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ABSTRACT

In the field of food and nutrition, complex natural products (NPs) are typically obtained from cells/tissues of diverse organisms such as plants,

mushrooms, and animals. Among them, edible fruits, grains, and vegetables represent most of the human diet. Because of an important dietary

dependence, the comprehensive metabolomic analysis of dietary NPs, performed holistically via the assessment of as many metabolites as

possible, constitutes a fundamental building block for understanding the human diet. Both mass spectrometry (MS) and nuclear magnetic

resonance (NMR) are important complementary analytic techniques, covering a wide range of metabolites at different concentrations.

Particularly, 1-dimensional 1H-NMR offers an unbiased overview of all metabolites present in a sample without prior knowledge of its

composition, thereby leading to an untargeted analysis. In the past decade, NMR-based metabolomics in plant and food analyses has evolved

considerably. The scope of the present review, covering literature of the past 5 y, is to address the relevance of 1H-NMR–based metabolomics

in food plant studies, including a comparison with MS-based techniques. Major applications of NMR-based metabolomics for the quality control

of dietary NPs and assessment of their nutritional values are presented. Adv Nutr 2016;7:179–89.

Keywords: metabolomics, nuclear magnetic resonance, food plants, natural products, mass spectrometry, quality control, nutritional value,

food safety

Introduction
Natural products (NPs)7 comprise all chemicals or metabo-
lites produced by a living organism, constituting an orga-
nism’s metabolome. In food analysis and nutrition, NPs
are complex metabolic mixtures that originate from various
sources such as microorganisms, plants, animals, and humans.
Analyses dedicated to the comprehensive characterization of
complex mixtures through the identification and quantifica-
tion of as many metabolites as possible are referred to as

metabolomics. The primary goal of metabolomics is to gain a
bird’s-eye view of cell/tissue/organ composition at a specific
time point to understand the molecular signature of macro-
scopic biological influences (1–4). Three types of analytic
techniques are used in metabolomics: vibrational spectros-
copy such as infrared and Raman spectroscopy, NMR spec-
troscopy, and MS (5–8). Taken individually, none of these
techniques meets the requirements for the measurement of
all metabolites present in a sample. Comprehensive metabo-
lomic analysis can only be obtained by merging data from
these different platforms. Both MS and NMR are recognized
as the most important complementary techniques that
cover a wide range of metabolites at different concentrations
(6–8). The former determines m/z of molecular ions, their
fragmentation patterns, and the relative ionic intensities of
the metabolites, generally after LC or GC. NMR measures
the resonance frequency of the metabolites’ nuclei, such as
1H and 31P, under the influence of a magnetic field. Partic-
ularly, NMR-based metabolomics favors the measurement
of protons (1H), owing to its relatively high sensitivity, nat-
ural abundance, and nearly ubiquitous presence in organic
compounds (9–11). The analysis of 1-dimensional (1D)
1H-NMR spectra acquired under quantitative condi-
tions (qHNMR) enables the structural identification and
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subsequent quantification of several metabolites present in a
sample (12–15). From a nomenclature point of view, the
term metabolite fingerprinting was preferred when spectro-
scopic techniques, such as NMR, were used, whereasmetab-
olite profiling was mostly associated with LC-based methods.
Now, the border has become blurred, and both terms are
used interchangeably in the literature, together with the
terms metabolomics and metabonomics (1, 2, 5, 10).

In nutrition research, metabolomics aims to understand
the effects of diet on human health. Because the diet clearly
affects the human metabolome, nutritional investigations
usually require the analysis of metabolomes of both the
food and the consuming animal/human (Figure 1A). A
comprehensive study of the food metabolome is necessary
to generate relevant hypotheses that relate the effects of
the diet on humans (16, 17). In line with this consideration,
the recently introduced concept of foodomics integrates mul-
tiple omics techniques to describe the food composition
with the same high standards generally reserved for the anal-
yses of the human organism (18–20). Moreover, knowledge
of the plant metabolome is fundamental for an accurate
understanding of the human diet, considering that edible
fruits, grains, and vegetables represent most of the consumed
food (21). The holistic study of the plant metabolome faces
several challenges linked to the chemical diversity (nutrients
and phytochemicals), varying physicochemical properties of
plant-derived metabolites, and the accommodation of their
large dynamic ranges in terms of concentration (pM to mM;
Figure 1B) (3).

