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ABSTRACT

Fermentation is a widely utilized food processing technique that enhances sensory characteristics, extends shelf life,
and increases product diversity, particularly in cereals. Furthermore, fermentation processes can generate bioactive
metabolites that confer various health benefits. Metabolomics is employed to assess changes in the nutritional
composition and metabolite profile of fermented cereal products. This research contributes to identify and synthesize
findings from various studies that evaluate the effects of fermentation on the quality of the final product using a
metabolomics approach, with particular emphasis on metabolic pathways and the metabolites formed. The research
highlights that metabolomics, through sophisticated analytical techniques, has successfully identified metabolites
produced during fermentation, which are categorized into volatile compounds (such as organic acids, alcohols, and
aldehydes) and non-volatile compounds (including polyphenols, amino acids, fatty acids, free sugars, esters, and
amides). These compounds play a pivotal role in enhancing the sensory properties of the product and exhibit bioactive
potential that can help prevent the development of metabolic diseases, including diabetes, obesity, digestive disorders,
and liver cancer. Despite its potential, the metabolomic approach faces challenges due to the large and intricate
datasets it produces. Recent technological advancements have led several studies to incorporate Artificial Intelligence
(Al) to enhance the accuracy of data derived from metabolite databases. Moreover, integrating other omics
disciplines, such as foodomics, is crucial for achieving more detailed research results, encompassing metabolite
composition, sensory attributes, and their effects on health. Such integration would contribute to a more holistic
understanding and help bridge the gaps in contemporary metabolomic research.

KEYWORDS
Cereal; Fermentation; Food processing; Metabolomic

1. INTRODUCTION

Cereals are a critical source of calories and essential nutrients for the growing human population.
With a total production exceeding two billion tons annually, cereals represent one of the most important
food sources worldwide [1]. Cereals, commonly referred to as grains, are members of the Poaceae family,
cultivated mainly for their seeds or kernels, which serve as a major source of carbohydrates. In general,
cereals are high in carbohydrates, contain significant amounts of protein, are low in fat, and are an excellent
source of dietary fiber. In addition to their primary macronutrients, cereals are also abundant in vitamins,
such as vitamin E, vitamin A, and the B-complex vitamins, as well as essential minerals like iron,
magnesium, and zinc [2]. Epidemiological studies have shown that regular consumption of wheat-based
cereals can reduce the risk of non-communicable diseases. However, their digestibility and bioavailability
are limited due to the presence of antinutritional factors, which can be mitigated through processing
methods such as soaking, cooking, or fermentation. According to Tsafrakidou et al., (2019) [3], the
fermentation process in cereal-based products not only extends shelf life but also enhances the content of
phenolic compounds and vitamins, while improving the digestibility of proteins and carbohydrates in the
final product. Moreover, the fermentation of cereals and pseudocereals can lead to several beneficial
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changes in the nutritional composition of food products, including increased protein, amino acid, and fatty
acid content, the removal of toxins, and partial hydrolysis of starch and gluten [4].

Currently, metabolomics is a rapidly advancing field with significant applications in food science,
food quality, and food safety. The metabolomic approach is particularly valuable as it enables the
identification of qualitative characteristics of fermented products, such as taste, nutritional composition,
functional properties, and shelf life [5]. The techniques and tools commonly used in metabolomic studies
include NMR, FTIR, LC-MS, GC-MS, and CE-MS. Each of these techniques has its own advantages and
limitations, such as sensitivity and sample preparation requirements. According to Utpott et al., (2022) [6],
the application of metabolomics in fermented food products facilitates the prediction of sensory
characteristics and nutritional quality, as well as the monitoring of metabolic changes throughout
fermentation. Additionally, this approach allows for the identification of metabolites linked to health
benefits, aroma, and taste, thereby providing a deeper understanding of microbial activity and its impact on
the final product, while also enabling better control of processing times.

The various benefits and advantages demonstrated by research using metabolomics in cereal
fermentation can be discussed in detail. This is highlighted in the review by Gupta & Gaur, (2021) [7],
which explores the levels of food safety, nutrition, and food quality, as well as their health effects in cereal
fermentation products, using a metabolomic approach focused specifically on LC-MS. Similarly, the review
by Adebo et al., (2021) [8] summarizes findings from cereal and legume fermentation, concentrating
exclusively on a metabolomic approach utilizing GC-MS. Many reviews focus solely on specific
metabolomics techniques, particularly LC-MS and GC-MS. However, several studies have utilized a wider
variety of metabolomics approaches. This review seeks to offer a deeper understanding of the alterations in
metabolite profiles and uncover the nutritional potential of fermented cereals, analyzed through a broader
spectrum of metabolomics tools. Therefore, this review aims to focus on the metabolomic process in cereal
fermentation, employing a range of analytical instruments, with an emphasis on final product quality,
metabolite identification, and the metabolic pathways involved. This systematic literature review serves as
a valuable reference and guide for researchers, industry professionals, and relevant stakeholders in the
development and diversification of processed cereal products.

