was carried out by yeasts (Figure 6b). The content of valine (Figure 6c), leucine
(Figure 6d), and phenylalanine (Figure 6f) showed an increment in all fermented flours
compared with the CTRL sample. Particularly, valine content was higher in yeast- and het-
erofermentative LAB-fermented flours; leucine content was higher in LAB- and K. humilis
yeast-fermented samples and reached the lowest amount in S. cerevisiae yeast-fermented
samples; phenylalanine showed an almost similar increment in all samples (Figure 6f).
Interestingly, methionine content (Figure 6e) was higher than CTRL, albeit slightly, only in
yeast-fermented flour samples; in LAB-fermented flours, its content decreased, achieving
the lowest values in homofermentative LAB samples. A similar trend of these metabolites
was reported in a previous study, in which nineteen traditional Italian legumes, including
eight different bean flours belonging to Phaseolus vulgaris, were fermented by Lactobacillus
plantarum C48 and Lactobacillus brevis AM7 and subsequently analyzed by various ap-
proaches [35]. The advantage of using the NMR spectroscopy, as proposed in the present
study, is the possibility to obtain, within a single experiment, all the metabolite information
simultaneously, otherwise achievable by performing several analyses. Moreover, this high-
throughput method was suitable for screening different microorganisms (LAB and yeasts)
and comparing them on the basis of the metabolites produced by fermentation. Among the
LAB, the Lb. plantarum species, along with Lb. paracasei, was found to be one of the most
effective in decreasing RFO content during fermentation (Figure 6b). In agreement, the
literature reports that the species Lb. plantarum was found to be effective in reducing RFOs
when applied to ferment whole red haricot [36] and chickpea flours [37]. An increment in
essential amino acids in fermented bean flours (Phaseolus vulgaris) was also observed when
fermented by other types of microorganisms, such as Pleurotus ostreatus [38] and Aspergillus
oryzae [39] fungi. These findings suggest that fermentation, carried out by the considered
microorganisms on bean flour, results in a final product with improved nutritional proper-
ties. As a matter of fact, the reduction of some anti-nutritional factors such as RFO content
and the production of bioactive compounds such as GABA and some essential amino acids,
in different ratios according to the microorganism considered, were observed.

Figure S6a–e shows the trend of metabolites mainly involved in fermentation processes.
It is noteworthy that each class of microorganisms displayed a peculiar composition in
the production of fermentative metabolites, strictly related to their classification, with a
clear differentiation between LAB and yeasts and between homo- and heterofermentative
metabolism of LAB. As expected, sucrose was found to be highly consumed by yeasts,
producing higher ethanol content. Moreover, yeasts showed the highest production of
2,3-butanediol along with L. buchneri_LBC01_ls. As expected, the other microorganisms
did not produce significant amounts of 2,3-butanediol, as it is known that the biosynthesis
of 2,3-butanediol by bacteria occurs through mixed acid fermentation [7]. Sucrose, lactate,
and ethanol trends in LAB-fermented samples perfectly reflected the different metabolism
carried out by homo- and heterofermentative bacteria. Finally, the acetate content was
higher in all fermented flours than in CTRL, achieving the highest amount in samples
fermented with heterofermentative LAB and yeasts.
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Figure 6. Quantification of the relative content (integral values normalized to the total spectral
area) of metabolites of interest for nutritional purposes in small- (ss) and large-scale (ls) fermented
bean flours (with the exclusion of LBC01_ss and WS01_ss samples) compared to control (CTRL).
(a) GABA, (b) RFO, (c) Valine, (d) Leucine, (e) Methionine, and (f) Phenylalanine trends. The dotted
line indicates the integral value, for each metabolite, in the CTRL sample.
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3. Materials and Methods
3.1. Microbial Strains

