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Abstract
Floral color plays a major role in pollinator specificity, and changes in color may result in pollinator shifts and pollinator-
mediated speciation. In the purple flowers of Platycodon grandiflorus, anthocyanins are the major pigment metabolites, 
whereas white flowers result due to the absence of anthocyanins. The lack of anthocyanins may be due to the inhibition of the 
anthocyanin biosynthesis pathway. However, the molecular mechanism of anthocyanin biosynthesis in P. grandiflorus is not 
fully understood. Hence, we identified R2R3-MYB transcription factor, PlgMYBR1, as a negative regulator for anthocyanin 
biosynthesis using sequence homology and tissue-specific expression pattern analyses. A heterologous co-expression assay 
suggested that PlgMYBR1 inhibited the function of AtPAP1 (Arabidopsis thaliana production of anthocyanin pigment 1), 
indicating that PlgMYBR1 plays as a repressor of anthocyanin biosynthesis in P. grandiflorus. Our results provide a foun-
dation for future efforts to understand the anthocyanin biosynthesis in P. grandiflorus and, thereby, to improve flower color 
through genetic engineering.
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Introduction

Platycodon grandiflorus is a monotypic species belonging to 
the Campanulaceae family, which is a widely used ornamen-
tal, edible, and traditional Chinese medicinal herb in East 
Asia (Zhang et al. 2015). In traditional Chinese medicine, 
rhizomes of P. grandiflorus are administered to treat cough, 
phlegm, chest tightness, sore throats, and other disorders (Ji 
et al. 2020). Although 75 triterpenoid glycosides have been 
identified from P. grandiflorus, platycodin D is considered 
to be the main active compound, which possesses multiple 
biological effects, such as anticancer, anti-inflammatory, 
antiobesity, and antidiabetic properties (Jeon et al. 2019; 
Ji et al. 2020). In addition, flavonoids (e.g., luteolin-7-O-
glucoside, flavoplatycoside, and apigenin-7-O-glucoside), 
phenolic acids (e.g., caffeic acid, ferulic acid, and iobetyo-
lin), polyacetylene (e.g., lobetyolinin and lobetyolin), and 

sterols (e.g., β-sitosterol, spinasterol, and betulin) have been 
isolated from this plant (Ji et al. 2020). Although consider-
able attention has been focused on the pharmacologic prop-
erties of the roots and rhizomes of P. grandiflorus, EtOH 
extract of P. grandiflorus flowers have also been shown to 
exhibit antioxidant, cholesterol adsorption inhibitory, and 
α-glucosidase inhibitory activities (Kang et al. 2019), indi-
cating the potential of flowers as a source of dietary health 
supplements.

In Korea, two varieties with purple flowers (PFs) or white 
flowers (WFs) are more common, and there is a difference 
in pharmaceutical properties between these varieties (Park 
et al. 2007; Han et al. 2014). Therefore, SSR (sequence-
characterized amplified region) and SNP (single nucleo-
tide polymorphism) markers were developed for predicting 
flower color in P. grandiflorus (Park et al. 2007; Yu et al. 
2021). Although these markers facilitate the analysis of 
genetic diversity and marker-assisted selection breeding, 
the molecular mechanisms of flower color variation in P. 
grandiflorus are still not fully understood.

Flower color is mainly due to the accumulation of pig-
ments such as flavonoids/anthocyanins, carotenoids, and 
chlorophylls (Grotewold et al. 2006). Among them, antho-
cyanins are major pigmentation compounds, which primarily 
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cause the formation of red, orange, blue, and purple flowers 
(Grotewold et al. 2006). In higher plants, anthocyanin accu-
mulation is strongly correlated with the expression of antho-
cyanin structural genes controlled by MYB-bHLH-WD40 
(MBW) activation complex, whereas R2R3-MYB with R2 
and R3 repeats and R3-MYB with only R3 repeat are veri-
fied to be anthocyanin repressors via interfering with MBW 
complex formation (Mekapogu et al. 2020). This indicates 
that MYB transcription factors are the most specific and 
conspicuous regulators of anthocyanin biosynthesis among 
the MBW complex (Zimmermann et al. 2004; Mekapogu 
et al. 2020). Although the regulatory mechanisms by which 
MYBs affect plant color have been widely investigated 
in eudicot plants such as Petunia, Arabidopsis, Mimulus, 
grapevine, apple, and peach (Yuan et al. 2014; Liu et al. 
2015; Hu et al. 2016; Tohge et al. 2017; Ma et al. 2018; 
Ding et al. 2020), the functional analysis of MYBs regulat-
ing anthocyanin biosynthesis are still relatively unknown in 
P. grandiflorus.

