
Citation: Zhang, Z.; Zhang, F.;

Deng, Y.; Sun, L.; Mao, M.; Chen, R.;

Qiang, Q.; Zhou, J.; Long, T.; Zhao, X.;

et al. Integrated Metabolomics and

Transcriptomics Analyses Reveal the

Metabolic Differences and Molecular

Basis of Nutritional Quality in

Landraces and Cultivated Rice.

Metabolites 2022, 12, 384. https://

doi.org/10.3390/metabo12050384

Academic Editors: Mario Juan

Simirgiotis Aguero and Ute Roessner

Received: 3 March 2022

Accepted: 20 April 2022

Published: 22 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metabolites

H

OH

OH

Article

Integrated Metabolomics and Transcriptomics Analyses Reveal
the Metabolic Differences and Molecular Basis of Nutritional
Quality in Landraces and Cultivated Rice
Zhonghui Zhang 1,†, Feng Zhang 2,†, Yuan Deng 1,3,†, Lisong Sun 1,3, Mengdi Mao 1, Ridong Chen 1,3, Qi Qiang 1,
Junjie Zhou 1, Tuan Long 1,2, Xuecheng Zhao 1,3, Xianqing Liu 1, Shouchuang Wang 1,3 , Jun Yang 1,3,*
and Jie Luo 1,3,*

1 College of Tropical Crops, Hainan University, Haikou 570228, China; zhonghui.zhang@hainanu.edu.cn (Z.Z.);
yuandeng@hainanu.edu.cn (Y.D.); lisong.sun@hainanu.edu.cn (L.S.); mengdi.mao@hainanu.edu.cn (M.M.);
ridong.chen@hainanu.edu.cn (R.C.); qiangqi@hainanu.edu.cn (Q.Q.); sand_zhou@hainanu.edu.cn (J.Z.);
longtuan2001@hainanu.edu.cn (T.L.); xczhao@hainanu.edu.cn (X.Z.); liuxq@hainanu.edu.cn (X.L.);
shouchuang.wang@hainanu.edu.cn (S.W.)

2 National Key Laboratory of Crop Genetic Improvement, National Center of Plant Gene Research (Wuhan),
Huazhong Agricultural University, Wuhan 430070, China; zhangfeng@mail.hzau.edu.cn

3 Sanya Nanfan Research Institute of Hainan University, Hainan Yazhou Bay Seed Laboratory,
Sanya 572025, China

* Correspondence: yang9yj@hainanu.edu.cn (J.Y.); jie.luo@hainanu.edu.cn (J.L.)
† These authors contributed equally to this work.

Abstract: Rice (Oryza sativa L.) is one of the most globally important crops, nutritionally and econom-
ically. Therefore, analyzing the genetic basis of its nutritional quality is a paramount prerequisite for
cultivating new varieties with increased nutritional health. To systematically compare the nutritional
quality differences between landraces and cultivated rice, and to mine key genes that determine the
specific nutritional traits of landraces, a seed metabolome database of 985 nutritional metabolites
covering amino acids, flavonoids, anthocyanins, and vitamins by a widely targeted metabolomic
approach with 114 rice varieties (35 landraces and 79 cultivars) was established. To further reveal
the molecular mechanism of the metabolic differences in landrace and cultivated rice seeds, four
cultivars and six landrace seeds were selected for transcriptome and metabolome analysis during
germination, respectively. The integrated analysis compared the metabolic profiles and transcrip-
tomes of different types of rice, identifying 358 differentially accumulated metabolites (DAMs) and
1982 differentially expressed genes (DEGs), establishing a metabolite–gene correlation network.
A PCA revealed anthocyanins, flavonoids, and lipids as the central differential nutritional metabolites
between landraces and cultivated rice. The metabolite–gene correlation network was used to screen
out 20 candidate genes postulated to be involved in the structural modification of anthocyanins. Five
glycosyltransferases were verified to catalyze the glycosylation of anthocyanins by in vitro enzyme
activity experiments. At the same time, the different mechanisms of the anthocyanin synthesis path-
way and structural diversity in landrace and cultivated rice were systematically analyzed, providing
new insights for the improvement and utilization of the nutritional quality of rice landrace varieties.

Keywords: rice (Oryza sativa L.); metabolome; transcriptome; landrace; anthocyanins; UDP-glucosyltransferase

1. Introduction

Rice (Oryza sativa L.) is one of the most globally important crops, feeding more than
half of the world’s population, thus making it an economically important food source [1].
With the rapid development of agricultural technology and breeding, traditional traits
such as rice yield and disease resistance have been greatly improved [2–4]. As the tradi-
tional traits improve, research has begun to focus on enhancing the nutritional quality
of rice [5,6]. Compared with cultivated rice varieties, landraces with specific agronomic
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traits provide valuable genetic resources for rice genetic improvement and new variety
breeding [7]. In particular, landrace varieties, traditionally chosen by farmers of specific
regions during the domestication of agriculture, are adapted to specific environments and
have the advantages of stress resistance, yield stability, and nutrient richness [8]. Seeds
of landraces contain many different colors, such as white, red, and black. The coloring of
red and black rice seeds comes from procyanidins and anthocyanins in the pericarp and
seed coat of the kernel. Cyanidin-3-O-glucose (C3G) and peonidin-3-O-glucose (P3G) are
usually the predominant components, while other anthocyanin species can be present in
little amounts [9,10]. Compared to cultivar rice, landrace such as red and black rice are rich
in various nutrients, including anthocyanins, vitamins, flavonoids, and certain essential
amino acids. [9,11,12]. Black rice is considered as a panacea for health and longevity in
China [10]. Red rice can delay aging and protect against noncommunicable diseases [13],
including cancer, cardiovascular disease, diabetes, and metabolic syndrome [14]. Therefore,
it is beneficial to analyze the composition of the seed metabolome of landrace varieties and
discover the genes that determine their nutritional quality, improving the overall nutritional
value of rice.

With the continuous development of metabolomic technology, especially high-throughput
metabolite detection technology [15], metabolic detection has been applied to economically
significant plants such as rice, corn, wheat, and tomatoes. Corresponding metabolome
databases have been established successively due to the previously mentioned techno-
logical improvements [16–18]. Understanding the nutritional composition and quality
improvement of crops provides a theoretical basis and resources [16]. In recent years, there
have been reports of a comparative metabolomic analysis using different types of tomato
varieties. The comparative metabolomic analysis of 398 tomato populations, including
wild tomatoes, heirloom, and modern cultivated tomatoes, found that citric acid can en-
hance the tomato flavor, malic acid reduces the overall flavor, and geranial alcohols can
enhance the sweetness of the fruit [17]. In addition, through tomato breeding, the content
of glycoalkaloids in modern cultivated tomatoes was greatly reduced, and the nutrients
such as flavonoids and vitamins also decreased compared with wild tomatoes [18]. A rice
metabolism database covering the entire growth period of a plant provides a basis for sys-
tematically understanding the dynamics and changes of the rice metabolome throughout a
growing season [19]. Previously, a metabolomic analysis of various tissues in rice showed
significant differences in the accumulation of 90 flavonoids and 16 phenolamides in rice
seedlings, leaves, culms, panicles, and roots [20,21]. However, the metabolomic analysis
of rice landraces has not been systematically studied, and a comparative metabolomic
analysis of landraces and cultivated rice will be helpful to elucidate the key metabolites
that determine the nutritional quality of rice.

Breakthroughs in various high-throughput technologies have made it possible to
obtain genomic, transcriptomic, and metabolomic data at unprecedented speeds and
low costs. Metabolomic and transcriptomic data can be integrated using a correlation-
based analysis, a powerful genetic tool for identifying novel genes regulating specific
metabolic pathways. Previous studies have indicated that a transcriptional metabolite
correlation analysis in potatoes and hundreds of significant pairwise correlations provide
clues for tuber nutritional metabolites [22,23]. Multispecies transcriptomic and metabolic
analyses were performed on Mirabilis jalapa to identify the candidate genes involved in
betaine biosynthesis [24]. Eight genes of the colchicine alkaloid biosynthesis pathway
are discovered and determined by a combination of transcriptomics, metabolic logic,
and pathway remodeling [25]. A falcarindiol biosynthetic gene cluster was discovered
in tomatoes, which was directly resistant to fungal and bacterial pathogens, which was
directly resistant to fungal and bacterial pathogens with untargeted metabolomics and RNA-
sequencing [26]. Meanwhile, some studies indicate that co-expression and a correlation
analysis based on transcriptome and metabolome have become one of the most efficient
methods for discovering the metabolic pathway and identifying some novel genes [27–31].
With the development of next-generation sequencing technologies, high-density physical or
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genetic linkage maps based on high-quality genomes have enabled a ‘multi-omics’ analysis
that integrates genomes, transcriptomes, and metabolomes [32–35]. The development of
‘omics’ technology has made it possible to analyze the composition of the nutritional quality
and the genetic and biochemical basis of landraces.

