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ABSTRACT KEYWORDS
Currently, there has been a growing interest in fermented foods and plant- Fermentation; plant-based
based beverages (PBBs) by the consumers because of the benefits they  diet; metabolomics;
provide to human health or due to restrictions in the diet associated to functional food
some pathologies or personal choices. Nuclear magnetic resonance (NMR)

is a versatile technique that presents many advantages for the identification

and quantification of metabolites in food with a variety of one- and two-

dimensional experiments. This review delves into the current applications of

NMR in the fields of fermented foods and PBBs. The interest from researchers

in the analysis of fermented foods by NMR in the recent literature mainly

focused on three main sub-areas: characterization of exopolysaccharides

(EPS) and their functional, and rheological properties; metabolomics to find

discriminant markers during and after the process of fermentation for the

optimization of the productive process or development of products; and

characterization of traditional and novel foods. However, the area of plant-

based beverages studies by NMR presented a remarkable literature gap. The

opportunities for future investigations concerning food authentication, tra-

ceability, and functional food development, among others, are presented.

Introduction

Recently, a sharp increase in the production of processed foods has been observed. This phenomenon
is intimately connected to the prevalence of diseases like obesity or specific metabolic disorders.! In
this sense, the consumption of minimally processed foods is encouraged to face this issue. Within this
group, we can find fermented foods and plant-based beverages. These two types of food fit perfectly
into the previously mentioned category because of their low to null degree of industrialization.””! In
the recent years, consumers have been changing their dietary habits and a trend towards sustainable
diets has been detected. The consumption of wholefoods and plant-based foods with less contribution
from animal sources is widely promoted worldwide as it brings benefits for both consumers’ health
and the environment.!**!

Fermented foods are foods or beverages that are produced by regulated microbial growth and
enzymatic transformations of main and secondary dietary constituents. They can be prepared
either from fermented milk (cheese, yogurt, kefir) or plants (kombucha, soy-based fermented
foods, sauerkraut, and sourdough among others). The most important substances and micro-
organisms participating in the fermentation of food encompass alcohol and carbon dioxide
(generated by yeast), acetic acid (produced by Acetobacter), lactic acid (produced by lactic
acid bacteria (LAB)), as well as ammonia and fatty acids (originating from Bacillus and

CONTACT P. Solovyev 8 pavel.solovyev@fmach.it @ Traceability Unit, Research and Innovation Center — Fondazione Edmund
Mach (F.E.M), Via E. Mach 1, San Michele all’Adige, TN 38098, Italy

© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://
creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited, and is not altered, transformed, or built upon in any way. The terms on which this article has been published allow the
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/87559129.2024.2355271&domain=pdf&date_stamp=2024-10-30

FOOD REVIEWS INTERNATIONAL 3371

molds).!”) LAB interact with the food matrix by transforming its components through three
major pathways: glycolysis (fermentation of sugars), proteolysis (degradation of proteins), and to
a minor extent but also playing a critical role to food flavor development, lipolysis (degradation
of fat).”! The compounds formed during fermentation, including vitamins, antioxidant sub-
stances, free amino acids, and phenolic compounds, contribute to enhancing the antioxidant and
antibacterial properties of food, as well as providing benefits to human health in terms of
disease prevention.[s_m]

Plant-based beverages are a rapidly expanding market worldwide.!""! A wide variety of vegetal
species have been chosen to produce plant-based beverages, for example: rice, soy, peanut, nuts,
almonds, coconut, hazelnut, sesame, flax, sunflower, quinoa, among others.""?! The benefits to human
health of these products have been also studied, as they possess antioxidant activity and fatty acids
which reduce the risk of cancer, diabetes, atherosclerosis, and cardiovascular diseases.!"!

Nuclear magnetic resonance (NMR) is a versatile analytical technique that detects chemical
compounds by exposing different nuclei with specific nuclear spin states to a static external
magnetic field (By) and a radiofrequency field (Rf) perpendicular to the direction of the magnetic
field. It benefits from being a highly reproducible, and non-destructive approach that identifies
various classes of organic compounds. It also facilitates the unambiguous elucidation of their
structures and the quantitation of the generated signals. Moreover, NMR offers simplified sample
extraction processes, and automation of procedures. However, its drawbacks encompass limited
sensitivity, reduced spectrum resolution, signal overlapping, and challenges in reproducing and
standardizing protocols.'*'*! Currently, two-dimensional NMR (2D NMR) has become
a necessary tool for the complete structural elucidation of organic molecules and to solve the
issue of overlapping of signals in complex mixtures. Over the years, NMR studies have employed
techniques such as total correlation spectroscopy (TOCSY), correlation spectroscopy (COSY),
heteronuclear 'H,"’C single quantum coherence (‘H-'>C-HSQC), heteronuclear multiple bond
correlation (HMBC), among others.[*¢!

A comprehensive view of the composition of the food matrix is always obtained by the compli-
mentary application of different analytical techniques. The study of fermented foods and plant-based
beverages by other analytical techniques such as mass spectrometry has been the objective of previous
articles, emphasizing the advantages for the detection and quantification of volatile compounds, lipids,
proteins, and its high dynamic range.!"”~2!! The objective of review is to describe the latest applications
of NMR techniques in plant-based fermented foods, kefir, and plant-based beverages, highlighting the
advantages of the techniques and identifying literature gaps. In addition to this, we discuss the
challenges and opportunities for future studies in these areas to bridge these gaps.

NMR applications in fermented foods

In the recent years, the application of 1D and 2D NMR techniques in fermented foods has been mostly
oriented towards three main areas. Figure 1 shows the overall distribution of main topics in studies
carried out on fermented foods. Clearly, the analysis of fermented foods by 1D NMR metabolomics
has received enormous attention from researchers (50%). Within this area, profiling and character-
ization studies were more common in fermented foods (48%), focusing on the chemical composition
of the matrices or their ingredients. Less studies were focused on other useful approaches within
metabolomics such as classification (8%) and studying the impact of processing or storage conditions
and optimization of the fermentation process to enhance the properties of the final product (8%).
Secondly, numerous studies focused on the structural characterization of the exopolysaccharides
(EPSs) produced by LAB (40%). However, the use of these techniques was focused exclusively on
the structural elucidation of the EPSs and not on the changes on its functional properties after its
incorporation in food matrices. Finally, the area with a smaller number of studies in the recent years
included the studies where NMR techniques were applied to study some ingredients or nutraceutical
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Figure 1. Distribution of studies in fermented foods by NMR.

compounds in fermented foods from a nutritional view (10%). The studies in fermented foods by 1D
and 2D NMR are presented in Table 1.

NMR for the structural characterization of EPS

EPSs are high-molecular biopolymers from 10 to 1000 kDa produced by bacteria that are found in the
biofilms produced by them.”?! Based on their composition, they can be classified as homopolysac-
charides (HoPs) which are constituted only by monosaccharides linked through glycosidic bonds or
heteropolysaccharides (HePs), constituted by different monosaccharide units in different proportions;
repeated units of di- up to heptasaccharides; and other functional groups like amines and acids.”*’!
Within HePs, common examples are hyaluronic acid, gelatin, alginate and xantham gum.**! Not only
their composition but also the producing strain affect their functional properties, among which we can
mention antitumoral, antioxidant, antiviral, antidiabetic, and prebiotic.!*”! Since they are mostly or, in
some cases, only composed of sugars, they are innocuous. This makes them excellent candidates for
applications in the food sector, pharmacology, and cosmetic industry.?®! The study of the EPSs
produced by LAB obtained from fermented foods by 1D and 2D NMR focused on the structural
elucidation of the polysaccharide. The most representative chemical assignments of the HoPs and
HePs assigned by the authors cited in this review are presented in Figs. 2 and 3, respectively, to
improve the interpretation of results and as a visual complement for the reader. The producer strains
of each class of EPS were listed. It is noteworthy, that the complete structural elucidation of HePs is
a highly complex task and requires more 2D experiments. Only 1 of the reviewed articles where a HePs
was found focused on its complete structural elucidation. In any case, we listed all the producer strains
of HePs and their compositions.

In this work, we explored the different EPSs produced by LAB from fermented foods focusing on
the 1D and 2D NMR features that led to their partial or complete structural elucidation. Furthermore,
we highlighted the functional properties of the EPSs to identify opportunities in fermented foods.

