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Abstract: Coarse cereals are rich in dietary fiber, B vitamins, minerals, secondary metabolites,
and other bioactive components, which exert numerous health benefits. To better understand the
diversity of metabolites in different coarse cereals, we performed widely targeted metabolic profiling
analyses of six popular coarse cereals, millet, coix, buckwheat, quinoa, oat, and grain sorghum,
of which 768 metabolites are identified. Moreover, quinoa and buckwheat showed significantly
different metabolomic profiles compared with other coarse cereals. Analysis of the accumulation
patterns of common nutritional metabolites among six coarse cereals, we found that the accumulation
of carbohydrates follows a conserved pattern in the six coarse cereals, while those of amino acids,
vitamins, flavonoids, and lipids were complementary. Furthermore, the species-specific metabolites
in each coarse cereal were identified, and the neighbor-joining tree for the six coarse cereals was
constructed based on the metabolome data. Since sorghum contains more species-specific metabolites
and occupies a unique position on the neighbor-joining tree, the metabolite differences between
grain sorghum 654 and sweet sorghum LTR108 were finally compared specifically, revealing that
LTR108 contained more flavonoids and had higher antioxidant activity than 654. Our work sup-
ports an overview understanding of nutrient value in different coarse cereals, which provides the
metabolomic evidence for the healthy diet. Additionally, the superior antioxidant activity of sweet
sorghum provides clues for its targeted uses.

Keywords: coarse cereals; widely targeted metabolome analysis; grain sorghum; sweet sorghum;
flavonoids; antioxidant activity

1. Introduction

Coarse cereals generally refer to grain and legume crops except for rice and wheat,
which have a small planting area, low yield, strong regionalism, and diverse cultivation
methods compared to other major grains [1,2]. Coarse cereals include millet (Setaria
italica), coix (Semen coicis), buckwheat (Fagopyrum esculentum), quinoa (Chenopodium quinoa),
oat (Avena sativa), sorghum (Sorghum bicolor), maize (Zea mays), barley (Hordeum vulgare),
etc. Coarse cereals are an important group of crops that constitutes staple food for a large
number of people living primarily in the arid and semi-arid regions of the world [3].
Among them, sorghum has the characteristic of fast growth and high yields, and has been
widely studied for its outstanding ability to adapt to various environments such as drought,
high altitudes, saline-alkaline conditions, and barren soil [4,5]. Depending on its different
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uses, sorghum can be divided into grain sorghum and sweet sorghum. Grain sorghum
has a high yield and is used for food and wine production, while sweet sorghum has a
relatively low yield and large amounts of sugar (glucose, sucrose, fructose) accumulated in
its stems and leaves, so it is used for sugar production, animal feed, and bioenergy [6].

As people’s desire for health and the demand for food increases, coarse cereals have
become popular due to their comprehensive and high nutritional value. Coarse cereals
are rich in dietary fiber, carbohydrates, minerals (especially micronutrients such as iron
and zinc), amino acids, B vitamins, and secondary metabolites, giving coarse cereals many
therapeutic effects [7]. For example, it has been shown that coarse cereals can regulate gut
flora, and also contribute to alleviating cardiovascular diseases, neurodegenerative diseases,
diabetes, obesity, and many cancers [8,9]. However, different coarse cereals exhibit varied
health benefits due to their inclusion of differentiated metabolites. The phytochemicals in
millet have the ability to decrease cholesterol and phytate levels in the human body [10].
Many in vivo studies have demonstrated that coix possess the capacity of anti-cancer,
lipid-profile regulation, lower glycemic index, and anti-obesity properties [11]. The studies
reported in [12,13] also reported that both oat and buckwheat (F. esculentum) have positive
anti-inflammatory, anti-cancer, and antiatherogenic effects. Moreover, quinoa has also been
found to contribute to metabolic, cardiovascular, and gastrointestinal health in humans [14].
Sorghum also has potential health benefits such as antioxidant activity, anti-diabetes,
dyslipidemia, and cardiovascular diseases prevention [15]. However, although the benefits
of various coarse cereals have been addressed in above studies, the differences in the
metabolic profiles of these coarse cereals are not clear, and there is a lack of a targeted and
comprehensive comparison among them.

Polyphenols are important components of coarse cereal metabolites in promoting
human health. Polyphenols exist abundantly in coarse cereals, among which flavonoids
account for the greatest proportion and are the most well studied [16]. Flavonoids are
located in the pericarp of coarse cereals, and refer to a series of compounds in which two
benzene rings are interconnected by three carbon atoms (C6-C3-C6), and contain several
subclasses, such as flavones, flavonols, isoflavones, anthocyanins [16]. The flavonoid
biosynthesis pathway in plants starts from phenylalanine, which is catalyzed by a series
of enzymes to produce different kinds of flavonoids [17]. Some flavonoids are ingested
into the body and metabolized by phase II enzymes of the small intestine into the systemic
circulation [18]. Large amounts of flavonoids enter the large intestine and are converted
into easily absorbed molecules by the gut flora [19]. A lot of studies have demonstrated
that flavonoids are beneficial to human health. For example, flavonoids have been verified
to reduce the risk of cardiovascular diseases, and type 2 diabetes. Meanwhile, the free
radical scavenging and antioxidant properties of flavonoids have also been shown to reduce
neurodegenerative diseases [20,21]. Therefore, the study of metabolites in coarse cereals,
especially flavonoids, is important for understanding the nutritional value of coarse cereals.

In this study, the metabolic accumulation profiles of six types of coarse cereals, includ-
ing millet, grain sorghum, oat, coix, buckwheat and quinoa, are compared to show the
differences among them. Furthermore, the metabolome differences between grain sorghum
and sweet sorghum are deeply analyzed, in which total flavonoid content and antioxidant
activity were detected and compared. The results of this study provide a reference for
healthy diet and a clues for understanding the targeted uses of the two kinds of sorghum.

2. Materials and Methods
2.1. Plant Materials

To study the diversity of metabolites in coarse cereals, six popular coarse cereals—millet
(Qinzhouhuang, produced in Qinxian, China), coix (Xinrenbaike, produced in Xingren
County, Guizhou Province, the largest producer of coix in China), buckwheat (Wensha, pro-
duced in Chifeng, China), quinoa (Jingle quinoa, produced in Jingle, China), oat (Baiyou1,
produced in Guyang, China), and sorghum (grain sorghum 654 and sweet sorghum
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LTR108 were both produced at Zhejiang Academy of Agricultural Sciences, Hangzhou,
China)—were selected for metabolome analysis.

2.2. Sample Preparation and Extraction

The mature and shelled seeds of millet, coix, buckwheat, quinoa, oat, and sorghum
were freeze-dried by vacuum freeze-dryer (Scientz-100F, Ningbo, China) and crushed by a
mixer mill (MM 400, Retsch, Germany) with a zirconia bead for 1.5 min at 30 Hz. Then,
100 mg of lyophilized powder was dissolved with 1.2 mL 70% methanol solution, vortexing
30 s every 30 min for 6 times in total, and the sample was placed in a refrigerator at 4 ◦C
overnight. Following centrifugation at 12,000 rpm for 10 min, the extracts were filtrated
with a 0.22 µm pore size Nylon Syringe Filter (SCAA-104, ANPEL, Shanghai, China) before
LC-MS/MS analysis.