In this study, we collected 114 rice germplasm resources from all over China, including
35 landrace and 79 cultivated rice varieties, to systematically compare the nutritional quality
differences in seeds between modern rice cultivars and landraces and mine genes that
determine the specific nutritional value traits of landrace. A landrace seed metabolism
database, covering important nutritional metabolites such as amino acids, flavonoids,
lipids, and vitamins, was established by a broad-targeted metabolomic approach. To further
reveal the molecular mechanism of the metabolic differences in the landrace and cultivated
rice seeds, four cultivars and six landrace seeds were selected for transcriptome and
metabolome analysis during germination, respectively. Through the integrated analysis of
the transcriptome and metabolome, 358 differentially accumulated metabolites and 1982
differentially expressed genes related to nutritional quality were screened in these varieties.
Twenty candidate genes involved in the metabolic synthesis of anthocyanins were screened
by the metabolite–gene correlation network, and five glycosyltransferases were verified by
in vitro enzyme activity experiments to catalyze the glycosylation of anthocyanins. This
study systematically compares the differences in the metabolic profiles of landraces and
cultivated rice and provides new insights for the analysis and utilization of the nutritional
quality of rice landraces.

2. Results
2.1. Comparative Analysis of Metabolic Profiling between Landraces and Cultivated Rice

To explore the metabolic basis of the nutritional quality of rice landraces and cultivars,
we collected 114 rice core germplasm resources from all over China, including 79 culti-
vated rice and 35 landraces (Table S1). Compared with cultivated rice, landraces showed
significant differences in many important agronomic traits, such as seed color and plant
height (Figure 1A and Figure S1). We constructed a rice seed metabolome database using
a broad-targeted metabolomic approach with landraces and cultivated varieties, includ-
ing 985 high-quality metabolic signals. The structures of 549 metabolites were identified
by standards and databases, including 85 amino acids and their derivatives, 93 lipids,
25 anthocyanins, 120 flavonoids, and 25 vitamins and their derivatives (Table S2). The
principal component analysis (PCA) results showed that landrace and commonly cultivated
rice could be divided into two clades, which means that there is a very significant difference
in the metabolite compositions between the two types of rice (Figure 1B). Similarly, the
metabolome-based phylogenetic tree also divided landraces and cultivars into two clusters,
with the results also showing the population structure of 114 rice germplasm resources
(Figure 1C). Additionally, the heatmap result showed that there were some accumulation
differences in the seeds of landrace and cultivated rice (Figure 1D). The classification results
showed that the metabolites accumulated significantly differently between cultivated rice and
landrace were mainly flavonoids, vitamins, amino acids, and their derivatives (Figure S2).

Ninety significantly different metabolites in seeds between landraces and cultivated
rice were identified. Notably, the contents of anthocyanins and flavonoids were more
enriched in landrace seeds than cultivated rice seeds (Figure S3A). The difference folds
of peonidin 3, 5-O-diglucoside were 4.40, and the difference folds of between naringenin
7-O-glucoside and apigenin 6-C-glucoside were 9.31 and 9.27, respectively (Table S4). This
indicates that there may be some differences in the anthocyanin and flavonoid synthesis
pathway between landrace and cultivated rice seed.



Metabolites 2022, 12, 384 4 of 16
Metabolites 2022, 12, 384 4 of 17 
 

 

 
Figure 1. Comparative metabolic differences in cultivar rice and landrace seeds. (A) The seed colors 
between landraces and cultivated rice. The cultivar was represented by white, and the landrace was 
represented by red and black. (B) Principal components analysis (PCA) of the metabolite profiling 
in different types of rice seeds. Green represents cultivated rice, and red represents quality control, 
while blue represents landraces. (C) Neighbor-joining tree of 114 rice varieties based on 985 metab-
olites. (D) Heatmap based on the metabolome data of cultivated and landrace rice seeds. Red indi-
cates a high abundance, and blue indicates low relative abundance metabolites. 

2.2. Analysis of DAM and DEG in Seeds of between Landrace and Cultivated Rice during 
Germination 

To further reveal that the metabolic difference in the seeds of landraces and culti-
vated rice, a metabolomic analysis was performed on four cultivars and six landraces at 
different germination stages. The PCA results showed that seed samples of the three ger-
mination stages were divided into three clusters, and each region had the same color dis-
tribution (Figure 2A), indicating that the metabolite accumulation is different in seeds 
with different colors during germination. We calculated the contribution of all metabolites 
to PC1 and found that the most of lipids and flavonoids contributed more (Table S5). This 
indicated that there were differences in the accumulation patterns of the lipids and flavo-
noids during the germination of seeds with different colors. By comprehensively calculat-
ing the contribution rate of all metabolites in the principal component analysis, it was 
found that amino acids, such as valine, threonine, leucine, and isoleucine, had more sig-
nificant contributions (Figure S3B). This indicates that the accumulation pattern of amino 
acids changed significantly during seed germination. 

A differential fold analysis of the metabolite content in these seeds during germina-
tion indicates that a total of 358 differential metabolites (DAMs) were found during seed 
germination, of which 34 metabolites were differentially accumulated at three stages of 
seed germination, 92 metabolites were differentially accumulated at the first stage, 59 me-
tabolites were differentially accumulated in the second stage, and 64 metabolites were 
differentially accumulated at the third stage (Figure 2B). These DAMs mainly included 

Figure 1. Comparative metabolic differences in cultivar rice and landrace seeds. (A) The seed colors
between landraces and cultivated rice. The cultivar was represented by white, and the landrace was
represented by red and black. (B) Principal components analysis (PCA) of the metabolite profiling in
different types of rice seeds. Green represents cultivated rice, and red represents quality control, while
blue represents landraces. (C) Neighbor-joining tree of 114 rice varieties based on 985 metabolites.
(D) Heatmap based on the metabolome data of cultivated and landrace rice seeds. Red indicates a
high abundance, and blue indicates low relative abundance metabolites.

2.2. Analysis of DAM and DEG in Seeds of between Landrace and Cultivated Rice during Germination

To further reveal that the metabolic difference in the seeds of landraces and cultivated
rice, a metabolomic analysis was performed on four cultivars and six landraces at different
germination stages. The PCA results showed that seed samples of the three germination
stages were divided into three clusters, and each region had the same color distribution
(Figure 2A), indicating that the metabolite accumulation is different in seeds with different
colors during germination. We calculated the contribution of all metabolites to PC1 and
found that the most of lipids and flavonoids contributed more (Table S5). This indicated that
there were differences in the accumulation patterns of the lipids and flavonoids during the
germination of seeds with different colors. By comprehensively calculating the contribution
rate of all metabolites in the principal component analysis, it was found that amino acids, such
as valine, threonine, leucine, and isoleucine, had more significant contributions (Figure S3B).
This indicates that the accumulation pattern of amino acids changed significantly during
seed germination.
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Accordingly, we sequenced the transcriptomes of four cultivars and six landraces 
from three different germination stages, respectively. A PCA analysis showed that land-
races were mainly in the direction of principal component 1; meanwhile, there were obvi-
ous indica–japonica differences in the cultivars in the direction of principal component 2, 
indicating that the landraces clustered with MH and HHZ may belong to indica (Figure 
3A). Furthermore, the results of the Gene Ontology (GO) enrichment analysis displayed 
that genes with greater PCA contributions were mainly related to the processes of amino 
acids, lipids, vitamins, and flavonoids (Figure S4). These results suggest that these genes 

Figure 2. Comparative metabolic analysis in cultivar rice and landrace seeds during germination.
(A) PCA of the metabolite profiling in seeds of landraces and cultivated rice during germination.
(B) Venn diagram depicting the number of differential metabolites in the seeds of landraces and
cultivated rice during germination. (C) The composition and proportion of different metabolites
in the seeds of landraces and cultivated rice during germination. (D) Phylogenetic tree based on
differential accumulated metabolites in seeds of landraces and cultivated rice during germination.