Kefir and water kefir

Kefir grain is a traditional dairy product widely consumed around the world. Its consumption has
demonstrated benefits for health, which are mostly due to the presence of microbes and primary and
secondary metabolites produced during fermentation.'””! Kefir consists mainly of a mixture of yeast,
acetic acid bacteria, and LAB. These are all contained inside a matrix constituted by polysaccharides and
proteins.”?® The analysis of the EPS produced by Lactobacillus kefiri MSR 101 from Chinese kefir by high
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NMR
Fermented Food experiment/s Reference
Buckthorn juice Optimization of malolactic fermentation 'H NOESY (2
Cantaloupe juice Profiling of fermented juice 'H NMR (ol
Coconut milk kefir Optimization of the fermentation process concerning both antioxidant and "H NMR 771
probiotic activities
Coconut milk kefir Methanol extract characterization and associations with the biological activity. "H NMR (78]
Dragon fruit juice  Comparison of bioactive metabolites before and after fermentation 'H NMR (1091
Jackfruit juice Metabolic changes after fermentation with Lactobacillus casei ATCC334 "H NMR (i
Soybean (tempeh)  Metabolic changes in the organic soybeans caused by Rhizopus oligosporus 'H NMR 991
Kefir Structural characterization of the EPS produced by Lacticaseibacillus paracasei 'H NMR (31
ZY-1 3CNMR
cosy
HSQC
HMBC
NOESY
Kefir Investigation of the potential of molecules inside kefir to be developed as "H NMR (1]
commercial antimicrobial products.
Kefir Structure elucidation of the EPS produced by Lactobacillus kefiri :;—I NMR; [29]
C NMR
Kefir Monitoring of the metabolite changes in three fermented products "H NMR (o8]
DOSY
Kefir yogurt Relationship between microstructure, rheological, chemical, and texture LF-NMR (sl
analyses, and water distribution
Kimchi Investigation of the food fermentation characteristics, microbial community 'H NMR (84)
structure, and metabolite production.
Kimchi Metabolite profiling in kimchi with 5 different LAB strains. "H NMR (831
Kimchi Study of the effect of the addition of an extra ingredient, jeotgal, to kimchi 'H NMR 821
Kombucha Comparison of different kombucha types in the market 'H NMR (93]
Kombucha Evaluation of the effects of spray-drying 'H NMR (201
Kombucha Identification of the components that influence bacterial growth and biofilm "H gNMR 92]
formation
Kombucha Characterization of nanocellulose production by strains of Komagataeibacter sp  CP-MAS (s8]
(Solid state
NMR)
3C NMR
Korean soy sauce Investigation of the effect of coriander addition during fermentation "H NMR & (1201
Rice Miso Comparison of food components and quality control 'H NMR foz1
Barley Miso
Soybean Miso
Nozawana pickle Assessment of the impact of various starter culture strains on the chemical "H NMR (861
compositions HSQC
Pineapple fermented Structure elucidation of the EPS produced by Leuconostoc citreum 'H NMR 142]
product 3C NMR
Pickled Raphanus Identification of bioactive compounds "H NMR (22]
sativus L.
Pickle Chinese Structure elucidation of the EPS produced by Weissella cibaria YB-1 "H NMR 431
cabbage
Sauerkraut Structure elucidation of the EPS produced by Lactiplantibacillus plantarum HDC-01 "H NMR 491
3CNMR
cosy
HSQC
HMBC
NOESY
Sauerkraut Characterization of the fermentation of locally produced organic artisanal "H NMR (871
sauerkraut
Sauerkraut Structure elucidation of the EPS produced by Levilactobacillus brevis "H NMR 471
3CNMR
HSQC
TOCSY
Sauerkraut Structure elucidation of the EPS produced by Lactobacillus coryniformis NA-3 "H NMR (48]
Sichuan pickle Structure elucidation of the EPS produced by Lactobacillus plantarum HY 113H NMR 4l
C NMR

(Continued)
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Table 1. (Continued).

NMR
Fermented Food Purpose experiment/s Reference
Sichuan pickle Structure elucidation of the EPS produced by Bacillus sp. S-1 113H NMR (431
C NMR
Soursop kombucha  Monitoring metabolite changes at different storage conditions 'H NMR (071
Sourdough bread Identification of bioactive metabolites after kombucha incorporation 'H NMR (98]
Sourdough Nutritional evaluation of final product 'H NMR (23]
Sourdough Structure elucidation of the EPS produced by LAB "H NMR [62]
Sourdough Structure elucidation of the EPS produced by Lactobacillus sanfranciscensis Ls- 'H NMR 61l
1001 3C NMR
Sourdough Characterization of wheat flour after fermentation 'H NMR ms3l
Sourdough Structure elucidation of the EPS produced by Weissella cibaria MED17 113H NMR [56]
C NMR
Sourdough Structure elucidation of the EPS produced by L. mesenteroides 113H NMR (5]
C NMR
Sourdough Structure elucidation of the EPS produced by Lactobacillus brevis E25 'H NMR [54]
3C NMR
Ccosy
TOCSY
HSQC
HSQC-TOCSY
Soy beverage Characterization of biochemical changes caused by lactic acid bacteria 'H NMR f106]
metabolism
Soy milk Monitoring the metabolite profile of BSNK-5-fermented soymilk. 'H NMR (7]
Soy milk and cow Structure elucidation of the EPS produced by Streptococcus thermophilus 'H NMR [631
milk SBC8781
Soy sauce Differentiation between conventional and organic soy sauce 'H NMR 1001
Soybean paste Structure elucidation of the EPS produced by Leuconostoc pseudomesenteroides ~ "H NMR [65]
Sunki Metabolomic characterization of sunki 'H NMR (831
3C NMR
HSQC
Water kefir Structural characterization of the EPS 1H]l;lMR 31
C
Ccosy
HSQC
HMBC

performance liquid chromatography (HPLC), Fourier transform infrared spectroscopy (FT-IR), and 1D
NMR (‘H and '*C) revealed the presence of a HePs composed of glucose and galactose in different
proportions. From the "H NMR analysis, the authors observed the typical signals in the ring proton and
anomeric regions, but also in a third region from 2.3-1.2 ppm (the aliphatic or alkyl region). In this case,
this information, and the signal in the region from 4.0-3.3 ppm confirmed the presence of N-acetyl
groups in the structure of the EPS. '>C NMR provides valuable information about the carbon skeleton of
a molecule. Its main disadvantage is limited sensitivity, that is mostly affected by two factors: the natural
abundance of ">C is 1.108%, meaning that the probability of having ">C in the molecule is low (so
a higher concentration of the analyte is needed to obtain a high-quality spectrum). '>C NMR analysis
confirmed the previous assignments by showing the carbon atoms in the anomeric region from 110-94
ppm; the ring carbon region from 80-56 ppm; and the carbon of the alkyl proton at 16.5 ppm to confirm
the N-alkyl group in the structure. Cytotoxicity assays of the EPS showed increasing antitumoral activity
against HT-28 cells (colon cancer) in ranges from 50-400 ug/mL, making it a promising candidate for the
development of antitumoral functional foods, after the corresponding in vivo and clinical trials.”*”

The same matrix was fermented with a different species, Lacticaseibacillus paracasei ZY-1, and the
EPS structure was completely elucidated by a combination of 1D and 2D NMR techniques. The
following workflow was followed to elucidate the structure. Firstly, the '"H NMR showed the presence
of six distinct anomeric signals in the region from 5.42-4.99 ppm. The next step was to analyze the
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Figure 2. Representative chemical shifts of HoPs produced by LAB. % carbon signals clustered around this chemical shift zone % AC
amorphous cellulose < CC crystalline cellulose % Characteristic signal from levans  Range of ppm where different authors found this

signal.

C NMR to obtain information about the number and chemistry of each carbon. Six signals were
found in the zone between 102.22-98.35 ppm. Here comes the application of the HSQC spectrum, the
major advantage is the cross-peak between both axes indicating which proton is attached to each
carbon, so each proton was linked to its corresponding C1 atom.*) Since protons H2 to H6 are in
a zone where overlapping occurs, the COSY spectrum helped solving this issue. Not only by confirm-
ing the shifts observed in the '"H NMR but also indicating the coupling between protons and the
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Figure 3. Representative chemical shifts of HePs produced by LAB. “Gylc: glycerol bRib: ribitol “Man: mannose 9Gal: %alactose Glc:
glucose “GalN: galactosamine 9GIcN: glucosamine "NeuA: neuraminic acid ‘Rha: rhamnose ‘GalA: galacturonic acid *NOE: Nuclear
Overhauser Effect

extension of the spin systems inside each monomer, giving an initial idea of the position of each
monomer inside the EPS. Finally, the full spatial distribution and branching point of the EPS were
confirmed by the NOESY and HMBC experiments. In the NOESY experiment, the magnetization is
transferred through the space, not through the bonding electrons. The NOE effect is observed with
a cross-peak and indicates a distance between nuclei of less than 5A (Fig. 3).*”! Finally, the HMBC
experiment provided long-range interactions between 'H and '’C nuclei (mostly’J and’] and
rarely]).**) With the help of FT-IR, the spatial distribution and composition of the repeating unit
of the EPS were confirmed. The repeating unit of this HePs was composed by glucose and mannose
(Fig. 3). The EPS from this strain showed excellent hydroxyl, 1,1-Diphenyl-2-picryl-hydrazyl (DPPH),
and diammonium 2,2’ -azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) radical scavenging
activities depending on the concentration, making it a very good candidate for development of
antioxidant functional foods."

