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Abstract: Wheat (Triticum aestivum) is one of the most extensively cultivated and used staple crops in
human nutrition, while wheat bread is annually consumed in more than nine billion kilograms over
the world. Consumers’ purchase decisions on wheat bread are largely influenced by its nutritional
and sensorial characteristics. In the last decades, metabolomics is considered an effective tool
for elucidating the information on metabolites; however, the deep investigations on metabolites
still remain a difficult and longtime action. This review gives emphasis on the achievements in
wheat bread metabolomics by highlighting targeted and untargeted analyses used in this field. The
metabolomics approaches are discussed in terms of quality, processing and safety of wheat and
bread, while the molecular mechanisms involved in the sensorial and nutritional characteristics
of wheat bread are pointed out. These aspects are of crucial importance in the context of new
consumers’ demands on healthy bakery products rich in bioactive compounds but, equally, with
good sensorial acceptance. Moreover, metabolomics is a potential tool for assessing the changes
in nutrient composition from breeding to processing, while monitoring and understanding the
transformations of metabolites with bioactive properties, as well as the formation of compounds like
toxins during wheat storage.

Keywords: metabolite profiling; omics; wheat breeding; dough fermentation; bakery product quality

1. Introduction

Worldwide, bread and bakery products represent the essential staple food of the hu-
man diet. For over two decades, the social habits of modern consumers have been oriented
towards convenient food products due to the lack of time for cooking, shopping, or food
preparation [1]. With respect to bread and bakery product innovation and consumption,
it is considered that pleasure and health are also important trend drivers [2]. Consumers’
purchase decisions are largely influenced by the health trend. Bakery products seen as
healthy are usually purchased. In this context, the new trends in bread making are guided
by two strategic factors: (a) the development of innovative products with functional ingre-
dients rich in bioactive compounds, which are able to satisfy new consumers’ requirements
related to a healthy diet and (b) the utilization of conventional and innovative processing
and preservation techniques in order to improve the product quality [3].

Starting with the 21st century, the achievements obtained at the level of analytical
tools and methods are unprecedented. Moreover, the boundaries between the fields of
research are intertwined and consequently, lead to emerging interdisciplinary research
areas such as food and health. In this context, the new term Foodomics was proposed
as “a discipline that studies the food and nutrition domains through the application of advanced
omics technologies to improve consumer’s well-being, health, and confidence” [4]. For this goal,
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foodomics analyzes the groups of compounds existent in a “food sample or biological system
interacting with the investigated food at a given time”, namely the foodome. Foodome characteri-
zation is obtained by using instrumental omics platform (transcriptomics, proteomics and
metabolomics) and by performing multidisciplinary approaches such as nutrigenomics,
nutrigenetics, microbiomics, toxicogenomics, nutritranscriptomics, nutriproteomics, nu-
trimetabolomics, etc. Covering a large area of interest, foodomics is used in research related
to food bioactivity and health, food quality and traceability, food safety and provides
valuable results in breeding, post-harvesting changes control, functional foods and nu-
traceuticals [5]. As an emerging field within “omics” sciences, metabolomics is aiming to
determine and quantitatively analyze the small metabolites (small-molecules) from the
system, allowing for a comprehensive overview of biological systems or other complex
materials [6]. The metabolome represents all of the low molecular weight (<1500 Da)
compounds present in a cell, tissue, or organism at a specific time [7]. Metabolomics is an
advantageous approach that could give a deep insight into food characteristics but due to
the diversity within the metabolome, an immense analytical challenge exists [8]. Several
stages such as sample preparation, metabolite extraction, derivatization, metabolite sepa-
ration, detection and data treatment are required in metabolomics analyses, even if some
of them are optional. Due to the very complex content of food matrices with compounds
that have different physical and chemical properties, appropriate sample preparation is of
crucial importance during analysis and interpretation to avoid artifacts. Solid samples are
generally ground under liquid nitrogen or after freeze-drying, while sometimes, antioxi-
dant reagent such as butylated hydroxytoluene is added to preserve metabolites sensitive
to oxidation. Other homogenization techniques such as electric grinder, tissue lyser and
ultrasonic are also used to enhance the release of metabolites. Sample drying is often used
to avoid enzyme-mediated reactions that cause metabolite changes, but from all the drying
methods, freeze-drying is preferred, as it enables maintaining the cold chain [9]. Even if
modern techniques like microwave-assisted extraction and supercritical fluid extraction can
be used for metabolite isolation, their impact on compound stability is high. Thus, solvent-
based extraction is widely used. Chloroform, methyl tert-butyl ether, a mixture of methanol
and water (1:2, v/v) or methanol/water/formic acid (70:30:0.1) are indicated for hydrophilic
and hydrophobic metabolites extraction. When all metabolites are extracted in one step, the
mixture of methanol/chloroform and water is the popular one, with the ratio of solvents
determining the proportion of polar vs. non-polar metabolites [10]. However, separation
and detection are considered key stages and the most used techniques for separation are
liquid chromatography (LC) including high performance (HPLC) and ultra-performance
(UPLC), gas chromatography (GC), electrophoresis and capillary electrophoresis (CE) of-
ten coupled with mass spectrometry (MS), nuclear magnetic resonance (NMR), and near
infrared (NIR) spectrometry. For metabolite detection, frequently ultraviolet (UV), NIR,
Fourier transform infra-red spectroscopy (FTIR), MS, or NMR techniques are used [10].
Due to the extremely large number and complexity of metabolomics, data processing, and
pre-treatment (peak alignment, normalization, matching, etc.) are compulsory to identify
between the significant metabolites [5]. Subsequent multivariate data analysis is run using
two types of models. Firstly, unsupervised models including principal component analysis
(PCA), cluster analysis (HCA), nonlinear mapping (NLM) are performed to detect the clus-
tering of data; secondary, supervisory models (partial least square discriminant analysis
(PLS-DA); linear discriminant analysis (LDA); orthogonal partial least square discriminant
analysis (OPLS-DA)) are applied to discriminate the metabolites [5].