Lacticaseibacillus casei VC201, Kazachstania humilis 2, and Saccharomyces cerevisiae 2B used
as fermentation starters belong to the CNR ISPA collection. Lactiplantibacillus plantarum ITEM
17219 (VS513), Lacticaseibacillus paracasei ITEM 17217 (VC213), and Pediococcus pentosaceus
ITEM 18337 (CE65) were previously isolated from CNR ISPA and deposited in the Agro-
Food Microbial Culture Collection of the Institute of Sciences of Food Production, CNR,
Bari, Italy. Weissella confuse WS01, Lentilactobacillus buchneri LBC01, Lacticaseibacillus rhamnosus
LRH01, Lactiplantibacillus plantarum LP01, and Leuconostoc lactis LN01 were provided by
Sacco srl (Cadorago, Como, Italy). Each LAB strain was routinely propagated at 30 ◦C in de
Man—Rogosa—Sharpe (MRS) broth (Biolife Italiana, Milan, Italy) for 18 h. Yeast strains were
propagated at room temperature in Yeast Malt (YM) Broth (Biolife Italiana) for 24 h.

3.2. Fermentation Protocols

Bean (Phaseolus vulgaris) flour (Taylor’s horticultural variety kindly provided by
Bernardi Corrado) fermentation was performed in small scale (100 g), with all described
strains singly added. Among the microbial strains adopted in the small-scaled fermentation
process, LBC01, LN01, and LRH01 bacteria and the two yeasts were selected, on the basis
of NMR data analysis, to perform the scale-up of the fermentation process (2500 g) because
of their good results in terms of GABA and FAA production and RFO reduction, as well as
for their biochemical properties, such as heterofermentative metabolism, which represents
an advantage in baked products due to CO2 release.

3.2.1. Small-Scale Fermentation Process

For each strain, 1 mL of cultivated bacteria was centrifuged at 10,000× g for 10 min
(Centrifuge 5425 Eppendorf AG, Hamburg, Germany), and the pellet was washed once
with quarter-strength Ringer’s solution and centrifuged (Sorvall superspeed centrifuge
RC2-B, Ivan Sorvall Inc., Norwalk, CT, USA). After discharging the supernatant, the pellet
was resuspended in 40 mL of sterile tap water. For cell counting before fermentation, 1 mL
of inoculated tap water was serially diluted in quarter-strength Ringer’s solution (Scharlau
Microbiology, Barcelona, Spain) and plated on MRS agar for LAB or Chloramphenicol
Glucose Agar (CGA) (Scharlau Microbiology) for yeasts. LAB plates were incubated at
30 ◦C for 48 h under anaerobic conditions (AnaerocultA, Merck, Darmstad, Germany),
while yeast plates were incubated at 25 ◦C for five days in aerobic conditions. Dough
was prepared by mixing 40 g of bean flour and 60 mL of sterilized tap water, previously
inoculated at ca. 7.0 log CFU/mL. After 48 h of incubation at 30 ◦C, each species increased
by 2 log cycles, determining a species-dependent pH variation compared to the control
pH value of 6.50. The pH value was determined using a pH meter (HI 122, HANNA
Instruments, Ronchi di Villafranca Padovana, Italy). For microbial enumeration after
fermentation, 5 g of the fermented product were homogenized in 45 mL of a 2% (w/v)
sterile Buffered Peptone Water (Oxoid LTD., Basingstoke, Hampshire, UK) for 2 min in a
Stomacher BagMixer (Interscience, St. Nom, France). The sample was serially diluted in
quarter-strength Ringer’s solution and plated on MRS agar supplemented with 0.1 g/L
cycloheximide (Sigma-Aldrich, St. Louis, MO, USA) for LAB or YGC for yeasts. LAB
plates were incubated at 30 ◦C for 48 h under anaerobic conditions, while yeast plates were
incubated at 25 ◦C for five days in aerobic conditions. After homogenizing the dough, 2–3 g
were sampled to be lyophilized.

