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Introduction
Domestication has made, through the selection, to narrow 
the genetic base and the variance for traits that are impor-
tant for continued crop improvement.1 Highlighting the 
breeding lines, “lost” traits and trait combinations that once 
were discarded by traditional breeding programs, can find 
unidentified traits that can, nowadays, be favorable for crop 
performance.1-3

Domestication of cereals made changes in cereal metabolites, 
such as anthocyanins. In wheat, barley, maize, and rice, most of 
the genotypes that can be found, have lost the capability of syn-
thesizing anthocyanins in grain. However, due to the aim to 
improve health, the study of the anthocyanins in grains have 
gained importance to recreate genotypes that can accumulate 
anthocyanins and their precursors in the grain of cereals.4

On the other hand, seed coat color is an important trait that 
has been associated with resistance to abiotic and biotic stresses, 
such as grain dormancy,5 chilling stress,6 and preharvest sprout-
ing.7 Furthermore, deeper seed coat colors have been related to 
higher antioxidant activity6,8-11 as well as recognized as health-
promoting nutrients.10,12 In wheat, the antioxidants responsible 
for seed coat color that are present in the highest levels are 
anthocyanins and proanthocyanidins.9,13,14

Seed coats develop from the integuments that surround the 
ovule prior to fertilization. Before fertilization, cells of the 
integuments are relatively undifferentiated. However, special-
ized cell types are being formed after fertilization due to an 
extensive cell differentiation.5 The outermost layer of the 
endosperm is called the aleurone layer. These parts of the cary-
opsis are covered by testa (seed coat) fused with the peri-
carp.15,16 Cell layers in the seed coats may accumulate large 
quantities of certain substances, such as mucilage or pigments 
that can also contribute to overall seed morphology.5

During grain development, purple anthocyanins are found 
only in the seed coat initially but are found in the pericarp 
later on in development,17,18 whereas flavonols and PAs 
(proanthocyanins) are the major pigments in yellow and 
brown seeds. Flavonols are present in both the seed coat and 
the embryo. Colorless PAs that accumulate exclusively in the 
inner integument, are oxidized, and polymerized into brown 
pigments during seed maturation, causing the formation of 
brown seed coat color.19-22

The flavonoid pathway has been studied elsewhere.22-25 The 
genes are divided in early anthocyanin biosynthesis genes 
(EBGs), and late anthocyanin biosynthesis genes (LBGs). EBGs 
include chalcone synthase (CHS), chalcone isomerase (CHI), 
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flavanone 3-hydroxylase (F3H), flavanone 3′-hydroxylase (F3′H), 
and flavonol synthase (FLS) which lead to the production of fla-
vonols, whereas LBGs include dihydroflavonol reductase (DFR), 
anthocyanidin synthase/leucoanthocyanidin dioxygenase 
(ANS/LDOX), UDP-flavonoid glucosyl transferase (UFGT), and 
anthocyanidin reductase (ANR) which lead to the production of 
proanthocyanidins and anthocyanins.22,26

Generally, the LBGs for anthocyanin biosynthesis is regu-
lated by a MYB-bLHLH-WD40 (MBW) complex.27 The 
MBW complex has been reported to regulate the expression of 
flavonoid biosynthesis genes.28 MYBs PAP1 and PAP2 in 
Arabidopsis,29 ZmC1 in maize,28 and MYB3 in petunias30 inter-
act with bHLHs such as GL3, EGL3, and TT829 to form a 
ternary complex with WD40, such as TTG1 in Arabidopsis, 
thus affecting proanthocyanin accumulation in seeds and 
anthocyanin accumulation in plant species.28,29,31

In this study, we analyzed recombinant inbred lines (RILs) 
of wheat to get a deeper analysis of the pigmentation accumu-
lation in seed coats of deep purple (DP) and yellow (Ye) seeds. 
Phenotypic and RNA sequencing was used to determine the 
transcriptome difference between DP and Ye wheat seeds and 
isolate a dominant gene for the deep purple grain trait. The 
findings of this study elucidate the mechanisms underlying 
color formation in Triticum aestivum L. seed coats.

Materials and Methods
Plant materials and growth conditions

RILs with different seed coat phenotypes, Ye (accession no. 
10DS1673, Korea University wheat sub-gene bank) and DP 
(accession no. 10DS1674), were used.32 Seeds were germi-
nated on moistened filter paper at room temperature for 
24 hours and vernalized at 4°C in a dark chamber for 4 weeks. 
Each seedling was then transplanted to a pot (5 × 5 × 16 cm) 
filled with soil (Sunshine mix #1, Sun Gro Horticulture, 
Vancouver, BC, Canada) in a well-controlled glasshouse at 
Korea University with a photoperiod of 16:8 hours (day:night) 
and temperatures between 20°C and 25°C. Spikes were har-
vested at the flowering stage at 10, 20, 30, and 40 days after 
pollination (DAP) in green house. Seeds of the same RILs 
were planted in the field at Advanced Radiation Technology 
Institute, Korea Atomic Energy Research Institute 
( Jeongeup, Jeollabuk-do, Republic of Korea), and the spikes 
were harvested at the flowering stage at 10, 20, 30, and 
40 DAP. Samples were immediately immersed in liquid 
nitrogen and stored at −80°C until further use. All samples 
were harvested in triplicate biological replicates.