In this study, we aimed to investigate the molecular 
mechanism responsible for the different flower colors of P. 
grandiflorus and elucidate the role of MYB transcription 
factors by analyzing the expression pattern in different tissue 
and flower development stages. Using transient color assays, 
we performed functional characterization of P. grandiflo-
rus MYB repressor 1 (PlgMYBR1). Taken together, these 
results suggest that the variation in PlgMYBR1 expression 
level between two varieties affects the accumulation of 
anthocyanins and flower color.

Materials and methods

Plant materials

Seeds of P. grandiflorus with WFs and PFs, obtained from 
the Danong, Co., Ltd, in South Korea, and of tobacco (Nico-
tiana tabacum cv. Petit Havana) were germinated and grown 
in a growth chamber with a long photoperiod (16-h light/8-h 
dark). To analyze the anthocyanin content and gene expres-
sion patterns, buds and flowers were harvested by stages 
according to bud diameter and open flower and immediately 
frozen in liquid nitrogen.

Determination of anthocyanin and chlorophyll 
contents

Total anthocyanin content was quantified as described 
by Shin et  al. (2007). The absorbance was determined 
at 530 nm (A530) and 657 nm (A657), respectively, and 
the content was calculated using the following formula: 
(A530 − 0.33 × A657)/g of fresh weight.

Ten milligrams of samples were extracted in 95% ethanol 
at 80 °C for 30 min, and an aliquot of the ethanolic extracts 
was used for the determination of chlorophyll (Chl) contents. 
The contents of Chl a and b and total Chl (Chl a + b) were 
calculated according to Czyczyło-Mysza et al. (2013). Total 
anthocyanin and Chl contents in each sample were deter-
mined in triplicates.

Isolation and expression pattern of MYB repressors 
(MYBRs) in P. grandiflorus

To enlist the complete family of MYBR in P. grandiflorus, 
BLAST searches (p < 0.01) were performed on P. grandiflo-
rus (variety with WFs) sequencing data (Kim et al. 2020). 
The amino acid sequences of candidate genes were analyzed 
to examine the presence of the characteristic conserved 
domains using Simple Modular Architecture Research Tool 
(http://​smart.​embl-​heide​lberg.​de/).

To analyze the tissue-specific expression pattern of 
P. grandiflorus, MYB repressors (PlgMYBRs), RNA-
Seq data derived from eight different tissues were 
downloaded from NCBI GenBank (variety with WFs, 
SRR8712510–SRR8712517). As described by Kim et al. 
(2020), transcription levels of each gene were estimated in 
fragments per kilobase of transcript per million mapped read 
values.

RNA isolation and quantitative real‑time PCR

Total RNA from P. grandiflorus and tobacco samples was 
extracted using the FavorPrep Plant Total RNA Mini Kit, 
and reverse-transcribed into cDNA using the cDNA syn-
thesis kit (Toyobo, Co., Ltd., Osaka, Japan). Quantitative 
real-time PCR (qRT-PCR) was performed using the Toyobo 
SYBR‐Green Master Mix. Specific primer pairs for each 
gene (Table S1) were used, and the transcription levels of 
target genes were normalized to PlgActin or NtGAPDH. All 
analyses were performed in three biological replicates and 
two technical replicates.

Cloning and transient expression of PlgMYBR1 
in tobacco

The full-length PlgMYBR1 gene amplified using gene-spe-
cific primers was cloned into the pENTR/D-TOPO vector 
and subcloned into a gateway binary vector pGWB505. For 
transient PlgMYBR1 expression, Agrobacterium tumefaciens 
GV3101 containing 35S:PlgMYBR1 or 35S:Arabidopsis 
thaliana production of anthocyanin pigment 1 (AtPAP1) 
construct was inoculated into 3 mL LB medium with anti-
biotics at 28 °C, and agro-infiltration was performed as 
described by Ji et al. (2021). Leaf color and anthocyanin 
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content were monitored at 7 days after infiltration. Transient 
expression was assessed in three biological replicates.