2. MATERIALS AND METHODS

The material collection process involved gathering relevant research papers for analysis [9]. A
database search was conducted using a set of keywords related to the research question. These keywords
included "fermentation metabolomics," "cereal fermentation," "nutritional content," "metabolomics,"
"metabolites,” "sensory properties,” "metabolomic data analysis,” "NMR cereal," "LC-MS cereal," "GC-
MS cereal," and "FTIR cereal." The search was limited to studies published within the last 10 years and
restricted to peer-reviewed journal articles in English. The most recent update was conducted in July 2024,
To ensure a comprehensive search, various major databases were selected, including Elsevier, Scopus,
Springer, Web of Science, Wiley, Taylor & Francis, and PubMed. The steps used in this study are visualized
in Figure 1.

3. RESULTS AND DISCUSSION
3.1. Cereal Fermented

Fermentation plays a crucial role in the production of cereal-derived products, significantly
influencing sensory characteristics such as taste, aroma, and texture. Solid-state fermentation is widely used
in cereal fermentation and is considered a promising alternative for biotransformation in industrial
applications due to its minimal water requirement, which facilitates the concentrated production of
metabolites [10]. In addition to solid-state fermentation, several studies also employ submerged
fermentation, as well as cold fermentation, using two methods: unchanged stepping liquor and modified
stepping liquor, which differ in the alteration of the brewing liquid during fermentation. Common
microorganisms used in the fermentation process include Rhizopus, Lactobacillus, Streptococcus,
Aspergillus, and Bacillus. The fermentation process is typically divided into several stages (Figure 2),
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including substrate preparation, medium preparation, inoculum preparation, cereal inoculation, incubation,
and the monitoring and control of the fermentation process.
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Figure 1. Flowchart of articles selection for review.
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Figure 2. Flowchart of the fermentation process in cereals.

The initial preparation of cereals involves sorting, washing, and cleaning, followed by pre-treatment
steps such as processing and sterilization. To convert cereals into a suitable substrate for fermentation,
grinding is one of the most commonly used methods. In addition to grinding, cooking is another widely
employed step before fermentation. A commonly used medium in fermentation is deMan, Rogosa, and
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Sharpe (MRS) agar, which supports the growth of species such as Lactobacillus, Limosibacillus, Weissella
cibaria, Lacticaseibacillus, Lactiplantibacillus, and Streptococcus. Cereal substrates that utilize MRS
medium during fermentation include Kamut (Khorasan wheat), sorghum, rye, red rice, quinoa, black barley,
buckwheat, oats, rice, millet, and barley. Other agar media used in the fermentation process include Yeast
Extract Peptone Dextrose (YPD), Plate Count Agar (PCA), Rose Bengal Chloramphenicol, and Potato
Dextrose Agar (PDA). The next step involves inoculating the microorganisms onto the cereal substrate.
The starter concentration varies depending on the cereal type, but typically, the concentration of
microorganism ranges from 10° to 10° CFU/mL. The fermentation substrate is then incubated in an
environment with 90-95% humidity and temperatures ranging from 30-37 °C, with continuous monitoring.
Incubation may also be conducted in an incubator. Fermentation time varies depending on the type of cereal
used and the desired product.

The incorporation of cereals can enhance the sensory properties of fermented food products, making
them more distinctive and appealing. This is supported by studies indicating that barley-based yogurt is
more widely accepted than traditional yogurt [11]. The taste and aroma of yogurt are primarily influenced
by the presence of organic acids. Sensory evaluation of yogurt involves the assessment of several attributes,
including taste, aroma, color, and overall product quality. The addition of superoxide dismutase to millet
yogurt improves viscosity, prevents whey precipitation, and contributes to a unique taste, smooth texture,
white color, and glossy appearance [12]. Furthermore, fermentation with Lactiplantibacillus plantarum
plays a critical role in flavor development, enhancing the formation of volatile metabolites that contribute
to the yogurt’s aroma quality.