A differential fold analysis of the metabolite content in these seeds during germination
indicates that a total of 358 differential metabolites (DAMs) were found during seed
germination, of which 34 metabolites were differentially accumulated at three stages
of seed germination, 92 metabolites were differentially accumulated at the first stage,
59 metabolites were differentially accumulated in the second stage, and 64 metabolites were
differentially accumulated at the third stage (Figure 2B). These DAMs mainly included
amino acids, lipids, vitamins, and flavonoids (Figure 2C). In detail, amino acids and
flavonoids were mainly accumulated at the first stage and lipids and anthocyanins were
mainly accumulated at the second and third stages (Table S6). These results indicated that
there were differences in the metabolite accumulation patterns at different stages during
seed germination. To further verify whether the accumulation of differential metabolites
conforms to the distribution law during seed germination, a phylogenetic analysis based on
the differential accumulation metabolites of seeds at the first stage showed that landraces
and cultivated rice were clustered into two clades, and this result was consistent with
that in Figure 2D. These results indicate that the seed color may be the cause of metabolic
differences between cultivars and landraces during seed germination.

Accordingly, we sequenced the transcriptomes of four cultivars and six landraces from
three different germination stages, respectively. A PCA analysis showed that landraces
were mainly in the direction of principal component 1; meanwhile, there were obvious
indica–japonica differences in the cultivars in the direction of principal component 2,
indicating that the landraces clustered with MH and HHZ may belong to indica (Figure 3A).
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Furthermore, the results of the Gene Ontology (GO) enrichment analysis displayed that
genes with greater PCA contributions were mainly related to the processes of amino acids,
lipids, vitamins, and flavonoids (Figure S4). These results suggest that these genes may be
involved in differential metabolite metabolism in the seeds of landraces and cultivated rice
during germination.
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Figure 3. Construction of a metabolite–gene regulatory network in cultivar rice and landrace seeds
during germination. (A) A PCA analysis based on the transcriptome in the seeds of landraces
and cultivated rice during germination. (B) KEGG analysis of DEGs in the seeds of landraces and
cultivated rice during germination. Y-axis represents KEGG pathways, and X-axis indicates the
gene ratio. (C) GO enrichment analysis of DEGs in the seeds of landraces and cultivated rice during
germination. MF, molecular function; BP, biological process; CC, cellular component. (D) KEGG
analysis of DAMs and DEGs in the seeds of landraces and cultivated rice during germination.

To further verify the above results, we performed a differential expression analysis
and screened a total of 1982 differentially expressed genes (DEGs) (Table S7). Meanwhile,
the results of the KEGG enrichment analysis and GO analysis were performed on DEGs.
The KEGG analysis results showed that the DEGs were mainly involved in amino acid
and flavonoid synthesis pathways (Figure 3B). Moreover, the GO analysis results also dis-
played that the DEGs were mainly related to the metabolisms of amino acids and flavonoids
(Figure 3C). Further analysis found that the main DEGs were mainly enriched in the phenyl-
propane metabolism and amino acid metabolism (Figure 3D). These results indicate that DAMs
and DEGs maybe synergistically influence seed germination in landraces and cultivated rice.

2.3. Correlation Network Based on Genes and Metabolites during Seed Germination

To decipher the molecular basis of differential metabolites in the seeds of landraces
and cultivated rice during germination, the WGCNA based on transcriptome data during
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rice seed germination showed that the transcriptome data were divided into 35 different
gene modules (Figure 4A). The genes in each module were significantly related and could
jointly regulate the same metabolic pathway. Further, a correlation network analysis based
on the differential genes and metabolites during rice seed germination displayed that some
metabolites of the phenylpropanoid pathway, especially some flavonoids and anthocyanins,
were positively correlated with each gene module (Figure 4B). Moreover, malvidin and
procyanidin A3 were highly correlated with these genes (Figure 4C and Table S9). These
results suggest that these genes may be involved in anthocyanin biosynthesis in the seeds
of landraces and cultivated rice.
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Figure 4. Correlation network analysis based on metabolites and genes in the seeds of landraces
and cultivated rice during germination. (A) Construction of a co-expression gene module. The same
color represents the same module. If the module feature genes between two different modules are
similar, they will be merged automatically. (B) Heatmap between metabolites and 35 gene modules.
Y-axis represents each module, and the X-axis represents each trait. Red shows upregulated tran-
scripts, and blue shows downregulated transcripts. (C) Co-expression network of genes in modules.
(D) Dynamic of metabolite accumulation and gene expression in co-expression clusters. Metabolite
and gene clusters are represented by red. The numbers of the X-axis indicate the germination stage.
(E) The expression level of PAL in the seeds of landraces and cultivated rice during germination.

Meanwhile, we performed a cluster analysis based on the gene expression and antho-
cyanin accumulation at different germination stages to further screen candidate genes and
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obtained 12 gene clusters and 6 metabolite clusters (Figures S5 and S6). The comparative
analysis displayed that the gene expression pattern in cluster 2 was consistent with the
accumulation pattern of peonidin, delphinidin, and cyanidin in cluster 1 (Figure 4D). Many
reported genes of anthocyanin synthesis in cluster 2, such as CHI (Chalcone isomerase),
PAL (Phenylalanine ammonia lyase), and 3GT (Anthocyanin 3-O-glucosyltransferase),
were found. Their transcription levels, especially PAL, were distinctly higher in the seeds
of landraces at the third stage (Figure 4E), which means that the genes in cluster 2 may
regulate flavonoid and anthocyanin accumulation in the seeds of landraces.

2.4. The Metabolic Diversity of Anthocyanins and Its Molecular Mechanism in Different Types of
Rice Seeds

Twenty candidate genes encoding glycosyltransferases (GTs) were screened from
gene cluster 2 by the gene–metabolite correlation network, combined with the mGWAS
results reported [16]. These glycosyltransferases may have contributed to the difference of
anthocyanin accumulation in the seeds of landraces and cultivated rice (Table S9). To verify
the function of these genes, we selected five GTs and constructed corresponding protein
expression vectors. The results of in vitro enzyme activities showed that LOC_Os07g32630
(GT1), LOC_Os02g37690 (GT2), LOC_Os06g18140 (GT3), LOC_Os06g18010 (GT4), and
LOC_Os07g32620 (GT5) could all catalyze cyanidin as a substrate to form cyanidin
O-glucoside, whereas their catalytic activities for cyanidin were different (Figure 5A–F).
Additionally, GT2 used malvidin and procyanidin B2 as substrates to produce malvidin
O-glucoside and procyanidin B2 O-glucoside, respectively (Figure S7A,B). GT5 used peoni-
din and procyanidin A1 as substrates to form the glycosylation of peonidin and procyanidin
A1 (Figure S7C,D), while GT4 catalyzed malvidin, peonidin, and procyanidin A1 for gly-
cosylation (Figure S7D,E). In all, the results suggest that all five GTs have the functions of
anthocyanin glycosyltransferase.
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nidin-3-O-glucoside with the authentic standard. The reactions were performed with 5 purified Figure 5. Analysis of the in vitro enzyme activity of OsGTs. (A) MS/MS spectra information of cyanidin-

3-O-glucoside with the authentic standard. The reactions were performed with 5 purified OsGTs,
UDP-glucose, and cyanidin as substrates: GT1, glucosyltransferase 1 (B); GT2, glucosyltransferase 2
(C); GT3, glucosyltransferase 3 (D); GT4, glucosyltransferase 4 (E); GT5, glucosyltransferase 5 (F).
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Meanwhile, the gene expression levels and metabolite contents related to anthocyanin
synthesis were analyzed in the germination seeds of landraces and cultivated rice. Com-
pared with cultivated rice, the expression levels of OsCHS, OsF3′H, OsF3′5′H, and Os3GT
were higher than those in most seeds of cultivated rice (Figure S8A–I and Table S11). Ac-
cordingly, the contents of cyanidin 3-O-glucoside, petunidin 3-O-glucoside, and delphinidin
3-O-glucoside were also higher than those in most seeds of cultivated rice (Figure S9A–C
and Table S12). Additionally, the expression levels of most structural genes and the ac-
cumulation of metabolites in anthocyanin synthesis were also upregulated in the seeds
of landraces (Figure 6). A comparative analysis based on transcriptome and metabolome
showed that anthocyanins and the key genes of anthocyanin synthesis in landraces were
generally higher than those in cultivated rice (Figure 6), which revealed the reason for
anthocyanin-specific accumulation in landraces.
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Figure 6. Integrated transcriptomic and metabolomic data to exhibit the anthocyanin synthesis
pathway in the germination seeds of cultivar rice and landrace. A heatmap represents the folds
of the expression levels of the corresponding structural genes in the seeds of landraces and culti-
vated rice, and from red to green in the heatmap indicates the expression levels of structural genes
ranging from low to high. Genes in anthocyanin synthesis are shown as follows: PAL, phenylala-
nine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate CoA ligase; CHS, chalcone
synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase;
F3′5′H, flavonoid 3′,5′-hydroxylase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase;
flavonoid 3-O-glucosyltransferase; 3GT, flavonoid 3-O-glucosyltransfers; GT1, glucosyltransferase 1;
GT4, glucosyltransferase 4.