Results and discussion

The expression levels of anthocyanin biosynthetic 
genes in two flower color varieties of P. grandiflorus

As described earlier, the chemical compounds determining 
the flower colors mainly include flavonoids/anthocyanins, 
carotenoids, and chlorophylls. In the PF of P. grandiflo-
rus, delphinidin and its polyacylated derivatives including 
platyconin (delphinidin 3-dicaffeylrutinoside-5-glucoside) 
were identified as a major anthocyanin (Kondo et al. 2021; 
Lv et al. 2021). This suggests that anthocyanins are major 
pigmentation compounds, although a comparative analysis 
between WF and PF varieties of P. grandiflorus is still 
needed. Hence, we initially determined the contents of 
total anthocyanin and total Chl from petals of four differ-
ent flowering stages of WF and PF. As shown in Fig. 1, 
the total anthocyanin contents of PF and WF were simi-
lar in S1 and S2. However, total anthocyanin content in 

PF increased at S3 and reached the maximum level at 
S4, whereas total anthocyanin content in WF remained 
unchanged in all stages. Total Chl content in both PF and 
WF increased to the highest at S1 and decreased as the 
flowers bloomed (Fig. 1).

Differences in anthocyanin contents between two flower 
color varieties prompted us to investigate whether this 
phenomenon is mediated by the altering expression of 
genes involved in the anthocyanin biosynthetic pathway. 
As shown in Fig. 2, the expression levels of anthocyanin 
biosynthetic genes in PF were significantly higher than 
those of WF. In PF, the expression level of these genes 
increased initially, then decreased, and finally reached a 
peak at S3, whereas these genes were expressed at low lev-
els and were almost unchanged or slightly decreased dur-
ing the developmental process in WF (Fig. 2). Similarly, 
the differential expression of anthocyanin biosynthetic 
genes in relation to anthocyanin accumulation underlie 
color divergence of flowers, fruits, and leaves in various 
plants (Wei et al. 2011, 2015; Zhang et al. 2017; Naing 
et al. 2018; Le Maitre et al. 2019; Ye et al. 2021). Taken 
together, this indicates that anthocyanins are the main con-
tributors to the coloration of P. grandiflorus petals. Thus, 

Fig. 1   Change in the color, 
anthocyanin content, and 
chlorophyll (Chl) content dur-
ing flower development of P. 
grandiflorus. A The images of 
the flowers of P. grandiflorus 
varieties. S1: < 1 cm diam-
eter, S2: 1–2 cm diameter, S3: 
2–3 cm diameter, and S4: fully 
open. Analyses of anthocyanin 
accumulation (B) and total Chl 
contents (C) during the flower 
development in both varieties. 
The data are representative 
of three independent experi-
ments (mean ± SE). *p < 0.05, 
**p < 0.01, and ***p < 0.001, as 
compared with those of purple 
petals
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we focused on the differential expression levels of antho-
cyanin biosynthetic genes in the two contrasting flower 
color varieties of P. grandiflorus.

Identification of MYBR genes in P. grandiflorus

In Arabidopsis, R2R3-MYB genes belonging to subgroup 6 
(e.g., Arabidopsis thaliana MYB75, 90, and 114) are known 
as MYB activators that positively regulate the anthocyanin 
biosynthetic pathway, whereas the subgroup 4 R2R3-MYB 
genes (e.g., Arabidopsis thaliana MYB3, 4, 7, and 32) play 
as MYBRs that inhibit the anthocyanin biosynthesis (Ma 
and Constabel 2019; Deng et al. 2020). Similarly, three 
apple MYBs (Malus domestica MYB1, 10, and MYBA) 
regulate anthocyanin accumulation by directly activating 
the expression of anthocyanin structural genes, whereas 
Malus domestica MYB16, 111, and 308 negatively regu-
late pigmentation in apple (Lin-Wang et al. 2010; Ma and 
Constabel 2019; Wang et al. 2022). This indicates that the 
biosynthesis of anthocyanin is coregulated by MYB activa-
tors and MYBRs, and the identification of both regulators 
is important to understand flower or fruit color variation. 
To identify MYB activators and MYBRs in P. grandiflo-
rus genome, amino acid sequences of MYB activators and 
MYBRs from various plants were used as queries, and the 
redundant sequences were removed, resulting in a total of 10 
candidate R2R3-MYBR genes. However, we could not find 
MYB activators in the draft genomic data of P. grandiflorus, 
probably due to sequencing errors, the missing sequence 
that included exons or parts of exons, and misassemblies. 
As shown in Fig. 3, the sequence alignment of these candi-
date PlgMYBR proteins indicated that all had the conserved 