Fermentation of cereals and legumes also gives rise to a variety of both alcoholic and non-alcoholic
beverages. This review discusses six types of beverages derived from the fermentation of these substrates.
Baijiu, a traditional Chinese alcoholic beverage, is produced through the fermentation of sorghum. The
presence of functional microbes plays a crucial role in flavor development, with aldehydes and glucose
identified as key compounds. During fermentation, the concentrations of alcohol, alditol, and 1-
hexadecanol increase. Additionally, to produce a light and pleasant flavor in Baijiu, several organic acids
that form esters are elevated [13]. Another alcoholic beverage produced through fermentation is derived
from millet. In a study by Majumder et al., (2021) [14], tongba is described as a traditional fermented
beverage from the regions of India, Nepal, and Bhutan. This millet-based beverage is uniquely served by
mixing the fermented product with boiling water in wooden or bamboo cups. Another millet-based
alcoholic drink, raksi, also originates from Nepal, although this beverage includes additional ingredients,
such as rice [15].

3.2.  Metabolomics in Cereal Fermented Products

Metabolomics has been developed to comprehensively analyze small molecules (metabolites with
molecular weights < 1500 Da) in biological systems. As one of the primary "omics" tools, the extensive
metabolomics approach has achieved significant success in addressing a wide range of scientific challenges
across biology, biomedicine, agriculture, nutrition research, drug discovery, disease diagnosis, and plant
physiology [16]. Metabolomics offers an in-depth analysis of chemical components [17], defining quality
by both qualitatively and quantitatively identifying thousands of metabolites, particularly those that cannot
be detected through conventional methods [18]. Figure 3 illustrates the analytical procedure employed in
metabolomics to obtain accurate measurements of specific metabolites in research. This procedure
encompasses sample preparation, instrumental analysis, data processing, statistical analysis, and data
interpretation, all of which directly influence the final results and biological insights. The methods used in
sample treatments such as centrifugation, solid-phase microextraction, extraction, and/or concentration,
along with critical analytical techniques, have successfully detected contaminants and identified key
biomarker compounds at very low concentrations in food product metabolism [19].

Recent studies have demonstrated that metabolomic analysis can be used to identify bioactive
compounds and assess microbial metabolic pathways involved in cereal fermentation. For example,
research by Khakpour et al., (2023) [20], highlighted the antibacterial potential of plant extracts derived
from Juglans regia, Citrus sinensis, Vicia faba, and Urtica urens. These extracts were found to exhibit
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antimicrobial properties that could contribute to the safety and stability of fermented cereal products by
inhibiting harmful bacteria. Such findings underscore the potential of metabolomics in identifying
functional metabolites that may enhance the nutritional and microbiological quality of fermented cereals.

Additionally, Kalavari et al., (2023) [21] explored the enrichment of dough, a traditional fermented
dairy beverage, with olive leaf extract and evaluated its physicochemical, microbial, and sensory properties.
Their study found that the inclusion of olive leaf extract significantly reduced pH and microbial load while
enhancing stability and extending shelf life. These findings further support the application of metabolomics
in optimizing fermentation processes and improving the functional quality of fermented products.

The analysis of complex and diverse samples composed of small molecules with distinct
physicochemical properties requires the use of various analytical techniques. Among the 61 research
articles reviewed, the most commonly employed metabolomic analysis technique was Liquid
Chromatography-Mass Spectrometry (LC-MS), followed by Gas Chromatography-Mass Spectrometry
(GC-MS), with some studies also utilizing Nuclear Magnetic Resonance (NMR). LC-MS combines liquid
chromatography to separate sample components with mass spectrometry as the detector. This technique is
widely used in metabolomic studies of cereal and legume fermentation because it is not limited to volatile
molecules (typically with molecular weights below 500 Da) and can also analyze highly polar analytes,
requiring relatively simple sample preparation [22]. The basic components of liquid chromatography
include a pump system, a separation column, and an ionization interface. In contrast, Gas Chromatography-
Mass Spectrometry (GC-MS) is a hybrid method that integrates Gas Chromatography (GC) and Mass
Spectrometry (MS). Gas Chromatography is a separation technique used to analyze volatile or easily
vaporized compounds, while Mass Spectrometry serves as an analytical method to identify and characterize
sample components by determining the relative mass of the molecular components and their fragments.
The main components of a GC-MS system typically consist of four parts: the gas chromatograph, the
interface, the mass spectrometer, and the data processing system.

Analytical Platforms
Cereals Fermented Product Sample Preparation

}

Biology Interpretation Biomarker Identify Data Analysis

B g

PubChem

Created in BioRender.com bio

Figure 3. Flowchart of Metabolomic Analysis in Cereal Fermentation.