Food analysis and nutritional research have used
metabolomic tools for ;15 y. The implementation of
metabolomics has increased since 2010, supported by the
improvement of analytic instruments, statistical software,
and accessible databases. Review articles already cover the
experimental designs and methodologies for 1H-NMR–
based (9, 10, 22) and MS-based (23) metabolomics. The
complex and large data sets obtained from the various

analytic platforms require data mining resources, includ-
ing bioinformatics and multivariate data analysis (MVDA),
to extract meaningful information. To date, the most com-
mon MVDA approaches for untargeted analysis are princi-
pal component analysis and hierarchical clustering analysis.
Details on data preparation and processing with the use
of chemometrics and bioinformatics were also thoroughly
reviewed (24–27).

In recent literature, MS is more abundantly applied to
metabolomics than NMR. Therefore, the present review fo-
cuses on the role and relevance of NMR-based untargeted
metabolomics in food plant analysis. A metabolomic work-
flow is proposed on the basis of NMR’s complementarity
with MS-based techniques. The surveyed literature covers
diverse applications of 1H-NMR–based metabolomics, from
the assessment of nutritional properties, to quality controls
(QCs), and the determination of organoleptic quality of
edible plants before human metabolism.

Use of 1D 1H-NMR as a First-Pass Screen for
Metabolomics
NMR-based metabolomics in plant (5, 28) and food analyses
has matured considerably (29, 30). This section addresses
the main characteristics of NMR-based metabolomics from
sample preparation to metabolite identification and quanti-
fication, while highlighting its complementarity with MS-based
techniques (Table 1) (26, 31–33).

Sample preparation and representativeness
Producing samples that are compatible with the analytic
platform with minimal loss and without adulteration is es-
sential in metabolomics (34). The first potential bias in
the metabolomic workflow is linked to the extraction pro-
cess of solid samples. The conditions of extraction affect
the sample composition, and, thus, the range of metabolites
that can be detected (30, 34). To avoid these effects, high-
resolution magic angle spinning-NMR can be used to

FIGURE 1 Dietary dependence (A) and
analytic challenges (B) of the plant
metabolome.
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analyze freeze-dried tissues or cells dissolved in buffered
deuterium oxide before acquisition. The spectra are ac-
quired with the use of the 1D nuclear Overhauser effect
with presaturation to remove the signals of residual water
and proteins, thereby leading to high-quality, solution-
like 1H spectra (35–38). Developments in MS systems,
such as desorption electrospray ionization (DESI) and
direct analysis in real time, also allow the evaluation of
biological samples without pretreatment and chromato-
graphic separation (32). These direct measurements shorten
the acquisition and preparation time, but their applica-
tions are limited because of the overlap of small signals
by larger ones during detection and the occurrence of
ion suppression (2).

For liquid samples such as biological fluids (30), beverages,
or edible oils, NMR is highly suited. These samples are di-
rectly prepared in NMR tubes, buffered, and diluted with
deuterated solvents before analysis (9, 30). In contrast, most
of the MS-based methods require sample cleanup procedures
before analysis (Table 1). Any sample preparation step in-
volves manipulation of the number, identity, and abundance
of detected metabolites, potentially biasing the final results.
Hence, one of the important advantages of NMR is its

minimal sample manipulation, thereby providing more au-
thenticity and less opportunity for human error (4).