3. Discussion

Rice is one of the most anthropogenically and economically essential crops globally,
and improvements of grain yield and disease resistance are the primary goals of crop
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genetic improvement [36]. In recent years, the improvement and enhancement of rice nu-
tritional quality has received wide attention [37]. Wild rice and landraces with rich genetic
diversity have become important starting materials for rice genetic improvement and new
variety cultivations [38]. Landraces have been attracting attention due to their local environ-
mental adaptability, abiotic stress tolerance, and specific metabolic components [39]. During
continuous domestication and improvement, landraces have displayed some different
characteristics with cultivated rice [40].

Our study indicates that there are some differences in metabolite accumulation be-
tween landraces and cultivar seeds, especially amino acids, fatty acids, vitamins, and
flavonoids (Figure S2). This metabolic difference may be the reason for the differences in
the nutritional quality between landraces and cultivars. Some research suggests that the
contents of some nutrients in the seeds of landrace are obviously high, and it is good for
healthcare [41,42]. A nutritional quality analysis of wheat seeds displays that wheat seeds
of different colors have differences in their nutritional quality, especially differences in the
accumulation of amino acids and anthocyanins [43,44]. Black rice is rich in anthocyanins,
and long-term consumption can play a role in preventing diseases [45,46]. In this study,
most landraces collected with colors were fully rich in anthocyanins and amino acids
(Figure 1A). Our results were consistent with the published results about black and purple
wheat. This indicates that the results obtained in this study are credible.

During the in-depth study of plant metabolomics, it was found that metabolites
can be used as a special genetic phenotype to reflect the genetic differences in population
materials [47]. Studies indicate that natural populations of rice and tomatoes have obviously
genetic differences between different types of materials. Meanwhile, this genetic difference
is also reflected in the results of the metabolic difference [48–50]. A metabolomic analysis of
rice and tomato populations showed that there were differences in metabolite accumulation
among materials of different populations [51,52]. Therefore, the differences on a genetic
basis can be reflected by metabolic differences. A principal component analysis and
phylogenetic analysis based on metabolic data in the cultivar and landrace seeds showed
that the cultivar and landraces were clearly divided into two clades (Figure 1B,C). This
result not only suggests that there are metabolic differences between cultivars and landraces
but also suggests that genetic differences may be responsible for the metabolic differences
between landraces and cultivars.

A study indicated that there are obvious phenotypic differences between colored rice
and cultivars in the process of plant growth and development [53]. The difference is mainly
in the color of rice leaves. For instance, most cultivated rice shows green leaves, while
some colored rice shows purple leaves [54]. However, the molecular regulation mechanism
of the seed germination in colored rice still remains unknown. Therefore, we selected
10 representative landrace and cultivated rice varieties for seed germination experiments,
and we integrated the metabolome and transcriptome analyses to explore the molecular
regulation mechanism of seed germination in colored rice. The results showed that there
were significant differences in the metabolism and transcriptome between cultivated rice
and colored rice during seed germination. Three hundred and fifty-eight differential
metabolites and 1982 differentially expressed genes were obtained by differential fold
change analyses, respectively. The differential metabolites during seed germination mainly
included amino acids, lipids, vitamins, and flavonoids, which were the same as the main
differential metabolites among seeds. It indicates that the difference of the nutrient contents
among the seeds may indirectly affect the variation trends of nutrient contents among
germination seeds.

The GO enrichment analysis and KEGG analysis of the differentially expressed genes
showed that the differentially expressed genes were mainly related to the biosynthesis
of amino acids and flavonoids (Figure 3B,C). Since there were significant differences in
anthocyanin accumulation between the landrace and cultivated seeds, it infers that there
were differences in the anthocyanin accumulation of cultivar and landrace seeds during
germination. Next, the turquoise module with a high correlation with anthocyanins was ob-
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tained by the WGCNA and the reported mGWAS mapping results. Twenty candidate genes
were finally screened in the turquoise module, and five candidate genes were verified for
cyanidin glycosylation modification in vitro: namely, OsGT1, OsGT2, OsGT3, OsGT4, and
OsGT5, respectively. This indicates that the five candidate genes have a certain universality
and provide a new perspective for understanding the structural diversity of anthocyanins.

In order to visualize the differences in anthocyanin synthesis in landrace and cultivar
seeds during the germination, the metabolome, and transcriptome analyses in germinated
seeds of cultivars and landrace at the first stage displays the anthocyanin accumulation
mode in cultivars and landrace seeds during the germination stage (Figure 6). The compar-
ison analysis of the gene expression levels found that the expression level of F3H, a key
gene of anthocyanin synthesis, in landraces was lower than that in cultivated rice, but the
accumulation of anthocyanins in landraces was higher than that in cultivated rice. This
may be due to the higher expression of genes involved in anthocyanin glycosylation in
landraces than in cultivated rice.

Efficient, precise, and directional molecular design breeding is a new method for
cultivating novel rice varieties that can aggregate excellent traits, such as yield, disease re-
sistance, and nutritional quality. This study revealed the nutrient composition of landraces
and analyzed the biochemical and genetic basis of landraces, providing abundant genetic
resources for molecular design breeding. Metabolome-assisted modern molecular design
breeding could potentially provide a new method and theoretical guidance for improving
the nutritional quality of rice and cultivating new varieties.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

The rice varieties used in this study were from the Metabolic Biology Laboratory of Hainan
University, including 79 modern cultivated rice and 35 landrace rice varieties (Table S1). The rice
plants were grown in Haikou, Hainan Province during August–November at 2018. Culti-
vation condition and field management of rice refer to the previous literature reports [49].
Harvested paddy rice was dried and stored at room temperature for seed metabolite testing
and seed germination experiments [49].

To study the metabolic differences of the cultivar rice and landrace seeds, we selected
4 cultivars and 6 landraces for seed germination. Two hundred fully filled grains were
selected from each variety and were transported to the petri plates (15 cm in diameter)
germination [52]. The ten varieties were soaked in water for 24 h in a chamber set at 32 ◦C
and 70% relative humidity in the dark. After, germination of the seeds was checked every
2 h [52]. When the number of broken glume seeds reached 60% of the total number of
germinated seeds, the germinated seeds were transferred to new petri plates cultivation
(28 ◦C, 70% relative humidity, darkness). Then, the broken glume seeds were divided
into three parts and were cultured for 0 h as the first stage, 24 h as the second stage, and
48 h as the third stage, respectively. We selected 15 seeds of every rice variety as the RNA
sample of one biological replicate and another 15 seeds also as a metabolite sample of one
biological replicate. Three biological replicates were performed at each time point.

4.2. Metabolic Sample Preparation and Profiling

The samples were lyophilized and ground into powder using a mix mill (MM400,
Retsch) with a zirconia bead for 1 min at 30 Hz. Powder (100 mg) was weighed and extracted
overnight at 4 ◦C for 12 h with 70% aqueous methanol (methanol: H2O, 70:30, v/v), followed
by centrifugation (4 ◦C, 10,000× g, 10 min). The supernatants were collected and filtration
(SCAA-104, 0.22 mm pore size; ANPEL, Shanghai, China, http://www.anpel.com.cn/
(accessed on 21 January 2021)) before the LC-MS analysis. The samples were equally mixed
into multiple quality control samples for testing the instrument stability [19].