Targeted and non-targeted analyses are known as the main types of metabolomics
approaches. Targeted analyses are focused on the identification and quantification of
specific groups of metabolites and generally assess the modifications of these compounds
under selected conditions. On the contrary, non-targeted approaches aim to determine as
many metabolites as possible without compulsory identification or quantification. Another
classification of the metabolomics approaches is related to the defined goal of the study
and from this point of view, metabolomics could be discriminative, informative, and/or
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predictive. The differences between the samples are determined by discriminative analyses
and multivariate data analyses in order to obtain clear results. Informative metabolomics
analyses are run to give inherent information (biomarkers, pathways, novel bioactive com-
pounds, etc.) about the metabolites and, in this way, metabolite databases are developed.
When it comes to predictive metabolomics approaches, statistical models on metabolite
profiles are created to predict variables that are difficult to determine otherwise [10].

With respect to compounds annotation and identification, metabolomics studies de-
pend on confidence levels, which can vary from unknown (level 4) to identified metabolites
(level 1) with putatively characterized/annotated compounds as intermediate levels (2,3),
as it was recognized by the international Metabolomics Standards Initiative (MSI) [11].
In order to increase the confidence level in metabolite annotation, molecular networking
tools are being developed and web platforms with large types of supported software allow
compounds annotation and identification. However, due to the extremely large number of
compounds, the full annotation requires complementary tools. Moreover, bioinformatics
researchers’ efforts helped to solve issues in some fields (e.g., proteomics) but they are still
making efforts in the field of small molecules that need structure clarification [9,12].

Recent research articles highlighted the effectiveness of metabolomics as a tool to
monitor and predict the quality, processing and safety of raw materials and final products,
aiming to improve the consumer’s health and confidence [7,13–15].

Within the research area of wheat and breadmaking, metabolomics was used gen-
erally with the specific goal of quality improvement (Figure 1). Therefore, numerous
studies reported the metabolite profiling of different types of bread made by preferment
or sourdough technology [16–19]. Furthermore, during the last decade, the performed
metabolomics approaches tried to provide new insight into the relationship between the
raw materials, dough fermentation, aroma profile, nutritional value and bread quality. In
this regard, metabolite profiling is considered to be an efficient investigation tool for cereal
responses to abiotic and biotic stresses as well as to determine the chemical compositions
of the kernel and the main cereal products. The classification of flours according to their
geographical origin was proposed also by Brescia et al. [20], using a metabolomics ap-
proach. Flours and breads obtained from different types of common and durum wheat
were clearly separated and furthermore, the flours were classified according to their area
of production, using 1H NMR-MAS NMR (proton high-resolution magic angle spinning
nuclear magnetic resonance) and isotopic investigation. Even though the dough fermen-
tation process is crucial for the flavor and loaf volume, the regulation of this process is
one of the most difficult technological steps in bread production. Thus, metabolomics was
applied to study the metabolite profile in fermented dough and to measure the biochemical
profiling and metabolite modifications during the fermentation process. The bread flavor is
related to the volatile derivatives and their composition is greatly influenced, among other
factors, by mixing stage, fermentation conditions (time, temperature), type and amount of
fermenting microorganisms (yeast and/or lactobacilli), baking conditions. Volatile metabo-
lites in fermented bakery products were elucidated by metabolomics analysis in order
to understand the role of flour and fermentation process in increasing rheological and
volatile metabolites [21,22]. With regard to wheat metabolite profiling, the identification
of metabolites with modified levels as a result of exposure to abiotic stressors is usually
addressed. Targeted approaches are used sometimes but as the majority of studies show,
non-targeted approaches could lead to better identification of known or unknown metabo-
lites. Generally, the most common approach for wheat profiling is the high-resolution
mass spectrometry technique. In the case of wheat sourdough bread, targeted analyses are
mainly preferred to monitor compound traceability from substrates to sourdough or the
production of new ones [9,23].
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Figure 1. Metabolomics as a tool to elucidate the sensory, nutritional and safety quality
of wheat bread.

2. Metabolomics Approaches for Wheat Production and Processing

It is now well known that metabolomics can lead to finding solutions for high-quality
food production and consumption. Recent studies have already indicated the potential
of metabolomics for the “from the farm to the fork” concept due to its capacity to identify
and quantify major chemical compounds as well as secondary metabolites. Metabolomics
approaches via metabolite studies can establish a relation between wheat and environment,
between the crop, soil and other ecosystem aspects. As a result, different correlations could
be identified between the quality characteristics of bread (nutritional, organoleptic features)
and the investigated metabolites [7].