Reproducibility and robustness
The fundamental variables that modulate an NMR spectrum
are the solvent, the magnetic field strength, and the pulse se-
quence. When these parameters are kept constant, 1H-NMR
results obtained under quantitative conditions are highly re-
producible (12, 15, 30, 39). Because of minimal sample prep-
aration, a high-sample throughput with little instrumental
drift is achievable, making 1H-NMR suitable for rapid first-
pass screening. Markus et al. (40) recently reported the ro-
bustness of 1H-NMR analysis for Vaccinium extracts acquired
at different sites; although field strength, console, probe, sam-
ple diameter, and software differed, the results were found to
cluster tightly together in principal component analysis score
plots. As stated by the investigators, “material validation. is
possible using NMR on spectrometers of various configura-
tions and architecture” (40). Comparatively, chromatographic
separations cause the most critical source of variation and ex-
perimental errors in LC/GC-MS (1, 11, 23). Altogether, the
robustness of NMR and the reproducibility of the obtained
results promote the comparability and exchange of data.

TABLE 1 Comparison of NMR and hyphenated MS systems in metabolomics1

1H NMR LC-MS GC-MS

Sample preparation Extraction required for solid samples Preparation and/or extraction required for both liquid and solid samples
Derivatization required for polar

metabolites
Direct analysis Liquid samples and HR-MAS for

tissues and cells
DART or DESI-MS for tissues and cells

Recovery Sample recovery Sample destruction
Detected metabolites Detection of 1H frequencies under a

magnetic field
Detection based on structure polarity and ionizability

Ionization: ESI/APCI Ionization: EI, CI
All structural types and polarity Polar to medium polar Volatile, thermostable

Identification Chemical shifts, coupling constants,
multiplicity

Retention time, m/z, fragmentation
pattern

Kovats Index, m/z, EI, fragmentation
pattern

Two-dimensional data Need for authentic standards
Few databases Various databases Rich databases

Identification limitations Variability of NMR data because of
solvent effects

Variability of non-EI data Derivatization often required

Potential adduct formation Potential formation of artifacts
MW range (,1000 Da)

Lack of database information for rare
phytochemicals

Lack of standards for rare phytochemicals

Sensitivity Low μM pM, low nM
Favorable identification of most

abundant metabolites
Favorable identification of trace metabolites

Detection of numerous nonidentifiable compounds
Specificity Less than LC/GC-based techniques

because of signal overlap
Greater than NMR because of chromatographic separation, ion selection, and

fragmentation patterns
Reproducibility robustness Higher cross-laboratory and

cross-platform reproducibility
Lower because of the inherent variations of the LC/GC systems associated with

each part of the hyphenation
Quantification Direct proportionality Semiquantitative, in certain cases, based on molecular ion relative intensity

Various calibrations possible
No need for structurally identical

reference standard
Need for structurally identical reference standards for calibration and accurate

quantification
Metabolomic approach High-throughput first-pass screen Lower throughput: sample preparation and calibration

Fingerprinting Profiling
Untargeted/unbiased overview Targeted analysis, hypothesis driven

1 APCI, atmospheric pressure chemical ionization; CI, chemical ionization; DART, direct analysis in real time; DESI, desorption electrospray ionization; EI, electron impact; ESI,
electrospray ionization; HR-MAS, high-resolution magic angle spinning; MW, molecular weight.
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Metabolite identification and databases
The identification of metabolites related to certain biological
effects is fundamental in metabolomics. Measuring the var-
iation of certain proton signal intensities between samples
and connecting them with defined structural characteristics
can be challenging. Powerful MVDA is required to interro-
gate the data and to identify key MS or NMR signals associ-
ated with the analysis (24–27).

The 1H-NMR spectrum of a complex mixture represents
the superposition of spectra from all individual metabolites
present in the sample at their relative abundance (Figure
2A). Hence, the spectrum of a mixture accounts for the
full set of metabolites, but only the most abundant (in mM
to mM) can be easily identified and quantified (4, 11). The
metabolic complexity of NP mixtures generates a large
number of 1H signals from diverse structures, all located
in a narrow chemical shift window (0–15 ppm), hindering
metabolite identification and quantification because of
signal overlap. Identification requires careful analysis of
proton resonances throughout the 1H-NMR spectrum, ac-
quisition of various 2-dimensional spectra (42), and con-
sultation of databases (26, 31) (Figure 2). Merging all of
these data sets leads to the documentation of molecular/
structural connections, thereby constituting evidence for
the characterization of abundant metabolites.