2.3. High-Performance Liquid Chromatography Conditions

Widely targeted metabolic profiling analyses were performed with an LC-ESI-MS/MS
system (HPLC, Shim-pack UFLC SHIMADZU CBM30A system; MS, Applied Biosystems
6500 Q TRAP; Shimadzu, Kyoto, Japan). The analytical conditions were as follows: HPLC:
column, ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 mm× 100 mm, Waters, Shanghai, China);
solvent system, water (0.04% acetic acid): acetonitrile (0.04% acetic acid); gradient program,
95:5 v/v at 0 min, 5:95 v/v at 11.0 min, 5:95 v/v at 12.0 min, 95:5 v/v at 12.1 min, 95:5 v/v at
15.0 min; flow rate, 0.40 mL/min; temperature, 40 ◦C; injection volume, 2 µL. The effluent
was alternatively connected to an ESI-triple quadrupole-linear ion trap (Q TRAP)-MS.

2.4. ESI-Q TRAP-MS/MS

Linear ion hydrazine-flight time (LIT) and triple quadrupole (QQQ) scans were ac-
quired on an API 6500 Q TRAP LC/MS/MS System, equipped with an ESI Turbo Ion-Spray
interface, operating in a positive ion mode and controlled by Analyst 1.6 software (AB Sciex,
Shanghai, China). The ESI source operation parameters were as follows: ion source, turbo
spray; source temperature, 500 ◦C; ion spray voltage (IS), 5500 V; ion source gas I (GSI),
gas II (GSII), curtain gas (CUR) were set at 55, 60, and 25 psi, respectively; the collision
gas (CAD) was high. Instrument tuning and mass calibration were performed with 10 and
100 µmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ
scans were acquired as MRM experiments with collision gas (nitrogen) set to 5 psi. DP and
CE for individual MRM transitions were done with further DP and CE optimization. A spe-
cific set of MRM transitions were monitored for each period according to the metabolites
eluted within this period.

2.5. Identification of Metabolites

We used Analyst 1.6.1 software to analyze the mass spectrometry data. To produce
a matrix containing less biased and redundant data, peaks were checked manually for
signal/noise (S/N) > 10, and removed the redundant signals caused by different isotopes,
in-source fragmentation, K+, Na+, and NH4

+ adducts, and dimerization. Metabolites in the
samples were identified by comparing accurate m/z values, retention times (RT), and frag-
mentation patterns in the self-built MWDB database (Metware Biotechnology Co., Ltd.,
Wuhan, China) and the public database (MassBank [22] and METLIN [23]).

2.6. Determination of Flavonoids and Anthocyanin Contents

The total flavonoid contents of two different sorghums were determined as described
previously [24]. The seeds of sorghum 654 and LTR108 were ground to powder with a
mortar and pestle, 0.01 g was weighed, 1 mL extraction buffer (60% ethanol) was added,
and it was shaken for 2 h at 60 ◦C, and centrifuged at 10,000× g at 25 ◦C for 10 min. Taking
the supernatant, NaNO2 solution was added, and it was left to stand for 6 min at 25 ◦C.
AlCl3 solution was added, and it was left to stand for 6 min at 25 ◦C. NaOH solution was
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added, and it was left to stand for 15 min at 25 ◦C, and the absorbance at 510 nm was
determined using a microplate reader (Infinite 200 Pro, Tecan, Switzerland).

Anthocyanin quantification was performed as described previously [25]. First, 0.1 g
sorghum seed powder was weighed and incubated overnight in 300 µL of 0.1% HCl-
methanol solution at 4 ◦C. Then, 200 µL distilled water and 500 µL chloroform were added,
followed by centrifugation at 10,000× g at a temperature of 4 ◦C for 10 min. The supernatant
was taken, and the absorbances at 530 nm and 657 nm were detected by a microplate reader.
The amount of total anthocyanins was calculated by subtracting the absorbance at 657 nm
from that at 530 nm.

2.7. Determination of Antioxidant System Activity

The total antioxidant capacity (T-AOC) of the two different sorghums was determined
using the ferric reducing antioxidant power (FRAP) method. T-AOC was obtained by
measuring the change of absorbance at 593 nm. The amount of antioxidant Trolox per gram
of sample was used to express the T-AOC of the sample.

CAT (Catalase) activities were determined based on the ammonium molybdate method.
CAT activity was determined by measuring the change of absorbance at 405 nm. One unit
of CAT activity was defined as the amount of decomposed 1 µmol of H2O2 per second
per g of sample.

SOD (superoxide dismutase) activities were determined using the nitrotetrazolium
blue chloride (NBT) method. SOD activity was determined by measuring the change of
absorbance at 560 nm. One unit of SOD activity was defined as the amount of enzyme
required to cause 50% SOD inhibition per g of sample in 1 mL of the reaction solution.

POD (peroxidase) activity was determined using the H2O2 method. POD activity was
obtained by measuring the change of absorbance at 470 nm. One unit of POD activity was
defined as the A470 change per min was 0.01 per g of sample in 1 mL of the reaction solution.

All these antioxidant system activities were determined using commercial kits (Com-
inbio Co., Ltd., Suzhou, China). The absorbance of each reaction mixture was measured
using a microplate reader.

2.8. Statistical Analysis

Unsupervised principal component analysis (PCA), hierarchical cluster analysis (HCA),
volcano plot and differential metabolites screening were performed using the R package
(http://www.r-project.org (accessed on 1 September 2022)). The criterion for significantly
different metabolites was p < 0.05, VIP (variable importance in projection) ≥ 1, and an abso-
lute Log2FC (fold change) ≥2 in the Student’s t-test. Metabolic pathways were analyzed
using the KEGG database (https://www..genome.jp/kegg/ (accessed on 1 September
2022) [26]. Student’s t-test in was used GraphPad Prism (https://www.graphpad.com/
(accessed on 1 September 2022) to compare bioactive substances and antioxidant sys-
tem activity indexes of two different sorghums, in which significant differences between
two groups are indicated by asterisks (*). The number of asterisks represents the degree
of difference.

3. Results
3.1. Whole Metabolome-Scale Comparative Analysis of Six Coarse Cereals

To examine the diversity of metabolites, six popular coarse cereals, as shown in
Figure 1A, namely millet (S. italica), coix (S. coicis), buckwheat (F. esculentum), quinoa
(C. quinoa), oat (A. sativa), and grain sorghum (S. bicolor), were selected to perform a
metabolomic analysis. Then, UPLC-MS-based widely targeted metabolomics was car-
ried out, in which 768 metabolites were detected (Table S1). As shown in Figure 1B,
the 768 metabolites can be classified in detail according to their properties: 223 flavonoids,
111 organic acids and their derivatives, 93 amino acids and their derivatives, 72 lipids,
62 nucleotides and their derivatives, 36 hydroxycinnamoyl derivatives, 27 phenolamides,
27 coumarins, 21 carbohydrates, 21 vitamins, 11 tryptamine, 9 alcohols and polyols, 9 indole

http://www.r-project.org
https://www..genome.jp/kegg/
https://www.graphpad.com/
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and its derivatives, 7 alkaloids, 6 cholines, 4 terpenoids, 3 pyridines, and 31 others. There-
fore, it can be seen that flavonoids are the most abundant metabolites in the six coarse
cereals, and will be focused on later in this study.
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Figure 1. Metabolite profiles of six coarse cereals. (A) Photographs displaying six selected coarse
cereals. (B) Classification of the 768 metabolites of six coarse cereals. (C) Principal component analysis
(PCA) of metabolic profiles of six coarse cereals. (D) Heat map based on metabolome data of six
coarse cereals. The content value of each metabolite was normalized, and hierarchical cluster analysis
(HCA) was performed. Each coarse cereal species is represented by a column, and each metabolite is
displayed in a row. Red shows relatively high metabolite abundance, while green indicates relatively
low abundance.