Villate et al. [9] reported in a recent review that the analysis of the plant metabolome
can give a whole picture of the plant’s physiological state, helping the breeders to de-
velop stress-resistant plants. Trait-specific markers could be identified by metabolomics
approaches and thus the selection of improved breeding materials is facilitated. Due to
environmental stress, plants produce primary and secondary metabolites aiming at their
defense. Synthesize pathways models of these metabolites during the presence of various
abiotic stresses were recently proposed by Singh et al. [24]. In this specific context of
metabolomics as a prediction tool for plants performance under environmental stress, the
build and use of the prediction models is considered to be an important objective.

Cereals and especially wheat are plants of crucial importance for human nutrition,
providing the body with essential nutrients such as carbohydrates, proteins, dietary fibers,
vitamins and phenolic compounds, flavonoids, carotenoids and fructans [13]. A large
part of these metabolites is recognized as biologically active compounds due to their
demonstrated protection effect against cardiovascular disorders, type 2 diabetes, some
cancers, etc. As a result, an increase in the consumption of cereals, especially whole grains
was recorded all over the world.

In spite of this worldwide spread of cultivation and use of wheat as a food and feed
raw material, less than 30% of the total studies of plant metabolomics report it [7]. There is
general concern about wheat yield and quality in the context of global climate change and
the repeated exposure to prolonged drought periods. Using metabolomics approaches
different aspects of the biological and physiological changes caused by abiotic factors and
plant responses to these factors were investigated.

Several analytical techniques were used for metabolomics studies in different sample
parts (leaf, mature and immature grain, root, shoot, seedling, spikelet, stem, wholemeal flour)
of Triticum species under abiotic stress, including GC-MS [25–32]; LC-MS [33–37]; UPLC
or UHPLC-qTOF [31,38]; LC-HRMS and Thermo Q-Exactive Oribtrap [39]; GC-qTOF/LC-
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qTOF [40]; GC-QTOF [15]; GC–TOF–MS [41]; LC-MS/MS and UHPLC-MS/MS [42] 1H-
NMR [43].

Metabolomics analyses applied to wheat organ samples consist of stage successions,
which include sample preparation, metabolite extraction, possible derivatization and sepa-
ration, detection and data treatment. Generally, considering the physicochemical properties
of the metabolites, liquid chromatography-mass spectrometry (LC–MS) is mostly used for
phytohormones, amino acids, oligosaccharides identification. Also, gas chromatography
coupled to mass spectrometry (GC–MS) is used to identify primary metabolites (after
derivatization if non-volatile compounds are investigated). Nuclear magnetic resonance
(NMR) is used as a powerful tool in metabolites with small molecular weight (<50 kDa)
detection and is based upon the utilization of magnetic properties of nuclei of atoms
under a magnetic field [7]. In order to draw inferences about the molecular formula of
unknown compounds, HRMS detectors (TOF-time of flight, FT-ICR- Fourier Transform
Ion Cyclotron Resonance or Orbitrap mass spectrometers) are used. The MS/MS spectra
obtained in hybrid mass spectrometers (qTOF, qOrbitrap) provide structural information
about the unidentified metabolites [9]. Thus, the most used techniques are: GC–MS: Gas
chromatography mass spectrometry; GC-TOF: Gas chromatography coupled with time of
flight mass spectrometry; GC–TOF–MS Gas chromatography time-of-flight mass spectrom-
etry; RPLC-qOrbitrap: Reversed phase liquid chromatography coupled with quadrupole
Orbitrap tandem mass spectrometry; RPLC-qTOF: Reversed phase liquid chromatography
coupled with quadrupole time of flight tandem mass spectrometry; LC-qTOF: Liquid chro-
matography coupled with quadrupole time of flight tandem mass spectrometry; 1H-NMR:
Proton nuclear magnetic resonance; LC-MS: Liquid Chromatography coupled with Mass
Spectrometry; UHPLC-MS/MS: Ultra-high performance liquid chromatography tandem
mass spectrometry.

Metabolomics studies on wheat responses to stress reported that several compounds
are involved in wheat tolerance to drought, such as proline, glycine betaine, γ-aminobutyric
acid (GABA), β-aminobutyric acid, 5-aminolevulinic acid, and some polyamines that com-
pete with ammonium conversion in plants, especially putrescine and the raffinose family
oligosaccharides. It was also found that protein synthesis and free amino acid accumu-
lation (excepting the glutamate) and carbohydrate content can be affected by osmotic
stress [7]. Several studies reported that the metabolomics responses to drought stress
varied in magnitude between wheat genotypes. Variations were identified for amino acids,
polyols, sugars, fatty acids, organic acids [42]. With respect to temperature response, sugar
accumulation and abscisic acid biosynthesis were mainly reported as plant responses [44].
Heat stress caused malondialdehyde and proline increment and lowered total carotenoid
content, producing changes in lipid composition [32,45]. Regarding the suboptimal N or S
necessities, it was reported that it is affecting the leaf metabolite compositions more than
the wheat grain.