To promote metabolite identification, a recently devel-
oped fast NMR method involves the acquisition of three
2-dimensional NMR spectra (43). To improve the selectivity
of 1H-NMR measurements specific pulse sequences (e.g.,
J-resolved experiments, diffusion-ordered spectroscopy)
(10, 20, 42) can be implemented. Computer-assisted decon-
volution algorithms of processed 1H-NMR spectra can also
facilitate the identification of metabolites (44, 45). The use
of cryogenic and microcoil probes and the implementation
of polarization methods such as Dynamic Nuclear Polariza-
tion leads to an increase in the sensitivity of NMR measure-
ments (39, 46). However, Dynamic Nuclear Polarization
has not been fully implemented in metabolomic analysis
(15, 20–22, 34).

The availability of databases, such as the Human Metab-
olome Database or the Biological Magnetic Resonance Data
Bank, has fostered the identification of metabolites by NMR.
Lists and descriptions of NMR/MS databases for structural
identification/dereplication are available in reviews (26, 31).
Most of these collections enable the identification of nutri-
ents, often designated as primary metabolites (18Ms), and
ubiquitous phytochemicals such as quercetin or b-sitosterol.
The NMR spectra in these databases were mainly acquired in
deuterated water, methanol, or chloroform. Because com-
plex plant samples usually contain a wide range of structur-
ally diverse chemicals, these solvents cannot cover the broad
polarity range of a true metabolomic window. Hence, the
use of a more universal solvent, covering a wide range of po-
larity, such as deuterated dimethyl sulfoxide, could improve
the utility of NMR databases. Moreover, the identification of
less common metabolites, particularly rare phytochemicals,

remains an intricate task, because their spectra are usually
not freely available (Table 1) (28, 34).

In plants, 18Ms are the most abundant metabolites and,
thus, are easily identified by NMR. Accordingly, most food
plant NMR-based metabolomic studies (see next section)
focus on the 18M composition. Generally, phytochemicals
are less concentrated than the designated 18Ms, explaining
the popularity and use of MS in metabolomics.

Hyphenated MS systems are capable of identifying, but
not necessarily quantifying, several thousand metabolites
in biological samples. The limit for detecting metabolites
is reliant on their concentrations and nonoptimal perfor-
mances in chromatographic systems and MS detection
(e.g., poor retention, insufficient ionization). Depending
on the metabolite structures, polarities, and type of desired
analysis (quantitative or not), different MS systems can be
used. Thanks to their sensitivity, triple-quadrupole mass
spectrometers are good platforms for targeted quantitative
analysis. With their high resolution and ability to detect
multiple ions simultaneously, Time-of-Flight, Orbitrap, and
Fourier transform ion cyclotron resonancemass spectrometers
are more suitable for broader metabolomic screening (7, 16,
26). In these systems, soft ionization methods such as electro-
spray ionization (ESI) and atmospheric pressure chemical
ionization are commonly used. For the identification of
nonpolar or derivatized volatile thermostable metabolites,
GC-MS systems with hard ionization methods, such as elec-
tron impact or chemical ionization, are preferred. To in-
crease the ionization of diverse metabolites and to enhance
the metabolite coverage, dual-source MS instruments, com-
bining atmospheric pressure chemical ionization and ESI for
LC systems (47) and soft and hard ionization for GC systems
(48), can be used.

In MS systems, metabolite identification relies on the re-
tention time, abundance of molecular ions, and fragmenta-
tion patterns, which altogether will be searched in available
databases (6, 26). Particularly, GC-MS spectral libraries are
highly suitable for metabolite identification because results
(e.g., Kovats indexes and fragmentation patterns) obtained
from different GC-MS instruments are highly consistent
(1, 2, 31). However, LC-MS and MS/MS results are subject
to variation, because of the component nature and proper-
ties of LC systems and the lack of consistent fragmentation
and ionization across different MS platforms. Despite the
existence of various MS databases, robust compound iden-
tification and quantification still relies on direct comparison
with identical reference compounds.