Whole caryopses and cryo-cuts

To observe anthocyanin deposition during seed development 
in Ye and DP seeds, cryo-cuts (Cryotome CM3050S, Leica, 
Wetzlar, Germany) were used for sectioning the seeds of the 
harvested Ye and DP at 10, 20, 30, and 40 DAP. The seeds were 

embedded in optimum cutting temperature compound 
(Sakura® FineTek USA, Inc., Torrance, CA, USA). Cross-
sections (0.04 mm) were prepared from the central part of the 
developing caryopses and observed with a Leica EZ4D micro-
scope (Leica). Photographs were taken using Leica Acquire 
software (version 3.4.1).

Quantification of phenolics and anthocyanins

Free phenolics (FP) and total phenolics (TP) contents were 
measured using Folin-Ciocalteu reagent using 20 mg of grain 
sample ground in liquid nitrogen.33 Anthocyanin content was 
determined according to Hong et al34 using 100 mg from each 
sample. The absorbance was read at 765 nm for FP and TP and 
at 530 and 657 nm for anthocyanins using a microplate reader 
(HIDEX-Sense 425-301, Hidex, Turku, Finland). The results 
are expressed as the average of 3 biological replicates of pheno-
lics and anthocyanins.

Chlorophyll content

Chlorophyll content was measured using 20 mg of ground 
grains in liquid nitrogen following the protocol of Warren35 
with 3 biological replicates. The absorbance was measured at 
652 and 665 nm for chlorophyll content using a microplate 
reader (HIDEX-Sense 425-301).

Gene expression analysis

Total RNA was extracted in triplicate from samples taken 
during the seed development stages described in the sampling 
section. Seed samples were immediately frozen in liquid 
nitrogen and stored at −80°C until further use. Samples were 
ground in liquid nitrogen using a pestle and mortar, and RNA 
was extracted using the TRIzol method (Invitrogen, Waltham, 
MA, USA). cDNA was synthesized using the cDNA Takara 
PrimeScript™ 1st strand cDNA Synthesis Kit (Takara, 
Tokyo, Japan). Quantitative real-time PCR (qRT-PCR) was 
performed to analyze the flavonoid pathway genes during 
seed development of Ye and DP seeds. Gene-specific primers 
were designed using Primer-BLAST (NCBI, https://www.
ncbi.nlm.nih.gov/tools/primer-blast/) or obtained from pre-
vious publications as described in Supplemental Table S1. 
qRT-PCR was performed in triplicate using EvaGreen 2X 
qPCR MasterMix (ABM, Milton, ON, Canada) on a CFX-
96 RT-PCR machine (Bio-Rad, Hercules, CA, USA). β-actin 
(Accession no. AB181991) was used as an internal control. 
The 2−∆∆CT method was used to calculate expression levels in 
fold changes as previously described.36

cDNA library construction and RNA sequencing

Total RNA was extracted from whole grains using TRIzol 
reagent (Invitrogen, Waltham, MA, USA) and then used for 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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library construction with the Ri-bospinTMII Kit (Geneall 
Biotechnology, Seoul, Korea) according to the manufacturer’s 
instructions. A total of 9 RNA-seq paired-end libraries at 3 
developmental stages (10, 20, and 30 DAP, Supplemental 
Figure S1) in DP and Ye seeds were constructed from each 
DAP sample consisting of 3 biological replicates each, using 
the SMARTer Stranded RNA-Seq Kit (Clontech 
Laboratories Inc., Mountain View, CA, USA) following the 
manufacturer’s instructions. Each library was then loaded 
onto the Illumina Hiseq2000 platform, high-throughput 
sequencing was performed, and paired-end reads were gener-
ated. The high-quality reads were obtained after several steps 
of quality checks, including trimming, removal of adaptor/

primer, and low-quality reads using Trimmomatic v 0.35,37 
and extraction of sequence data with quality scores of Q ⩾ 20 
using SolexaQA.