The resistance of wheat to Fusarium graminearum was also pointed out by metabolomics
studies since Fusarium head blight (FHB) is one of the main fungal diseases of wheat crops.
The wheat resistance responses were related to hydroxycinnamic acid amides, phenolic
glucosides, and flavonoids biosynthesis. In addition, metabolomics approaches provided
deeper results and it was reported that the metabolites synthetized in FHB resistance were
hydroxycinnamic acid amides, especially coumaroyl-agmatine and coumaroyl-putrescine.
When Zymoseptoria tritici attack on wheat was studied, a reduction in fatty acids and some
sugars was found as an indirect response. The presence of resistance genes in the wheat
D genome confers some protection but also evolutionary selection and breeding were
found as important factors in resistance responses along with the type of pathogen, the
moment of sampling, and the growing stage [7]. The influence of the beneficial bacteria
associated with roots on wheat metabolome revealed significant changes in biomass and
nutritional uptake. It was reported that N2-fixing bacteria (Azospirillum spp., Azorhizobium
spp.) increased the N uptake and chlorophyll content in the case of wheat [46].
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Metabolomics approaches could be used successfully in wheat quality control since
they could provide specific metabolites which differ between species. So, alkylresorcinols,
phosphatidylcholines, lysophosphatidylcholines, triacylglycerols, and galactolipids were
found as specific metabolites by several studies which analyzed Triticum turgidum var.
dicoccum L.(emmer), Triticum monococcum L. (einkorn), Triticum spelta L.(spelt), Triticum
durum, Triticum aestivum L. species [33,37,47].

When wheat quality is discussed, two types of criteria are analyzed depending on the
farmer point of view or the processor one. The first one considers wheat quality in terms of
yield and resistance to stress conditions, while for the miller wheat quality is expressed by
the content and the quality of protein, flour yield and baking performance [48]. The protein
and moisture contents along with the safety properties regarding the mycotoxin amount
are widely used for wheat commercialization. Recently, Longin et al. [15] demonstrated
by metabolomics approaches that bread aroma could be used as a new target criterion
into the wheat product chain by analyzing 18 old wheat varieties (1962–1999) and 22
modern varieties (2005–2014). The authors stated that the variety and the cultivation
environment significantly influenced bread aroma. Also, they found that bread aroma was
not significantly correlated with parameters like yield or bread volume and concluded that
exists wheat varieties with high yield, high breadmaking quality and intensive bread aroma.
These results could be used in predictive breeding by combining the high breadmaking
quality with aroma markers and metabolite profile of the wheat flour.

3. Metabolite Profiling during Wheat Dough Fermentation

Fermentation is one of the most important stages in breadmaking technology and
has a large influence on bread quality. During the stage of dough development, the key
transformation is related to the ability of the dough matrix to retain the carbon dioxide
gas which is generated by yeasted preferment or by the combined fermentation of lactic
acid bacteria and yeast. Moreover, the preferment or sourdough method will significantly
influence the flavor of the bread. Compared to yeasted bread, sourdough breads have a
specific acidic flavor mainly due to the ratio of acetic to lactic acid flavor notes [49].

Sourdough fermentation is considered to be a key process during breadmaking due to its
crucial influence on the bread’s nutritional and organoleptic characteristics. Nowadays, a large
body of literature highlights dough fermentation as a powerful tool to improve the bioactive
compound content as well as the aroma, taste and texture of the final product [50–55]. The
fermentative activity of lactic acid bacteria (LAB) and/or yeasts in dough leads to an enhanced
content of health-promoting compounds which is one of the consumers’ specific requirements.
However, even though an increased demand for bakery products with functional properties is
noticed, the consumption patterns of new products are strongly determined by their sensorial
characteristics [13]. Thus, metabolite profiling is performed to monitor metabolite changes
during fermentation and to predict the sensorial and nutritional quality of baked products [14].

Sourdough, the mixture of flour and water fermented by microorganisms (LAB and
yeasts) which derive from the flour or from a starter culture, has several uses in breadmak-
ing such as leavening agent, acidifier or flavor carrier. Yeasts are mainly responsible for the
dough leavening and the formation of the aroma compounds, while LAB generates aro-
matic derivatives in smaller amounts but produces acidification. However, it is now known
that during sourdough fermentation the metabolic interactions which occur between LAB
and yeasts lead to the specific flavor characteristics. The most relevant LAB species belong
to Lactobacillus, Leuconostoc, Weissella, whereas the yeast species are Saccharomyces cerevisiae
and Candida sp. [23].

The bread flavor is a result of several factors such as the aroma compounds naturally
existing in the flour and the interactions between the indigenous and exogenous enzymes during
fermentation. Moreover, the specific metabolic pathways of LAB (homo/heterofermentative) or
yeast lead to different volatiles in the fermented dough. Thus, the volatile profile is significantly
influenced by the microbial species as well as the strains of the same species. One of the
major aroma precursor groups are free amino acids, which are released by LAB and yeasts.
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During fermentation, amino acids are transformed via the Ehrlich pathway to aldehydes or
the corresponding alcohols [56]. Generally, fermentation with S. cerevisiae and other yeasts
(e.g., Candida, Pichia) led to a higher concentration of alcohols, esters and carbonyl compounds.
Among the key compounds are ethanol, methylpropanol, 2- and 3-methylbutanol, ethyl acetate
and diacetyl (2,3-Butanedione) [56]. When LABs are the fermenting agents, lactic and acetic acids
are important factors in dough and bread aroma, but also volatiles like ethyl acetate, hexyl acetate
are formed. Another group of volatiles formed during LAB metabolism is that of carbonyl
compounds. These compounds may derive from flour’s lipoxygenases activity on unsaturated
fatty acids present in the flour or as a specific metabolic pathway of homofermentative species,
as in the case of diacetyl and hexanal. Also, nonanal is the main oxidation product of oleic acid
and is widely found in wheat sourdough. Benzaldehyde, which is an aromatic aldehyde, results
from autoxidation of 2,4-decadienal or from aromatic amino acid degradation. Ketones, like
benzophenone and acetoin, could be identified in the early stage of sourdough fermentation
and are indicators of bread freshness [57].