Water kefir is a yellowish beverage prepared by combining kefir grains, fruits, or their extracts in
a sucrose solution.” This beverage also contains alcohol, organic acids, and aroma compounds
produced during the fermentation process. 2D NMR spectroscopy to obtain a comprehensive under-
standing of the untreated water kefir beverage’s composition and the kefir grains. As it was mentioned,
EPSs can be classified in HoPs or HePs. Within HoPs, they are classified according to the bond and
monomer composition. When glucose is the monomer unit, they can have a-1,6 and a-1,3 bonds (for
example: reuteran, dextran, mutan, and alternan) or if the linkage is f-1,2 and p-1,3 (like cellulose and
curdlan, respectively). When the monomer unit is fructose with p-2,6 and -2,1 bond at O1 (levan and
inulin, respectively) or in polygalactans when the repeating unit is a pentamer of galactose, rarely seen
in LAB.'**) The EPSs in water kefir were studied by 1D and 2D NMR with two different approaches.
The first was direct precipitation with ethanol 80% v/v. The HSQC spectrum showed that glucose and
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fructose were the predominant signals, this indicated that sucrose was completely hydrolyzed during
fermentation. From these two monomers, fructose was in higher proportion, pointing out the
presence of fructans in this fraction. The a-glucan was confirmed by the "H and '>C anomeric pair
of signals C1H1 and the HSQC revealed the dextran a-1,6 signal and a ramification at the O3 position.
The second strategy was a precipitation in successive steps (from 40% to 80% v/v of ethanol) to isolate
and study each fraction. The most important findings of this approach were the presence of levans in
kefir grains, suggesting the contribution of different strains in the beverage. However, the authors did
not mention the involved strains in the study and could not establish if the levan had a p-2,6 or f -2,1
linkage.!**! Notably, other studies could assign the signals to levan or inulin fructans with information
from the '*C spectrum. By direct comparison of the findings in previous studies,”**! the levan from this
study could be an inulin-type levan based on the shift of C-1 at 60.5 ppm found by the authors that is
distinctive of this type of levans.

Kombucha

Kombucha is a popular stimulating beverage made by fermenting sugared tea with acetic acid bacteria
(AAB, mostly from the genera Acetobacter and Komagataeibacter) and a yeast symbiotic colony.
Within AAB, it has been demonstrated that microorganisms of the Acetobacter genus can produce the
so-called bacterial cellulose. Many researchers have focused their efforts to scale up the production of
bacterial nanocellulose (BNC) since Acetobacter xylinum was discovered for its ability to generate
cellulose.*™ New trends are also emerging in the field of materials science, as world population is
shifting towards sustainable and environmentally friendly options. In this field, nanocellulose is one of
the options that can potentially replace fuel-based plastics because of its technological and rheological
properties.**! To avoid concerns regarding deforestation for the obtention of this biopolymer, new
synthetic strategies are being analyzed. So, a study investigated the technological characteristics of the
BNC produced by Komagataeibacter rhaeticus DSM 16,663 T isolated from kombucha. Solid-state
NMR is the fundamental technique for the study of the spatial distribution of molecules in a solid
sample. Since solid samples are often inhomogeneous, they may experience differences in the magnetic
environment of the nuclei (anisotropy). Modern approaches like magic angle spinning (MAS) have
become necessary to average out this dispersion of the magnetic radiation in the protons of the solid
network.”” In this case, the use of cross-polarization (CP-MAS) solid-state NMR facilitated the
assessment of the crystallinity of BNC by analyzing the areas under C-4 in the spectrum corresponding
to both crystalline and amorphous cellulose and the "*C spectrum allowed the assignment of carbon
atoms from both crystalline and amorphous zones (Fig. 2). This study set a starting point for the
obtention of sustainable and eco-friendly alternatives derived from bacteria in fermented foods.
However, the authors highlighted the high production costs.®

Fermented fruits and vegetables

The use of NMR spectroscopy for the analysis of both fermented fruit products and their EPSs is an
area that has been largely underexplored. Fermented plant products firstly appeared in Japan and
quickly gained popularity throughout Asia, particularly in China and Korea.””! Scientific evidence
indicates that these products contain essential nutrients and a variety of bioactive components that
give them functional activities, such as antioxidant,”**") and antihyperglycemic properties.!*!!

The EPS from Leuconostoc citreum B-2 isolated from a homemade pineapple fermented product
was studied. Particularly, this EPS showed a highly branched structure with prevalence of a-1,6
glucopyranose units (75%), followed by a-1,3 branches (19%), typical of alternan-type glucans
(Fig. 2). The HSQC spectrum allowed to discriminate between a-1,6 and a-1,3 signals and the
C spectrum confirmed that this glucan had very few a-1,2 branches. Interestingly, the water
retention capacity of this highly branched EPS was around 450%. This would allow its use to modulate
the rheological behavior of novel dairy fermented products. Moreover, it showed high resistance to
enzymatic digestion, making it a good candidate for incorporating probiotics into the structure to
effectively reach the intestinal tissue."**!
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Another study perfectly illustrates the concept that the degree of branching and consequently, the
properties of the EPS, depend specifically on the producer strain. A highly linear dextran produced by
Weissella cibaria YB-1 isolated from a Chinese cabbage was analyzed by NMR and FT-IR and its
antioxidant properties were also studied. In this case, the 1D NMR analyses showed a 95% of a-1,6
bonds, followed by only a 5% of a-1,3 indicating a highly linear polymer. Particularly, the
3C spectrum allowed assignment of C-2 to C-5 and showed a clear signal at 65.78 ppm for C-6,
exclusive of an a-1,6 linkage. The degree of linearity dramatically changed the water holding capacity
of the EPS driving it to a 287% but not limiting its potential use as stabilizer or emulsifying agent in
food or cosmetics, along with its good antioxidant properties to offer functional enhancements to
novel products.'**!

In another study, the EPS from Lactobacillus plantarum HY isolated from a Sichuan pickle was
studied. The analysis by "H, '>C NMR and FT-IR revealed the presence of glucose, galactose, mannose
and fucose as main constituents of the EPS. The absence of the signal at 5.4 ppm was the key to
conclude that all the residues were pyranose-like. In this case, the EPS exhibited amylase-inhibiting
properties, making it a promising candidate for exploring antidiabetic functional properties in novel
products.** Another study that worked with the same matrix (Sichuan pickle) but a different strain
(Bacillus sp.) obtained two fractions from the EPS (S-1 and S-2). Even though the 'H and *C NMR
analysis showed that the units were the same as in the previous study (galactose, glucose, and
mannose), the molecular weight of the S-2 fraction was higher. This consequently impacted on the
hydroxyl groups quantity and distribution, giving this fraction a protective capacity against H,O,
depending on the concentration applied.[*!

Northeastern sauerkraut is a fermented food prepared from cabbage. It is famous among Chinese
customers because it possesses a unique flavor but also because of its high nutritional value, and its
ease of preparation./*® The EPS produced by Levilactobacillus brevis HDE-9 isolated from sauerkraut
revealed, with the help of the COSY experiment and the coupling constant values, that the EPS chain’s
building block was glucose. This research established that this EPS was a glucan (such as dextran)
produced from glucose consisting of a-1,6 units on the chain with no branching with further
applications in the dairy industry.*”) The analysis of the EPS produced by Lactobacillus coryniformis
in the same matrix by NMR, FT-IR and HPLC allowed concluding that the EPS was totally confirmed
to be a HePs composed of a -mannose, a -glucose, a -galactose, and a -rhamnose residues. This EPS
not only showed very good radical scavenging activity but also bacterial biofilm inhibition properties
and dispersion of pre-constituted biofilms of Salmonella typhimurium.**

Recently, the EPS structural and biological characteristics from Lactiplantibacillus plantarum
HDC-01 isolated from sauerkraut were investigated. In this case, the 1D and 2D NMR and FT-IR
analyses revealed a mostly linear HoPs composed mostly by a-1,6 bonds with some a-1,3 branching.
After matching each anomeric and ring proton to its carbon (*H,"3C, and HSQC spectra), the COSY
spectrum allowed the calculation of the Jy, 13, Ju3.14> and Jy4 ps coupling constants to confirm the
presence of a pyranose in the structure. Then, the NOESY and HMBC spectra validated all the
previous assignments by showing the inter-residue spatial connections. In terms of functional proper-
ties, the EPS exhibited milk coagulation properties and very good thermal stability, making it a very
good candidate for its use in the dairy industry."*

Sourdough
Sourdough is made by fermenting flour with native LAB and yeasts found in the flour and the
environment."”®! It is a matrix of variable composition, and this showcases the ability of bacteria to
adapt to those changing conditions (availability of nutrients, carbohydrates, pH)."") The most
important benefits of sourdough are not only those imparted by fermentation (prolonged shelf-life,
bioactive compounds) but also improved rheological properties to different doughs and bread such as
volume and texture.!*

The EPS produced by Lactobacillus brevis E25 from sourdough was compared with 2 commercially
available EPSs, namely, alternan and dextran. According to the results, glucose was the only sugar
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found in the E25 EPS. 1D, 2D NMR, and methylation analysis of the E25 EPS revealed that it was
a highly branched glucan with a-1,3 and a-1,6 glycosidic connections (Fig. 2), which was structurally
comparable to a previous report of the EPS from Lactobacillus reuteri 180.°% In this case, where 3
HoPs with very subtle structural differences were compared, specific 2D NMR spectra could perfectly
solve the overlapping problem and completely elucidate the three structures. TOCSY can be thought of
as an extension of a 'H-"H COSY experiment. In a TOCSY experiment, a strong magnetic pulse is
given so that the magnetization is transferred along the complete spin systems of the molecule, scaling
their chemical shift differences to zero. So, the coupling between all the protons of each spin system
can be readily observed.*® This advantage can be improved even further in case of many overlapping
regions and similar spin systems like in sugars. This is done by projecting the result of the experiment
into the >C axis, so a HSQC-TOCSY spectrum is obtained. In this work, the HSQC-TOCSY, TOCSY,
and HMBC spectra were the key in discerning glucose residues with identical substitution patterns but
positioned at different locations within the structure, observed in the three EPSs.** The EPS produced
by strain Leuconostoc mesenteroides S81 was also isolated from sourdough. In this study, HPLC
analysis was employed to determine the composition of monosaccharides of the EPS S81, and in
this case fructose was found to be the only monomer in the structure. "H NMR spectroscopy indicated
that this EPS was a levan type as a B-2,6 fructan. Particularly, '>C NMR revealed specific features that
confirmed the presence of a levan instead of an inulin type of HoPs. Firstly, the shift in the signal of
C-6, now observed at 63.2 ppm confirmed the -2,6 bond (Fig. 2). Secondly, the absence of the low
intensity signal at 0.2 ppm from the levan C-3 suggested that this was also a linear levan. FT-IR
analysis helped to confirm the presence of this furanoid units. This levan showed an important
immunomodulatory effect and very good antioxidant activity in vitro, so it was proposed as
a functional ingredient for the development of novel foods with both effects.>!