Raw data from LC-MS and GC-MS instrument analyses typically consist of ion intensity spectra
obtained at various time points, plotted against the m/z ratio. These spectra can be annotated to identify the
chemical structures of metabolites and quantify compounds in cereal fermentation samples. Annotation can
be performed using public databases, which are categorized into two types: compound-centric databases
and pathway-centric databases. The most commonly used databases for GC-MS and LC-MS are compound-
centric, where unknown spectra are matched with reference spectra from databases such as the Human
Metabolome Database (HMDB), PubChem, Phenol Explorer, NIST, Wiley, FooDB, and METLIN, using
computational search algorithms like "find-by-formula” [23][24]. Statistical analysis is essential for
understanding the effects of fermentation on a system. Multivariate analysis is particularly suited for
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datasets with large numbers of variables. The most commonly applied techniques in the studies reviewed
are Principal Component Analysis (PCA) and Orthogonal Partial Least Squares Discriminant Analysis
(OPLS-DA).

Although Nuclear Magnetic Resonance (NMR) provides several benefits, including straightforward
sample preparation, reduced analysis time, ease of metabolite identification, and enhanced sample recovery,
it also has certain drawbacks. These include its limited ability to detect a broader range of metabolite
variations, as well as the restricted availability of comprehensive metabolite databases for NMR-based
metabolomics. Similarly, techniques like Raman and FTIR also face selectivity limitations. Mass
Spectrometry (MS)-based approaches can analyze a broader spectrum of metabolites following
chromatographic separation, with access to various extensive metabolite databases. However, the
sensitivity of MS platforms is contingent upon the chromatographic separation techniques employed.
Advancements in Gas Chromatography-Mass Spectrometry (GC-MS) offer superior chromatographic
resolution for metabolites, while Liquid Chromatography-Mass Spectrometry (LC-MS) is the preferred
method for achieving greater metabolite coverage and sensitivity. However, GC-MS is not without its
limitations, such as longer analysis times and its restriction to thermally stable, volatile compounds that are
prone to degradation [25].

Due to the inherent limitations of each analytical technique, it is crucial to acknowledge that no single
standard exists in quantitative metabolomics. The selection of an appropriate method should be guided by
various factors, including the specific sample type, the analytes of interest, and the available
instrumentation. As novel technologies continue to emerge and become more accessible, they are poised to
drive significant advancements in metabolomics. Techniques such as ion mobility spectrometry and
ionization methods have now been introduced, offering new opportunities for analysis. For instance, ion
mobility separation can serve as a valuable complement to the limitations of chromatographic separation in
mass spectrometry. Additionally, to align metabolite concentration data across biological samples, there is
an ongoing need for the development of comprehensive databases that facilitate accurate metabolite
identification [26].

3.3. ldentification of Metabolites in Cereal Fermented Products

Metabolites are categorized into primary and secondary metabolites. Primary metabolites are
molecules involved in the basic functions of organisms, such as growth, development, and reproduction,
and are found in all types of organisms. Examples include amino acids, nucleotides, vitamins, ethanol,
organic acids, and sugars. In contrast, secondary metabolites are molecules that contribute to the protective
functions of an organism and do not directly participate in essential processes like growth, reproduction, or
development. Examples of secondary metabolites include phenolics, terpenoids, alkaloids, bacteriocins,
and polyketides. To facilitate the discussion of metabolites found in cereal fermentation products, they will
be categorized into volatile and non-volatile compounds. A summary of the metabolites identified through
metabolomic analysis of fermentation products is provided in Table 1.

Flavor results from the interaction of various volatile and non-volatile components, each with distinct
chemical properties. Non-volatile compounds primarily contribute to taste characteristics. Polyphenols, one
of the non-volatile compounds found in cereal fermentation products, are secondary metabolites in plants
and are present in a wide range of foods. Based on their chemical structure, polyphenols can be classified
into several groups, depending on the number of phenolic rings and the structural elements that form the
ring bonds. The most common classification of polyphenols includes five main classes: phenolic acids,
stilbenes, flavonoids, lignans, and others. Among these, flavonoids are the most abundant phenolic
compounds, synthesized through the phenylpropanoid pathway [27].

Amino acids have been identified in the fermentation of various substrates, including corn, soybeans,
red rice, rye, and black glutinous rice, resulting in products such as doenjang, angkak, pixian, meju, wine,
shuanjiang, and yogurt. The amino acids identified in these products include glutamic acid, arachidonic
acid, methionine, agmatine, proline, alanine, isoleucine, glycine, phenylalanine, tyrosine, aspartic acid, and
asparagine. In addition to contributing to sweetness, proline and alanine have physiological effects, such as
preventing apoptosis and scavenging free radicals. Isoleucine imparts a bitter taste, glycine contributes to

37



Magfiroh, et al. Journal of Agri-Food Science and Technology (JAFoST) 6(1) 2025: 32 — 48

sweetness, while phenylalanine and tyrosine are associated with savory or umami flavors. Beyond their role
in flavor, amino acids offer several health benefits. Agmatine is known to enhance cardiovascular health
[28], while arachidonic acid plays a role in the prevention of diabetes and tumors [12]. L-methionine, an
essential amino acid, helps protect the liver and is of significant value for human health.