Most studies applied a targeted metabolite analysis in order to determine the trace-
ability of the specific metabolites (carbohydrates, organic acids, amino acids, etc.) from
the substrates to fermented dough. (HS-)SPME-GC–MS analysis (headspace-solid-phase
microextraction in combination with gas chromatography coupled to mass spectrome-
try) is usually used for the determination of volatile metabolites from sourdough, while
for the residual compounds LC-MS or with other detection methods are preferred [23].
Metabolomics profiling at each stage of dough fermentation is an important approach to
understand when different metabolites are produced [58]. Metabolomics studies revealed
that to obtain bakery products with improved functional and sensorial properties by sour-
dough technology, the interaction between the strain type and the substrate composition is
a determining factor. During the sourdough fermentation, lipids, proteins, carbohydrates,
phenolic acids and folates are transformed as a result of microbial metabolism, contributing
to bread quality in terms of texture, volume, shelf-life, flavor and nutritional quality. Thus,
dietary fibers, prebiotic oligosaccharides, bioactive peptides and amino acids enhance the
bread’s functional properties. Moreover, some antinutritive factors, such as phytic acid,
are eliminated and consequently the bioavailability of minerals is increased [50]. This
is a result of pH decreases during sourdough fermentation which causes the increment
of endogenous phytase which becomes more effective than the microbial one. On the
other hand, pH reduction contributes to the increment of phenolic acids, total phenolic
compounds, and alkylresorcinols amounts [52]. The metabolomic and antioxidant shifts
monitored by 1H NMR spectroscopy during spelt sourdough fermentation revealed that
microbial proteolysis released bioavailable branched amino acids (BCAA) which may lead
to the production of bioactive peptides. The bioactive peptides have antioxidant and
anti-inflammatory activity and antihypertensive effects [52,59]. The antioxidant activity of
sourdough is also enhanced by free amino acids, organic acids and aromatic compounds,
the latter being related also to the protein enzymatic depletion. For example, it was previ-
ously reported that phenylalanine is a precursor of plant phenolic compounds [60] and
now it is considered that amino acids could influence directly the increment of phenolic
compounds [59]. In recent years, attention was paid to γ-aminobutyric acid (GABA), a
non-protein amino acid with numerous health benefits like neurotransmitter, hypotensive,
diuretic, tranquilizing effects, inhibits leukemia cell proliferation, stimulates cancer cell
apoptosis [61,62]. GABA is formed from glutamic acid via enzymatic reaction and it is
naturally present in grain or it could be produced by LAB and/or yeast activity [52,63].
Sourdough fermentation is considered a powerful tool to enhance the bioavailability of
minerals due to the phytase activity which could hydrolase the phytates and release miner-
als (Ca, Fe, K, Mg, Mn, Zn). The reduction of phytate content was effective in the case of
Lactobacillus ssp. and certain yeasts (S. cerevisiae, Kluyveromyces marxianus) as well as by co-
cultivating LAB and yeasts [64,65]. The impact of fermentation conditions on the amount
and the bioavailability of beta-glucans, fructans, resistant starch and arabinoxylans, as the
most prominent dietary fibers from KAMUT® Khorasan and durum wheat, was studied by
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Saa et al. [14]. Two types of fermentation were conducted, a sourdough fermentation with
Lactobacillus ssp. and S. cerevisiae and an industrial one with only S. cerevisiae as a microbial
agent. Results indicated that KAMUT® Khorasan bread fermented only with S. cerevisiae
had higher content of fructans and resistant starch. The sourdough fermentation decreased
the beta-glucans amount but led to an increased amount of arabinoxylans.

Several metabolomics studies indicated that different substrates did not lead to the
same metabolic profile in sourdough after fermentation [13,66,67]. Ferri et al. [13] studied
L. plantarum fermentation in durum and KAMUT® Khorasan wheat flours and reported a
higher metabolic diversity in durum sourdough. Ten strains of L. plantarum were used in
the study and results showed that the metabolic pattern was directly correlated to the inoc-
ulated strains. The antioxidant activity and the polyphenol content are the most important
indicators for the potential of L. plantarum to enhance the nutritional and sensorial char-
acteristics of the sourdough. Correlations were reported between volatile molecules and
polyphenols, as well as between hydrocarbons, esters and antioxidant capacity. However,
due to the strain/substrate interactions, differences between the correlated metabolites
were found for the tested flours.

The influence of the substrate composition was highlighted by Pizarro and Franco [57]
when they analyzed the volatile compounds from whole wheat and all-purpose sour-
dough during 28 days of fermentation. Whole wheat sourdough was more effective
in aroma compounds production with key compounds like hydrocarbons, heterocyclic
compounds (furans, pyrrole, and pyrazole), 2-methyl-1-butanol, 3-hydroxy-2-butanone,
2-pentadecanone, benzophenone, and benzaldehyde. In the case of all-purpose sourdough,
aldehydes were identified to a higher extent but also benzophenone, 2-pentadecanone,
nonanal, and benzothiazole were specific compounds.