In this study, a seed metabolism database was constructed based on LC-MS, and a
combination of targeted metabolic detection and non-targeted metabolic detection was
used to detect a metabolic sample. The liquid chromatography conditions were set as

http://www.anpel.com.cn/
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follows: the mobile phase consisted of water (0.04% acetic acid, A phase) and acetonitrile
(0.04% acetic acid, B phase). The analysis was carried out with an elution gradient as follows:
0 min, 5% B; 0–10 min, 5–95% B; 10–11 min, 95% B; 11–11.1 min, 95–5% B; 11.1–15 min, 5%
B. A C18 column (2.1 × 100 mm, 1.9 µm, shim-pack VP-OSD) was used to separate the
samples. The column temperature was 40 ◦C. The autosampler temperature was 4 ◦C, and
the injection volume was 2 µL.

A nontarget metabolic profiling analysis using LC-ESI-Orbitrap-MS/MS was per-
formed in Full MS/dd-MS2. Data were acquired using the following settings: the sheath
gas flow rate was 40 Arb; the auxiliary gas flow rate was 12 Arb; the capillary temperature
was 360 ◦C; the S-lens voltage was 55 V; the auxiliary gas heating temperature was 350 ◦C;
the ion scanning range was 100–1500 m/z; the full MS resolution was 70,000; the MS/MS
resolution was 50,000; the collision energy was 20/40/60 in NCE mode, and the spray
voltage was 3000 V. The mix sample was performed in the Full MS/dd-MS2 mode by Q
Exactive plus Orbitrap LC-MS/MS using Compound Discoverer 3.1 software to analyze
the raw data.

Targeted metabolic profiling analysis was done using multiple reaction monitoring
using LC-ESI-QTRAP-MS/MS. The ESI source conditions were set as follows: the source
temperature was 500 ◦C; the ion spray voltage was 5500 V; the ion source GSI, GSII, and
CUR were set at 55, 60, and 25 psi, respectively, and the CAD was set to high mode. The mix
sample was performed in the multiple reaction monitoring (MRM) mode using Analyst
1.7.3 software to analyze the raw data. Each sample was performed in the scheduled
multiple reaction monitoring (s-MRM) mode by 6500 QTRAP using Multi Quant 3.0.3
software for the quantification of metabolites. The detection scan window was set to
60 s, and the target scan time was 1.5 s. A total of 986 transitions were monitored, and
the original data were processed by Multi Quant 3.0.3. software (Table S3). In order to
improve the normalization, the relative signal strength of the metabolite was divided and
normalized according to the internal standards (0.1 mg L−1 lidocaine), and log 2 was then
used to transform the value [18,32].

4.3. Transcriptome Data Analysis

Rice genome and gene information for reference cultivar, Nipponbare (Oryza sativa L. subsp.
japonica) was downloaded from (ftp://ftp.plantbiology.msu.edu/pub/data/EukaryoticProjects/
osativa/annotationdbs/pseudomolecules/version_7.0/all.dir/ (accessed on 10 August 2020)).
An Illumina Hi Step 4000 instrument generated raw reads, and the sequencing read length
was double-ended 2*150 base pairs (bp) (PE150) and processed with fastq to filter out
adapters and low-quality sequences. The clean reads were mapped using HISAT2 in the
reference genome. The gene expression level was quantified using the feature counts
based on the expected number of transcripts per kilobase of the exon model per million
mapped reads (TPM) method. A differential expression analysis was performed between
two groups of colored samples using the DESeq2 R package in Bioconductor version
1.30.0 with adjusted p-values. The differential expression levels were determined using the
Benjamini–Hochberg FDR multiple testing correction with an adjusted p-value < 0.05 and
|log2fold change| > 1.2, according to the reference [55].

4.4. GO and KEGG Enrichment for Differentially Expressed Genes

Functional-enrichment analyses, including Gene Ontology (GO) and the Kyoto En-
cyclopedia of Genes and Genomes (KEGG), were performed to identify differentially
expressed genes (DEGs) that were significantly enriched in GO terms and metabolic path-
ways at Bonferroni-corrected p-values ≤ 0.05 compared with the whole-transcriptome
background. GO functional enrichment and a KEGG pathway analysis were carried out
using the cluster Profiler R package in Bioconductor version 3.18.0. The enriched GO
terms of the biological process, molecular function, and cellular component categories were
visualized with a dot plot.

ftp://ftp.plantbiology.msu.edu/pub/data/EukaryoticProjects/osativa/annotationdbs/pseudomolecules/version_7.0/all.dir/
ftp://ftp.plantbiology.msu.edu/pub/data/EukaryoticProjects/osativa/annotationdbs/pseudomolecules/version_7.0/all.dir/
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4.5. Phylogenetic Analysis and Principal Component Analysis Based on Metabolites

The principal component analysis and the phylogenetic tree were constructed based
on 985 metabolites of 114 rice varieties. The pairwise population distance was used to
construct a neighbor-joining tree using the software PHYLIP (version 3.69). The software
ITOL (https://itol.embl.de/ (accessed on 18 November 2020)) and MEGAX were used for
visualizing the phylogenetic tree. A principal component analysis of the metabolites was
performed using the Factoextra R package.

4.6. Co-Expression Network Analysis for the Construction of Modules

The highly co-expressed gene modules were inferred from the DEGs using a weighted
gene co-expression network analysis (WGCNA), an R package, |r| ≥ 0.5, and p-value < 0.001
as the thresholds for the screening conditions [56,57]. WGCNA network construction and
module detection were conducted using an unsigned topological overlap matrix (TOM), a
power β of 10, a minimum module size of 30, and a branch merge cut height of 0.25. The
module eigengene (the first principal component of a given module) value was calculated
and used to evaluate the association of modules with anthocyanin contents in the 30 samples.
The X genes in the significant module turquoise were further clustered and refined using the
Cluster function in the R package, and the expression trends of genes in different clusters
and the accumulation patterns of anthocyanins detected by LC-MS were further analyzed.

4.7. Analysis of Gene Expression Levels by qRT-PCR

The samples at one stage during germination were ground into fine powder in liquid
nitrogen. The RNA (Ribonucleic Acid) was extracted by Fast Pure Plant Total RNA Isolation
Kit (Polysaccharides & Polyphenolics-rich) (VAZYME, Nanjing, China) according to the
manufacturer’s protocol. The total RNA (2 µg) was reverse-transcribed to cDNA with
TransScript® One-Step RT-PCR SuperMix (TransGen, Beijing, China) according to the
manufacturer’s instructions at 42 ◦C for 30 min and 85 ◦C for 10 s (s). The reaction system
contained 5 µL TB GREEN, 1 µL cDNA template, 0.4 µL forward and reverse primer, and
0.2 µL ROX DYE2. The structural genes in anthocyanin biosynthesis were detected by the
quantitative real-time (qRT-PCR). qRT-PCR was conducted on a (AriaMx Real-Time PCR)
system under the following program: 95 ◦C for 3 min and 40 cycles of 95 ◦C for 20 s, 60 ◦C
for 30 s, and the melting curve was performed after the amplification according to the
program: 95 ◦C 20 s, 65 ◦C 30 s and 95 ◦C 30 s. Rice ubiquitin gene (LOC_Os09g39500) was
used as an internal reference control. The expression levels genes detected were normalized
to ubiquitin and calculated by the 2−∆∆CT method [58]. Three independently biological
replicates were performed for each gene. The primers of the genes were designed by Primer
3 plus, and the sequence information for the primers were provided in the Table S13.