In addition to amino acids, fatty acids are another important non-volatile compound found in
fermented products. Fatty acids are hydrocarbon chain molecules containing carboxyl groups [29]. The
fermentation process can increase the fatty acid content through lipid hydrolysis. This increase is associated
with the dissociation of lipid complexes and the activity of lipolytic enzymes, which enhance fatty acid
extraction. Beyond their nutritional value, fatty acids also influence the taste and sensory properties of
fermented food products. Fatty acids identified in fermented cereals and legumes include palmitic acid,
stearic acid, linoleic acid, oleic acid, hexadecanoic acid, and lauric acid. Palmitic acid and oleic acid, in
particular, can affect yeast activity, thereby influencing the flavor of wine.

Table 1. Summary of cereal fermentation with metabolomic analysis.

Cereals The aims Metabolomic  Metabolites Metabolit/ Statistic Results Ref
instrumen result biomarker methods
Barley To further UPLC-ESI- 102 Flavonoid, phenolic PCA, 1. SSF BSG with ~ [10]
malt evaluate the QTOF-MS metabolites  acids (trans-ferulic OPLS- Aspergillus
phenolic acid, p-coumaric DA oryzae has been
content based acid, ferulic acid, shown to be
on antioxidant caffeic acid, efficient in the
activity and a protocatechuic acid, release of
metabolomic 3-7-dimethyl antioxidant
approach quercetin, tetramethyl bioactive
scutellarin isomer 3, compounds;
gentisic acid, furthermore,
phlorizin, naringenin variations in malt
7-O-glucoside), affect the
polyphenols, lignans, fermentation
stilbenes, 4-hidroksi process
hipurat 2.PCis
influenced by the
enzyme [3-
glucosidase.
Metabolites act as
preventatives for
age-related
chronic diseases,
including
cardiovascular,
neurodegenerativ
e, diabetes, and
cancer
Sorghum  To identify LC-MS, 83 Organic acids (lactic ~ PCA, Fermentation [13]
unique active GC-MS, HS- metabolites  acid, linoleic acid, OPLS- samples were
functional SPME-GC- aldehyde, heptanoic DA taken on days 16
microbes MS acid, succinic acid). and 27. Fourteen
involved in Etil butirat, ester microbes
flavor asetat, benzil alkohol. contributed to the
formation and production of
provide new volatile NLS
insights into flavors, including
the Lactobacillus,
optimization of Saccharomyces,
Niulanshan Aspergillus, and

Streptococcus.
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Cereals The aims Metabolomic  Metabolites Metabolit/ Statistic Results Ref
instrumen result biomarker methods
baijiu Ethyl esters,
fermentation alcohols, and
aldehydes were
correlated with
the unique flavor
of NLS
Mixed To determine CE-TOF-MS 165 Amino acids Heat Metabolites [28]
grain the metabolic metabolites  (Spermidine, map involved in the
profile and agmatine) Phenolic urea cycle and
investigate the compounds polyamine
nutritional and (Homovanillic acid; pathway are
functional 2,5-dihydroxybenzoic altered through
properties of acid and p- fermentation,
fermented hydroxybenzoic acid) with arginine
mixed grains being used as a
precursor to
produce
citrulline,
ornithine, and
agmatine.
FMG incubated
for 36 hours
showed higher
total phenolic
content and free
radical
scavenging
activity
Barley To determine UPLC- 27 Cyclic adenosine OPLS- Barley with soy [11]
the antioxidant MS/MS metabolites ~ monophosphate DA protein
activity, total (cCAMP), concentrate
phenolic glycerophosphocholi combined with L.
content, and ne, organic acids, bulgaricus
flavonoid phenylpropanoids, VHProbi R03 and
compounds in polyketides, S. thermophilus
the product flavonoids, VHProbi R08
isoflavonoids produced a good
yogurt as a source
of probiotics and
antioxidants, with
a viable bacterial
count of 1.9 x 108
CFU/mL after 4
hours of
fermentation
Barley 1. To explain UPLC-HRMS 124 Saccharides, PCA, During [30]
the metabolites  nucleosides, amino heatmap, fermentation,
biotransformati acids, organic acids, nutrients are
on role of L. glucose-6-phosphate, PLS-DA  partially bound or

plantarum dy-
1

2. Exploration
of the potential
of barley
fermentation

gluconic acid, indole-
3-lactic acid,
phenyllactic acid,
homovanillic acid, 2-
hydroxyvaleric acid,
etc