A non-targeted metabolomics approach was applied by Koistinen et al. [67] providing
a broad comprehension of the sourdough metabolite profile. Metabolic profiling utilizing
LC–QTOF–MS was carried out on whole-grain wheat and rye bread, prepared with baker’s
yeast or a sourdough starter containing Candida milleri, Lactobacillus brevis and Lactobacillus
plantarum. The results clearly indicated that fermentation causes changes in metabolites
profile leading to bioactive compounds with health beneficial effects, especially in whole-
grain wheat and rye. Sourdough fermentation significantly increased the amounts of
branched-chain amino acids (BCAAs) leucine and isoleucine and several small peptides
containing BCAAs, especially in rye sourdough due to an intensive proteolytic activity.
BCAAs were correlated with lower insulin response [68,69] while small peptides are
considered compounds with antioxidant and antihypertensive activity [70]. As a result
of microorganism metabolism, phenolic acids were transformed into dihydroferulic acid,
dihydrocaffeic acid and dihydrosinapic acid, feruloylagmatine and p-coumaroylputrescine,
compounds known with antioxidative and antimicrobial effects [67,71].

The specific interaction between LAB and the flour type was pointed out by Galli
et al. [72] analyzing total phenolic acids and the antioxidant activity of a blue-grained
wheat variety rich in anthocyanins and a conventional red-grained variety. It was found
that sourdough prepared with a variety rich in anthocyanins and certain Lactobacillus
ssp. exhibited higher antioxidant activity and phenolic acids amount, highlighting that
substrate composition is essential for bread pro-health value.

In the same regard, Saa et al. [14] used E-nose and SPME-GC–MS and reported the ca-
pacity of this approach to discriminate between different types of flour (KAMUT® khorasan
and durum wheat) and also to distinguish samples at different maturation stages (milky
and full ripe). Lactobacillus plantarum 98a, Lactobacillus sanfranciscensis BB12, Lactobacillus
brevis 3BHI and Saccharomyces cerevisiae LBS strains were used for flours inoculation. It was
clearly demonstrated that different flours produce different volatile profiles of sourdough
as a result of the interaction between the LAB strain and the flour composition. Therefore,
due to the higher protein content of KAMUT® Khorasan flour a wider range of sulfur com-
pounds was identified in the related sourdough [21]. The KAMUT® Khorasan sourdough
and fermented breads were characterized by higher content of volatile compounds like
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acetic acid, pentanoic acid, hexanol, ethanol, heptanal, hexanal and decanal. The higher
amount of acetic acid found in this sourdough was due to the interactions between the
substrate composition in nutrients and the LAB strains. Heptanal, hexanal and decanal
were produced mainly due to the oxidative degradation of unsaturated fatty acids. The in-
fluence of the strain type could be highlighted in the case of ethanol and ethyl acetate
production which were correlated with L. sanfranciscensis metabolism [14,21]. These studies
emphasize the potential of SPME to detect specific volatile compounds from the sourdough
matrices and the role of acidification, which induces several changes in flour composition
and allows robust discrimination between groups. E-nose is considered a powerful tool to
distinguish the cereal samples from the others and to discriminate the fermented and not
fermented doughs [14,21].

SPME-GC/MS was used to determine the volatilome from sourdoughs made by
inoculating wheat, quinoa and Kamut® flours with Lactobacillus paracasei, Lactobacillus
plantarum and Lactobacillus brevis strains. The volatile profile of the sourdough samples
fermented for 48 h revealed significant differences within the classes of aldehydes, sulfur
compounds, ketones, esters and acetates, alcohols, furans, pyrazines and acids. The volatile
compounds formation was to a higher extent in Kamut and quinoa sourdoughs compared
to wheat doughs which were characterized by a weak aroma. The use of composite flours
made of wheat and Kamut and/or quinoa flours could lead to bakery products with an
enhanced aroma profile. Quinoa sourdough is characterized by specific nutty, roasted
and buttery notes, while Kamut sourdough revealed fruity, rose, green and sweet notes.
When Kamut flour was inoculated with L. plantarum M4 and L. paracasei I1, high amounts
of pentanal, hexanal, trans (E)-2-heptanal, nonanal, 2-octenal, 2,4-nonadienal and 2,4-
decadienal were detected. Dimethylsulfide from the sulfur compounds group was found in
the sourdough containing quinoa flour. Also, ketones, diacetyl and acetoin were quantified
in higher concentrations in quinoa sourdoughs, especially when L. paracasei I1 and L. brevis
T4 were the fermenting strains. These compounds are correlated with the amino acid
content of quinoa flour, well known as a rich source of protein that could release free amino
acids under the proteolytic activity of LAB [73].

The fermentation produced by bakery yeast (Saccharomyces cerevisiae) is of crucial
importance in bread quality due to its influence on the flavor and loaf volume. The factors
which are influencing the yeast metabolism during fermentation are temperature and time,
sugar content, the type of strain and the cell concentrations [74]. Nakamura, Tomita and
Saito [58] analyzed the metabolites formed in yeast fermented dough at each stage of
fermentation and demonstrated that the metabolites variation is significantly influenced
by the fermentation length and the yeast amount. Using metabolic approaches, several
metabolites were significantly correlated with the bread flavor and volume. It is now well
known that ethanol is the main compound produced by yeast; however, some authors
also reported that as the dissolved oxygen content decreases due to its consumption, the
succinic acid is formed. A higher amount of yeast speeds up the formation of ethanol
and succinic acid, compounds able to enhance the dough development. Moreover, by
increasing the fermentation time, glycerol content was noteworthy, showing influence on
the dough gas retention. The metabolites which were found significantly correlated with
the bread volume were γ-nonalactone, (E,E)-2,4-nonadienal and citronellal. These results
were obtained by OPLS regression, and the authors consider that these metabolites may be
criteria for the progress of fermentation even if they do not affect the bread swelling.