In another study, Weissella cibaria MED17 with a ropy phenotype was isolated from sourdough
and the EPS produced by this strain was characterized. The "H and '*C NMR spectra demonstrated
that this EPS was a dextran-type glucan containing a-1,3 branches. Particularly, very few studies have
informed the proportion of monomer units in the EPS based on NMR data. In this case, the
proportion of a-1,6 to a-1,3 glucose units were 94.3:5.7%.°°) The ratio of a-1,3 units was variable
and depended on the present dextrans. Previous reports showed this proportion was between 2.4% and
3.4%,1°>°7) whereas in this study levels of a-1,3 glucose units as branches around 5.7% were deter-
mined. This is significant because the degree of branching affects the technical properties of
dextrans.®* Although the MED 17 EPS showed moderate antioxidant activity, its major features
were its high degradation temperature (300°C) and microstructural features for its potential use as
a thickening agent or in bakery products.!*®

Some bacterial species can give the final product special characteristics in terms of nutritional and
sensory attributes. Particularly, the conversion from glutamine to glutamate is carried out by
L. sanfranciscensis via deamidation during sourdough fermentation. This process enhances bread
flavor.®® L. sanfranciscensis has shown an essential role in prolonging the shelf-life and global texture
characteristics of sourdough-based bread "*** including its favorable improvement to scent, and
enhancing the bioavailability of minerals and bioactive substances by creating more phytase.!*”’
Within this context, 51 strains of L. sanfranciscensis were screened, and L. sanfranciscensis Ls-1001
resulted the highest EPS-producing strain. Therefore, it was analyzed for further EPS yield optimiza-
tion and characterization by HPLC, FT-IR, and NMR. It was found that pyranose residues in the a-
configuration were the main units of the polysaccharides, in agreement with the results obtained by
FT-IR and the final yield was optimized to increase the production of this EPS with strong antioxidant
activity.[m]

In another study using a big number of strains isolated from sourdough, 72 microorganisms were
identified from sourdoughs manufactured by Spanish bakers. Colonies of 22 isolates exhibited a ropy
phenotype in the presence of sucrose, and the "H NMR analysis of their EPS confirmed that 21 out of
22 were dextran producers. Notably, 3 Leuconostoc and 3 Weissella strains grew without a riboflavin
supply and synthesized it themselves. The highest quantities of riboflavin and EPS were produced by
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W. cibaria strains (585-685 g/L and 6.5-7.4 g/L, respectively). As a result, these LAB strains represent
excellent options to produce fermented foods that are bio-fortified with both dextrans and
riboflavin.[®?!

Soybean fermented products

The analysis of the same chemical shift zones allowed the characterization of the EPSs produced by
S. thermophilus SBC8781 from cow milk and soy milk, along with a combination of other analytical
techniques like UV spectroscopy. The zones from 5.5-3.3 and 5.5-4.8 ppm revealed the presence of
the protons attached to carbons 2 - 6 (ring protons), the hydroxyl protons and the anomeric protons.
Both EPSs were HePs mainly composed by galactose, followed by other sugars in much lower
proportions. Immunomodulatory essays of the EPSs showed a greater activity of the EPS from soy
milk, which was proposed as a functional ingredient for the development of novel products with
immunomodulatory activity, after the corresponding clinical trials.!®*!

Soybean paste is commonly consumed in Northern China, and it is prepared from fermented
soybeans. This process involves several microorganisms, which might impact the flavor and color of
the finished product.!®*! An EPS-producing strain, YF32, was isolated from soybean paste and
identified as Leuconostoc pseudomesenteroides. The "H and >C NMR analyses revealed that this EPS
was a glucan type made up of consecutive glucose units with an a-1,6 bond without branching. This
EPS also presented high solubility, emulsifying properties, and thermal stability (Degradation tem-
perature of 307 °C) making it a good candidate for food applications.!**!

NMR metabolomics in fermented foods

The omics sciences encompass the study of various substances crucial for living organisms, including
lipids (lipidomics), proteins (proteomics), genes (genomics), and metabolites (metabolomics).[°*¢7!
The latter, represents a potent, effective, and sensitive approach in analytical terms that is extensively
used in food science. Its wide recognition is evident through its applications in two primary research
areas: investigations of the impact of food on human health and of food processing and
transformation.”*®) Metabolomics techniques are mainly classified as targeted or untargeted. The
hypothesis-based, targeted technique focuses on a subset of substances and is more focused on their
quantification. This technique is more limited in that it only reaches a small number of metabolites;
nonetheless, the changes produced by external alterations can be associated with fully identified
molecules.*7" The untargeted strategy, instead, creates a hypothesis; it is a more popular option
because it covers a broader variety of molecules and can be effective in identifying discriminating
metabolites between groups of samples. Both approaches integrate the analytical data with multi-
variate statistical techniques to extract possible classification patterns between the groups or generate
mathematical models that classify samples based on discriminant metabolites.””"7?! In this section, we
present the use of NMR-based metabolomics approaches in fermented foods where NMR was the core
technique of the studies. For deeper insight regarding the multivariate statistical techniques commonly
applied, as well as data pretreatment and normalization steps, the reader is referred to excellent
reviews in area.”>~7®!

Fermented plant-based beverages

Nowadays, the popularity of non-dairy products is widely rising due to the increase of the population
that is allergic to dairy or because they choose it as a lifestyle, specifically in Asian and African
countries. In this sense, novel non-dairy probiotic drinks can be a good alternative. A study aimed to
increase the overall quality of coconut milk kefir (CMK) (compared to coconut milk, CM) by studying
its antioxidant and antimicrobial activities and identifying the peptides and metabolites in it. The latter
were screened at the beginning and the end of the fermentation process by 'H NMR metabolomics to
detect changes in them. CMK displayed a bigger variety of bioactive metabolites compared to CM, and
the NMR technique enabled the quantification of these metabolites in both matrices. Both products
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contained sugars like xylose and sucrose, with higher quantities observed in CM. However, specific
compounds such as lactic acid, biotin, butyrate, caprylic acid, and riboflavin were exclusively detected
in CMK. Additionally, y-aminobutyric acid (GABA) was found in higher concentrations in CMK
compared to CM. Overall, CMK demonstrated superiority over CM, exhibiting elevated antioxidant
power, antimicrobial activity, and an enhanced nutritional profile.””) In another study, the metabolite
profile of coconut milk was studied by '"H NMR metabolomics after fermentation with
Lactiplantibacillus plantarum nguel6, pasteurization, and different cold storage times (1, 7, 14, and
21 days). The extracts were classified into two groups, samples from day 1 (group 1) were separated
from those at 14 and 21 days (group 2). Group 2 samples showed similarities, with a slight variation in
their metabolites profile. Notably, fermented coconut milk stored for 7 days revealed a greater
diversity of metabolites. The metabolites contributing to the differences between the 14th and 21st
days of cold storage included alanine, ethanol, o-Phosphorylethanolamine, valine, GABA, succinic
acid, acetic acid, tyrosine, and uridine. On the other hand, 1,3-dihydroxyacetone, 3-hydroxyphenyla-
cetate, o-Phosphorylethanolamine, oleanolic acid, amino acids (phenylalanine, threonine, and iso-
leucine), choline, lactic acid, glutamate, sugars (glucose and fructose) were more abundant in
fermented milk on the first day of storage. These findings suggested that both the fermentation
process and subsequent cold storage could influence the variation in metabolites during the cold
storage of fermented coconut milk."”*!