conjugated by
bioactive
molecules, and
several important
metabolites are
produced as a
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Cereals The aims Metabolomic  Metabolites Metabolit/ Statistic Results Ref
instrumen result biomarker methods
as a functional result of the
food growth and
metabolism of L.
plantarum dy-1
Barley To determine GC-MS, 71 Pentanoic acid, PCA, Barley juice [31]
the effect of S. UPLC-QTOF- metabolites  vanillin, benzyl OPLS- fermented with S.
thermophilus MS alcohol, ethanone, DA thermophilus
fermentation ethanol, 2-pentanone, 7G10 exhibited
on the 2,3-pentanedione, increased free
metabolic benzoic acid. radical activity.
profile and S- Sensory
antioxidant adenosylmethionine, evaluation of
activity of uracil, hypoxanthine. barley juice
barley juice fermented with S.
thermophilus
7G10 showed the
most appealing
results for
consumers
Quinoa To investigate ~ UPLC-Q- 41 Flavonoids (saponin,  PCA, Fermentation [32]
and black  the nutritional  TOF-MS metabolites  tyrosine, OPLS- increases protein
barley characteristics, phenylalanine) DA content and total
composition Polyphenols (methyl dietary fiber.
and quantity of chlorogenate, Furthermore, the
bioactive phenylpropanoic increase in
components, as acid, p-coumaric flavonoid levels
well as the in acid) leads to in vitro
vitro activity bioactivity such
of black barley as a-amylase and
and quinoa a-glucosidase
fermentation inhibition.
Metabolites are
involved in
pathway analysis,
particularly in the
biosynthesis of
flavonoids,
anthocyanins, and
phenylpropanoids
Red rice To determine UHPLC-Q- 78 Amino acids (GABA, ANOVA Fermentation [33]
the GABA TOF-MS/MS metabolites  methionine, histidine, and PCA with
content, valine, tryptophan, Lactobacillus
antioxidant leucine, lysine). reuterii resulted
activity, and Phenolics (B- in an increase in
bioactive caroteneol, eugenol, amino acids,
compounds in apigenin, 6-gingerol, phenolic
red rice cinnamic acid). compounds,

Organic acids (lipoic
acid, pyrazinoic acid,
malonic acid,
ascorbic acid,
gluconic acid, p-
coumaric acid, malic
acid).

40

organic acids,
fatty acids, and
peptides in red
rice.
Consumption of
fermented red
rice L. reuterii
AKT1 can meet
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Cereals The aims Metabolomic  Metabolites Metabolit/ Statistic Results Ref
instrumen result biomarker methods
Fatty acids (stearic the requirements
acid, linoleic acid, for optimal health
valeric acid, lauric benefits
acid).

Sorghum  To determine GC-HRTOF- 34 Fatty acid ester, PCA, Tannin content
the MS metabolites  metalaxyl, fenol, OPLS- affects the [34]
metabolomic keton, 4- DA composition of
profile chlorobenzonitrile, 2- sorghum and
extracted from hidroksil-5-metil WG-ting samples.
sorghum fenil, 2(5H)-furanon, Fermentation
varieties (low tannin, 1-(2- leads to an
tannin and hidroksil-5-metil- increase in fatty
high tannin) fenil) acid and fatty
and their acid ester content.
fermentation The metabolic
derivatives composition of
(ting) to raw sorghum
provide causes different
metabolic metabolic
variation in the changes during
samples using fermentation. The
a metabolomic presence of
approach fermentation

affects the
sustainability of
substrates for
fermentation. The
best fermentation
is achieved using
Lactobacillus
fermentum FUA
3321

Riceand  To evaluate the SPME-GC- 35 Amino acids (Lysine, Heat L.CMand L.BM  [35]

oat fermentation MS metabolites  threonine, valine, map produced the
efficiency of methionine, highest levels of
bioactive isoleucine, phenolics,
compounds in phenylalanine, flavonoids,
rice and oats histidine, arginine, volatiles,
by aspartate. alcohols, and
Lactobacillus Volatiles (Ester, organic acids
apis (L. apis), terpene, furan, from different
a new strain ketone, aldehyde). substrates and
isolated from Organic acids exhibited the
honeybee gut, (Dodecanoic acid, highest
and two types hydroxycinnamic antioxidant
of acid, acetic acid, capacity. The best

Lactobacillus
isolated from
breast milk
(L.BM) and
camel milk
(L.CM)

lactic acid).