Read mapping and annotation

The hexaploid common wheat (Triticum aestivum L.) draft 
reference genome sequence (IWGSC1+popseq.31) was 
directly downloaded from EnsemblPlants (http://plants.
ensembl.org/Triticum_aestivum/Info/Index). To map our 
reads to the draft genome sequence, an index of the reference 
genome was constructed using hisat2 (https://ccb.jhu.edu/
software/hisat2/index.shtml),38 and paired-end clean reads 

Figure 1.  Images during grain development of the yellow (Ye; sample 1673) and deep purple (DP; sample 1674) parental seeds: (a) frontal and posterior 

sides at 10, 20, 30, and 40 days after pollination (DAP) in Ye and DP seeds and (b) cross-sections during grain development of Ye and DP parental seeds 

at 10 and 20 DAP.

http://plants.ensembl.org/Triticum_aestivum/Info/Index
http://plants.ensembl.org/Triticum_aestivum/Info/Index
https://ccb.jhu.edu/software/hisat2/index.shtml
https://ccb.jhu.edu/software/hisat2/index.shtml
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were aligned to the reference genome, again using hsiast2, 
with all parameters set to their default values. HTSeq v0.6.1 
was used to count the reads mapped to each gene and to the 
exons of each gene.39 Differential expression was analyzed 
for each treatment group using DESeq2,40 and genes with an 
adjusted absolute log2 fold change of <1 were delineated as 
differentially expressed genes (DEGs). DEGs were anno-
tated by blasting (blastx) against the NCBI non-redundant 
protein database for the Poaceae family and against the 
UniProt protein sequence databases for rice, Arabidopsis, and 
Brachypodium (http://www.uniprot.org/), with an E-value 
cutoff of 10−4.

Selection of putative genes

For the flavonoid biosynthetic pathway, using the Arabidopsis_
unipro annotations, we selected for DEGs related to the flavonoid 
pathway such as CHS (chalcone synthase), CHI (chalcone isomerase), 
F3H (flavonol 3-hydroxylase), F3′H (flavonol 3′-hydroxylase), FLS 
(flavonol synthase), OMT1 (O-methyltransferase 1), UGT (UDP-
glycosyltransferase), DFR (dihydroflavonol reductase), LDOX (leu-
coanthocyanidin dioxygenase), ANR (anthocyanidin reductase), 
OMT (O-methyltransferase), and GT (glycosyltransferase). 
Similarly, we selected the data to identify MYB TFs expressed 
during the grain developmental stages using Poaceae_NR, Rice_
unipro, Brachypodium_unipro, and Arabidopsis_unipro databases. 
Heat maps were created using Gene-E (https://software.broad-
institute.org/GENE-E/). Highly expressed transcripts at 
20 DAP DP seeds were selected for qRT-PCR analysis, as 
shown in Supplemental Table S2.

For the isolation of MYB putative genes, highly expressed 
putative genes specifically at 20 DAP in DP seeds were 
selected from transcriptome analysis (Supplemental Table 
S2). Primers specific to these genes were designed after ref-
erencing the sequences in the Ensembl Plants database 
(https://plants.ensembl.org/Triticum_aestivum/Info/Index) 
or Plant Transcription Factor Database v5.0 (http://plant-
tfdb.gao-lab.org). The specific primers are shown in 
Supplemental Table S1.

Cloning and sequencing of putative MYB genes

The PCR fragments of genes were purified and cloned into 
pLUG-T Prime® TA-Cloning Vector (Intron Biotechnology, 
Seongnam, Korea). The vector and PCR-amplified product 
were mixed and ligated overnight at 4°C and transformed into 
Escherichia coli DH5α competent cells (YB Biotech, Taipei, 
Taiwan) using the manufacturer’s instructions. The pLUG 
plasmids were sequenced from both ends at Bionics (Seoul, 
South Korea). The sequences were compared with genes in the 
GenBank database using the BLAST program from the 
National Center for Biotechnology Information (https://blast.
ncbi.nlm.nih.gov/Blast.cgi).

Evolutionary and bioinformatics analysis

Sequences from the cloned genes were used in Expasy software 
(https://web.expasy.org/translate/) to translate the coding 
sequence into amino acids. For the cluster analysis MYB genes, 
the amino acid sequences of Traes_3DL_30CF35BB3 were 
analyzed with BLASTP from NCBI. Among the putative 
MYB genes, MYB genes of monocot plants were selected for 
phylogenetic analysis. The phylogenetic tree was constructed 
with fast minimum evolution method.41

The conserved domains were analyzed with the Conserved 
Domains tool from NCBI (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). A specific interaction network was 
constructed using STRING 11.0b (https://string-db.org), as 
seen in Zhao et  al42 with an option value >0.700, and both 
alignment and phylogenetic tree construction were performed 
in Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/); 
accession numbers used are shown in Supplemental Table S3. 
The phylogenetic tree was arranged using iTOL v6 (http://itol.
embl.de) using the category of TFs controlling anthocyanin 
synthesis or experimental interactions with At4G16430, 
AtTT8, AtMYC2, and AtEGL3.42,43

Statistical analysis and software

All data are presented as means from at least 3 biological repli-
cates. Significant differences were subjected to analysis of vari-
ance and t-test using IBM® SPSS® Statistics for MAC version 
25 (IBM Corp., Armonk, NY, USA). All tests were performed 
at 95%, 99%, and 99.9% confidence.