Yan et al. [75] used SPME-GC-MS and E-nose to determine key aroma compounds
in Chinese steamed bread (CSB) produced with type I sourdough and baker’s yeast. This
metabolic approach revealed ethyl acetate, ethyl lactate, hexyl acetate, (E)-2-nonenal and
2-pentylfuran as key volatile compounds from CBS produced with type I sourdough as
compared to yeasted bread. Ethyl acetate is an ester formed from acetic acid and ethanol.
The content of ethyl acetate was high in the proof dough and decreased after steaming.
Ethyl lactate and hexyl acetate were formed during the steaming process as a result of
esterification between acids and alcohols, a reaction accelerated by the high temperature.
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The 2-pentylfuran was found in low content in the proof dough, but its concentration
increased after steaming. In the case of the bread fermented with Saccharomyces cerevisiae
baker’s yeast, higher amounts of 3-methyl-1-butanol and phenylethyl alcohol were found.
The 3-methylbutanol is formed during dough fermentation with yeast from leucine, which
is a result of gluten decomposition by aspartic proteases. S. cerevisiae could transform
amino acids in alcohols through the Ehrlich pathway [76].

The potential of metabolomics approaches in breadmaking is emphasized by several
recent studies which focused on the metabolite modifications during the processing of for-
tified bread. These findings could be considered a step forward for a better understanding
of how functional wheat substituents could impact human body health status. The results
of these studies confirm that metabolomics approaches can indicate clear differences be-
tween flours, doughs and bread samples when wheat flour is substituted with functional
flour or extracts. Non-targeted metabolomics is a potential tool to identify food markers
when coupled to efficient data analysis [67]. Thereby, these markers could discriminate
between flours if they possess unique secondary metabolites like sesamol in sesame seeds
or rosmarinic acid in chia seeds. Also, the presence of these seeds in bakery products
could be revealed by specific markers [77]. A very recent study performed a metabolomics
approach to assess the impact of grape pomace powder on phenolic bioaccessibility and
starch digestibility of wheat bread. This approach allowed the advanced characterization
of grape pomace but more than that, the fortified bread samples profiling revealed the
anthocyanins variation in relation to the bioaccessibility, starch hydrolysis and glycemic
index. Moreover, according to the authors, these findings showed that grape pomace
enriched bread could promote an antioxidant environment in the digestive tract [78]. In the
same regard, Taglieri et al. [79] showed that secondary metabolites from Vitellote potatoes
significantly improved the phenolic content and antioxidant activity of fortified bread with
the highest values when sourdough was the leavening agent. The capacity of hemp flour
to deliver biologically active compounds and flavors in bread was also investigated by
metabolomics analyses. Multivariate analysis of volatile organic compounds with pro-
health impact was able to give insights on the impact of hemp seed flour and sourdough
fermentation [80].

4. Application of Metabolomics for Wheat and Bread Safety Control

The presence of microbiological and chemical contaminants in food is one of the
biggest challenges of food processing. In addition, climate change and environmental
pollution could also generate contaminants and prejudicially affect the food quality [81].
For this reason, a lot of efforts have been made in all countries and communities in order to
create laws and regulations to ensure public health.

Along with the legislation and claims regarding food safety, rapid, sensitive and
effective analytical tools are necessary to detect the contaminants, sometimes present in
trace amounts. In this context, the application of metabolomics in food safety control has
proven its great potential in the evaluation of microbial toxins, allergens, anti-nutritionals,
foodborne pathogens, pesticides [53,82].

Even with the great efforts of food processors, due to the microorganisms’ adap-
tation, microbial-related contaminants affect food safety frequently. Culture-dependent
methods for microorganisms’ identification and characterization are now considered a
time-consuming, labor-intensive and expensive approach. So, to prevent and control
the negative implications of pathogenic microorganisms and their metabolites, omics
techniques overstepped the boundaries by gaining applicability in the detection and identi-
fication of food pathogens [83]. Chromatography coupled with mass spectrometry (LC-MS,
GC-MS) is usually used to quantify pathogens and toxins and for their identification, a
comparison with available libraries is carried out [81]. Also, for this type of study matrix
laser desorption/ionization mass spectrometry (MALDI-TOF), Fourier transform infra-
red spectroscopy (FTIR) and NMR (which could be 1H NMR (proton nuclear magnetic
resonance) and 2D NMR (two-dimensional nuclear magnetic resonance) were used [84].
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Particular genera and species of fungi could contaminate wheat-producing mycotox-
ins as secondary toxic metabolites. The producing microorganisms belong to the genera
of Aspergillus, Penicillium, Fusarium and Alternaria, while the most common mycotoxins
produced are aflatoxins, fumonisins, ochratoxins, zearalenone, α-zearalanol, β-zearalanol,
sterigmatocystin, deoxynivalenol and citrinin. Their toxicity is related to some diseases
such as kidney cancer, immune suppression, nephrotoxicity, liver diseases and cancer,
reproductive system diseases, leukoencephalomalacia, inhibition of cell growth and divi-
sion, inhibition of protein synthesis, immune suppression, gastrointestinal diseases, and
esophageal cancer [83]. After harvest, storing conditions play a crucial role in stopping
aflatogenic fungi to produce aflatoxins and assure wheat safety. But wheat contamination
with mycotoxins may occur also in the maturation period or during harvesting and trans-
portation [48]. Metabolomics approaches have been successfully applied to monitor wheat
safety over the last few years. Using LC-HRMS, Doppler et al. [85] determined deoxyni-
valenol in wheat cultivars. Also, by using the metabolomics approach (UHPLC-QTOF-MS),
Nathanail et al. [86] identified wheat T-2 toxin, HT-2 toxin, and their metabolism products.
Phenylpropanoids and derivatives were determined also in wheat cultivars using LC-MS
techniques [87].