Unique characteristics of qHNMR
NMR has unique quantitative capabilities, provided that ap-
propriate acquisition and processing conditions are used (12,
39, 49). The fundamental characteristic of qHNMR is that
the 1H signal intensity is directly proportional to the number
of nuclei responsible for that particular resonance (I = kN). In
a mixture, the normalized areas of 1H signals are directly pro-
portional to the molar concentrations of the components.
NMR can use different calibration methods, which were
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shown to be equally suitable for determining the constant k.
Calibration can use internal or external reference compounds
(synonym: calibrants), implement an electronic reference, or
under certain circumstances simply normalize the full spec-
trum, as reviewed elsewhere (12, 39, 50, 51).

NMR quantification requires no measurement of specific
response factors for each metabolite, which is compulsory
for LC/GC quantification. Hence, another important dis-
tinction from LC-based calibration concepts is that the
calibrant does not need to be structurally identical to the

FIGURE 2 Key steps for the NMR identification of metabolites in complex mixtures. (A) The interpretation of the 1D 1H resonances in
terms of chemical shifts (d in ppm), multiplicity, coupling constants (J in Hz), and intensities leads to the determination of the relative
molar concentrations (A1) and structural classes (A2) of the most abundant metabolites. (B) The acquisition of 2D NMR data enables
the determination of structural connections. (C) The consultation of databases guides the analysts in the identification of known
metabolites. The entire process is illustrated with metabolomic fingerprinting of licorice extract (41), leading to the simultaneous
identification/quantification of major nutrients (sucrose [1], proline [2]) and phytochemicals (glycyrrhizin [3] and liquiritin [4]). COSY,
correlation spectroscopy; HMBC, heteronuclear multiple-bond correlation spectroscopy; HSQC, heteronuclear single quantum
coherence spectroscopy; 1D, 1-dimensional; 2D, 2-dimensional.
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metabolite of interest (Table 1) and can be any suitable
compound of known purity (50, 51). Another advantage
of qHNMR is its ability to quantify simultaneously, in
a single experiment, several metabolites, including rare
and not commercially available phytochemicals. Perform-
ing quantification by MS usually limits the number of
measurable compounds because of the requirement for
individual calibration curves.

The inherent signal overlap in metabolomic qHNMR
spectra generally requires the implementation of computer-
assisted deconvolution for the accurate measurement of
integrals. There are mainly two types of deconvolution
methods: 1) linear deconvolution, including those that
use Bayesian models (27, 45, 52), and 2) quantum-mechanical
deconvolution that use the proton NMR variables or spin
systems, referred to as 1H iterative full spin analysis and/or
quantitative quantummechanical spectral analysis (10, 13, 44).

Place of 1H NMR in the metabolomic workflow
As stated by McGhie et al. (16), when designing a metabo-
lomic experiment, “analytical options are often (but not ide-
ally) selected based on underlying assumptions about the
types of metabolites that are of interest to the experimenter.”
NMR, however, does not require underlying assumptions
of the sample composition. NMR offers a comprehensive
unbiased overview of all metabolites in the sample without
destruction, making it highly suitable for first-pass untar-
geted metabolomic screening (Figure 3). The information
acquired through the interpretation of 1H-NMR spectra
(e.g., putative identity and relative concentrations of key
metabolites) can help the analyst in developing or refining
chemical hypotheses and in designing appropriate MS-based
targeted analyses (1).

Subsequently, the choice of orthogonal analytic methods
will depend on the nature of the samples, the structural char-
acteristics (e.g., polarity and volatility) of the metabolites, and
the choice of targeted or untargeted analysis (Figure 3) (53).
In LC or GC systems, the metabolic signature depends on
the type of separation and detection, making unbiased
metabolomic analysis problematic.

LC- or GC-MS are well suited for targeted metabolomic
studies that require the measurement of selected metabolites
with a high level of precision and accuracy (26). The combi-
nation of analytic techniques is finally determined by the
overall objectives related to either the accurate quantifica-
tion of selected metabolites, the detection of unusual/
discriminant metabolites, or the comprehensive overview
of the metabolite composition. The use of both NMR and
MS-based metabolomics, in a strategic manner, can increase
the number of identified metabolites and provide a more
comprehensive, accurate biochemical understanding of the
samples under investigation (4, 10).