3.2.2. Large-Scale Fermentation Process

Twenty mL of the selected cultivated microorganisms were centrifuged at 6000× g for
10 min. After washing the pellet with quarter-strength Ringer’s solution and centrifuging,
the pellet was resuspended in 1.5 L of sterile tap water. Starting cells were counted
as described before. A lab-scale kneading device (Artisan 5KSM150PS KitchenAid, St.
Joseph, MI, USA) equipped with a hook was used to knead 1 kg of bean flour and 2.5 L of
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inoculated tap water. Dough was incubated at 30 ◦C for 48 h for fermentation. pH and final
cell counting in the fresh fermented product were determined as described above. After
homogenizing the dough, 2–3 g were sampled to be lyophilized.

Table 1 reports all the microbial starters employed, with details concerning the LAB
classification and the fermentation conditions.

3.3. NMR Analysis
3.3.1. Sample Preparation

Fifty mg of homogenized bean flour (control, CTRL) or lyophilized fermented flours
were mixed vigorously with 750 µL of phosphate buffer (1 M, pH 4.16 ± 0.09) in D2O
(Sigma-Aldrich, St. Louis, MO, USA) and incubated at room temperature for 30 min.
After centrifugation at 12,100× g for 7 min (Centrifuge MiniSpin® Eppendorf, Hamburg,
Germany), 600 µL of the aqueous supernatant were transferred in 5 mm NMR tubes. The
pH values were checked for all samples, resulting in good agreement. The CTRL sample
was checked for changes in metabolite composition over time by 1H NMR, showing a
robust stability.

3.3.2. NMR Data Acquisition and Processing

All NMR spectra were acquired at 300 K on a Bruker Advance Neo 600 spectrometer
(Bruker Biospin, GmbH Rheinstetten, Karlsruhe, Germany) operating at 14.07 T, equipped
with a 5 mm reverse Z gradient cryoprobe PRODIGY and a thermostatted autosampler.

1H NMR spectra were acquired with a monodimensional NOESY sequence with a
solvent presaturation scheme with 256 scans over 64 K points of data and a spectral width
of 7800 Hz. A total relaxation time of 19.2 s was used to allow a complete relaxation of
all nuclei.

A resolution enhancement function (LB = 0.3 Hz) was applied before Fourier transfor-
mation. All spectra were phased, baseline corrected, and aligned with respect to a uracil sig-
nal at 5.81 ppm (TOPSPIN software version 4.1.2, Bruker Biospin, GmbH Rheinstetten, Karl-
sruhe, Germany). After the exclusion of residual solvent regions between 4.71–4.97 ppm,
the spectra were subjected to intelligent bucketing in the range of 0.70–10.00 ppm according
to the resonance assignment, and integrals were normalized to the total spectral area using
the ACD/NMR software (ACD Labs, version 11, Toronto, ON, Canada).

In addition, the aromatic (5.76–10.00 ppm) and aliphatic regions (0.70–3.44 ppm), after
the exclusion of 2,3-butanediol and ethanol (1.11–1.20 ppm), acetate (1.97–2.08 ppm), and
lactate (1.30–1.40 ppm) signals, were considered independently to evaluate the contribu-
tions of specific aliphatic and aromatic signals to class separation. For each new dataset,
integrals were normalized to the total spectral area considered.

Bidimensional TOCSY, HSQC, and HMBC spectra were recorded with the same
spectral parameters of the monodimensional spectra, with 256 scans, by using the non-
uniform sampling acquisition method.

3.4. Statistical Methods

NMR data were imported into SIMCA-P 17.0.2 (Sartorius Data Analytics, Umeå, Swe-
den) for multivariate statistical analysis. Principal component analysis (PCA), projection
to latent structures discriminant analysis (PLS-DA), and orthogonal projection to latent
structures discriminant analysis (OPLS-DA) were performed by using “mean centering”
as data pretreatment. To overcome randomness of PLS-DA and OPLS-DA models, the
permutation test was checked for each model.