Results
Whole caryopses and cryo-cuts color deposition

At 10 DAP, Ye and DP seeds were similar in color (Figure 1), 
indicating that chlorophyll had fully covered both seeds at this 
stage. Similarly, in the cryo-cuts at 10 DAP, Ye and DP seeds 
were still in an early stage of development, and no color deposi-
tion was observed in either type. At 20 DAP, Ye seeds exhibited 
little variation, whereas in DP seeds, a purple color had spread 
gradually almost throughout the seed coat from the pericarp to 
the aleurone layer. At 20 DAP in Ye seeds, the cryo-cuts showed 
2 layers with visible chlorophyll in the seed coat, whereas in DP, 
the seed coat began to develop a purple color on the top seed 
coat layer (pericarp) and inside (aleurone layer), and chloro-
phyll remained under the inner layer (aleurone) or, in some 
areas, completely disappeared. The seed coat of Ye and DP 
seeds clearly appeared yellow and purple at 30 and 40 DAP, 
respectively.

Phenolic, anthocyanin, and chlorophyll 
quantif ication

FP and TP contents were quantified during seed development. 
In both Ye and DP seeds, FP peaked at 20 DAP. As seeds 

http://www.uniprot.org/
https://software.broadinstitute.org/GENE-E/
https://software.broadinstitute.org/GENE-E/
https://plants.ensembl.org/Triticum_aestivum/Info/Index
http://planttfdb.gao-lab.org
http://planttfdb.gao-lab.org
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://web.expasy.org/translate/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://string-db.org
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://itol.embl.de
http://itol.embl.de
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continued to develop, FP decreased in Ye seeds, whereas in DP 
seeds, there was a significant increase compared to Ye seeds at 
40 DAP. TP showed a significant increase in DP seeds com-
pared to that in Ye seeds. In contrast, TP was significantly 
reduced in DP seeds at 20 and 30 DAP. At 40 DAP, TP was 
reduced in Ye seeds and significantly increased in DP seeds 
(Figure 2a and b).

Similarly, the anthocyanin content was lower in Ye seeds 
than in DP seeds at the same stage. DP seeds had the highest 
anthocyanin content at 30 DAP and showed a reduction at 
40 DAP; however, the content in all stages was significant 
compared to that in Ye seeds in the corresponding stages 
(Figure 2c).

We measured the chlorophyll (Chl) contents, Chla, Chlb, 
total Chl, and Chla/Chlb ratio during seed development in both 
Ye and DP seeds. During the early stages (10 and 20 DAP), the 
Chl contents were high in Ye and DP seeds, whereas at 10 DAP, 
Chla, Chlb, total Chl, and the Chla/Chlb ratio were higher in 
DP seeds than in Ye seeds. At 20 DAP, the Ye seeds had higher 
contents than DP seeds. As expected, 30 and 40 DAP had the 
lowest chlorophyll content in both Ye and DP seeds, as dis-
played in Figure 1, where chlorophyll cannot be seen. 

Interestingly at 40 DAP in both Ye and DP seeds, there was an 
increase in Chla, Chlb, and total Chl contents, whereas the Chla/
Chlb ratio was reduced (Table 1).

Flavonoid biosynthetic gene expression

We analyzed the flavonoid biosynthetic gene expression during 
color deposition in each seed developmental stage. As shown in 
Figure 3, the early biosynthetic genes (EBGs; CHS, CHI, and 
F3H) and late biosynthetic genes (LBGs; F′3′5H, DFR, ANS, 
ANR, and UFGT) were mostly highly expressed in DP seeds at 
20 (CHI, F3H, DFR, ANS, and UFGT) or 30 (CHS and ANR) 
DAP, with the exception of F′3′5H, which was highly expressed 
at 40 DAP compared to that in Ye seeds. These results are con-
sistent with our images of color deposition and total anthocya-
nin quantification (Figure 1). Moreover, ANR had similar 
expression levels during 10 and 20 DAP and during 30 and 
40 DAP, whereas F′3′5H had similar expression from 20 to 
40 DAP. Furthermore, based on transcriptome analysis, we cre-
ated a schematic representation and analyzed expression of fla-
vonoid biosynthetic genes using the Arabidopsis_unipro 
annotations in Ye and DP seeds during seed color deposition. 
The DEG names are listed next to the heat map in Figure 4. 

Figure 2.  Phenolic and anthocyanin contents during seed development: (a) free phenolics, (b) total phenolics, and (c) anthocyanin content in yellow (Ye) 

and deep purple (DP) seeds in different stages of seed development. DAP, days after pollination. Data are means ± SEM of 3 biological replicates. 