Soymilk changes during fermentation have also been studied recently. In one study, the changes in
the flavor, nutritional quality, and functional properties of soy milk during fermentation with Bacillus
subtilis at four different time points (0, 24, 48, 84 h) were analyzed using 'H NMR metabolomics. The
NMR data highlighted distinct metabolomic profiles at the four time points, indicating a substantial
difference in the matrix before and after fermentation. Throughout the fermentation process, a total of
44 discriminant metabolites were identified. These contributed to changes in nutritional content,
flavor, and functional properties of fermented soymilk. In comparison to the unfermented sample, the
sample exhibited upward trends in free amino acids (e.g.: lysine, isoleucine, valine, leucine, tyrosine,
and phenylalanine), while decreasing trends were observed for glucose-1-phosphate, 6-phosphoglu-
conic acid, lactate, and glycine after 24 hours. A more complex pattern was observed by the authors
between the 24-hour and 48-hour samples. They observed the same levels of free amino acids,
genistein, acetate, and GABA, but a decrease in soybean lecithin and 6-phosphogluconic acid levels.
Then, the pairwise comparison analysis of the 48-hour and 84-hour samples revealed an increase in
pyruvate, GABA, isovalerate, and 2-methylbutyrate levels, and a decrease in 2,3-butanedione, hista-
mine, and isobutyrate levels.[”"!

Fermented vegetable foods

Kimchi is a very famous and traditional fermented food consumed in Korea, and it has become
a widely known product throughout the world due to its health advantages and nutritional profile.!*"’
The components of kimchi are categorized into three main groups: vegetables (Chinese cabbage and
radishes); seasonings like red pepper, garlic, and onion among others; and optional additives, such as
jeotgal, a fermented fish sauce commonly consumed in Korea. Jeotgal is typically produced through
the fermentation of highly salted sea animals, including whole fish, fish roe, or internal organs of
fish.!®] The influence of incorporating this ingredient into kimchi fermentation was investigated using
'H NMR metabolomics, with the quantification of metabolites conducted within the same analytical
approach. Four groups of samples were analyzed, namely, kimchi without jeotgal (CK), kimchi with
salt instead of jeotgal (NK), and two types of kimchi samples with jeotgal: kimchi with salted anchovies
(SK), and kimchi with salted shrimps (MK). Kimchi with jeotgal showed higher levels of alanine,
arginine, glutamate, isoleucine, leucine, lysine, valine, and GABA than kimchi without jeotgal. SK had
greater alanine, arginine, glutamate, and lysine concentrations than CK and NK after 40 days of
fermentation, and MK had much higher values. Isoleucine, leucine, and valine concentrations were
less than 2 mM in CK and NK, but doubled in MK and SK. Additionally, the concentration of GABA
exhibited fluctuations throughout the fermentation process in all four kimchi variations, with slightly
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elevated levels observed in MK and SK until the 16th day of fermentation. Jeotgal was identified as
a crucial ingredient in kimchi fermentation, contributing to the enhancement of its nutraceutical
properties.'®! In another study, 17 probiotic type strains of LAB were studied to find better probiotic
or co-culture starters for kimchi fermentation. The metabolite profile of the candidates was compared
to that of L. mesenteroides, the commercial standard starter. Five candidates showed moderate to high
growing rates in simulated kimchi juice at 37°C so their metabolite profiles were studied by gas
chromatography coupled to mass spectrometry (GC-MS) and 'H NMR during kimchi fermentation.
Both L. mesenteroides- and L. fermentum-kimchi had low glucose content, indicating high consump-
tion rates for cell development. Mannitol is formed by the reduction of fructose that gives kimchi
a fresh sweet flavor; its level was high in L. mesenteroides-, L. fermentum-, and L. reuteri-kimchi when
compared to other samples. Notably, the lactate concentration in L. rhamnosus- and L. paracasei-
kimchi was much lower, likely altering the quality of the sour flavor. Among the 15 amino acids
discovered, alanine, glutamate, glutamine, glycine, and serine were the most common residues
(>80%), and the glutamate concentration for umami taste was the highest in kimchi containing
L. reuteri. When combined with sensory evaluations, these findings led to the conclusion that
L. fermentum and L. reuteri hold promise as potential candidates for probiotic starters or co-
cultures, suggesting their suitability for the development of health-promoting kimchi products.'®*

More than 100 types of kimchi have been reported, mainly being prepared from fermented cabbage.
Therefore, one study examined the effects of microorganisms found in the primary ingredients of four
kimchi types during fermentation. High-throughput sequencing and "H NMR spectroscopy was used
to investigate the fermentation characteristics, the structure of the microbial communities, and the
production of metabolites in food samples that were prepared changing only the main ingredients and
keeping the seasonings. The concentrations of sugars and other compounds like ethanol, glycerol, and
glycine in cabbage kimchi (C) and young radish kimchi (Y) changed in similar ways as the fermenta-
tion progressed; however, there was a marked increase in the concentration of mannitol in sample
C compared to sample Y. Fructose, sucrose, and glycine concentrations decreased in green onion
kimchi (G), but mannitol, butyrate, and ethanol concentrations increased, with butyrate and ethanol
concentrations higher in sample G than in other samples. During fermentation in leaf mustard kimchi,
there was a decrease in the concentrations of fructose and sucrose and an increase in the levels of
mannitol, lactate, butyrate, and ethanol. The variation in bacterial composition resulted in variations
in the metabolites generated in food. As a result, the primary ingredients played a significant role in
food quality.!®*!

Sunki stands as a distinctive, traditional fermented pickle crafted solely in the Kiso district of
Nagano Prefecture, Japan. The preparation involves the fermentation of red turnip (Brassica rapa L.)
leaves with LAB (Tamang, Watanabe, and Holzapfel 2016). To study its aqueous fraction, this
traditional fermented food was analyzed by 1D and 2D (HSQC) NMR metabolomics. The Sunki
pickle composition comprised 3 sugars, 3 alcohols, 4 alditols, 9 amines, 10 organic acids, 19 amino
acids, and 6 other chemicals. Notably, the levels of glucose, fructose, sucrose, and malic acid (primary
metabolites found in turnip leaves) were generally below the detection limit in most samples.
Dominating signals revealed major metabolites resulting from LAB carbohydrate fermentation,
including lactic acid, ethanol, and acetic acid. Moreover, lower intensity signals were found from
amino acids and their breakdown derivatives (amines and 2-hydroxy acids).’®*! The same research
group also performed an NMR metabolomics approach to characterize another fermented food,
Nozawana (Brassica rapa L. var. hakabura), to evaluate the effect of 4 different starter cultures in
the water-soluble compounds compared to a sample without starter culture. Two starter cultures,
Lactiplantibacillus plantarum K4G4 and K5G3, were differentiated based on their lactic acid produc-
tion, followed by Latilactobacillus curvatus #4G2. Levilactobacillus brevis K4G1, on the other hand,
showed higher presence of ethanol, acetic acid, and mannitol. The sample without a starter culture was
characterized by predominant glucose and fructose signals. Subsequently, variables with major con-
tributions were excluded, and multivariate statistical methods were repeated to assess the impact of
low-intensity variables on class separation and introduce additional discriminating molecules. This led
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to the classification of Lactiplantibacillus plantarum K4G4 and K5G3 into group 1, and
Latilactobacillus curvatus #4G2, Levilactobacillus brevis K4G1, and the sample without a starter culture
into group 2. In the differentiation, succinic acid, acetoin, and docosahexaenoic acid (DHA) played
significant roles in the first group, while choline, ornithine, GABA, and citric acid were more
important in the second group.'*®!

For sauerkraut, two organic samples from two different producers (SK1 and SK2) were analyzed by
"H NMR analysis. The results showed the discrimination between the two samples based on both then
strain composition and the metabolite profile. The metabolite profile showed unique changes during
the fermentation process in both samples. Lactic acid and acetic acid reached maximum concentration
in the samples at different days during the fermentation process. However, other acids like malic and
butyric reached a peak in concentration only in SK2 at the end of the fermentation process. This effect
was illustrated by the changes in sensory evaluation and technological properties of the final
products.®” This article portrays the use of NMR for simultaneous quantification of metabolites
during fermentation. This use could be extended to assess the quality of fermented products and
studies regarding the evolution of the profile after specific storage conditions.

Kombucha

Spray drying is an industrial method that is used to produce powdered food because it is cost-effective
and simple to regulate and operate.!®®! Kombucha tea is generally a sticky matrix, the responsible
molecules for its viscosity are sugars and organic acids. These molecules would play a critical role at
the time of spray drying the matrix. Adding a drying agent of high molecular weight could be a good
strategy to face this issue.*”) In this context, a study evaluated the effects of spray drying on the
physicochemical, antioxidant, and antibacterial characteristics of kombucha using Arabic gum as
a drying agent. The subsequent impact on the metabolite profile after the spray drying process was
studied by "H NMR metabolomics. Using sugared tea (ST) as a reference, the results revealed
important differences between the ST and fresh kombucha tea (FKT) samples, particularly for sucrose
and glucose. The authors observed a statistically significant (p < 0.05) decrease in the concentration of
sucrose after fermentation of ST. On the other hand, the glucose level was higher in the FKT sample
compared to the ST samples. A significant reduction in the concentrations of simple sugars, ethanol,
acetic acid, and alanine in encapsulated kombucha tea samples compared to FKT samples was
observed due to a dilution with the wall components and the effects of the high heat treatment. The
authors demonstrated the influence of an industrial process on metabolites in fermented foods.
Besides, this strategy could also be a good solution for allergic consumers searching for safe beverages
and for those with Halal diets.!*>!]