NMR-Based Metabolomics Can Assess the
Quality and Nutritional Value of Edible Plants
The quality of dietary plant products is greatly affected by
variables before (genetic and botanical origins, cultivation

conditions, type of soil, climate) and after (milling, storage
conditions, industrial processing) harvest (Figure 4). Vari-
ous metabolomic techniques can be applied to understand
the plant’s biochemical responses to these diverse condi-
tions. High-field (400–600 MHz), liquid state 1H-NMR–
based metabolomics has been used increasingly in food
analyses to assess the overall nutritional quality and authen-
ticity of a large number of fruits, vegetables, and plant-
derived food products. This includes tomatoes, potatoes,
various fruits and their juices, lettuce, tea, wines and beers,
honeys, and edible oils (9, 29). Complementing the 2 re-
views published in 2012 (9) and 2013 (29), the following
sections address the main applications of NMR-based
metabolomics for the evaluation of cultivation conditions
of various crops, the assessment of their nutritional quali-
ties, the determination of authenticity and QC, and the eval-
uation of organoleptic properties of food plants.

Agricultural optimization and nutritionally
improved food
The nutritional quality and safety of crops is a direct func-
tion of metabolite content. Biofortification and breeding
methods may alter the nutritional content of a crop and af-
fect its taste, texture, aroma, shelf-life, and even its safety
(31). Therefore, the identification of molecular markers
can be useful to guide the development of crop plants
and crop-derived foods (54, 55). Metabolomics establishes
a link between genotype and phenotype to assist plant
breeders in producing crops of high quality and high yield
(3). In this regard, 1H-NMR–based metabolomic analysis
was applied to map the carrot metabolome and to identify
metabolomic differences between varieties mainly based
on their 18M composition (carbohydrates, lipids, and amino
acids) and b-carotene content (54). Collectively, the differ-
ence in lipid and amino acid composition was suggested
to be responsible for the sensory properties of the carrot
varieties. 1H-NMR–based metabolomics favors the under-
standing of the effects of cultivation conditions on the
metabolite (mainly 18Ms/nutrients) profiles of oilseed and
turnip rape (55) and of sea buckthorn berries (56) and man-
darin oranges (57). 1H-NMR fingerprinting was used to
characterize the metabolite composition associated with re-
sistance to fruit fly attacks in 2 varieties of peaches (58) and
revealed that the more resistant variety had a lower concen-
tration of the flavor precursors valine and isoleucine, both
considered highly attractive to the fruit fly. The 18M compo-
sition of tomatoes is regarded as most responsible for the
final taste and, thus, was monitored during fruit develop-
ment, breeding, and as a function of cultivation conditions
(59–61). For example, differences in the lipophilic fractions
(e.g., tocopherol, unsaturated lipids, phospholipids, and chlo-
rophylls) were observed between 2 varieties of cherry toma-
toes as a function of harvest time (59), and g-aminobutyric
acid was identified as a marker of ripening transition (60).
Efforts toward a better annotation of the rice metabolome
combined MS and NMR analyses to identify 36 specialized
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metabolites in the leaves, including new flavonoids and
flavonolignan isomers (62).

The development of genetically modified (GM) plants
with improved nutritional and sensorial/organoleptic char-
acteristics and better agronomic properties has raised safety

concerns about the effects of such transgenic crops on both
human and animal health. Challenges in food biosafety rely
on the adequate monitoring of possible unintended bio-
chemical changes to assess the equivalence between GM
crops and their wild-type parents (9, 63). Maize, various