Significant differences, evaluated by t-test, are indicated by *P ⩽ .05. **P ⩽ .01. ***P ⩽ .001 when comparing Ye versus DP within the DAP stage.

Table 1.  Chlorophyll content during seed development.

Chlorophyll a  

(μg mL−1 FW)

Chlorophyll b  

(μg mL−1 FW)

Total chlorophyll  

(μg mL−1 FW)

Chlorophyll a/ 

chlorophyll b

  Ye DP Ye DP Ye DP Ye DP

10 DAP 1.179 ± 0.057 3.021 ± 0.683a 0.637 ± 0.087 1.433 ± 0.730 1.816 ± 0.050 4.454 ± 1.195 1.878 ± 0.315 2.388 ± 1.069

20 DAP 1.476 ± 0.010 0.616 ± 0.008b 0.631 ± 0.324 0.478 ± 0.233 2.106 ± 0.332 1.094 ± 0.237 2.894 ± 1.694 1.642 ± 1.096

30 DAP 0.073 ± 0.007 0.074 ± 0.008 0.121 ± 0.123 0.223 ± 0.155 0.194 ± 0.115 0.297 ± 0.150 1.195 ± 0.973 0.727 ± 0.857

40 DAP 0.325 ± 0.099 0.166 ± 0.074 0.656 ± 0.029 0.370 ± 0.224 0.981 ± 0.099 0.536 ± 0.239 0.496 ± 0.156 0.583 ± 0.341

Chlorophyll content in yellow (Ye) and deep purple (DP) seeds in different stages of seed development. DAP, days after pollination. Data are means ± SD of 3 biological 
replicates. Significant differences, evaluated by t-test, are indicated as aP ⩽ .05, bP ⩽ .001 when comparing Ye versus DP within the DAP stage.
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The genes shown are CHS, CHI, F3H, F3′H, FLS, OMT1UGT, 
DFR, LDOX, ANR, OMT, and GT, which have been shown to 
be expressed in the flavonoid pathway.21

Transcriptome analysis and qRT-PCR expression 
levels

Based on transcriptome analysis (Figure 5a, Supplemental 
Tables S2, and S4), in general, more MYB TFs showed expres-
sion (up or down regulated) during the developmental process 
from 10 to 30 DAP in DP seeds, resulting in 60 MYB TFs 
expressed in total. More MYBs (>2 fold change) were detected 
at 10 and 20 DAP in Ye (DP10 DAP_Ye10DAP and 
DP10DAP_Ye20DAP) than in DP. Moreover, we selected 
genes for qRT-PCR analysis that showed high expression in 
DP20DAP_Ye20DAP: Traes_3DL_30CF35BB3 (2.017 fold), 
Traes_2BL_EED456A17 (2.796 fold), Traes_6BS_44456AE22 
(3.828 fold), and Traes_2BL_3041037F1 (4.077 fold). The 
qRT-PCR results (Figure 5b) revealed that among the genes 
studied, Traes_3DL_30CF35BB3 showed the highest expres-
sion in DP seeds at early stages (DP10DAP and DP20DAP) 
compared to the other genes. Thus, based on these results, we 
selected Traes_3DL_30CF35BB3 for further experiments.

Isolation of TaTCL2

Our sequence clone of Traes_3DL_30CF35BB3 was cloned 
using primers shown Supplemental Table S1. After sequenc-
ing, the sequence was subjected to BLAST in the NCBI data-
base, which indicated that the PCR product had 99% identity 
with a predicted sequence of Aegilops tauschii subsp. tauschii 
MYB-like TF TCL2 (LOC109750608), transcript variant X2, 
mRNA (sequence ID: XM_020309568.1), which confirmed 
that the obtained gene corresponded to the MYB TF TCL2.

Phylogenetic analysis and sequence alignments

To determine the evolutionary relationship of TaTCL2, phylo-
genetic analyses were performed by fast minimum evolution 
algorithm. The phylogenetic tree revealed evolutionary dis-
tance between TaTCL2 and 28 MYB-like protein from mono-
cot species (Supplemental Figure S2). TaTCL2 and 28 
MYB-like protein showed various sequence similarity (>70% 
amino acid identity). Interestingly, TaTCL2 and HvTCL2 dis-
played a very high sequence similarity (>92% amino acid iden-
tity) (Supplemental Figure S2).

To examine the relationship between TaTCL2 and MYB 
TFs in other plants that regulated anthocyanin biosynthesis, 
amino acid sequences or translated products were downloaded 
from the NCBI database to construct a phylogenetic tree. 
TaTCL2 was closest to AtTCL2, PhODO1, SCAN2like, AtMYB, 
FaMYB5, PhPH4, VvMYB5b, and VvMYBCS1 (Figure 6a).