To further explore the diversity of nutrients between six coarse cereals, we analyzed
metabolic profiling by principal component analysis (PCA), and hierarchical cluster analysis
(HCA). According to the PCA, two principal components, PC1 and PC2, represented a
31.09% and 24.82% contribution to the differences among six coarse cereals, respectively
(Figure 1C). Furthermore, millet, coix, buckwheat, oat, and sorghum clustered together,
quinoa is far from other grains in PC1. Meanwhile, buckwheat is separated from other
grains in PC2. Therefore, the metabolite accumulation pattern in quinoa and buckwheat
is quite different from the other four coarse cereals. The species-dependent accumulation
pattern was further supported by a HCA based on coarse cereals metabolome (Figure 1D).

3.2. Comparative Analysis of Main Nutritional Metabolites in Six Coarse Cereals

To illustrate the nutritional value of different coarse cereals, we compared the accumu-
lation patterns of common nutritional metabolites amino acids, vitamins, carbohydrates,
flavonoids, and lipids in six coarse cereals (Figure 2).

In addition to being the basic units of proteins, amino acids are also involved in
signal transduction, redox balance, osmoregulation, and other life processes [27,28]. HCA
of amino acid metabolome profiles showed that coarse cereals are rich in L-arginine,
L-tryptophan, L-phenylalanine, L-aspartate, and L-glutamic acid, while other amino acids
are relatively few (Figure 2A). On the other hand, the contents of L-arginine, L-tryptophan,
L-phenylalanine, L-aspartate, and L-glutamic acid in the six coarse cereals are different.
Sorghum, buckwheat, coix and quinoa all have higher L-arginine content, while millet
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and oats have lower L-arginine content. Millet contains a lot of L-tryptophan, and oats
contain more L-phenylalanine, L-aspartate, and L-glutamic acid. In addition to L-arginine,
sorghum is rich in L-aspartic acid, coix is rich in L-glutamic acid, and quinoa is rich in
L-phenylalanine compared to other grains.

Antioxidants 2022, 11, x FOR PEER REVIEW 6 of 15 
 

is quite different from the other four coarse cereals. The species-dependent accumulation 
pattern was further supported by a HCA based on coarse cereals metabolome (Figure 1D). 

3.2. Comparative Analysis of Main Nutritional Metabolites in Six Coarse Cereals 
To illustrate the nutritional value of different coarse cereals, we compared the accu-

mulation patterns of common nutritional metabolites amino acids, vitamins, carbohy-
drates, flavonoids, and lipids in six coarse cereals (Figure 2). 

 
Figure 2. Accumulation of main nutritional metabolites in six coarse cereals. (A) Heat map of amino 
acids in six coarse cereals. (B) Heat map of vitamins in six coarse cereals. (C) Heat map of carbohy-
drates in six coarse cereals. (D) Heat map of flavonoids in six coarse cereals. (E) Heat map of lipids 
in six coarse cereals. The content value of each metabolite was normalized, and hierarchical cluster 
analysis (HCA) was performed. Each coarse cereal species is represented by a column, and each 
metabolite is displayed in a row. Red shows relatively high metabolite abundance, while green in-
dicates relatively low abundance. 

In addition to being the basic units of proteins, amino acids are also involved in signal 
transduction, redox balance, osmoregulation, and other life processes [27,28]. HCA of 
amino acid metabolome profiles showed that coarse cereals are rich in L-arginine, L-tryp-
tophan, L-phenylalanine, L-aspartate, and L-glutamic acid, while other amino acids are 
relatively few (Figure 2A). On the other hand, the contents of L-arginine, L-tryptophan, 
L-phenylalanine, L-aspartate, and L-glutamic acid in the six coarse cereals are different. 
Sorghum, buckwheat, coix and quinoa all have higher L-arginine content, while millet 
and oats have lower L-arginine content. Millet contains a lot of L-tryptophan, and oats 
contain more L-phenylalanine, L-aspartate, and L-glutamic acid. In addition to L-arginine, 
sorghum is rich in L-aspartic acid, coix is rich in L-glutamic acid, and quinoa is rich in L-
phenylalanine compared to other grains. 

As organic compounds essential to life, vitamins play a vital role in life processes 
such as DNA synthesis, enzymatic reactions and oxygen transport [29,30]. It can be seen 
that vitamin B is very abundant in the six coarse cereals; in particular, vitamin B5 D-pan-
tothenic acid is relatively high in the other five grains except for oat (Figure 2B). Oats and 
buckwheat are rich in vitamin B6, 4-pyridoxic acid O-hexoside and pyridoxine O-gluco-
side, respectively, both of which are vitamin B6. In addition, coix is rich in vitamin B1 
thiamine, and quinoa is rich in vitamin B3 nicotinate ribonucleoside. 
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amino acids in six coarse cereals. (B) Heat map of vitamins in six coarse cereals. (C) Heat map of
carbohydrates in six coarse cereals. (D) Heat map of flavonoids in six coarse cereals. (E) Heat map of
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and each metabolite is displayed in a row. Red shows relatively high metabolite abundance, while
green indicates relatively low abundance.

As organic compounds essential to life, vitamins play a vital role in life processes
such as DNA synthesis, enzymatic reactions and oxygen transport [29,30]. It can be
seen that vitamin B is very abundant in the six coarse cereals; in particular, vitamin B5
D-pantothenic acid is relatively high in the other five grains except for oat (Figure 2B).
Oats and buckwheat are rich in vitamin B6, 4-pyridoxic acid O-hexoside and pyridoxine
O-glucoside, respectively, both of which are vitamin B6. In addition, coix is rich in vitamin
B1 thiamine, and quinoa is rich in vitamin B3 nicotinate ribonucleoside.

Carbohydrates, as the main energy source required by all living organisms to support
their living activities, have conserved accumulation patterns in six coarse cereals (Figure 2C).
Therefore, the main energy intake from consuming these six types of coarse cereals is the
same. Further, three carbohydrates, D-(+)-sucrose, trehalose 6-phosphate, and N-acetyl-D-
glucosamine are abundant in all six coarse cereals.

Plant flavonoids are beneficial to human health due to their biological activities, which
include anti-oxidation, anti-bacteria, decreasing serum glucose and prevention of arte-
riosclerosis. As shown in Figure 2D, the flavonoids in the six coarse cereals were different
and complementary. Specifically, buckwheat has more catechin derivative L-epicatechin
than other coarse cereals, oats have more flavone C-glycoside C-hexosyl-apigenin O-pentoside
than other coarse cereals, sorghum has more flavonol kaempferol 3-O-galactoside than
other coarse cereals, quinoa has more isoflavone biochanin A than other coarse cereals.
Both millet and coix have more flavonol di-O-methylquercetin than the other four coarse
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cereals, and coix is richer in flavanone hesperetin 7-O-neohesperidoside and hesperetin
7-rutinoside than the other five coarse cereals.

Lipids are important components of cell membranes, and can serve as fuel to drive
energy-demanding processes and play a key role in numerous signal transduction pro-
cesses [31]. Visualization of the lipids profile by HCA displayed apparent variation in their
relative abundance in six coarse cereals (Figure 2E). Meanwhile, oat, sorghum, and millet all
have higher lysoPC metabolites than other coarse cereals, in which lysoPC 17:0 (2n isomer)
is contained in oat, lysoPC16:1 (2n isomer) is contained in sorghum, and lysoPC 15:0 is
contained in millet. In addition, quinoa and buckwheat accumulated the most MAG (18:3)
isomer1 and O-phosphocholine, respectively. Coix contains more 4-hydroxysphinganine
and sn-glycero-3-phosphocholine than other coarse cereals.