41

pattern was
obtained with
L.BM, followed
by L. apis and
L.CM, compared
to the L.
plantarum and
non-fermented
samples.
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Cereals The aims Metabolomic  Metabolites Metabolit/ Statistic Results Ref
instrumen result biomarker methods
L.BMand L.CM
significantly
increased the
volatile
components

Oat Combining GC-MS 60 Aldehyde (pentanal, PCA The concentration  [36]
various metabolites  hexanal, octanal, of preferred
analyses to nonanal, decanal dan volatile
understand the benzaldehyde) compounds such
mechanism by Ketones (Diacetyl as diacetyl and
which starter (2,3-buta-nedione), acetoin increased
culture affects acetylpropionyl (2,3- during
oat beverage, pentanedione), fermentation.
monitored Acids (acetic acid, The growth of
from chemical, hexanoic acid, 2- various vegan
physical, methylbutanoic acid). starter cultures
metabolic, and 2-butylfuran, 2- and changes in
sensory pentylfuran. the consortium
aspects. bacterial

composition
affect the sensory
development and
texture of oat
beverages.

Millet Developing HPLC-MS, 54 2-phenyl ethanol, PCA SOD-rich millet [12]
millet-flavored HS-SPME- metabolites  hesperidin, N- yogurt is known
yogurt GC-MS acetylornithine and to neutralize free
enriched with L-methionine, L- radicals,

SOD threonine, efficiently break
allopurinol, down superoxide
arachidonic acid, dismutase into
adenosine, nonanoic oxygen and
acid, oxalic acid. hydrogen
Flavonoid peroxide.
(hesperetin, 2- Lactiplantibacillu
phenyletanol) s plantarum has

good probiotic
potential.

The addition of
enzymatic
hydrolysis of
millet in yogurt
fermentation
enriches the
flavor and
nutrition.

Buckwhea Investigating SPME-GC- 83 3-metilbutano, 2,3- PLS-DA  The volatile [37]

t the differences MS metabolites  metilbutanal, 2- profile of the soba
and changes in feniletanol, 2- soksungjang
the volatile etilheksa-1-ol, dimetil samples depends
profile of karbonat, asam on the
buckwheat pentanoat. fermentation
(soba) Fatty acids (methyl period and the
soksungjang heptanoate, methyl microbial
inoculated octanoate, methyl combination.
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Cereals The aims Metabolomic  Metabolites Metabolit/ Statistic Results Ref
instrumen result biomarker methods
with various butanoate), esters, Generate complex
microbial fusel aldehydes metabolic
starters during processes such as
fermentation glycolysis,
lipolysis,
pyruvate
metabolism, and
proteolysis

3.4. Metabolic Pathway

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database is widely used to explore
metabolic pathways and elucidate the mechanisms underlying metabolic changes during fermentation [38].
Enrichment and topological analyses are then conducted to identify key pathways most relevant to the
metabolites involved. The identification of metabolic pathways suggests that fermentation can enhance the
nutritional value and nutrient content of fermented cereal and legume products. Among these pathways,
starch metabolism, sucrose metabolism, alanine metabolism, aspartate metabolism, glutamate metabolism,
and the pentose phosphate pathway are particularly significant, as they are associated with the pre-
fermentation processes that influence wine color. Wine fermentation begins with the degradation of
polysaccharides. As the glycolysis/gluconeogenesis pathway progresses, glucose is converted into
pyruvate, which enters the TCA cycle via acetyl-CoA, leading to the production of various organic acids.
In rice fermentation for the production of angkak, four key metabolic pathways include glycolysis, pyruvate
metabolism, a-linolenic acid metabolism, and linoleic acid metabolism. Pyruvic acid, a-linolenic acid, and
linoleic acid are essential in the transformation of these compounds into secondary metabolites during
angkak production.

3.5. Challenges and Future of Metabolomics

Metabolomics is an analytical approach that offers significant benefits and potential for the
development of fermented cereals products. However, this technology also faces certain challenges and
limitations. A major obstacle with LC-MS instrumentation is the time-consuming nature of analysis
preparation. Standardizing the pre-analytical phase is essential for minimizing variability across biological
samples and preserving the integrity of metabolite profiles. This involves aligning protocols for sample
collection, storage, and preparation, in compliance with recognized analytical methodology standards [39].
Consequently, to achieve the desired outcomes in metabolomic research, meticulous selection of sample
preparation methods is vital for ensuring reliable and reproducible biological data.