Domain search using Pfarm database showed that it was a 
MYB-like DNA binding domain. This family contains the 
DNA binding domains from MYB proteins, was well as the 
SANT domain family.44 Moreover, our sequence showed the 
motifs PF00249 and PF13921, both from the SANT domain 
(a putative DNA-binding domain in the SWI-SNF and ADA 
complexes, the transcriptional co-repressor N-CoR and 
TFIIIB). Likewise, both motifs were identified as MYB-like 
DNA-binding domains (Supplemental Table S5). Figure 6b 
shows that the SANT domain is also found in the genes that 
TaTCL2 was clustered with in our phylogenetic tree.

Network interaction analysis of TaTCL2 response 
to anthocyanin biosynthesis

The above results suggest a high possibility that the TaTCL2 
gene is involved in the anthocyanin biosynthetic pathway for 

Figure 3.  Flavonoid-related genes during yellow (Ye) and deep purple (DP) seed development (10, 20, 30, and 40 days after pollination [DAP]). Genes are 

divided into early and late biosynthetic genes: (a) CHS: Chalcone synthase, (b) CHI: Chalcone isomerase, (c) F3H: Flavanone 3-hydroxylase, (d) F3′5′H: 

Flavonoid 3′5′ hydroxylase, (e) DFR: Dihydroflavonol 4-reductase, (f) ANS: Anthocyanidin synthase, (g) ANR: Anthocyanidin reductase, and (h) UFGT: 

UDP-glucose flavonoid-3-O-glucosyltransferase. Data are means ± SD of 3 biological replicates. Asterisks indicate significant differences when 

comparing Ye DAP in each developmental stage (*P ⩽ .05).
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wheat seed coat color deposition. Network interaction analysis 
has been recently demonstrated as a powerful method to study 
gene function.42 STRING 11.0b software was used to recon-
struct the interaction network of TaTCL2 based on the orthol-
ogous genes of Arabidopsis. Figure 7a shows that TaTCL2 
(homologous to AtTCL2 in Arabidopsis) can be associated 
with GL2, EGL3, and TTG1, which could combine with sev-
eral bHLH proteins during anthocyanin biosynthesis.

We performed qRT-PCR of genes showing direct interac-
tion in the interaction network analysis with TCL2 (Figure 
7a). Results showed that GL2 (a bHLH) expression was higher 
in DP seeds at 10 and 20 DAP compared to Ye seeds. At 
20 DAP, DP seeds, showed the highest expression. At 30 DAP, 
GL2 expression in DP seeds was reduced compared to that in 

other stages. EGL3 (a bHLH) and TTG1 (a WD40) had simi-
lar expression patterns, with the highest expression in DP 
10 DAP seeds. At 20 DAP, EGL3 and TTG1 exhibited 
decreased expression in both Ye and DP seeds, with higher 
expression in Ye than in DP seeds. Furthermore, at 30 DAP, the 
DP seeds had a gene expression reduction compared to Ye 
seeds in both, EGL3 and TTG1 (Figure 7b).

Discussion
Whole caryopses and cryo-cuts deposition

Our results revealed visible purple color at 20 DAP. Followed 
by an uniform pigmentation that was seen between 20 and 
30 DAP (Figure 1a), in contrast to early stages where pigment 
distribution was not homogenous. Similar results were reported 

Figure 4.  Schematic representation and expression analysis of flavonoid biosynthetic genes in yellow (Ye) and deep purple (DP) seeds during seed color 

deposition. The DEG names are listed next to the heat map. Log2 fold changes (DP-RIL/Ye-RIL) of DEGs at 10, 20, and 30 Days after pollination (DAP) 

are illustrated with blue or red boxes, which indicate down or upregulation, respectively, compared to the genes in Ye-RIL. CHS, chalcone synthase; CHI, 

chalcone isomerase, F3H, flavonol 3-hydroxylase; F3′H, flavonol 3′-hydroxylase; FLS, flavonol synthase; OMT1, O-methyltransferase 1; UGT, UDP-

glycosyltransferase; DFR, dihydroflavonol reductase; LDOX, leucoanthocyanidin dioxygenase; ANR, anthocyanidin reductase; OMT, O-methyltransferase; 

GT, glycosyltransferase. Arabidopsis_unipro annotations were used. Numbers represent the fold changes. Colors are based using row minimum and 

maximum values. The mean values were obtained from 3 biological replicates.
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by Trojan et al15 in purple and blue wheat seeds where in the 
early stages the chlorophyll pigmentation was covering the 
grains, whereas at 20 or 30 DAP the pigmentation started to be 
distributed uniformly.