3.3. Analysis of Species-Specific Metabolites and Evolutionary Relationships of Six Coarse Cereals

To show the remarkable species dependence of some of the metabolites in the coarse
cereals, an UpSet plot was constructed as shown in Figure 3, in which there are 534 metabo-
lites shared by six coarse cereals. It can be seen that metabolites exist in a single species:
10 in sorghum, 10 in buckwheat, 6 in quinoa, 5 in oat, and 1 in millet (Table S2). As shown
in Table 1, four kinds of specific metabolites, namely six flavonoids, two coumarins, one ter-
penoid, and one quinate derivative, were contained only in sorghum. Ten species-specific
metabolites, including four flavonoids, three quinate derivatives, one benzoic acid deriva-
tive, one coumarin, and one coumarin, were contained only in buckwheat. Moreover,
one hydroxycinnamoyl derivative, four flavonoids, and one quinate derivative were con-
tained only in quinoa. All five species-specific metabolites in oat were flavonoids, while
the only species-specific metabolite in millet was also a flavonoid (7,4′-dihydroxyflavone).
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Table 1. The species-specific metabolites found in six coarse cereals.

Species ID Q1 (Da) RT (min) Compounds Class

Sorghum pme0196 285 5.73 Kaempferol Flavonol
pme3288 329 6.63 3,7-Di-O-methylquercetin Flavonol
pme3300 301 4.51 Tricetin Flavone
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rhamnoside Coumarins

pmb2601 307.1 307.1 7-hydroxycoumarin-beta-rhamnoside Coumarins
pme0062 515.3 5.88 Cucurbitacin D Terpenoids
pmb2833 529 2.13 3-O-Feruloyl quinic acid glucoside Quinate derivatives
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Table 1. Cont.

Species ID Q1 (Da) RT (min) Compounds Class

Quinoa pmb2835 181.1 3.95 Syringaldehyde Hydroxycinnamoyl
derivatives

pme3468 739.2 3.35 Kaempferol-3-O-robinoside-7-O-rhamnoside Flavonol
pme3399 445.1 5.16 Sissotrin Isoflavone
pme1773 595 2.7 Cyanidin 3-O-rutinoside Anthocyanins
pmb0542 535.1 2.99 Cyanidin 3-O-malonylhexoside Anthocyanins
pmb3061 499.1 2.1 5-O-p-coumaroyl quinic acid O-hexoside Quinate derivatives

Millet pme3507 253.1 4.75 7,4′-Dihydroxyflavone Flavone

Oat pme0434 653.1 4.16 Tricin di-O-hexoside Flavone
pmb3053 523.1 6 Tricin O-eudesmic acid Flavone
pmb3031 403.1 5.23 Tricin O-glycerol Flavone
pmb2979 549.2 3.91 Hesperetin O-malonylhexoside Flavone
pmb3052 525.1 5.84 Tricin 4′-O-β-guaiacylglycerol Flavonolignan

Buckwheat pme0434 577 3.03 Procyanidin B2 Proanthocyanidins
pmb2976 755.1 3.74 Chrysoeriol C-pentosyl-O-hexosyl-O-hexoside Flavone C-glycosides
pmb2977 739.2 3.87 Chrysoeriol 8-C-pentosyl-O-rutinoside Flavone C-glycosides
pmb3047 657.1 4.50 Tricin 4′-O-(syringyl alcohol) ether 5-O-hexoside Flavonolignan
pmb3066 481.1 2.62 5-O-p-coumaroyl shikimic acid O-hexoside Quinate derivatives
pmb3064 499.2 2.50 3-O-p-coumaroyl quinic acid O-hexoside Quinate derivatives
pmb3058 369 2.16 Quinic acid O-glucuronic acid Quinate derivatives
pme1162 169 1.74 Gallic acid Benzoic acid derivatives
pmb2947 865.1 3.44 Catechin-catechin-catechin Catechin derivatives
pme3131 221.1 5.39 6,7-Dimethoxy-4-methylcoumarin Coumarins

As shown in Figure 4A, in combination with the data in Figure 2 and Table 1, the two
most popular bioactive metabolites that were species-specific or most abundant for each
grain were selected to analyze their physiological function in each coarse cereal. Con-
sidering the absence of species-specific metabolites in coix, L-glutamate and thiamine
(vitamin B1), which have higher content in coix compared to in other grains, were selected
to indicate the unique physiological function of coix. Further, although L-glutamate is
a nonessential amino acid for the human body, it can also play a key role as a neuro-
transmitter in the human central nervous system in addition to its physiological functions
such as preventing hair loss, enhancing blood circulation, and protecting the liver [32,33].
Thiamine is an essential vitamin for the production of adenosine triphosphate (ATP) in mi-
tochondria, and a rate-limiting cofactor to multiple enzymes involved in the physiological
processes [34]. Proanthocyanidins B2 and L-epicatechin are species-specific metabolites,
and have more abundant metabolites than other coarse cereals in buckwheat. Both proan-
thocyanidins B2 and L-epicatechin are flavonoids, which have several therapeutic effects
against different pathological states, including inflammation, cancer, cardiovascular and
related diseases [35,36]. Species-specific metabolites of quinoa include syringaldehyde,
which belongs to the phenolic aldehyde family and has anti-bacterial and anti-leukemic
activities [37]. The relative content of isoflavone biochanin A (BCA) in quinoa is signif-
icantly higher than in other coarse cereals. BCA, in addition to the conventional effects
of flavonoids, also has hepatoprotective, cardioprotective, osteoprotective, and neuropro-
tective effects [38]. The species-specific metabolites in oat are flavonoid tricin derivatives,
which have anti-HIV, anti-leishmanial, anti-allergy, anti-obesity, and anti-UVB-induced
damage bioactivities [39]. The species-specific metabolite in sorghum is kaempferol, and the
representative metabolite that is more abundant than other coarse cereals is L-aspartic acid.
Previous epidemiological research shows that kaempferol has therapeutic effects on bladder
cancer, bone cancer, breast cancer, cervical cancer, colon cancer, gastric cancer, and other
cancers [40]. Moreover, L-aspartic acid can be used as ammonia antidotes, liver function
promoters, fatigue recovery agents, and other medical drugs. The only metabolite in millet
not found in the other five coarse cereals is 7,4′-dihydroxyflavone. Recent studies have
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found that 7,4′-dihydroxyflavone acts as an aryl hydrocarbon receptor (AhR) antagonist in
Caco2 cells [41]. The content of L-tryptophan in millet is much higher than that in other
coarse cereals. Tryptophan is a precursor for the biosynthesis of many metabolites, such as
serotonin, melatonin, and niacin, and is used to treat the depressive disorder, hypertension,
vitamin B3 deficiency and other diseases [42].
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Then, a neighbor-joining tree was constructed based on the metabolome data of the
six coarse cereals. In a previous study, the neighbor-joining tree constructed from the
metabolome data of ten fruits was compared with the evolutionary tree constructed from
the single copy protein, and the results showed that the metabolomes reflected a close
genetic relationship between different fruits to a certain extent [43]. As shown in the
neighbor-joining tree (Figure 4B), quinoa and buckwheat are closely clustered, which are
two grains with large differences in terms of metabolites from the other coarse cereals in
Figure 1. Meanwhile, oats and millet, and sorghum and coix were also closely clustered,
respectively. Sorghum and coix were progressively more distantly related to oats, millet,
quinoa and buckwheat.