The effect of different microbial organisms has also been studied in kombucha. A study revealed the
different interactions among important species in kombucha microbiomes by constructing synthetic
microbial pairs using a combination of metagenomics and NMR. Manipulation of these bacteria in
kombucha could alter both the fermentation properties of kombucha as well as the creation of
biofilms, which is useful for kombucha beverage manufacturers, biofilm engineers, and synthetic
ecologists. Bacteria and yeast (B. bruxellensis and different strains of Komagataeibacter spp.) were used
to prepare fermented kombucha with biofilms. Metagenomic sequencing revealed that B. bruxellensis
emerged as the prevailing yeast. These findings aligned with a taxonomic survey of kombucha
fermentations throughout the United States. Remarkably, functional kombucha fermentations were
prepared with B. bruxellensis and K. rhaeticus. These co-cultures demonstrated the production of
biofilms and achieved low pH levels, two key indicators of kombucha fermentation. Profiling the
wasted media of both yeast species using NMR spectroscopy revealed B. bruxellensis greater capacity to
ferment and generate critical metabolites in kombucha tea and may explain why it encourages biofilm
development.1**!

A very interesting, but rarely seen, application of NMR in the field of fermented foods is the
detection of frauds or false claims in the labelling. One significant reason of the popularity of
kombucha is the notion that it contains bacteria that help with gut health, which is reinforced by



3384 (&) F. I BRIGANTE ET AL.

package claims like “live” and “probiotic.” A total of thirty-nine commercially available kombucha
products, categorized as either non-alcoholic (soft) or alcoholic (hard), were examined, with 74.4% of
them making at least one specific claim. The ‘hard” kombucha, a relatively recent product, involves an
anaerobic phase to enable ethanol accumulation beyond 0.5%. Through NMR analysis of their
chemical composition, approximately one-third of the samples initially classified as soft kombucha
products were re-labeled as “soft-aberrant” due to their alcohol by volume surpassing 0.5%. Samples
with higher ethanol content tended to have lower residual sugar and a higher concentration of
glycerol, a byproduct of fermentation. Analyzing correlations between these compounds revealed
a positive association between ethanol and glycerol (r=0.83, p <0.005) and a negative association
between ethanol and sucrose (r=0.39, p < 0.01).%

Functional ingredients can also be added during kombucha manufacturing to further enhance its
functional properties and add different flavors at the same time. For example, soursop (Annona
muricata L.) is a white-fleshed, aromatic, and juicy fruit with a creamy texture, and sour taste!”* and
previous reports mention it as a source of bioactive metabolites.'””! In a particular study, the
optimization of soursop kombucha production was carried out using a response surface methodology,
and the impact of various storage conditions on quality, metabolites, and biological activity was
investigated. A significant reduction (p <0.05) in sucrose concentration was detected from day 7
to day 21 of storage, while a significant increase was observed for fructose and glucose during this
period. This change was attributed to the hydrolysis caused by the invertase enzyme secreted by yeasts
and bacteria.®® Notably, the fructose concentration consistently remained lower than glucose under
all storage conditions. Furthermore, the levels of acetic acid in soursop kombucha samples showed an
increase from day 7 to day 21, particularly when stored at room temperature. This increase was
associated with the presence of Acetobacter bacteria, which contributed to the generation of acetic acid
in the soursop kombucha samples. Over the period from 0 hours to day 21, a gradual decrease in the
concentration of ethanol concentration in soursop kombucha samples was observed. Moreover, the
decrease in ethanol concentration suggested that storage conditions could improve the overall quality
of the fermented product for Halal consumers.'”

Fermented foods can also play a role as replacement of typical ingredients in other fermented foods.
For example, kombucha was used as a replacement of baker’s yeast to produce sourdough bread. For
this task, kombucha was introduced in the formulation after spray drying and encapsulation with
Arabic gum. Kombucha not only imparted leavening properties to the dough, but also prolonged the
final product’s shelf life and improved its functional properties. Using 'H NMR analysis combined
with multivariate analysis, the bioactive compounds of sourdough starter with and without the
addition of kombucha were identified. Two distinct sourdough starters were created: a liquid tradi-
tional sourdough starter (LTSS) and a liquid kombucha sourdough starter (LKSS). In particular, the
LKSS was found to contain 15 bioactive compounds with diverse functions that have the potential to
enhance biological function when compared to the LTSS.!®

Soybean fermented products

Organic foods are perceived to be superior to non-organic foods in terms of stated health advantages
and environmental sustainability. Indeed, organic produce tends to be slightly more expensive, and
NMR can serve as a tool to discern any metabolic differences associated with this certification. In
a study, the chemical profiles of non-organic (G, T, U, UB) and organic (C, COF, A, R, B, Z) soybeans
(G. max [L.] Merr.) were examined, along with the changes in metabolites after fermentation with
Rhizopus oligosporus. Notably, a difference was observed only between samples G and Z. Subsequently,
1D and 2D NMR analyses were conducted on these two groups to identify discriminating metabolites.
Phenolic compounds and isoflavones were not observed in the non-organic (G) and organic (Z)
unfermented soybean spectra, this was confirmed by the absence of signals in the aromatic region
from 5.5-9.0 ppm. The authors attributed this observation to the presence of high-intensity carbohy-
drate signals. Regarding the discriminating metabolites, caprylate, sucrose, and lysine were found in
higher concentrations in non-organic G, whereas organic Z exhibited higher levels of citrate,
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isoleucine, choline, valine, and stachyose. Based on these results, these two groups were then
fermented using R. oligosporus (GF and ZF, respectively). Thirty-two metabolites in the samples
were identified. As it usually happens in the analysis of complex mixtures, there is an overlapping
of signals mostly in the region from 3 to 5 ppm. In these cases, the use of 2D techniques is essential to
solve this issue. In this case, the authors confirmed the structure of the metabolites by J-resolved 2D-
NMR and HSQC spectra. Fermented soybeans showed a clearly distinct profile compared to the
unfermented ones. In the former, metabolite signals were found in aliphatic and aromatic regions
beside those of carbohydrates region (3.5-5.5). The comparison of the peak intensity showed higher
intensities in GF samples (including aromatic and aliphatic regions), whereas ZF presented stronger
signals in the region of carbohydrates.!*”!

In another study regarding the certification of organic practices in soy fermented products,
conventional soy sauce (CS) and organic soy sauce (OS) were characterized and differentiated using
"H NMR-based metabolomics. Soy sauce is a traditional fermented product that originated in East
Asian countries but is now used in cooking all around the world. Its flavoring compounds improve the
taste of dishes, while its coloring agents improve the appearance of the dipped food. The metabolomics
approach gave a clear separation of CS and OS and information about key metabolites that contribute
to this separation. OS had higher quantities of leucine, threonine, isoleucine, valine, acetate, choline,
lactate, phenylalanine, and tyrosine, whereas CS had higher levels of glucose, glutamate, and sucrose.
The abundance ratio of °C to '*C was also measured using "H NMR spectroscopy, which revealed an
enhanced ratio of "*C isotope in OS samples, showing that the OS was prepared using organically
produced wheat and soybean. The findings may be useful in increasing consumers’ awareness about
food fraud. This may also be an opportunity in the area for future traceability and authenticity studies
of soy raw materials.!""!

Miso is another traditional fermented food from Japan. The base ingredient is soy (like in natto and
tempeh) but the fermentation is caused by Aspergillus oryzae in this case. Other microorganisms such
as Saccharomyces cerevisiae or LAB species may also be involved in the fermentation process.''*!! 'H
NMR metabolomic analysis was used to study the differences and properties between three types of
miso: soybean miso, rice miso, and barley miso. The authors found that ethanol, glucose, and amino
acids contributed to the discrimination of miso samples. Rice and barley miso were richer in ethanol
and glucose, respectively. Soybean miso was differentiated by its high amino acid content, which
included branched-chain amino acids. The authors highlighted the advantages of NMR not requiring
any pretreatment in this case, its relative simplicity to measure and proposed it for food quality and
control studies.'*?!

It has been reported that antioxidant peptides are released after the hydrolysis of rice protein.
When these peptides were added to fermented foods, an inhibition of angiotensin-converting enzyme
(ACE) with inhibitory action against hypertension was observed.!'**! Within this context, a rice
protein hydrolysate was incorporated to fermented products (yogurts with soy and a Chinese beverage
with barley) and "H NMR metabolomics was used to identify discriminating metabolites. The
products without the rice hydrolysate were richer in sugars including sucrose, glucose, and maltose.
During fermentation, decreases in these molecules were observed in the beverages and this corre-
sponded with an increase in lactate concentration. After the rice hydrolysate was added, metabolites
from other chemical families like organic acids (acetate, pyruvate) and free amino acids (phenylala-
nine, alanine, tyrosine, leucine, and proline) were observed. This aligned with previous findings
indicating elevated concentrations of pyruvate in the lacto-fermentation of dairy yogurt.!'*”
Additionally, acetate emerges as a byproduct in the metabolism of pyruvate. Notably, two significant
aroma compounds, diacetyl, and acetoin, arisen from the metabolism of pyruvate, contributed to the
overall enhancement of the quality of the fermented products.!*®

[103]

Kefir
Within the advantages of NMR measurements, they do not require any previous separation technique
or sample derivatization steps, and they provide fast and direct information about the composition of
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a mixture. As a result, NMR spectroscopy enables in-situ monitoring and quantitative analysis in real
time. During fermentation, chemical changes in kefir and two types or yogurt were monitored using
an in-situ quantitative NMR approach. Remarkably, ethanol showed a sharp increase from 15h of
fermentation only in the kefir sample. This ethanol is produced from glucose at lower pH by the yeast
and is what clearly distinguished kefir from the other samples. This was confirmed by the increase of
the ethanol signals in the spectrum. Moreover, a sharp decrease was observed in the signals of citric
acid from 10 h of fermentation in the kefir sample mainly due to the citric acid metabolism to produce
acetaldehyde and diacetyl. Finally, the decrease in the galactose signal was explained by the production
galactose-rich EPS, kefiran, 718!