4.8. Recombinant Protein Expression and In Vitro Enzyme Assay

We cloned the full cDNAs of OsGT1, OsGT2, OsGT3, OsGT4and OsGT5 from Nip-
ponbare into the pGEX-6p-1 expression vectors (Novagen) with glutathione S-transferase
tags. Recombinant proteins were expressed in BL21 (DE3) cells (Novagen) and then were
induced by 0.1 mM isopropyl-β-D-thiogalactoside (IPTG) and continued to be incubated
for 16 h at 20 ◦C. Cells were collected and pellets were resuspended in lysis buffer (50 mM
Tris-HCl, pH 8.0, 400 mM NaCl). The cells were disrupted by the high-pressure cracker
and cell debris was removed by centrifugation (14,000× g, 1 h). Glutathione Sepharose 4B
agarose (GE Healthcare) was added to the supernatant containing the target proteins. After
incubation for 1 h, the mixture was transferred into a disposable column and washed exten-
sively with lysis buffer (five column volumes). Target proteins in collections were confirmed
by SDS-PAGE and purified recombinant proteins were used for in vitro enzyme assays. The
enzyme reactions in vitro were carried out in a total volume of 100 microliters (µL) with
200 micromoles per liter (µmol L–1) flavonoids or anthocyanins as substrates, 1.5 mmol L–1

UDP-glucose as donor, 5 mmol L–1 MgCl2, and 500 nanograms (ng) of purified protein in

https://itol.embl.de/
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Tris-HCl buffer (100 mmol L–1, pH 7.4) and were incubated at 37 ◦C for 20 min. Then the
reactions were stopped by 300 µL of ice-cold methanol.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/metabo12050384/s1, Figure S1. Glume colors of landrace. Figure S2. Heatmap based on
the metabolites of amino acids, flavonoids, lipids, and vitamins in cultivated and landrace seeds.
Figure S3. The analysis of metabolites in the germination seeds of cultivated rice and landraces.
Figure S4. The GO analysis for genes in germination seeds of cultivated rice and landraces. Figure S5.
Dynamic analysis of gene expression in cultivated rice and landraces during seed germination. Figure
S6. Dynamic analysis of metabolite accumulation during seed germination. Figure S7. Analysis
of in vitro enzyme activity of OsGT1 to OsGT5. Figure S8. Relative expression levels of structural
genes in anthocyanin synthesis in germination seeds of cultivated rice and landrace. Figure S9.
Relative content of anthocyanins in germination seeds of cultivated rice and landrace. Table S1. The
information of rice varieties used in this study. Table S2. Scheduled MRM transition for widely
targeted metabolite analysis in landrace seed. Table S3. Data matrix of 985 metabolite signals in
114 rice accessions. Table S4. Differential metabolites in cultivated and landrace seeds. Table S5.
Loadings (correlation coefficients between the original variables and the principal components) of
three PCs (PC1, PC2, and PC3) for germinated rice sample. Table S6. Differential accumulation of
metabolites in germination seeds of landrace and cultivated rice. Table S7. Differentially expressed
levels of genes in germination seeds of landrace and cultivated rice. Table S8. WGCNA analysis
genes within the gene module. Table S9. Candidate genes screened may be involved in anthocyanin
synthesis pathway by WGCNA and mGWAS. Table S10. Candidate genes successfully verified
in vitro. Table S11. The relative expression levels of genes related to anthocyanin biosynthesis in
germination seeds of cultivated rice and landrace. Table S12. the relative content of anthocyanin in in
germination seeds of cultivated rice and landrace. Table S13. The information of primers used for
qRT-PCR in this study.

Author Contributions: For Conceptualization, J.Y. and S.W.; methodology, Z.Z., F.Z., Y.D., L.S. and
Q.Q.; resources, M.M., R.C., L.S., J.Z., F.Z. and X.L.; validation, F.Z., L.S., M.M. and R.C.; formal
analysis, Z.Z. and Y.D.; data curation, Y.D., Z.Z. and R.C.; writing original draft preparation, Z.Z.,
F.Z., L.S. and Y.D.; visualization, Y.D., Z.Z., L.S. and F.Z.; writing review and editing, J.Y., S.W., T.L.,
X.Z. and J.L.; supervision, J.Y. and J.L.; funding acquisition, J.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
32101662), the Young Elite Scientists Sponsorship Program by CAST (No. 2019QNRC001), the Hainan
Provincial Academician Innovation Platform Project (No. HD-YSZX-202003, HD-YSZX-202004), the
Hainan University Startup Fund (No. KYQD(ZR)1916, KYQD(ZR) 21025).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: RNA sequence data that support the findings of this study have been
deposited under SRA BioProject accession number PRJNA830550.

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

References
1. Birla, D.S.; Malik, K.; Sainger, M.; Chaudhary, D.; Jaiwal, R.; Jaiwal, P.K. Progress and challenges in improving the nutritional

quality of rice (Oryza sativa L.). Crit. Rev. Food Sci. Nutr. 2017, 57, 2455–2481. [CrossRef] [PubMed]
2. Wu, B.; Hu, W.; Xing, Y.Z. The history and prospect of rice genetic breeding in China. Hereditas 2018, 40, 841–857. [CrossRef]
3. Ke, Y.; Kang, Y.; Wu, M.; Liu, H.; Hui, S.; Zhang, Q.; Li, X.; Xiao, J.; Wang, S. Jasmonic acid-involved OsEDS1 signaling in

Rice-bacteria interactions. Rice 2019, 12, 25. [CrossRef] [PubMed]
4. Liu, Q.; Ning, Y.; Zhang, Y.; Yu, N.; Zhao, C.; Zhan, X.; Wu, W.; Chen, D.; Wei, X.; Wang, G.-L. OsCUL3a negatively regulates cell

death and immunity by degrading OsNPR1 in rice. Plant Cell 2017, 29, 345–359. [CrossRef] [PubMed]
5. Anacleto, R.; Cuevas, R.P.; Jimenez, R.; Llorente, C.; Nissila, E.; Henry, R.; Sreenivasulu, N. Prospects of breeding high-quality rice

using post-genomic tools. Theor. Appl. Genet. 2015, 128, 1449–1466. [CrossRef]
6. Bai, S.; Yu, H.; Wang, B.; Li, J. Retrospective and perspective of rice breeding in China. J. Genet. Genom. 2018, 45, 603–612.

[CrossRef]

https://www.mdpi.com/article/10.3390/metabo12050384/s1
https://www.mdpi.com/article/10.3390/metabo12050384/s1
http://doi.org/10.1080/10408398.2015.1084992
http://www.ncbi.nlm.nih.gov/pubmed/26513164
http://doi.org/10.16288/j.yczz.18-213
http://doi.org/10.1186/s12284-019-0283-0
http://www.ncbi.nlm.nih.gov/pubmed/30989404
http://doi.org/10.1105/tpc.16.00650
http://www.ncbi.nlm.nih.gov/pubmed/28100706
http://doi.org/10.1007/s00122-015-2537-6
http://doi.org/10.1016/j.jgg.2018.10.002


Metabolites 2022, 12, 384 15 of 16

7. Hour, A.-L.; Hsieh, W.-H.; Chang, S.-H.; Wu, Y.-P.; Chin, H.-S.; Lin, Y.-R. Genetic diversity of landraces and improved varieties of
rice (Oryza sativa L.) in Taiwan. Rice 2020, 13, 82. [CrossRef]

8. Dwivedi, S.L.; Ceccarelli, S.; Blair, M.W.; Upadhyaya, H.D.; Are, A.K.; Ortiz, R. Landrace germplasm for improving yield and
abiotic stress adaptation. Trends Plant Sci. 2016, 21, 31–42. [CrossRef]

9. Shao, Y.; Hu, Z.; Yu, Y.; Mou, R.; Zhu, Z.; Beta, T. Phenolic acids, anthocyanins, proanthocyanidins, antioxidant activity, minerals
and their correlations in non-pigmented, red, and black rice. Food Chem. 2018, 239, 733–741. [CrossRef]

10. Zhang, Q. Purple tomatoes, black rice and food security. Nat. Rev. Genet. 2021, 22, 414. [CrossRef] [PubMed]
11. Frank, T.; Reichardt, B.; Shu, Q.; Engel, K.-H. Metabolite profiling of colored rice (Oryza sativa L.) grains. J. Cereal Sci. 2012, 55,

112–119. [CrossRef]
12. Ito, V.C.; Lacerda, L.G. Black rice (Oryza sativa L.): A review of its historical aspects, chemical composition, nutritional and

functional properties, and applications and processing technologies. Food Chem. 2019, 301, 125304. [CrossRef] [PubMed]
13. Subash, S.; Essa, M.M.; Al-Adawi, S.; Memon, M.A.; Manivasagam, T.; Akbar, M. Neuroprotective effects of berry fruits on

neurodegenerative diseases. Neural Regen. Res. 2014, 9, 1557–1566. [CrossRef] [PubMed]
14. Wallace, T.C. Anthocyanins in cardiovascular disease. Adv. Nutr. 2011, 2, 1–7. [CrossRef]
15. Chen, W.; Gong, L.; Guo, Z.; Wang, W.; Zhang, H.; Liu, X.; Yu, S.; Xiong, L.; Luo, J. A novel integrated method for large-scale

detection, identification, and quantification of widely targeted metabolites: Application in the study of rice metabolomics. Mol.
Plant 2013, 6, 1769–1780. [CrossRef]