3.4. Analysis of Differential Metabolites and Antioxidant System Activities in Grain Sorghum and
Sweet Sorghum

On the basis of metabolomic analysis, we found that grain sorghum 654 and buck-
wheat contained the most species-specific metabolites (Figure 3), and sorghum and coix
were far away from the other four grains in the neighbor-joining tree (Figure 4B). Sorghum
is widely cultivated worldwide due to its superior resilience under a variety of types of
stress [44]. 654 and LTR108 are varieties of grain sorghum and sweet sorghum, respec-
tively. 654 is the parent of many commercial sorghums in China with small-grains, while
LTR108 is a large-grain sorghum (Figure 5A) [45,46]. To investigate the metabolic variation
between grain sorghum and sweet sorghum, metabolomic analysis of 654 and LTR108 was
performed (Table S3). PCA revealed that PC1 and PC2 explained 75.63% and 7.47% of
the variability, respectively (Figure 5B). As shown in the PCA score plots, their metabolite
accumulation profiles were different. Based on the OPLS-DA model, we screened the differ-
ential metabolites of 654 and LTR108. The screening results were presented as volcano plots,
where 326 significantly different metabolites were screened, of which 95 were up-regulated
and 231 were down-regulated (Figure 5C, Table S4). KEGG pathway analysis indicated
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that the differential metabolites were involved in 63 pathways (Table S5). Among them,
the flavonoids biosynthesis pathway of secondary metabolites biosynthesis pathway has
the most differential metabolites.
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Figure 5. Differential metabolites analysis between grain sorghum and sweet sorghum. (A) Pho-
tographs displaying grain sorghum 654 and sweet sorghum LTR108 (Scale bar = 0.5 cm). (B) Principal
component analysis (PCA) of metabolic profiles of 654 and LTR108. (C) Volcanic map analysis of
differentially accumulated metabolites in 654 and LTR108. (D) Classification of the flavonoids of
654 and LTR108. (E) Venn diagram illustrating the overlapping and specific differential flavonoids
for 654 and LTR108.

Flavonoid metabolites are widely found in plants, and have therapeutic effects on
a variety of human diseases. Therefore, the flavonoid accumulation of 654 and LTR108,
which contained 189 and 201 flavonoids, respectively, were analyzed in detail. As shown in
Figure 5D, 654 contains 59 flavones, 42 Flavone C-glycosides, 29 flavonols, 20 flavanones,
14 isoflavones, 11 anthocyanins, 9 catechin and their derivatives, 3 flavonolignan and
2 proanthocyanidins. LTR108 contains 59 flavones, 44 Flavone C-glycosides, 33 flavonols,
18 flavanones, 13 isoflavones, 17 anthocyanins, 10 catechin and their derivatives, 3 flavono-
lignan and 4 proanthocyanidins. Further, it can be seen from the Venn diagram that
182 flavonoids are commonly contained in both 654 and LTR108, 7 flavonoids are contained
only in 654, and 19 are contained only in LTR108 (Figure 5E). The species-specific flavonoids
in 654 and LTR108 are shown in Table 2.

As can be seen from the above results, the variety of flavonoids in sweet sorghum
LTR108 is slightly greater than in grain sorghum 654 (Figure 5D). We further detected the
contents of total flavonoids (Figure 6A) and anthocyanins (including proanthocyanidins)
(Figure 6B), and found that both of them were significantly higher in LTR108 than in 654.
Considering the antioxidant activity of the flavonoids, the antioxidant system activity
indexes of 654 and LTR108 were determined. It can be seen that the T-AOC of 654 was
higher than that of LTR108 (Figure 6C). On the other hand, as three important active
oxygen scavenging enzymes in plants, the activities of CAT, SOD, and POD were higher
than those in 654 (Figure 6D–F), which was similar to T-AOC. In conclusion, flavonoids,
especially anthocyanins, are more abundant in sweet sorghum LTR108 seeds than in grain
sorghum 654, testifying to the antioxidant capacity of LTR108 seeds being better than that
of 654 seeds.
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Table 2. The species-specific metabolites in 654 and LTR108.

Species ID Q1 (Da) RT (min) Compounds Class

654 pma0825 503 5.24 Chrysin O-malonylhexoside Flavone
pmb0744 435.3 5.48 Tricin O-phenylformic acid Flavone
pma0787 551.1 4.63 Quercetin-3-(6′-malonyl)-Glucoside Flavonol
pme2984 593 5.09 Isosakuranetin-7-neohesperidoside Flavanone
pme3464 285.1 6.98 Isosakuranetin Flavanone
pmb0631 445 3.54 Glycitin Isoflavone
pmb2586 593.1 3.72 Gallocatechin-catechin Catechin derivatives

LTR108 pme1773 595 2.7 Cyanidin 3-O-rutinoside Anthocyanins
pmb0542 535.1 2.99 Cyanidin 3-O-malonylhexoside Anthocyanins
pmb0557 621.1 3.26 Cyanidin O-malonyl-malonylhexoside Anthocyanins
pme0094 447.3 2.61 Cyanidin 3-O-glucoside Anthocyanins
pmb2959 489.1 2.94 Cyanidin O-acetylhexoside Anthocyanins
pmb0558 637.1 3.27 Delphinidin O-malonyl-malonylhexoside Anthocyanins
pmb0837 577.1 2.92 Procyanidin A3 Proanthocyanidins
pme0434 577 3.03 Procyanidin B2 Proanthocyanidins
pmb3044 653.1 4.16 Tricin di-O-hexoside Flavone
pmb2999 461.1 3.87 Chrysoeriol 5-O-hexoside Flavone
pmb3013 519.1 4.32 Isorhamnetin O-acetyl-hexoside Flavonol
pme1588 315.1 5.85 Isorhamnetin Flavonol
pme1478 317 4.7 Myricetin Flavonol
pmb3026 505.1 3.8 Quercetin O-acetylhexoside Flavonol
pmb0615 789.1 2.58 Hesperetin C-hexosyl-O-hexosyl-O-hexoside Flavone C-glycosides
pmb0691 757.1 3.09 Luteolin C-hexosyl-O-rhamnoside O-hexoside Flavone C-glycosides
pme0450 289 3.32 L-Epicatechin Catechin derivatives
pmb2947 865.1 3.44 Catechin-catechin-catechin Catechin derivatives
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Determination of total T-AOC (C), CAT activity (D), SOD activity (E) and POD activity (F) in 654 and
LTR108. Bars indicate the s.d. of three replicates. ** p < 0.01, *** p < 0.005.
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4. Discussion

Due to the richness of various valuable nutrients, coarse cereals are playing an increas-
ingly important role in the human diet and will gain more and more attention. The health
benefits of each coarse cereal vary because of differences in metabolites. The metabolome
has become an effective tool for analyzing metabolite accumulation patterns and has been
used in the nutritional analysis of many grains. For example, a previous study used a
widely targeted metabolomics-based approach to investigate the metabolite components
of black, red, glutinous, and common white rice [47]. Another study used GC-MS (gas
chromatography-mass spectrometry) to analyze phenolics and organic acids metabolomic
profiling of wheat, barley, oat and rye, the main cereal crops in northern Europe [48].
In another work, the metabolic profiles of flavonoids and carotenoids were analyzed in
17 varieties of wheat, maize, rice, sorghum, foxtail millet, and broomcorn millet using
the metabolome, and a total of 201 flavonoid metabolites and 29 carotenoid metabolites
were dientified [49]. Meanwhile, they found that maize, sorghum, and foxtail millet grains
were more abundant in flavonoids and carotenoids than other grains. However, a whole
metabolome-scale comparative analysis among coarse cereals has yet to be performed.
In this study, we performed widely targeted metabolic profiling analyses of six popular
coarse cereals, millet, coix, buckwheat, quinoa, oat, and sorghum by UPLC-ESI-MS/MS
(Figure 1), providing the scientific basis for the targeted diet. In addition, we further ana-
lyzed the differences in the main nutritional metabolites and species-specific metabolites
in six coarse cereals, and found that the accumulation pattern of carbohydrates was con-
served, while amino acids, vitamins, flavonoids and lipids were complementary (Figure 2).
Therefore, the six coarse cereals involved in this study, despite having similar energy from
carbohydrates, have more significant differences in terms of nutrient value, which allows
for the targeted selection of relevant nutrients according to health requirements.