Fruit juice

Commercialization of fermented fruit juice is difficult due to multiple variables such as the product’s
high acidity, safety, unknown health benefits, and low popularity among consumers. On the other
hand, it has a long shelf life and is resistant to food-borne spoilage microbes. This is a challenging area
in which little research has been conducted. Dragon fruit (Hylocereus undatus) juice underwent
fermentation by LAB, and the differences in metabolites, in comparison to non-fermented dragon
fruit juice, were assessed through 'H NMR analysis. The differentiating metabolites between the two
groups included lysine, alanine, acetic acid, succinic acid, lactic acid, glucose, iso-butyrate, and betaine.
Dragon fruit fermented juice proved to be a novel functional food with enhanced nutritional benefits,
better consumer perception and shelf-life."*) The same research group studied the impact of
fermentation in cantaloupe (Cucumis melo) juice with L. plantarum FBS05 by 'H NMR metabolomics.
Fermented cantaloupe juice not only presented more bioactive metabolites than the non-fermented
juice, but also increased antimicrobial and antifungal activities mainly attributed to the presence of
lactic acid, gamma-Aminobutyric acid (GABA), alpha-aminobutyric acid, acetoin, acetoacetate, phe-
nylpropanoic acid, beta-alanine, gluconic acid and choline. Apart from this, the fermented juice also
contributed to prolonging the shelf life of the non-fermented juice and increased consumer’s accep-
tance when mixed with non-fermented juice in different concentrations. This way, the fermented
product (often with low popularity among consumers) was introduced and accepted by them.!''!
Similar effects were also observed in fermented jackfruit juice (Artocarpus heterophyllus Lam.) with
Lactobacillus casei ATCC334 where the "H NMR analysis revealed increased levels of GABA and lactic
acid in the fermented product and a significant increase in the antimicrobial activity against
Salmonella enterica serovar Typhimurium and Staphylococcus aureus. These changes were accompa-
nied by an increase in antioxidant activity, good consumer acceptance, and a high rate of survival of
the Bacillus sp. in the product even after 3 weeks of storage, making it a good candidate for the
development of probiotic novel foods."'!)

In another study, NMR emerged as a suitable technique for a comprehensive analysis of lactic acid-
fermented fruit material, facilitating the optimization of malolactic fermentation with L. plantarum in
Sea buckthorn juice (SBJ). For situations where malolactic fermentation is primarily employed for
deacidification, the authors concluded to opt for shorter fermentation times, lower starter pH, and
utilize acid-producing strains such as DSM 16,365 or DSM 20,174. On the other hand, if the
modification of secondary metabolites, such as quinic acid or phenolic compounds, is the desired
outcome, or if there is an intention to enhance the microbial or oxidative stability of the material,
considerations should lean towards higher starter pH and extended fermentation times.!"'?

Sourdough

Spelt flour was utilized to prepare sourdough and the changes in the metabolome and the antioxidant
power were studied by "H NMR, in vitro, and ex vivo assays. The 'H NMR approach was optimized for
the physico-chemical characterization of spelt flour extracts at different time points throughout the
entire four-day fermentation process. This study illustrated the use of NMR for analyzing food
composition along different timepoints. It could be extended to monitoring other bioactive compo-
nents along the production chain to assess the effect of the addition of other functional ingredients to
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fermented foods. In the unfermented sample (T0), the spectrum region from 3.0 to 4.5 ppm was
predominantly characterized by carbohydrates, particularly spelt starch. During the initial 24 hours,
sourdough bacteria and yeasts hydrolyzed the spelt starch, leading to observable changes in this
spectral region. Additionally, there was an increase in signals associated with aromatic compounds
following the second fermentation step. Nevertheless, aromatic compounds like polyphenols were not
specifically determined due to the high complexity of the matrix, which resulted in peaks overlapping
and/or line broadening.!'**! The observed matrix effect, previously noted in other bakery matrices,
could potentially be addressed by pre-treatment with C18 solid-phase extraction (SPE) cartridges
before NMR analysis, enabling the identification of polyphenols.!***!

Characterization of food products or their components

As we previously showed, NMR has been widely used for the characterization of EPS produced by
LAB. In this section, the technique has also been utilized to characterize fermented food matrices and
their components in combination with other analytical techniques and biological approaches.

Kefir and kefir yogurt
The microbiological composition of the grains has been extensively studied in recent years, with the
composition depending on the source, which directly determines the type of metabolites present in
kefir. Based on previous findings that highlighted the ability of various isolates from kefir to produce
bacteriocins — genetically coded antimicrobial molecules - a study explored the diverse metabolite
landscape of kefir grains. The objective was to evaluate whether certain kefir samples contained
molecules distinct from bacteriocins, acids, alcohols, or hydrogen peroxide, with the potential to be
extracted for the development of commercial antimicrobial products. A fraction named FK-1000 was
isolated from kefir serum (the supernatant obtained after kefir centrifugation) by dialysis against
distilled water with a membrane pore of 1 kDa. This fraction was subjected to characterization through
RP-HPLC, mass spectrometry, and 'H NMR. The "H NMR analysis revealed that the FK-1000 fraction
primarily consisted of sugars (p-glucose, a-glucose, and B-galactose) and aliphatic amino acids, with
a notable presence of polymers of alanine, tyrosine, and phenylalanine. The HPLC analysis indicated
that the FK-1000 fraction comprised two sub-fractions. Further NMR analysis of sub-fraction 1
exhibited a similar profile to the FK-1000 fraction, although with a predominance of sugar and alanine
polymers. Conversely, the 'H NMR results of subfraction 2 revealed the presence of a complex mixture
that was difficult to characterize. Notably, both the FK-1000 fraction and sub-fraction 1 exhibited
bactericidal and bacteriostatic effects against P. aeruginosa and methicillin-resistant S. aureus across
different pH conditions, representing a novel class of antimicrobial molecules isolated from kefir.!***’
Low-field NMR (LF-NMR) is another technique that is being applied in food science. The
main reasons for this include its high sensitivity in identifying differences in water mobility
and accompanying water transitions inside substances.!''®! The distribution of free and bound
water in a food matrix can be studied with this technique. The T2 relaxation time (spin-spin
relaxation of the H nuclei) is a useful parameter for determining this in fermented milk
protein gel networks. The T23 parameter represents free water confined inside the gel’s
network structure and is used to study milk gel systems.''”) Regarding other fermented
matrices, the technique has not been extensively applied and its advantages to study the
rheological and structural properties of fermented foods have not been explored. In a recent
study, kefir yogurt was fermented by mixed bacteria and by L. plantarum L1. The fermented
products were then analyzed by a combination of scanning electron microscopy, confocal laser
scanning microscopy, and LF-NMR. The aim was to study the relationship between the
chemical profile, texture, rheological behavior, microstructure, and water distribution in
these matrices. The LF-NMR analysis showed that the kefir group had the smallest area of
water distribution and the lowest content of free water (given by the T23 free water region).
The investigation revealed that both L. plantarum L1 and kefir-fermented milk exhibited
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pseudoplastic characteristics. However, the introduction of yeast and acetic acid bacteria had
diverse impacts on their rheological properties and microstructure. The latter decomposes
macromolecules such as proteins and fat into small peptides and small lipid particles. These
particles fill the pores of the yogurt gel structure, making them smaller and form a dense
network structure that closely combines water molecules.!'™®!

Soy sauce

Biogenic amines constitute organic compounds present in fermented foods, originating from
decarboxylation of amino acids or the amination and transamination of aldehydes and ketones
facilitated by microbes.!"'®! The excessive consumption of this metabolites can induce physio-
logical and toxicological effects, potentially leading to poisoning. Consequently, it is crucial to
minimize the biogenic amine content in fermented foods.''”! Given these considerations,
investigating the microbial composition and factors influencing the microbial profile of
traditional soy sauce becomes of paramount importance. In a study, the impact of incorpor-
ating coriander during soy sauce fermentation was assessed, considering both the microflora
and the levels of biogenic amines. The latter were determined by a quantitative 'H NMR
analysis. The levels of biogenic amines were significantly lower (p <0.05) in the coriander-
infused soy sauce compared to the control sauce. These findings suggested that incorporating
coriander during Korean soy sauce fermentation was beneficial, as it contributed to the
reduction of both biogenic amine levels and the bacteria responsible for their formation.!'?"!