Additionally, the large variation in data generated after the chromatographic process often leads to
suboptimal data processing. The variability in data can be attributed to several factors, including differences
in operator handling, instrument construction, and changes in operational conditions, such as laboratory
temperature [7]. Annotation and metabolite identification present additional challenges, particularly in
untargeted analysis. Data libraries often struggle when faced with new compounds and data generated from
novel procedures and instruments. This is consistent with the findings of Diez-Simon et al., (2019) [40],
who highlighted that the limited availability of comprehensive libraries containing food metabolites
significantly hinders metabolite identification. A key limitation is the absence of well-established standard
procedures for pre-treatment and normalization of metabolomic data, as well as for its integration into a
consolidated dataset for subsequent statistical analysis and modeling. Numerous challenges in data
standardization typically occur at various stages, such as data acquisition, initial processing, addressing
missing values, detecting outliers, data normalization, centering and scaling, data transformation, and
statistical analysis [41]. Given the complexity and scale of metabolomic data, it is crucial to map and
preprocess the data before employing Al-driven machine learning techniques. This preprocessing is
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essential, as machine learning models depend on the precision and reliability of the data for generating
accurate outcomes.

From an instrumental perspective, the mass analyzer in a mass spectrometer must operate in a high-
vacuum environment, as collisions with air molecules can disrupt the ion flow from the source detector,
leading to signal loss. Therefore, careful and precise handling of metabolomics instruments is crucial.
According to Harmita et al., (2019) [22], the primary issues in the operation of mass spectrometers include
air leaks, solvent contamination, and disturbances in the detection of small mass readings. Regardless of
the instrument type, regular cleaning of the interface, ion source, and mass analyzer is essential. The mass
spectrometer source in LC-MS systems typically experiences fewer contamination issues compared to GC-
MS systems, as contamination in GC-MS is often caused by filament aging and the combustion of hot vapor
from the GC oven.

The complex standardization and dynamic processes involved in metabolomics reveal several
limitations due to the various factors at play and the diverse information required for research. Therefore,
when complemented with chemometric tools, metabolomics can be used to objectively evaluate both the
fermentation process and the final products [42]. The potential of metabolomics in metabolite analysis
remains promising, as it enables the simultaneous analysis of thousands of metabolites in a short time,
identification of potential biomarkers, and quantitative measurement of metabolites involved in metabolic
pathways. Efforts to standardize sample preparation methods and establish reporting guidelines are essential
for advancing the field.

Advancements in automation can help reduce reliance on manual handling, thereby enhancing the
efficiency and reliability of instruments. Innovations aimed at mitigating matrix effects will contribute to
more accurate data. Additionally, improvements in instrumental components, such as column technology,
will increase the versatility of metabolomics. According to Gupta & Gaur, (2021) [7] artificial intelligence-
based metabolite annotation is now available to assist in compound identification. Metabolomics and
Artificial Intelligence (Al) work synergistically to enhance research outcomes. Metabolomics produces
extensive datasets, encompassing hundreds to thousands of metabolites with intricate interconnections.
Numerous studies have demonstrated the effective use of Al across multiple facets of metabolomic analysis,
such as analytical detection, data preprocessing, biomarker identification, predictive modeling, and the
integration of multi-omics data [43]. Aligning accuracy and improving data quality are essential for
fostering collaboration, accelerating scientific progress, and gaining a deeper understanding of complex
biological processes like fermentation. Further efforts are needed to enhance spectral databases, particularly
through the development of accurate automatic identification algorithms.

The cereal-based fermented products noted the growing importance of emerging technologies, such
as metabolomics, in elucidating the relationship between the microbial communities, metabolic pathways,
and the functional properties [44]. The unique microbial communities involved in traditional fermentation
processes can contribute to the enhanced nutritional value and potential health benefits of the final products
[45][46]. The study of fermented foods highlighted the potential of this approach to provide a deeper
understanding of the complex metabolic processes involved in fermentation, as well as its ability to identify
biomarkers for the potential health benefits of these products. These studies have highlighted the potential
of metabolomics to provide a comprehensive evaluation of the microbial diversity, metabolic profiles, and
functional attributes of traditional fermented foods, paving the way for a better understanding of their
relevance and potential in modern food science and human health [6].

4.  CONCLUSION

A metabolomic approach reveals that fermentation influences the quality of the final fermentation
products of cereals. Using metabolomics, it is possible to investigate the effects of fermentation on
biological systems and develop fermentation protocols that can later be adopted by governments, industries,
and stakeholders to create fermentation-based cereal and products. Fermentation of cereals produces a
broad spectrum of beneficial metabolites, which improve both shelf life and sensory qualities, as shown by
metabolomic analysis. It is expected that further research will examine a greater diversity of cereal varieties,
enabling their potential as alternative food sources and supporting their development for large-scale
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industrial production. However, metabolomic research needs to be integrated with other omics
technologies, such as foodomics, to gain a more comprehensive understanding and address the research
gaps left by metabolomics alone. Additionally, studies comparing metabolomic profiles of cereal products
processed by various methods, beyond fermentation, are needed. This will enhance our knowledge of
effective techniques to improve the quality of cereal products for public consumption.
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