Sorghum is at the forefront of agriculture’s battle against climate change, and was
domesticated 3000 to 5000 years ago and is now a resilient staple crop for 500 million people
in Africa and Asia [4,5]. According to our results, sorghum contains many species-specific
metabolites, which is far from other coarse cereals in terms of evolutionary relationships
(Figures 3 and 4B), so our further metabolomic study focused on sorghum. By compar-
ing the metabolite differences between the two sorghums, we found that the content of
flavonoids, especially anthocyanins, in sweet sorghum LTR108 was higher than in grain
sorghum 654 (Figure 6). Moreover, the T-AOC and the activities of CAT, SOD and POD of
LTR108 were also higher than those of 654 (Figure 6). Yan et al. also detected the activity of
the POD enzyme in 654 and LTR108, which was the same as our results [50]. Additionally,
it was found that the flavonoid content in rice seeds exhibited a positive correlation with
grain length and length-to-width ratio [51]. Another author found that rice GSA1 (Grain Size
and Abiotic stress tolerance 1) could regulate auxin level and related gene expression through
flavonoids, and finally regulated grain size by modulating cell proliferation and expan-
sion [52]. The grain size of LTR108 is larger than 654 [46], probably because LTR108 contains
a higher content of flavonoids. On the other hand, the current uses of sweet sorghum are
based on the characteristics of high sugar content in its stems and leaves, such as sugar
production and bioenergy. Considering the high flavonoid content and strong antioxidant
activity of sweet sorghum seeds, food and wine with high nutritional value and unique
flavor can be made.

5. Conclusions

In conclusion, this study compared the differences in the metabolic profiles of millet,
coix, buckwheat, quinoa, oat, and sorghum by widely targeted metabolome analysis and
found that quinoa and buckwheat showed significantly different metabolomic profiles than
the other coarse cereals. Further, we analyzed the differences in main nutritional metabolites
and species-specific metabolites in six coarse cereals, finding that grain sorghum and buck-
wheat contained the most species-specific metabolites. Additionally, a neighbor-joining tree
for the six coarse cereals based on the metabolome data was constructed, which showed
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that grain sorghum and coix were far away from the other four grains. Finally, we com-
pared the metabolite differences between grain sorghum and sweet sorghum, and detected
the content of flavonoids and antioxidant activity. We found that LTR108 contained more
flavonoids and had higher antioxidant activity than 654. Our work enriches knowledge of
the metabolomics of coarse cereals, and provides metabolic evidence for a healthy diet and
clues for the targeted uses of grain sorghum and sweet sorghum.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11101984/s1, Table S1: Metabolite variation in six coarse
cereals were detected by LC-MS-based widely targeted.; Table S2: Intersection of six coarse cereals
metabolites; Table S3: Metabolite variation in 654 and LTR108 were detected by LC-MS-based widely
targeted; Table S4: Differential metabolites between grain sorghum and sweet sorghum; Table S5:
KEGG pathway analysis of differential metabolites for two kinds of sorghum.

Author Contributions: Conceptualization, Y.Z. (Yao Zhao), G.Z., G.H. and Y.Z. (Ying Zhu); software,
Y.Z. (Yao Zhao), X.L. and H.T.; validation, Y.Z. (Yao Zhao). and G.Z.; investigation, Y.Z. (Yao Zhao),
Y.H., L.L., X.Z. and F.W.; writing—original draft preparation, Y.Z. (Yao Zhao), G.Z., G.H. and Y.Z.
(Ying Zhu); writing—review and editing, Y.Z. (Yao Zhao), G.Z., G.H. and Y.Z. (Ying Zhu).; funding
acquisition, G.H. and Y.Z. (Ying Zhu). All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by Zhejiang Provincial Natural Science Foundation of China
(LR22C02003, LY19C130005), National Natural Science Foundation of China (31800249, 31670291,
32000234), the Major Science and Technology Special Project of Variety Breeding of Zhejiang Province
(2021C02064-6, 2021C02067-7), State Key Laboratory for Managing Biotic and Chemical Threats to
the Quality and Safety of Agro-products (2021DG700024-KF202102).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bassolino, L.; Petroni, K.; Polito, A.; Marinelli, A.; Azzini, E.; Ferrari, M.; Ficco, D.; Mazzucotelli, E.; Tondelli, A.; Fricano, A.; et al.

Does plant breeding for antioxidant-rich foods have an impact on human health? Antioxidants 2022, 11, 794. [CrossRef] [PubMed]
2. Rai, K.N.; Gowda, C.L.L.; Reddy, B.V.S.; Sehgal, S. Adaptation and potential uses of sorghum and pearl millet in alternative and

health foods. Compr. Rev. Food Sci. Food Saf. 2009, 7, 340–352.
3. Singh, A.K.; Singh, R.; Subramani, R.; Kumar, R.; Wankhede, D.P. Molecular approaches to understand nutritional potential of

coarse cereals. Curr. Genom. 2016, 17, 177–192. [CrossRef] [PubMed]
4. Tao, Y.; Luo, H.; Xu, J.; Cruickshank, A.; Zhao, X.; Teng, F.; Hathorn, A.; Wu, X.; Liu, Y.; Shatte, T.; et al. Extensive variation within

the pan-genome of cultivated and wild sorghum. Nat. Plants 2021, 7, 766–773. [CrossRef]
5. Punia, H.; Tokas, J.; Malik, A.; Sangwan, S.; Rani, A.; Yashveer, S.; Alansi, S.; Hashim, M.J.; El-Sheikh, M.A. Genome-wide

transcriptome profiling, characterization, and functional identification of NAC transcription factors in sorghum under salt stress.
Antioxidants 2021, 10, 1605. [CrossRef]

6. Ritter, K.B.; McIntyre, C.L.; Godwin, I.D.; Jordan, D.R.; Chapman, S.C. An assessment of the genetic relationship between sweet
and grain sorghums, within Sorghum bicolor ssp. bicolor (L.) Moench, using AFLP markers. Euphytica 2007, 157, 161–176.

7. Kaur, K.D.; Jha, A.; Sabikhi, L.; Singh, A.K. Significance of coarse cereals in health and nutrition: A review. J. Food Sci. Technol.
2014, 51, 1429–1441. [CrossRef]

8. Lie, L.; Brown, L.; Forrester, T.E.; Plange-Rhule, J.; Bovet, P.; Lambert, E.V.; Layden, B.T.; Luke, A.; Dugas, L.R. The association
of dietary fiber intake with cardiometabolic risk in four countries across the epidemiologic transition. Nutrients 2018, 10, 628.
[CrossRef]

9. Ren, G.; Fan, X.; Teng, C.; Li, Y.; Everaert, N.; Blecker, C. The beneficial effect of coarse cereals on chronic diseases through
regulating gut microbiota. Foods 2021, 10, 2891. [CrossRef]

10. Hassan, Z.M.; Sebola, N.A.; Mabelebele, M. The nutritional use of millet grain for food and feed: A review. Agric. Food Secur.
2021, 10, 16. [CrossRef]