Moreover, in Figure 1b, the purple color was first depos-
ited in the peripheral parts of the pericarp, and the remnants 
of chlorophyll were detected in the aleurone layer. Chlorophyll 
disappeared faster in DP seeds than in Ye seeds. Similar 

Figure 5. H eat map and transcript levels of MYB putative genes: (a) Heat map of the differentially expressed genes of MYB. A positive value indicates 

upregulation in the late stage; for example, in DP10DAP_DP20DAP, the plus value of log2FoldChange means upregulation in DP20DAP stage. We used 4 

annotation Databases: Poaceae_NR, Rice_unipro, Brachypodium_unipro, and Arabidopsis_unipro. Numbers represent the fold changes. Colors are 

based using row minimum and maximum values. The mean values were obtained from 3 biological replicates. (b) qRT-PCR transcription analysis of 4 

selected MYB putative genes during seed coat color deposition in 3 different stages of deep purple (DP) and yellow (Ye) samples. Ten days after 

pollination (DAP), 20 DAP, and 30 DAP (early, middle, and late stages, respectively). Ye is used as an internal control within a stage. Data are means ± SD 

of 3 biological replicates; (b) transcript levels of putative MYB genes. Data are means ± SEM of 3 biological replicates. Significant differences, evaluated 

by t-test, are indicated by *P ⩽ .05, and **P  ⩽ .01 when comparing Ye versus DP within the DAP stage.
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studies have reported that in purple seeds, chlorophyll disap-
peared from the pericarp to the aleurone layer.15 Furthermore, 
as the seeds continued to develop, there was a decrease in 
chlorophyll content, allowing purple and/or yellow pigments 
to be deposited. Moreover, the pericarp became thinner, 
color intensity increased, and the whole seed became dry 
(Figure 1).

Phenolic, anthocyanin, and chlorophyll 
quantif ication

Results showed that DP seeds had higher FP, TP, and antho-
cyanin contents than Ye seeds (Figure 2a–c). However, at 
40 DAP, the anthocyanin content decreased (Figure 2c). We 
suggest that the decrease in anthocyanin content at 40 DAP 
may have been caused by the dilution of the total anthocyanin 
content by starch in the endosperm, resulting in a decrease in 
the anthocyanin content over time, as seen in a previous study 
in 6 wheat cultivars.17 Similarly, our results showed higher phe-
nolic and anthocyanin contents in darker-colored seeds as 
reported previously.6,8,9,11,13

As expected, chlorophyll content reduced with the develop-
ment of seeds,15 as seen in Figure 1b and Table 1. This reduc-
tion allowed color deposition in both Ye and DP seeds. 
However, our results also show that there was an increase in 
chlorophyll content even after the seeds maturation as seen in 

Figure 1a, where it is shown that there is no more chlorophyll. 
However, these results can be explained by the method used in 
chlorophyll quantification35 and anthocyanin quantification.34 
The wavelength used for measuring chlorophyll a, b, and 
anthocyanin were 652, 665, and 657 nm, respectively. Thus, 
anthocyanins might have also been quantified in the chloro-
phyll content in the matured seeds since the wavelength is jux-
taposed, explaining the higher chlorophyll content in Ye and 
DP seeds 30 and 40 DAP.

qRT-PCR analysis of the flavonoid pathway

CHI, F3H, DFR, ANS, and UFGT gene expression peaked 
at 20 DAP in DP seeds. In Brassica napus, it was reported 
that CHI exhibited an expression pattern similar to that of 
CHS, since the activity of this enzyme is closely related to 
CHS.17 However, our results showed that CHS peaked at 
30 DAP, which might be due to the genotype used. Moreover, 
during grain development, CHS has been shown to decrease 
over time.45 Our results showed that CHS reduced at 
40 DAP. F3H and DFR had similar expression patterns to 
those of CHS and CHI, but they peaked at different devel-
opmental stages. Similar results have been shown for DFR, 
which peaked at 18 days after flowering.46 Between our 2 
cultivars, DFR expression was similar to that in previous 
reports.18 CHS and ANR peaked at 30 DAP in DP seeds. 

Figure 6.  Phylogenetic tree and sequence alignment: (a) Phylogenetic tree of the putative MYB transcription factor cloned with other transcription factors 

related to color in other species. The accession numbers of these proteins (or translated products) are shown in Supplemental Table S3; (b) multiple 

sequence alignment of candidate anthocyanin-specific R2R3-MYB proteins with known anthocyanin regulators. The R3 repeats of the MYB domain 

related to the SANT motif are marked according to previously characterized anthocyanin-specific R3-MYBs.
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Additionally, F′3′5H peaked at 40 DAP in DP seeds, in 
contrast to previously reported results, where it peaked in 
mid-grain development.45

The expression levels of genes involved in pigment biosyn-
thesis were found to vary greatly between the Ye and DP seed 
lines of Triticum aestivum L. However, all these genes were 
also expressed in the yellow-seeded lines. These data indicate 
that the absence of pigment synthesis in the yellow-seeded 
line of Triticum aestivum L. involves the downregulation, but 
not the complete inactivation, of several key genes.