R2 and R3 domains in the N-terminal, together with C1/
GIDP motif. The subgroup 4 R2R3 type MYBRs are char-
acterized by two conserved motifs: C1/GIDP motif and C2/
EAR (pdLNLD/EL), indicating that PGJG195470 belongs 
to the subgroup 4 R2R3 type MYB family. However, it is 
uncertain whether these C1/GIDP and C2/EAR motifs are 
the sole determinant of the repressive activity. In addition, 
Arabidopsis thaliana MYB3, Petunia hybrid MYB27, and 

Fig. 2   The expression levels of genes involved in anthocyanin bio-
synthesis in the petal of two P. grandiflorus varieties. The expression 
levels of genes from the white petals were compared with those of 
the purple petals. The data are representative of three independent 
experiments (mean ± SE). *p < 0.05, **p < 0.01, and ***p < 0.001 as 

compared with those of the purple petals. CHS, chalcone synthase; 
CHI, chalcone isomerase; F3H, flavanone hydroxylase; DFR, dihy-
droflavanol-4-reductase; ANS, anthocyanin synthase; UFGT, flavo-
noid-3-O-glucosyltransferase

Fig. 3   Comparison of putative PlgMYB repressors with other plant 
R2R3 type MYB repressors. Motif distributions were investigated 
using the MEME web server
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Fragaria × ananasa MYB1 do not contain C2/EAR motif, 
although they are well characterized as R2R3-type MYBRs 
(Yan et al. 2021). R2R3-type MYBRs are divided into two 
clades: Arabidopsis thaliana MYB4-like clade (inhibition by 
direct binding to the promoter of anthocyanin biosynthetic 
genes) and Fragaria × ananasa MYB1-like clade (acting on 
bHLH and interfering with the proper assembly of the MBW 
complex) (Yan et  al. 2021). MYBRs belonging to Fra-
garia × ananasa MYB1-like clade usually possess TLLLFR 
motif, which seems to be their suppression role (Matsui 
et al. 2008; Yan et al. 2021). Another difference between 
Arabidopsis thaliana MYB4-like and Fragaria × ananasa 
MYB1-like clades is the DNEI and DNEV sequences in the 
R3 domain, respectively (Chen et al. 2019). As shown in 
Fig. 3 except PGJG319100, all putative PlgMYBR proteins 
have a DNEI sequence, indicating that they are more closely 
related to the Arabidopsis thaliana MYB4-like clade and 
may play as MYBR by directly binding to the promoters of 
the target genes.

Expression pattern of putative PlgMYBRs in various 
organs and flower developmental stages

The analysis of organ-specific expression patterns should 
be helpful to determine whether target genes play a role 
in defining the function of given organs. A PF has purple 
petals with a purple pistil, while a WF has white petals 
with a white pistil (Fig. 1). Thus, we hypothesized that 
the difference in the anthocyanin accumulation between 

PF and WF is due to differentially expressed PlgMYBRs 
in petals and pistil. To test this, we analyzed the expres-
sion patterns of PlgMYBRs in different organs using RNA-
seq data generated from P. grandiflorus variety with WFs 
(Kim et al. 2020), and expression patterns were organ-
ized by hierarchical clustering into 5 clusters (Fig. 4a). 
Cluster 1 contained genes that were expressed in root and 
stem, and cluster 3 genes were highly expressed in most 
organs, except petal and pistil. Interestingly, only cluster 
4 genes were highly expressed in petal and pistil. Similar 
to our findings, MYBRs such as chrysanthemum MYB7 
(CmMYB#7) and Freesia hybrida MYBx were markedly 
differentially expressed between colored and noncolored 
petals or tissues (Xiang et al. 2019; Li et al. 2020). This 
indicates the role of the two MYBRs, PGJG106460 (Plg-
MYBR1) and PGJG195470, in the biosynthesis of antho-
cyanins, considering their high transcript levels in white 
petals and pistil. Further, we compared the expression lev-
els of PlgMYBR1 and PGJG195470 in PFs and WFs. As 
shown in Fig. 4b, the expression of PlgMYBR1 decreased 
during flower development, and PlgMYBR1 was highly 
expressed in WFs compared to that in PFs. The expres-
sion pattern of PGJG195470 was highly correlated with 
the accumulation pattern of anthocyanins in PFs. In chry-
santhemum, the changes of Chrysanthemum morifolium 
MYB#7 transcript levels induced alterations in anthocyanin 
content, resulting in the production of red or white petals 
(Xiang et al. 2019). This suggests that PlgMYBR1 is an 
important factor in the two contrasting flower color varie-
ties of P. grandiflorus too.