11. Fan, Z. Coix: Chemical composition and health effects. Trends Food Sci. Technol. 2017, 61, 160–175.
12. Sang, S.; Chu, Y. Whole grain oats, more than just a fiber: Role of unique phytochemicals. Mol. Nutr. Food Res. 2017, 61, 1600715.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antiox11101984/s1
https://www.mdpi.com/article/10.3390/antiox11101984/s1
http://doi.org/10.3390/antiox11040794
http://www.ncbi.nlm.nih.gov/pubmed/35453479
http://doi.org/10.2174/1389202917666160202215308
http://www.ncbi.nlm.nih.gov/pubmed/27252585
http://doi.org/10.1038/s41477-021-00925-x
http://doi.org/10.3390/antiox10101605
http://doi.org/10.1007/s13197-011-0612-9
http://doi.org/10.3390/nu10050628
http://doi.org/10.3390/foods10112891
http://doi.org/10.1186/s40066-020-00282-6
http://doi.org/10.1002/mnfr.201600715
http://www.ncbi.nlm.nih.gov/pubmed/28067025


Antioxidants 2022, 11, 1984 14 of 15

13. Noreen, S.; Rizwan, B.; Khan, M.; Farooq, S. Health benefits of buckwheat (Fagopyrum esculentum), potential remedy for diseases,
rare to cancer: A mini review. Infect. Disord. Drug Targets 2021, 21, e170721189478. [CrossRef] [PubMed]

14. Graf, B.L.; Rojas-Silva, P.; Rojo, L.E.; Delatorre-Herrera, J.; Baldeón, M.E.; Raskin, I. Innovations in health value and functional
food development of quinoa (Chenopodium quinoa Wild.). Compr. Rev. Food Sci. Food Saf. 2015, 14, 431–445. [CrossRef]

15. Xiong, Y.; Zhang, P.; Warner, R.D.; Fang, Z. Sorghum grain: From genotype, nutrition, and phenolic profile to its health benefits
and food applications. Compr. Rev. Food Sci. Food Saf. 2019, 18, 2025–2046. [CrossRef]

16. Fu, J.; Zhang, Y.; Hu, Y.; Zhao, G.; Tang, Y.; Zou, L. Concise review: Coarse cereals exert multiple beneficial effects on human
health. Food Chem. 2020, 325, 126761. [CrossRef]

17. Falcone Ferreyra, M.L.; Rius, S.P.; Casati, P. Flavonoids: Biosynthesis, biological functions, and biotechnological applications.
Front. Plant Sci. 2012, 3, 222. [CrossRef] [PubMed]

18. Crozier, A.; Del Rio, D.; Clifford, M.N. Bioavailability of dietary flavonoids and phenolic compounds. Mol. Aspects Med. 2010,
31, 446–467. [CrossRef] [PubMed]

19. Selma, M.V.; Espín, J.C.; Tomás-Barberán, F.A. Interaction between phenolics and gut microbiota: Role in human health. J. Agric.
Food Chem. 2009, 57, 6485–6501. [CrossRef]

20. Kawabata, K.; Yoshioka, Y.; Terao, J. Role of intestinal microbiota in the bioavailability and physiological functions of dietary
polyphenols. Molecules 2019, 24, 370. [CrossRef] [PubMed]

21. Tang, D.; Tran, Y.; Shekhawat, G.S.; Gopinath, B. Dietary flavonoid intake and chronic sensory conditions: A scoping review.
Antioxidants 2022, 11, 1214. [CrossRef] [PubMed]

22. Horai, H.; Arita, M.; Kanaya, S.; Nihei, Y.; Ikeda, T.; Suwa, K.; Ojima, Y.; Tanaka, K.; Tanaka, S.; Aoshima, K.; et al. MassBank:
A public repository for sharing mass spectral data for life sciences. J. Mass Spectrom. 2010, 45, 703–714. [CrossRef] [PubMed]

23. Smith, C.; O’Maille, G.; Want, E.; Qin, C.; Trauger, S.; Brandon, T.; Custodio, D.; Abagyan, R.; Siuzdak, G. METLIN: A metabolite
mass spectral database. Ther. Drug Monit. 2005, 27, 747–751. [CrossRef]

24. Siddhu, N.; Saxena, J. Quantification of total phenolic and total flavonoid content of extracts of tagetes erecta flowers. Asian J.
Pharm. Clin. Res. 2017, 10, 328–330.

25. He, Y.; Zhang, X.; Li, L.; Sun, Z.; Li, J.; Chen, X.; Hong, G. SPX4 interacts with both PHR1 and PAP1 to regulate critical steps in
phosphorus-status-dependent anthocyanin biosynthesis. New Phytol. 2021, 230, 205–217. [CrossRef]

26. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef] [PubMed]
27. Kelly, B.; Pearce, E.L. Amino assets: How amino acids support immunity. Cell Metab. 2020, 32, 154–175. [CrossRef]
28. Leese, H.J.; McKeegan, P.J.; Sturmey, R.G. Amino acids and the early mammalian embryo: Origin, fate, function and life-long

legacy. Int. J. Environ. Res. Public Health 2021, 18, 9874. [CrossRef]
29. Tardy, A.L.; Pouteau, E.; Marquez, D.; Yilmaz, C.; Scholey, A. Vitamins and minerals for energy, fatigue and cognition: A narrative

review of the biochemical and clinical evidence. Nutrients 2020, 12, 228. [CrossRef]
30. Gao, L.; Ma, X.; Liu, X. Research progress on the functions of vitamins in body. J. Chin. Pharm. Sci. 2016, 25, 329–341.
31. Butler, L.M.; Perone, Y.; Dehairs, J.; Lupien, L.E.; de Laat, V.; Talebi, A.; Loda, M.; Kinlaw, W.B.; Swinnen, J.V. Lipids and cancer:

Emerging roles in pathogenesis, diagnosis and therapeutic intervention. Adv. Drug Deliv. Rev. 2020, 159, 245–293. [CrossRef]
32. Cynober, L. Metabolism of dietary glutamate in adults. Ann. Nutr. Metab. 2018, 73, 5–14. [CrossRef] [PubMed]
33. Al-Nasser, M.N.; Mellor, I.R.; Carter, W.G. Is L-glutamate toxic to neurons and thereby contributes to neuronal loss and

neurodegeneration? A Systematic Review. Brain Sci. 2022, 12, 577. [CrossRef] [PubMed]
34. Marrs, C.; Lonsdale, D. Hiding in plain sight: Modern thiamine deficiency. Cells 2021, 10, 2595. [CrossRef] [PubMed]
35. Alsharairi, N.A. Insights into the mechanisms of action of proanthocyanidins and anthocyanins in the treatment of nicotine-

induced non-small cell lung cancer. Int. J. Mol. Sci. 2022, 23, 7905. [CrossRef]
36. Alam, M.; Ali, S.; Ashraf, G.M.; Bilgrami, A.L.; Yadav, D.K.; Hassan, M.I. Epigallocatechin 3-gallate: From green tea to cancer

therapeutics. Food Chem. 2022, 379, 132135. [CrossRef]
37. Wu, J.; Fu, Y.S.; Lin, K.; Huang, X.; Chen, Y.J.; Lai, D.; Kang, N.; Huang, L.; Weng, C.F. A narrative review: The pharmaceutical

evolution of phenolic syringaldehyde. Biomed. Pharmacother. 2022, 153, 113339. [CrossRef] [PubMed]
38. Yan, J.; Qiu, P.; Zhang, X.; Zhang, Y.; Mi, L.; Peng, C.; Pan, X.; Peng, F. Biochanin A from chinese medicine: An isoflavone with

diverse pharmacological properties. Am. J. Chin. Med. 2021, 49, 1623–1643. [CrossRef]
39. Jiang, B.; Song, J.; Jin, Y. A flavonoid monomer tricin in Gramineous plants: Metabolism, bio/chemosynthesis, biological

properties, and toxicology. Food Chem. 2020, 320, 126617. [CrossRef]
40. Amjad, E.; Sokouti, B.; Asnaashari, S. A systematic review of anti-cancer roles and mechanisms of kaempferol as a natural

compound. Cancer Cell Int. 2022, 22, 260. [CrossRef]
41. Park, H.; Jin, U.H.; Martin, G.; Chapkin, R.S.; Davidson, L.A.; Lee, K.; Jayaraman, A.; Safe, S. Structure-activity relationships

among mono- and dihydroxy flavones as aryl hydrocarbon receptor (AhR) agonists or antagonists in Caco2 cells. Chem. Biol.
Interact. 2022, 365, 110067. [CrossRef] [PubMed]