FIGURE 3 1H NMR as a first-pass metabolomic screening. The 4 steps of the metabolomic workflow show the analytic progression,
starting with a sample of unknown composition and leading to its metabolomic description. In step 2, results obtained from
NMR-based metabolomics assist in the generation of chemical hypotheses, enabling the design of LC-based analyses. In step 3, the use
of specific detection methods, hyphenated with chromatographic systems, enhances the detection specificity for certain types of
metabolites according to their physical properties (11). CAD, charged aerosol detector; ELSD, evaporating light-scattering detection;
HR-MAS, high-resolution magic angle spinning; RI, refractive index; UHPLC, ultra-HPLC.
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cereals such as wheat and rice (62), soybean (64), tomatoes,
and potatoes (31, 65) are the most-studied GM plants.
In food biosafety, untargeted and unbiased metabolomic
analyses that combine MS and NMR are preferred to deter-
mine unexpected metabolic effects of genetic transformation.
It was found repeatedly that the most important sources of
metabolite variation were environmental and cultivation con-
ditions rather than genetic modifications (3, 63–65). Thor-
ough determination of substantial equivalence requires the
integration of metabolomic information with data generated
by other -omics platforms, such as proteomics and transcrip-
tomics, as proposed in the foodomics concept (18, 19, 66).

Quality assessment and adulteration
The geographical origins of edible plants give an indication
of both quality and phytochemical composition, which may
collectively denote unique nutritional and organoleptic
properties (16, 67). Recent metabolomic studies have fo-
cused on the evaluation of food plant composition as a func-
tion of their regional provenance, comprising the influences
of climate, soil, and cultivation conditions. Through the ap-
plication of various labels [e.g., protected geographical in-
dications (PGIs)], the European Union valorizes regional
provenances to protect unique farming systems. With the
benefit from their protective labels, the resulting products
have higher prices, triggering fraudulent activities through
adulteration (68). General market globalization has also
led to the occurrence of food safety issues. Hence, for obvi-
ous economic and safety concerns, the ability to trace and
authenticate the origin of food products is of major interest
in the industry (67, 68). Similarly, in the area of herbal med-
icines, metabolomics can assist with botanical charac-
terization, chemical standardization, and traceability of
geographical origin, collectively constituting the quality
and safety aspects of herbal products (5, 69, 70). In addition,
fraudulent products can be spiked with individual metabo-
lites to appear authentic in a targeted analysis (5). 1H-NMR
metabolite fingerprinting offers an untargeted overview of
the sample composition and, thus, may be more suitable
to identify subtle differences between authentic and fraudu-
lent products.

Publications on NMR-based metabolomics for QC and
authentication of geographical origins were found mainly
for the following dietary products: olive oil (71, 72),
wines/grapes (73), spices such as saffron (74), tea (75),
honey (76), and nuts such as hazelnuts (77) and pistachios
(78, 79). Relating to the importance of European protective
labels, 1H-NMR–based metabolomics has proved useful in
the determination of the 18M signature to evaluate the trace-
ability of PGI compared with non-PGI chicory (35) and to
promote the authentication of Italian sweet peppers (37)
from different cultivars and geographical origins.

According to general public opinion, organic foods are
regarded as healthier than conventional ones, although little
scientific evidence can currently support this consideration
(19, 36, 72, 80). Recently, 1H-NMR fingerprinting combined
with MVDAwas used to evaluate major metabolomic differ-
ences between conventionally and organically grown vegeta-
bles such as tomatoes (80) and potatoes (36). In both cases,
organic and conventionally farmed vegetables could be dis-
tinguished by the unique pattern of their 18M fingerprints,
which could potentially be used to facilitate the authentica-
tion and traceability of farming systems.

Industrial processing
Untargeted NMR-based metabolomics is useful for moni-
toring changes in food composition during processing
such as fermentation, thermal and mechanical processing,
and ripening (81–83). Maintaining the balance between nu-
tritional and sensorial quality of food is one of the main
challenges in the food industry. For these purposes, changes
in the composition of 18Ms are usually investigated by
1H-NMR metabolomics, mainly because of the quantitative
abundance of 18Ms and available database information. As
highlighted in recent articles (73, 81–83), 1H-NMR–based
metabolomics can assist food industries in optimizing and
designing various processing steps for the preservation of
the product qualities. This approach was applied to monitor
and understand metabolic changes during the production
of black garlic in which a thermal process leads to the for-
mation of new constituents (e.g., pyroglutamic acids and
cycloalliin) and modifications in the amino acid, sugar, and
organic acid content (81). 1H-NMR fingerprinting was