Deoxynivalenola, is a mycotoxin from trichothecene group produced by Fusarium ssp.
and is the most common toxin found in crops all over the world. Deoxynivalenola is usually
resistant to the milling process and remains in the flour and baking products [88]. The
limits authorized by the European Commission for cereal grain is 1250 µg kg−1, while for
flour, bran, germ and end products the limit is 750 µg kg−1 [89,90]. Metabolomic analysis
revealed the presence of deoxynivalenol in wheat milling fraction, flour as well as in bakery
products. De Dominicis et al. [91] reported its presence in both flour (10–100 mg/kg)
and mini-cakes (20 mg/ kg) when ultra-high-pressure liquid chromatography (UHPLC)
coupled with an Orbitrap Exactive™ high-resolution mass spectrometer (HRMS) was
performed. Savi et al. [88] also reported that wheat bran contained the highest content of
2278 µg/kg deoxynivalenola, followed by wheat flour (1305 µg/ kg) and bread (437 µg/kg).

Regarding aflatoxin contamination, it is related to the presence of several factors
implicated in microbial growth such as temperatures (25–37 ◦C), moisture (80–85%) and
acidic values of pH [92]. Metabolomics studies were performed for aflatoxins detection and
quantification and revealed that from 178 samples, 18.8% wheat samples and 8.2% crackers
samples were detected positive with aflatoxin B1, even if the toxin content was under the
European regulation limit for cereals (2 µg/kg) [89]. Also, wheat samples contained the
highest level of aflatoxin B1, while in bread and whole bread this toxin was not found [93].

The employment of some xenobiotics (e.g., pesticides, fungicides, nanomaterials)
in agriculture is a frequent practice to increase crop yields. However, the residues of
these contaminants in food crops constitute a health risk, even if they are not permitted
in higher concentrations than the limits. For detection and accurate determination of
pesticides several studies proposed UHPLC-Orbitrap-MS/UPLC-MS method to detect
pesticides in very low amounts from different food matrices, among which there are cereals,
honey, eggs [94]. Mastovska et al. [95] optimized DSI-LVI-GC-TOFMS and UPLCMS/MS
to analyze 180 pesticides between cereals grain. The analyzed pesticides were found in
wheat extract ranging from 25–250 ng/g. Ultra-high-pressure liquid chromatography
(UHPLC) coupled with an Orbitrap Exactive™ high-resolution mass spectrometer (HRMS)
was performed by De Dominicis, Commissati, and Suman [91] reporting in wheat flour
the presence of some pesticides (dodine, piperonyl butoxide, tebuconazole and methyl
pirimiphos) in the of 1–10 mg/ kg range. GC-TOF (gas chromatography-time-of-flight
mass spectrometry) analysis was performed on several types of fat-containing dough by
Koesukwiwat et al. [96] to determine residues of pesticide. It was reported that the used
method provided acceptable results for most pesticides with overall average recoveries
between 70 and 120%. UHPLC-ESI–MS/MS (QqQ in MRM mode) was used for the
determination of mycotoxins and pesticides from wheat flour by adapting the extraction
method, a fact that improved the recoveries of analytes [97].
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Metabolomics is viewed nowadays as a powerful technology able to assess unintended
metabolites in food and their changes [98]. Within the metabolomics analysis frame, GC-MS,
NMR and LC-MS were mainly used in the case of wheat to determine and differentiate GM
(genetic modified) varieties from conventional ones, reporting a broad variation in the metabo-
lites profile such as sugars, sugar phosphates, organic acids, fatty acids, polyols, terpenoides.
However, when multivariate PCA analysis was performed in order to discriminate between
samples it was found that the differences in metabolite profiling were small and rather due to
the natural crop variability or to the environmental conditions [98–100].

5. Conclusions

In bakery science, metabolomics shows its potential to provide crucial information
about several aspects of wheat and bread quality clearly. By analyzing the metabolome of
wheat, breeders could develop stress-resistant plants and could predict their adaptability.
Moreover, if the wheat molecular markers are combined with flours metabolite profile,
wheat breeding for bread aroma will play a key role. It is expected that metabolomics
approaches will be used extensively in the breadmaking process and high-quality product
development by assessing the compounds involved in consumers’ sensorial preferences
and select the optimum combination factors to increase health beneficial features. Thus,
metabolomics might be considered a future efficient tool to elucidate the sensory, nutritional
and safety quality of wheat bread.
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