42. Gao, K.; Mu, C.L.; Farzi, A.; Zhu, W.Y. Tryptophan metabolism: A link between the gut microbiota and brain. Adv. Nutr. 2020,
11, 709–723. [CrossRef] [PubMed]

43. Qi, J.; Li, K.; Shi, Y.; Li, Y.; Dong, L.; Liu, L.; Li, M.; Ren, H.; Liu, X.; Fang, C.; et al. Cross-species comparison of metabolomics to
decipher the metabolic diversity in ten fruits. Metabolites 2021, 11, 164. [CrossRef] [PubMed]

http://doi.org/10.2174/1871526520999201224122605
http://www.ncbi.nlm.nih.gov/pubmed/33357186
http://doi.org/10.1111/1541-4337.12135
http://doi.org/10.1111/1541-4337.12506
http://doi.org/10.1016/j.foodchem.2020.126761
http://doi.org/10.3389/fpls.2012.00222
http://www.ncbi.nlm.nih.gov/pubmed/23060891
http://doi.org/10.1016/j.mam.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20854839
http://doi.org/10.1021/jf902107d
http://doi.org/10.3390/molecules24020370
http://www.ncbi.nlm.nih.gov/pubmed/30669635
http://doi.org/10.3390/antiox11071214
http://www.ncbi.nlm.nih.gov/pubmed/35883705
http://doi.org/10.1002/jms.1777
http://www.ncbi.nlm.nih.gov/pubmed/20623627
http://doi.org/10.1097/01.ftd.0000179845.53213.39
http://doi.org/10.1111/nph.17139
http://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://doi.org/10.1016/j.cmet.2020.06.010
http://doi.org/10.3390/ijerph18189874
http://doi.org/10.3390/nu12010228
http://doi.org/10.1016/j.addr.2020.07.013
http://doi.org/10.1159/000494776
http://www.ncbi.nlm.nih.gov/pubmed/30508813
http://doi.org/10.3390/brainsci12050577
http://www.ncbi.nlm.nih.gov/pubmed/35624964
http://doi.org/10.3390/cells10102595
http://www.ncbi.nlm.nih.gov/pubmed/34685573
http://doi.org/10.3390/ijms23147905
http://doi.org/10.1016/j.foodchem.2022.132135
http://doi.org/10.1016/j.biopha.2022.113339
http://www.ncbi.nlm.nih.gov/pubmed/35780614
http://doi.org/10.1142/S0192415X21500750
http://doi.org/10.1016/j.foodchem.2020.126617
http://doi.org/10.1186/s12935-022-02673-0
http://doi.org/10.1016/j.cbi.2022.110067
http://www.ncbi.nlm.nih.gov/pubmed/35917944
http://doi.org/10.1093/advances/nmz127
http://www.ncbi.nlm.nih.gov/pubmed/31825083
http://doi.org/10.3390/metabo11030164
http://www.ncbi.nlm.nih.gov/pubmed/33809004


Antioxidants 2022, 11, 1984 15 of 15

44. Ain, N.U.; Haider, F.U.; Fatima, M.; Habiba; Zhou, Y.; Ming, R. Genetic determinants of biomass in C4 crops: Molecular and
agronomic approaches to increase biomass for biofuels. Front. Plant Sci. 2022, 13, 839588.

45. Zou, G.; Zhai, G.; Feng, Q.; Yan, S.; Wang, A.; Zhao, Q.; Shao, J.; Zhang, Z.; Zou, J.; Han, B.; et al. Identification of QTLs for eight
agronomically important traits using an ultra-high-density map based on SNPs generated from high-throughput sequencing in
sorghum under contrasting photoperiods. J. Exp. Bot. 2012, 63, 5451–5462. [CrossRef]

46. Zou, G.; Zhai, G.; Yan, S.; Li, S.; Zhou, L.; Ding, Y.; Liu, H.; Zhang, Z.; Zou, J.; Zhang, L.; et al. Sorghum qTGW1a encodes a
G-protein subunit and acts as a negative regulator of grain size. J. Exp. Bot. 2020, 71, 5389–5401. [CrossRef]

47. Zhang, L.; Cui, D.; Ma, X.; Han, B.; Han, L. Comparative analysis of rice reveals insights into the mechanism of colored rice via
widely targeted metabolomics. Food Chem. 2022, 399, 133926. [CrossRef]

48. Khakimov, B.; Jespersen, B.M.; Engelsen, S.B. Comprehensive and comparative metabolomic profiling of wheat, barley, oat and
rye using gas chromatography-mass spectrometry and advanced chemometrics. Foods 2014, 3, 569–585. [CrossRef]

49. Tang, J.; Li, X.; Zhang, Y.; Yang, Y.; Sun, R.; Li, Y.; Gao, J.; Han, Y. Differential flavonoids and carotenoids profiles in grains of six
poaceae crops. Foods 2022, 11, 2068. [CrossRef]

50. Yan, S.; Li, S.; Zhai, G.; Lu, P.; Deng, H.; Zhu, S.; Huang, R.; Shao, J.; Tao, Y.; Zou, G. Molecular cloning and expression analysis of
duplicated polyphenol oxidase genes reveal their functional differentiations in sorghum. Plant Sci. 2017, 263, 23–30. [CrossRef]

51. Shen, Y.; Jin, L.; Xiao, P.; Lu, Y.; Bao, J. Total phenolics, flavonoids, antioxidant capacity in rice grain and their relations to grain
color, size and weight. J. Cereal Sci. 2009, 49, 106–111. [CrossRef]

52. Dong, N.; Sun, Y.; Guo, T.; Shi, C.; Zhang, Y.; Kan, Y.; Xiang, Y.; Zhang, H.; Yang, Y.; Li, Y.; et al. UDP-glucosyltransferase regulates
grain size and abiotic stress tolerance associated with metabolic flux redirection in rice. Nat. Commun. 2020, 11, 2629. [CrossRef]
[PubMed]

http://doi.org/10.1093/jxb/ers205
http://doi.org/10.1093/jxb/eraa277
http://doi.org/10.1016/j.foodchem.2022.133926
http://doi.org/10.3390/foods3040569
http://doi.org/10.3390/foods11142068
http://doi.org/10.1016/j.plantsci.2017.07.002
http://doi.org/10.1016/j.jcs.2008.07.010
http://doi.org/10.1038/s41467-020-16403-5
http://www.ncbi.nlm.nih.gov/pubmed/32457405

	Introduction 
	Materials and Methods 
	Plant Materials 
	Sample Preparation and Extraction 
	High-Performance Liquid Chromatography Conditions 
	ESI-Q TRAP-MS/MS 
	Identification of Metabolites 
	Determination of Flavonoids and Anthocyanin Contents 
	Determination of Antioxidant System Activity 
	Statistical Analysis 

	Results 
	Whole Metabolome-Scale Comparative Analysis of Six Coarse Cereals 
	Comparative Analysis of Main Nutritional Metabolites in Six Coarse Cereals 
	Analysis of Species-Specific Metabolites and Evolutionary Relationships of Six Coarse Cereals 
	Analysis of Differential Metabolites and Antioxidant System Activities in Grain Sorghum and Sweet Sorghum 

	Discussion 
	Conclusions 
	References