16. Chen, W.; Wang, W.; Peng, M.; Gong, L.; Gao, Y.; Wan, J.; Wang, S.; Shi, L.; Zhou, B.; Li, Z. Comparative and parallel genome-wide
association studies for metabolic and agronomic traits in cereals. Nat. Commun. 2016, 7, 12767. [CrossRef]

17. Tieman, D.; Zhu, G.; Resende, M.F.R.; Lin, T.; Nguyen, C.; Bies, D.; Rambla, J.L.; Beltran, K.S.O.; Taylor, M.; Zhang, B.; et al.
A chemical genetic roadmap to improved tomato flavor. Science 2017, 355, 391–394. [CrossRef]

18. Zhu, G.; Wang, S.; Huang, Z.; Zhang, S.; Liao, Q.; Zhang, C.; Lin, T.; Qin, M.; Peng, M.; Yang, C. Rewiring of the fruit metabolome
in tomato breeding. Cell 2018, 172, 249–261. [CrossRef]

19. Yang, C.; Shen, S.; Zhou, S.; Li, Y.; Mao, Y.; Zhou, J.; Shi, Y.; An, L.; Zhou, Q.; Peng, W. Rice metabolic regulatory network spanning
the entire life cycle. Mol. Plant 2021, 15, 258–275. [CrossRef]

20. Dong, X.; Chen, W.; Wang, W.; Zhang, H.; Liu, X.; Luo, J. Comprehensive profiling and natural variation of flavonoids in rice. J.
Integr. Plant Biol. 2014, 56, 876–886. [CrossRef]

21. Dong, X.; Gao, Y.; Chen, W.; Wang, W.; Gong, L.; Liu, X.; Luo, J. Spatiotemporal distribution of phenolamides and the genetics of
natural variation of hydroxycinnamoyl spermidine in rice. Mol. Plant 2015, 8, 111–121. [CrossRef]

22. Itkin, M.; Rogachev, I.; Alkan, N.; Rosenberg, T.; Malitsky, S.; Masini, L.; Meir, S.; Iijima, Y.; Aoki, K.; de Vos, R. GLYCOALKALOID
METABOLISM1 is required for steroidal alkaloid glycosylation and prevention of phytotoxicity in tomato. Plant Cell 2011, 23,
4507–4525. [CrossRef]

23. Itkin, M.; Heinig, U.; Tzfadia, O.; Bhide, A.J.; Shinde, B.; Cardenas, P.D.; Bocobza, S.E.; Unger, T.; Malitsky, S.; Finkers, R.
Biosynthesis of antinutritional alkaloids in solanaceous crops is mediated by clustered genes. Science 2013, 341, 175–179.
[CrossRef]

24. Polturak, G.; Heinig, U.; Grossman, N.; Battat, M.; Leshkowitz, D.; Malitsky, S.; Rogachev, I.; Aharoni, A. Transcriptome and
metabolic profiling provides insights into betalain biosynthesis and evolution in Mirabilis jalapa. Mol. Plant 2018, 11, 189–204.
[CrossRef]

25. Nett, R.S.; Lau, W.; Sattely, E.S. Discovery and engineering of colchicine alkaloid biosynthesis. Nature 2020, 584, 148–153.
[CrossRef]

26. Jeon, J.E.; Kim, J.-G.; Fischer, C.R.; Mehta, N.; Dufour-Schroif, C.; Wemmer, K.; Mudgett, M.B.; Sattely, E. A pathogen-responsive
gene cluster for highly modified fatty acids in tomato. Cell 2020, 180, 176–187. [CrossRef]

27. Cárdenas, P.D.; Sonawane, P.D.; Pollier, J.; Vanden Bossche, R.; Dewangan, V.; Weithorn, E.; Tal, L.; Meir, S.; Rogachev, I.;
Malitsky, S. GAME9 regulates the biosynthesis of steroidal alkaloids and upstream isoprenoids in the plant mevalonate pathway.
Nat. Commun. 2016, 7, 10654. [CrossRef]

28. Slate, J.O.N. INVITED REVIEW: Quantitative trait locus mapping in natural populations: Progress, caveats and future directions.
Mol. Ecol. 2005, 14, 363–379. [CrossRef]

29. Angelovici, R.; Fait, A.; Zhu, X.; Szymanski, J.; Feldmesser, E.; Fernie, A.R.; Galili, G. Deciphering transcriptional and metabolic
networks associated with lysine metabolism during Arabidopsis seed development. Plant Physiol. 2009, 151, 2058–2072. [CrossRef]

30. Atwell, S.; Huang, Y.S.; Vilhjálmsson, B.J.; Willems, G.; Horton, M.; Li, Y.; Meng, D.; Platt, A.; Tarone, A.M.; Hu, T.T. Genome-wide
association study of 107 phenotypes in Arabidopsis thaliana inbred lines. Nature 2010, 465, 627–631. [CrossRef]

31. Chan, E.K.F.; Rowe, H.C.; Corwin, J.A.; Joseph, B.; Kliebenstein, D.J. Combining genome-wide association mapping and
transcriptional networks to identify novel genes controlling glucosinolates in Arabidopsis thaliana. PLoS Biol. 2011, 9, e1001125.
[CrossRef] [PubMed]

32. Chen, W.; Gao, Y.; Xie, W.; Gong, L.; Lu, K.; Wang, W.; Li, Y.; Liu, X.; Zhang, H.; Dong, H. Genome-wide association analyses
provide genetic and biochemical insights into natural variation in rice metabolism. Nat. Genet. 2014, 46, 714–721. [CrossRef]
[PubMed]

http://doi.org/10.1186/s12284-020-00445-w
http://doi.org/10.1016/j.tplants.2015.10.012
http://doi.org/10.1016/j.foodchem.2017.07.009
http://doi.org/10.1038/s41576-021-00359-3
http://www.ncbi.nlm.nih.gov/pubmed/33833442
http://doi.org/10.1016/j.jcs.2011.09.009
http://doi.org/10.1016/j.foodchem.2019.125304
http://www.ncbi.nlm.nih.gov/pubmed/31394335
http://doi.org/10.4103/1673-5374.139483
http://www.ncbi.nlm.nih.gov/pubmed/25317174
http://doi.org/10.3945/an.110.000042
http://doi.org/10.1093/mp/sst080
http://doi.org/10.1038/ncomms12767
http://doi.org/10.1126/science.aal1556
http://doi.org/10.1016/j.cell.2017.12.019
http://doi.org/10.1016/j.molp.2021.10.005
http://doi.org/10.1111/jipb.12204
http://doi.org/10.1016/j.molp.2014.11.003
http://doi.org/10.1105/tpc.111.088732
http://doi.org/10.1126/science.1240230
http://doi.org/10.1016/j.molp.2017.12.002
http://doi.org/10.1038/s41586-020-2546-8
http://doi.org/10.1016/j.cell.2019.11.037
http://doi.org/10.1038/ncomms10654
http://doi.org/10.1111/j.1365-294X.2004.02378.x
http://doi.org/10.1104/pp.109.145631
http://doi.org/10.1038/nature08800
http://doi.org/10.1371/journal.pbio.1001125
http://www.ncbi.nlm.nih.gov/pubmed/21857804
http://doi.org/10.1038/ng.3007
http://www.ncbi.nlm.nih.gov/pubmed/24908251


Metabolites 2022, 12, 384 16 of 16

33. Riedelsheimer, C.; Czedik-Eysenberg, A.; Grieder, C.; Lisec, J.; Technow, F.; Sulpice, R.; Altmann, T.; Stitt, M.; Willmitzer, L.;
Melchinger, A.E. Genomic and metabolic prediction of complex heterotic traits in hybrid maize. Nat. Genet. 2012, 44, 217–220.
[CrossRef] [PubMed]

34. Kearsey, M.J.; Pooni, H.S.; Syed, N.H. Genetics of quantitative traits in Arabidopsis thaliana. Heredity 2003, 91, 456–464. [CrossRef]
35. Morgante, M.; Salamini, F. From plant genomics to breeding practice. Curr. Opin. Biotechnol. 2003, 14, 214–219. [CrossRef]
36. Wambugu, P.W.; Ndjiondjop, M.N.; Henry, R. Genetics and Genomics of African Rice (Oryza glaberrima Steud) Domestication.