Fig. 4   Expression pattern of putative PlgMYB repressors (PlgMY-
BRs). A Tissue-specific expression pattern of PlgMYBRs. Data rep-
resent FPKM values of RNA-Seq data generated from eight different 
tissues of P. grandiflorus with white flower. B The expression pat-

terns of the selected PlgMYBRs were analyzed using qRT-PCR. The 
expression levels of genes from the white petals were compared with 
those of the purple petals. *p < 0.05. FPKM, fragments per kilobase 
of transcript per million mapped reads
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Functional characterization of putative PlgMYBR1 
in tobacco

Transient color assays in tobacco leaves have been com-
monly used to characterize the function of MYB activators 
and MYBRs in various plants (Wang et al. 2017; Tiru-
malai et al. 2019; Xiang et al. 2019; Zhou et al. 2019). To 
characterize the function of PlgMYBR1, we co-infiltrated 
PlgMYBR1 with a well-known MYB activator, AtPAP1. 
As shown in Fig.  5a, transient expression of AtPAP1 
resulted in the production of abundant anthocyanins 
after 7 days, whereas PlgMYBR1 significantly inhibited 
AtPAP1-induced anthocyanin accumulation. Interestingly, 
PlgMYBR1 sequence obtained from PFs exhibited a dif-
ference in single nucleotide sequence that changed the 
amino acid sequence, W211C, compared with P. grandi-
florus genomic data (Fig. S1). Thus, we hypothesized that 
this inconsistent protein sequence seemed important for 
catalytic activity. To test this, we compared the inhibitory 
effect of PlgMYBR1 with that of PlgMYBR1(W211C). 
As shown in Fig. 5a, there was no difference in inhibitory 
effects between PlgMYBR1 and PlgMYBR1 (W211C) 
variants. In addition, the expression levels of AtPAP1-
induced anthocyanin biosynthetic genes were significantly 
reduced by PlgMYBR1 and PlgMYBR1 (W211C). These 
indicated that PlgMYBR1 is a negative regulator of antho-
cyanin biosynthesis and floral color variation in P. grandi-
florus is associated with the transcript level of PlgMYBR1 
rather than the single amino acid difference between WFs 
and PFs.

Transposon insertions and deletions in promoter regions 
of MYBs lead to changes in the transcript levels of MYBs, 
resulting in flower or skin color variation between cultivars 
of apple, grape, and dahlia (Poudel et al. 2008; Espley et al. 
2009; Ohno et al. 2011). Therefore, one possible explana-
tion should be that transposable element influences on the 
expression of PlgMYBR1. In addition, the transcript levels 
of Malus domestica MYB1 change by DNA methylation in 
its promoter region, resulting in determining anthocyanin 
content in the fruit peel of two apple cultivars (Ma et al. 
2018). Similarly, histone H3K9 demethylase JMJ25 directly 
affects the expression of poplar MYB182 (anthocyanin 
repressor) to modulate the biosynthesis of anthocyanins in 
poplar (Fan et al. 2018). Based on these findings, we hypoth-
esized that altering the expression levels of PlgMYBR1 by 
epigenetic modification modulate anthocyanin biosynthesis 
in flowers of two P. grandiflorus varieties, as other possible 
explanations.

Conclusion

In this study, we identified that PlgMYBR1 as a negative 
regulator in anthocyanin biosynthesis by analyzing sequence 
homology and expression patterns. In addition, the heterolo-
gous co-expression assay suggested that PlgMYBR1 inhib-
ited the function of AtPAP1, indicating that the transcript 
level of PlgMYBR1 determines anthocyanin contents in the 
petal of two P. grandiflorus varieties. Although the function 
of PlgMYBR1 has been inferred in heterologous systems 

Fig. 5   Transient activation of PlgMYBR1 in tobacco leaves. A Tran-
sient expression of PlgMYBR1-expressing constructs in tobacco 
introduced through agro-infiltration. AtPAP1 infiltration led to high 
accumulation of anthocyanin, whereas PlgMYBR1 inhibited the 
accumulation of AtPAP1-induced anthocyanin. B Effect of Plg-
MYBR1 on the expression of AtPAP1-induced genes involved in the 

anthocyanin biosynthetic pathway. The level of expression is repre-
sented as log2 ratio. Data are means (± SE) of three biological rep-
licates per construct. Different letters indicate statistically significant 
differences between the samples by Duncan multiples: **p < 0.01, 
***p < 0.001
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and further experiments are required to understand the 
variation of its expression levels, our results have provided 
insights into the function of PlgMYBR1, which is predicted 
to regulate flower color formation through the regulation of 
anthocyanin biosynthesis.
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