Fermented vegetables

Food decomposition and deterioration will certainly accelerate because of the oxidation
reaction. Under oxidation conditions, several hazardous by-products, such as reactive oxygen
species, will be overproduced."*") As we have previously seen, fermented foods constitute
a valuable source of antioxidants. The effects of oxidative stress can be improved by inhibition
of key enzymes. Molecular docking serves as a valuable tool for screening potential enzyme
inhibitors, offering a significant advantage in the initial stages of drug development.
Investigating the interaction between small molecules and target enzymes is of high impor-
tance in the development of novel drugs. So, bioactive components in 5-year pickled radish
were isolated and characterized, where NMR was used for identification, along with other
separation and purification techniques. The identified structures included, a-linolenic acid,
chaenomic acid A, B-sitosterol, 5-hydroxymethylfurfural, p-sitosterol-3-O-glucose glycosides,
and 1-monopalmitin. These bioactive elements were commonly detected in numerous plants,
but it was the first observation of a-linolenic acid in pickled radish. Molecular docking
analysis indicated that [-sitosterol and P-sitosterol-30-glucose glycosides displayed notable
affinity for multiple crucial enzymes engaged in oxidation reactions.

Sourdough

A mixture of sourdough prepared using wheat germ and wholemeal semolina derived from the
endosperm of wheat kernels was employed to enhance the sensory and nutritional characteristics
of newly crafted pasta. The aim was to inhibit the oxidation of lipids and extend the product’s
shelf life. In this case, NMR played an important role as a quality control tool during pasta storage
to study the evolution of lipids over time. Three distinct formulations were created: an initial
formulation utilized semolina, a second one incorporated raw wheat germ, wholemeal semolina,
and semolina, while the final formulation consisted of semolina combined with sourdough. The
investigation into lipid oxidation phenomena through 'H NMR revealed a greater occurrence of
primary lipid oxidation in pasta with semolina (CP) compared to pasta containing semolina,
wholemeal semolina, and raw germ (RGP) and pasta made with semolina and wholemeal semolina
but with the addition of fermented wheat germ (SP). As a result, a hypothesized protective
influence of wheat germ was suggested.!>*
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NMR applications in plant-based beverages

Surprisingly, the field of plant-based beverages has not been extensively studied by NMR techniques in
recent years. Despite being an emerging alternative to dairy products and with a rise of an allergic
population to dairy products or turning to emerging dieting trends like veganism, there is a consistent
lack of studies studying either their functional properties when incorporated to different matrices,
their metabolism products, the discriminating metabolites between them, or their origin and quality.
NMR metabolomics and food authenticity were the focus of a few studies in this area.

A combination of a GC-MS with an "H NMR metabolomics approach was used to detect food
biomarkers in human urine from healthy volunteers after consumption of a soy-based drink, cow milk
and cheese. The drink consisted of 90% soy drink and 10% added soy-based vegetable cream. Three
food intake biomarkers of the soy-based drink were successfully identified by NMR metabolomics,
namely, trigonelline, pyridoxine and trans-aconitate, while some other signals in the spectra required
further efforts to be assigned. Nevertheless, the authors emphasized the need for evaluating the
identified compounds in observational studies under uncontrolled conditions and within a broader
dietary context. This evaluation is crucial to determine their applicability as biomarkers, considering
their presence in various food matrices.!'**

A fast method by a combination of "H NMR and DOSY to detect food thickeners in one almond
milk and one bio-oat drink with chocolate flavor (among other food matrices) was developed. Food
thickeners are defined as simple polysaccharides (such as Arabic gum, guar gum, carboxy-
methylcellulose, carrageenan, starch, and pectin) or proteins (such as gelatin) that when hydrated,
generate a viscous liquid."?*! The authors divided the results into 2 groups: food with detected and
undetected thickeners with a comparison with the label declaration on their content. They highlighted
that although thickeners are frequently used in food at low concentrations, the NMR approach allowed
for their fast identification at approximately concentrations higher than 0.5% — 1% (w/w) in several
premixtures and food. Within the group where thickeners were detected, the almond milk was present,
where the signals at 5.08 (H-1 of galacturonic acid) and 4.96 ppm (H-1 from galactose) marked the
presence of pectin. The bio-oat drink was included in the second group of products where thickeners
could not be detected by this novel method. The main factors addressed by the author regarding these
results were concentration of the ingredients in the matrix, concentration of the thickener, solubility in
D,0, and temperature since the analysis of complex carbohydrates at low temperatures produced
a broadening of signals.!"*!

Conclusions. Challenges and opportunities in the area

A significant knowledge gap exists around plant-based beverages analysis by NMR. Our careful review
of the literature over the recent years reveals that the potential applications of NMR in this area have
been relatively unexplored compared to other well-established areas of NMR research. This knowledge
gap presents a compelling opportunity for innovation and the development of novel alternatives. In
this article, we emphasize the need for further exploration and innovation at the intersection of plant-
based beverages industry and NMR spectroscopy, highlighting the potential for new findings and
insights in this underdeveloped field.

Several concepts might be investigated, particularly in the context of quantitative research,
nutritional content analyses, authenticity testing, mixture analysis, traceability studies, quality
assessment, and determining the level of processing, to fill this gap in our understanding of
plant-based product science and NMR spectroscopy given the inherent advantages of the
technique that were previously mentioned. This includes, but is not limited to, the following:
highlighting the use of NMR spectroscopy for quantitative studies of nutritional components
in plant-based foods, including carbohydrates, lipids, proteins, and bioactive substances. This
can help us gain a deeper insight into the nutritional benefits of these foods; developing
NMR-based methods to authenticate the geographic origin and quality of plant-based
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beverages. This is especially relevant in combating food fraud, where substitution or mixing of
ingredients with others of poor quality is increasingly occurring to ensure that consumers
receive the genuine plant-based products they expect for the special price they pay; identifying
the components of mixtures or a “100% pure” presumed product to avoid fraud; utilizing
NMR to trace the journey of plant-based ingredients from their source to the final product
and their metabolism in the human body. This can enable new rigorous and faster quality
control strategies and verify the integrity of plant-based supply chains, essential for consumers
and regulatory agencies; employing NMR to assess the degree of processing in plant-based
products, aligning with the trend towards minimally processed foods. This would help meet
consumer demands for healthier, less-processed alternatives by quantifying the impact of
processing on the metabolite profile of these products as it has been carried out for other
food matrices; developing new functional foods with the addition of different nutraceutical
ingredients such as seeds (whole or their defatted flour), fruits (juice, fresh pulp or powdered
peel) and studying changes in NMR signals of specific compounds such as vitamins, carbohy-
drates or antioxidants; developing new products tailored for consumers with chronic diseases
such as diabetes (sugar-free beverages) and controlling the level of specific metabolites (sugar
concentration) in new or existing products in the market; investigating the impact of gastro-
intestinal in vitro digestion by NMR metabolomics (with optional contribution of other
analytical techniques) to give valuable information about their role in the gut microbiota
and their potential contribution as prebiotics for bacteria; developing tools for the fast
certification of the BIO claim observed in most products of this area including the markers
that differentiate BIO plant-based products from conventional plant-based products and
whether they confer significant benefits in nutritional terms.

The area of fermented foods has been extensively studied using NMR and covers a wide range of
applications, as evidenced by the large number of articles in recent years. However, there are still some
underexplored sub-areas. Although we have observed that EPSs have been the primary focus of
a considerable number of publications, there is a lack of studies regarding their applications in other
matrices. Their water-solubility could be harnessed to develop innovative functional products such as
fruit juice, flavored water drinks, plant-based beverages, yogurt, ice-cream, and creamy desserts where
they could potentially have a probiotic effect. They could also be used to enhance the viscosity of sweet
desserts without the need for additional fat, enabling the formulation of fat-free or calorie-reduced
products. Additionally, they could be incorporated into gluten-free products like muffins, bread, puff
pastry dough, and pasta to improve their sensory quality and rheological properties. However, we
believe that the primary challenge in these applications lies in the matrix effect. This is since nearly all
food matrices contain sugars or carbohydrates, which can complicate their identification in a complex
matrix using NMR techniques, even after matrix pre-treatment. Another challenge in this area is the use
of EPSs in novel products. Their properties have been extensively studied and all have proposed as
candidates for food development, but no studies have incorporated them in another matrix to study
their functional effects in a new matrix. The main difficulty lies in the matrix effect and the overlapping
of signals, but we have seen that NMR offers plenty of advantages to overcome this issue. Regarding the
sensory impact of fermented products, more studies could be dedicated to finding ways of introducing
these products to the consumers either by incorporating them inside another matrix (by fortification or
partial replacement of the ingredients), mixing them with other fermented or non-fermented foods or
diluting them with water in the case of fermented juices without or minimally altering their functional
properties. This could also be extended to finding healthier ways of conservation of different foods,
given the antibacterial properties observed in these matrices.
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Abbreviations

2D NMR two-dimensional NMR

'"H-">C-HSQC  heteronuclear 'H,"’C single quantum coherence
COSY correlation spectroscopy

DOSY diffusion ordered spectroscopy

EPS Exopolysaccharide

HoPs Homopolysaccharide

HePs Heteropolysaccharide

FT-IR Fourier transform infrared spectroscopy
GC-MS gas chromatography coupled to mass spectrometry
HMBC heteronuclear multiple bond correlation

LAB Lactic acid bacteria

LF-NMR: Low-field NMR

NOESY nuclear Overhauser Effect spectroscopy
TOCSY total correlation spectroscopy
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