The seed development of DP seeds was accompanied by an 
increase of anthocyanin content and the expression of TaTCL2 
and genes related to the flavonoid pathway.

Phylogenetic tree and domain

Evolutionary studies have revealed that of the genes involved 
in the anthocyanin pathway, structural genes evolve more 
slowly than regulatory genes.47 The evolutionary relationship 
of TaTCL2 showed closely relationship from monocot plant 
in Poaceae (Supplemental Figure S2). It has been shown that 
TaMpc1 and HvMpcs had a high connection between gene 

expression and the appearance of anthocyanin pigmentation, 
and the lineages of wheat and barley diverged 16 to 19 mil-
lion years age (MYA).48 However, a previous study of the 
anthocyanin biosynthesis pathway showed that the antho-
cyanin genes are species specific and are not dependent on 
the class of the plant species.49

TaTCL2 is a functional MYB transcription factor gene reg-
ulating anthocyanin biosynthesis. Upon examining the rela-
tionship between TaTCL2 and MYB TFs in other plants, 
TaTCL2 was revealed to be closest to AtTCL2, PhODO1, 
SCAN2like, AtMYB, FaMYB, PhPH4, VvMYB5b, and 
VvMYBCS1 (Figure 6a). The dendrograms indicated that 
TaTCL2 belonged to a distinct cluster of MYB proteins. We 
searched for domains in our sequence using Pfarm database, 
and the results showed that it contained a SANT (Swi3, Ada2, 
N-Cor, and TFIIIB) which has been reported to be an impor-
tant domain for the anthocyanin biosynthesis.43,50 The SANT 
domain was found in the genes that TaTCL2 was clustered 
with in our phylogenetic tree (Figure 6b). Moreover, the tran-
script level of TaTCL2 was substantially higher at the early 
stages (10 and 20 DAP) in DP seed relative to Ye seeds with 
low anthocyanin content.

Figure 7.  Interaction network analysis and gene expression of related interacting genes. (a) Interaction network analysis of bHLH and related genes of 

Arabidopsis thaliana. Line thickness is related to the combined score (TaTCL2 > 0.7). The homologous gene in wheat is in red. (b) qRT-PCR of genes 

showing direct interactions in interaction network analysis. Yellow (Ye) and deep purple (DP) samples. Days after pollination (DAP). Ye in each stage is 

used as an internal control. Data are means ± SD of 3 biological replicates. Asterisks indicate significant differences when comparing Ye DAP in each 

developmental stage (*P  ⩽ .05. **P  ⩽ .01. ***P  ⩽ .001).
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Interaction analysis

Our results showed that our cloned gene, TaTCL2, is likely 
involved in the anthocyanin biosynthesis pathway for wheat 
seed coat color deposition. R2R3 MYB TFs have been shown 
to interact closely with bHLH TFs51,52 of the IIIf subfamily of 
bHLH for Arabidopsis, which have been demonstrated to be 
involved in flavonoid biosynthesis and trichome forma-
tion.29,53,54 TT8 (Transparent testa), GL3 (Glabra 3), and 
EGL3 (Enhancer of Glabra 3) from the IIIf subfamily along 
with TTG1 (Transparent testa glabra 1-WD40) interact to 
form MBW complexes, which function in regulating the flavo-
noid biosynthetic genes and influencing seed coat color forma-
tion55 and anthocyanin biosynthesis for Arabidopsis, tomato, 
and strawberry.56-60 Our network interaction analysis of 
TaTCL2 based on the orthologous genes of Arabidopsis showed 
strong interactions with GL2, EGL3, and TTG1, which could 
form an MBW complex related to anthocyanin biosynthesis 
(Figure 7a).

We performed qRT-PCR of genes showing direct interac-
tions in interaction network analysis. It is shown that there was 
a higher expression in GL2, TTG1, and EGL3 at the early 
stages (10 and 20 DAP) compared to the late ones (30 and 
40 DAP), which is in accordance to the color formation in the 
seeds as seen in Figure 1. These allows us to conclude that 
there is a high possibility that an MBW complex can be formed 
and that TaTCL2 is involved in seed coat color deposition in 
Triticum aestivum L.

Conclusions
This study analyzed the networks underlying pigment forma-
tion, investigated the variation in flavonoid accumulation dur-
ing seed development in Ye and DP seeds, and monitored the 
differential expression of the main structural genes and TFs 
involved in the flavonoid biosynthetic pathway using tran-
scriptome analysis. The findings of this study elucidate the 
mechanisms underlying color formation in Triticum aestivum 
L. seed coats. Furthermore, by cloning the novel gene TaTCL2, 
we uncovered evidence that this gene is important in seed 
color formation through an MBW complex that regulates 
anthocyanin formation in DP seeds. The findings of this study 
will lay a foundation for understanding the molecular mecha-
nism underlying DP color formation for DP seed breeding in 
T. aestivum L.
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