Rice 2021, 14, 1–14. [CrossRef]
37. Mbanjo, E.; Kretzschmar, T.; Jones, H.; Ereful, N.; Sreenivasulu, N. The Genetic Basis and Nutritional Benefits of Pigmented Rice

Grain. Front. Genet. 2020, 11, 229. [CrossRef]
38. Ray, A.; Deb, D.; Ray, R.; Chattopadhayay, B. Phenotypic characters of rice landraces reveal independent lineages of short-grain

aromatic indica rice. AOB Plants 2013, 5, plt032. [CrossRef]
39. Fukuoka, S.; Suu, T.D.; Ebana, K.; Trinh, L.N.; Nagamine, T.; Okuno, K. Diversity in Phenotypic Profiles in Landrace Populations

of Vietnamese Rice: A Case Study of Agronomic Characters for Conserving Crop Genetic Diversity on Farm. Genet. Resour. Crop
Evol. 2006, 53, 753–761. [CrossRef]

40. Luong, N.H.; Linh, L.-H.; Shim, K.-C.; Adeva, C.; Lee, H.-S.; Ahn, S.-N. Genetic Structure and Geographical Differentiation of
Traditional Rice (Oryza sativa L.) from Northern Vietnam. Plants 2021, 10, 2094. [CrossRef]

41. Koes, R.E.; Quattrocchio, F.; Mol, J. The flavonoid biosynthetic pathway in plants: Function and evolution. BioEssays 1994, 16,
123–132. [CrossRef]

42. Petroni, K.; Pilu, R.; Tonelli, C. Anthocyanins in corn: A wealth of genes for human health. Planta 2014, 240, 901–911. [CrossRef]
[PubMed]

43. Ns, A.; Ak, A.; Vc, A.; Sk, A.; Jb, C.; Ag, B.; Mg, A. Anthocyanin biofortified black, blue and purple wheat exhibited lower amino
acid cooking losses than white wheat. LWT 2021, 154, 112802. [CrossRef]

44. Abdel-Aal, E.; Young, J.C.; Rabalski, I. Anthocyanin Composition in Black, Blue, Pink, Purple, and Red Cereal Grains. J. Agric.
Food Chem. 2006, 54, 4696–4704. [CrossRef] [PubMed]

45. Thanyacharoen, T.; Chuysinuan, P.; Techasakul, S.; Noenplab, A.L.; Ummartyotin, S. The chemical composition and antioxidant
and release properties of a black rice (Oryza sativa L.)-loaded chitosan and polyvinyl alcohol composite. J. Mol. Liq. 2017, 248,
1065–1070. [CrossRef]

46. Vargas, C.G.; da Silva Junior, J.D.; Rabelo, T.K.; Moreira, J.C.F.; Gelain, D.P.; Rodrigues, E.; Augusti, P.R.; de Oliveira Rios, A.;
Flôres, S.H. Bioactive compounds and protective effect of red and black rice brans extracts in human neuron-like cells (SH-SY5Y).
Food Res. Int. 2018, 113, 57–64. [CrossRef] [PubMed]

47. Luo, J. Metabolite-based genome-wide association studies in plants. Curr. Opin. Plant Biol. 2015, 24, 31–38. [CrossRef]
48. Wang, W.; Mauleon, R.; Hu, Z.; Chebotarov, D.; Leung, H. Genomic variation in 3010 diverse accessions of Asian cultivated rice.

Nature 2018, 557, 43–49. [CrossRef]
49. Peng, M.; Shahzad, R.; Gul, A.; Subthain, H.; Shen, S.; Lei, L.; Zheng, Z.; Zhou, J.; Lu, D.; Wang, S. Differentially evolved

glucosyltransferases determine natural variation of rice flavone accumulation and UV-tolerance. Nat. Commun. 2017, 8, 1975.
[CrossRef]

50. Giovannoni, J. Tomato multiomics reveals consequences of crop domestication and improvement. Cell 2018, 172, 6–8. [CrossRef]
51. Schilmiller, A.L.; Charbonneau, A.L.; Last, R.L. Identification of a BAHD acetyltransferase that produces protective acyl sugars in

tomato trichomes. Proc. Natl. Acad. Sci. USA 2012, 109, 16377–16382. [CrossRef] [PubMed]
52. Gong, L.; Chen, W.; Gao, Y.; Liu, X.; Zhang, H.; Xu, C.; Yu, S.; Zhang, Q.; Luo, J. Genetic analysis of the metabolome exemplified

using a rice population. Proc. Natl. Acad. Sci. USA 2013, 110, 20320–20325. [CrossRef] [PubMed]
53. Zhu, Q.; Yu, S.; Zeng, D.; Liu, H.; Wang, H.; Yang, Z.; Xie, X.; Shen, R.; Tan, J.; Li, H.; et al. Development of “Purple Endosperm

Rice” by Engineering Anthocyanin Biosynthesis in the Endosperm with a High-Efficiency Transgene Stacking System. Mol. Plant
2017, 10, 918–929. [CrossRef] [PubMed]

54. Xia, D.; Zhou, H.; Wang, Y.; Li, P.; Fu, P.; Wu, B.; He, Y. How rice organs are colored: The genetic basis of anthocyanin biosynthesis
in rice. Crop J. 2021, 9, 598–608. [CrossRef]

55. Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. 1995, 57, 289–300. [CrossRef]

56. Zhang, B.; Horvath, S. A general framework for weighted gene co-expression network analysis. Stat. Appl. Genet. Mol. Biol. 2005,
4, 17. [CrossRef] [PubMed]

57. Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008, 9, 559.
[CrossRef]

58. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef]

http://doi.org/10.1038/ng.1033
http://www.ncbi.nlm.nih.gov/pubmed/22246502
http://doi.org/10.1038/sj.hdy.6800306
http://doi.org/10.1016/S0958-1669(03)00028-4
http://doi.org/10.1186/s12284-020-00449-6
http://doi.org/10.3389/fgene.2020.00229
http://doi.org/10.1093/aobpla/plt032
http://doi.org/10.1007/s10722-004-4635-1
http://doi.org/10.3390/plants10102094
http://doi.org/10.1002/bies.950160209
http://doi.org/10.1007/s00425-014-2131-1
http://www.ncbi.nlm.nih.gov/pubmed/25106530
http://doi.org/10.1016/j.lwt.2021.112802
http://doi.org/10.1021/jf0606609
http://www.ncbi.nlm.nih.gov/pubmed/16787017
http://doi.org/10.1016/j.molliq.2017.09.054
http://doi.org/10.1016/j.foodres.2018.06.069
http://www.ncbi.nlm.nih.gov/pubmed/30195546
http://doi.org/10.1016/j.pbi.2015.01.006
http://doi.org/10.1038/s41586-018-0063-9
http://doi.org/10.1038/s41467-017-02168-x
http://doi.org/10.1016/j.cell.2017.12.036
http://doi.org/10.1073/pnas.1207906109
http://www.ncbi.nlm.nih.gov/pubmed/22988115
http://doi.org/10.1073/pnas.1319681110
http://www.ncbi.nlm.nih.gov/pubmed/24259710
http://doi.org/10.1016/j.molp.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28666688
http://doi.org/10.1016/j.cj.2021.03.013
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.2202/1544-6115.1128
http://www.ncbi.nlm.nih.gov/pubmed/16646834
http://doi.org/10.1186/1471-2105-9-559
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	Comparative Analysis of Metabolic Profiling between Landraces and Cultivated Rice 
	Analysis of DAM and DEG in Seeds of between Landrace and Cultivated Rice during Germination 
	Correlation Network Based on Genes and Metabolites during Seed Germination 
	The Metabolic Diversity of Anthocyanins and Its Molecular Mechanism in Different Types of Rice Seeds 

	Discussion 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Metabolic Sample Preparation and Profiling 
	Transcriptome Data Analysis 
	GO and KEGG Enrichment for Differentially Expressed Genes 
	Phylogenetic Analysis and Principal Component Analysis Based on Metabolites 
	Co-Expression Network Analysis for the Construction of Modules 
	Analysis of Gene Expression Levels by qRT-PCR 
	Recombinant Protein Expression and In Vitro Enzyme Assay 

	References