FIGURE 4 Applications of NMR-
based metabolomics for food
plant analysis. 1H NMR-based
metabolomics can evaluate the
effects of crop breeding, cultivation,
geographical origins, and industrial
processing on nutritional
composition and organoleptic
properties of food plants. By offering
an unbiased metabolomic overview
NMR has a fundamental place
in food biosafety and for the
determination of the metabolomic
equivalence.
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applied to assess the effect of industrial processing on the
polar metabolite composition of vegetable purees (82) and
wines (73). The lipid and flavonoid composition of olive
paste and pomace obtained during the production of extra
virgin olive oil were also monitored by 1H-NMR, revealing
that both paste and pomace had a higher content in phenolic
compounds than the oil (83).

Magnetic tongue and sensory analyses
The organoleptic properties of edible plants and derived
products were subject to new types of 1H-NMR investiga-
tions through the concept of the magnetic tongue. This
idea was introduced by Malmendal et al. (84) who analyzed
18 canned tomato products and reported that 1H-NMR fin-
gerprinting could be used to determine the specific 18M
composition linked with characteristic sensory descriptors,
including saltiness, tomato, metallic taste, and density. The
concept was subsequently adapted to evaluate the aromatic
and flavor qualities of other plant products such as olive
oil (85), roasted coffee beans (86), and fresh melons (87).

Conclusions
NMR spectroscopy, particularly 1H-NMR, offers an unbi-
ased view of sample composition without chromatographic
separation, allowing the simultaneous identification and
quantification of diverse metabolites, in one experiment,
while avoiding sample destruction. Both liquid and HR-
MAS 1H-NMR require minimal sample preparation while
giving reproducible results, which is of paramount impor-
tance for the application of MVDA and the exchange of
information between platforms. Although NMR-based
metabolomics has matured considerably in the past decade,
it continues to face challenges related to its lower sensitivity
and selectivity/specificity, compared with MS. These limita-
tions are overcome by improved NMR technologies and
through the desirable use of orthogonal MS techniques. Ap-
proaching a holistic analysis of complex NPs requires the
strategic combination of complementary techniques and ef-
ficient data management to reach a comprehensive under-
standing of biological systems. To this end, NMR is an
important, unbiased technique in the metabolomic toolset.

The objective of metabolomics in food/diet analyses is to
gain additional insight into food composition in both qual-
ity and nutritional contexts to better understand the interac-
tions between metabolites found in the diet and humans
(3, 16). Food plant metabolomics constitutes a building block
of dietetic investigations. NMR and MS-based metabolomics
are fundamental tools to assess the agricultural influences
on the plant metabolite composition, thus guiding efforts
toward the improvement of nutritional and flavor qualities
of edible plants (3, 88). NMR-based metabolomic studies
were found to assist researchers in the comprehensive deter-
mination of food quality, authenticity, and biosafety. How-
ever, such methods are not yet validated by the regulatory
agencies.

The standardization of metabolomic methods is essential for
the development of databases that foster a rapid identification

of key metabolites (6, 26, 30, 68). Attempts to harmonize me-
tabolomic studies supported by the Metabolomics Standards
Initiative (89) have enhanced the transparency of results and
facilitated the exchange of information. The use of NMR for
metabolomics will greatly benefit from the development of
freely available databases that contain raw data and
full NMR spectra of a wide variety of metabolites found
in the diet, including 18Ms, as well as rare and ubiquitous
phytochemicals (10).

The holistic analysis of dietary NPs involves the application
of various skills and knowledge, from analytic chemistry to
statistics and biology. Mastering the multiple challenges of
food analysis in nutritional investigations requires multi-
disciplinary collaboration with NP chemists, plant biolo-
gists, food analysts, nutritionists, and statisticians. To gain
a deeper biochemical understanding, the resulting metabo-
lomic data sets can be combined with information from
different -omics platforms (24, 90).
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