4. Conclusions

Fermentations with microorganisms are processes widely applied in the food industry
to improve the nutritional properties, flavor, and stability of foods. During this process,
food components are consumed and converted into new metabolites, favoring the reduction
of some anti-nutritional factors and/or the production of new bioactive compounds. In this
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work, a screening of LAB and yeasts in the fermentation of common bean (Phaseolus vulgaris)
flour was carried out with both small- and large-scale protocols, and, for the first time,
was investigated by NMR-based metabolomics and multivariate statistical methods. The
results showed clear differentiations, mainly driven by fermentative metabolites (lactate,
ethanol, 2,3-butanediol, acetate, citrate), according to fermentative microorganisms (LAB
and yeasts), LAB metabolism (homo- and heterofermentation), LAB genera (Lactobacillus
and Leuconostoc/Pediococcus), and novel Lactobacillus genera (Lacticaseibacillus, Lactiplan-
tibacillus, and Lentilactobacillus). In addition, these studies revealed that the Lb. plantarum
species was the most effective in fermenting bean flour, as larger amounts of FAAs were
detected in their analysis, denoting more intensive proteolytic activity. Regarding the
reduction of anti-nutritional components, the results showed extensive or even complete
degradation of RFO content after the fermentation process; conversely, GABA content in-
creased in all fermented flours. In conclusion, notwithstanding the preliminarily nature of
this study, it provided useful and valid information in screening LAB and yeasts in common
bean (Phaseolus vulgaris) flour fermentation. The metabolite profiling, performed by 1H
NMR, combined with multivariate statistical analysis suggested that this treatment resulted
in an excellent new ingredient to produce more nutrient-composite flours. Interestingly,
the scale-up of the fermentation process did not affect the production of metabolites for
Lb. rhamnosus, Ln. lactis, and K. humilis strains, thus suggesting the feasibility of large-scale
fermentations that can be adapted for the food industry. In fact, fermented bean flour could
be usefully employed to replace an extensive portion of wheat flour in the production of
baked goods, becoming a vehicle for nutrient intake. In this regard, very recently, successful
results were achieved in the production of cookies [40] and bread [41], fermenting oat and
bean flours by fungi.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules28124864/s1. Figure S1. 1H NMR spectra of aqueous extracts
of all small-scale fermented bean flour samples compared to control (CTRL). The numbers refer
to metabolite peak assignments as reported in Table 2. Figure S2. Permutation tests for OPLS-DA
performed, according to LAB metabolism, considering the complete 1H NMR spectra, and 200 rounds
of random permutations for each class: (a) hetero- and (b) homofermentative LAB-fermented samples.
Figure S3. Permutation tests relative to PLS-DA performed according to LAB genera in the early
taxonomy, considering the complete 1H NMR spectra, and 200 rounds of random permutations for
each class: (a) Leuconostoc and Pediococcus genera and (b) Lactobacillus genus. Figure S4. Score (a)
and loading (b) plots of PCA performed on LAB-fermented flours considering only genera in the
latest taxonomy and the aliphatic region of 1H NMR spectra. In (a), orange circles, blue diamonds,
and green pentagons represent Lacticaseibacillus, Lactiplantibacillus, and Lentilactobacillus samples,
respectively; 2PCs, R2X = 96.1%, Q2cum = 71.2%. Figure S5. Score (a) and loading (b) plots of PCA
performed on LAB-fermented flours considering only genera in the latest taxonomy and the aromatic
region of 1H NMR spectra. In (a), orange circles, blue diamonds, and green pentagons represent
Lacticaseibacillus, Lactiplantibacillus, and Lentilactobacillus samples, respectively; 3PCs, R2X = 89.9%,
Q2cum = 30.8%. Figure S6. Quantification of the relative content (integral values normalized to the
total spectral area) of fermentative metabolites: (a) lactate, (b) ethanol, (c) acetate, (d) 2,3-butanediol,
and € sucrose in small- (ss) and large-scale (ls) fermented bean flour (with the exclusion of LBC01_ss,
and WS01_ss samples) compared to control (CTRL). The dotted line indicates the initial content of
each metabolite in the CTRL sample.
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