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Abstract
Key message Overexpression of CpbHLH1 in Arabidopsis and tobacco resulted in a dramatic decrease in anthocyanin 
accumulation by repressing the expression of late biosynthesis genes in the flavonoid biosynthesis pathway.
Abstract Many basic helix–loop–helix (bHLH) transcription factors (TFs) of subgroup IIIf have been characterized as 
anthocyanin-associated activators in higher plants, but information regarding bHLH TFs that inhibit anthocyanin accumula-
tion remains scarce. In this study, the subgroup IIIf bHLH TF CpbHLH1 from Chimonanthus praecox (L.) was identified as a 
negative regulator of anthocyanin accumulation. Our results showed that overexpression of CpbHLH1 in model plant species, 
Arabidopsis and tobacco, resulted in a dramatic decrease in anthocyanin content, whereas the content of proanthocyanidin 
was little affected. Quantitative RT-PCR (qRT-PCR) assays of the structural genes in the flavonoid biosynthesis pathway 
revealed that CpbHLH1 inhibits anthocyanin accumulation mainly through repressing the expression of late biosynthesis 
genes (LBGs). Interactions between CpbHLH1 protein and AtPAP1/NtAN2 protein were detected via yeast two-hybrid (Y2H) 
and bimolecular fluorescence complementation (BiFC) assays. This is the first bHLH repressor of anthocyanin biosynthesis 
identified in dicotyledons. These results can help us better understand the anthocyanin regulatory network in plants and may 
provide insights into the diverse functions of bHLH proteins.

Keywords Wintersweet · Anthocyanin accumulation · Flavonoids pathway · bHLH transcription factor · Negative 
regulation

Introduction

In nature, flavonoids, carotenoids and betalains provide 
natural color to flowers and fruits of plants. The first two 
categories are widely distributed in plants, while betalains 

exist only in several species of the Caryophyllales (Mol 
et al. 1998). Flavonoids constitute one of the main products 
of secondary polyphenol metabolism in plants and can be 
divided into six categories on the basis of their molecular 
structure: chalcones, flavones, flavonols, flavanols, antho-
cyanins and procyanidins (also called condensed tannins) 
(Li 2014). Anthocyanins have many important functions 
in plants, such as coloring for flowers and fruits, protect-
ing plants from ultraviolet damage, promoting resistance to 
low-temperature stress, and attracting pollinators and seed 
dispersers (Holton and Cornish 1995; Mol et al. 1998; Ilk 
et al. 2015). Besides, owing to their strong antioxidant activ-
ity and cardiovascular protective effects, anthocyanins are 
used as healthcare products (Tsuda 2012).

The synthesis and regulation of flavonoids have been 
characterized in many important species, including maize 
(Zea mays), petunia (Petunia hybrida), Arabidopsis thaliana 
and snapdragon (Cone et al. 1986; Chandler et al. 1989; Lud-
wig et al. 1989; Goff et al. 1992; Spelt et al. 2000; Schwinn 
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et al. 2006; Gonzalez et al. 2008; Albert et al. 2014). Fla-
vonoid synthesis in higher plants occurs via the same enzy-
matic steps consisting of a series of enzymes, including chal-
cone synthase (CHS), chalcone isomerase (CHI), flavanone 
3ß-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR) 
and anthocyanidin synthase (ANS). CHS, CHI and F3H are 
classified as early biosynthesis genes (EBGs), and DFR and 
ANS are categorized as late biosynthesis genes (LBGs). The 
EBGs in Arabidopsis are controlled by MYB11, MYB12 
and MYB 111, which are R2R3-MYB TFs that promote fla-
vonol biosynthesis with tissue specificity (Mehrtens et al. 
2005; Stracke et al. 2007, 2010). Research on the regulation 
of LBGs has been increasing in recent years. The LBGs of 
flavonoid biosynthesis are mediated by a MBW complex that 
consists of an R2R3-MYB TF, a subgroup IIIf bHLH TF 
and a WD40 repeat protein. In Arabidopsis, members of the 
MBW transcriptional activator complex include R2R3-MYB 
TFs (PAP1, PAP2, MYB113 or MYB114), bHLH TFs (TT8, 
GL3 or EGL3) and the WD40 protein TTG1 (Gonzalez et al. 
2008). In petunia, the complex mainly consists of the R2R3-
MYB protein AN2, the bHLH protein AN1 and the WD40 
protein AN11 (Farcy and Cornu 1979; Gerats et al. 1984; 
Spelt et al. 2000; Albert et al. 2014). In apple, the MBW 
transcriptional activator complex consists of MdMYB10, 
MdbHLH3 and MdTTG1 (Espley et al. 2007; An et al. 2012; 
Xie et al. 2012). In general, in the MBW complex, the bHLH 
protein can interact with the MYB protein and the WD40 
protein, while the MYB protein cannot interact with the 
WD40 protein. The bHLH protein is considered an impor-
tant component in the MBW complex, serving as a bridge 
between the MYB protein and the WD40 protein.

Transcriptional regulation of genes involved in anthocya-
nin biosynthesis is controlled by both activators and inhibi-
tors simultaneously. MYB TFs that repress anthocyanin syn-
thesis have recently been characterized in many plant species 
(Chen et al. 2019). All anthocyanin-related MYB repressors 
in plants share the same region that binds bHLH proteins 
and can be divided into two categories: R2R3-MYBs and 
R3-MYBs. The inhibitory effects of anthocyanin-related 
MYB repressors may be achieved by the alteration of the 
transcriptional activation ability of the MBW complex or by 
the direct binding of the promoters of LBGs and inhibition 
of their expression. To date, research on TFs that inhibit 
anthocyanin synthesis has focused on MYB, bHLH TFs 
that inhibit anthocyanin accumulation have seldom been 
reported. However, one bHLH TF belonging to subgroup 
IIIf (Heim et al. 2003) has been reported to inhibit antho-
cyanin biosynthesis—intensifier 1 (IN1) from maize (Burr 
et al. 1996). Recently, the sheepgrass protein LcbHLH92, 
a homolog of Arabidopsis bHLH92 belonging to subgroup 
IVd (Zhao et al. 2019), has been proven to be an inhibitor of 
anthocyanin/proanthocyanidin (PA) accumulation. To our 

knowledge, no other anthocyanin-related bHLH repressors 
have been reported.

Wintersweet [Chimonanthus praecox (L.)], a traditional 
Chinese flowering shrub, has been cultivated as an ornamen-
tal plant species for more than 1000 years (Zhao et al. 2007). 
It has yellow middle tepals and red inner tepals, making 
it a good material for studying the mechanism involved in 
pigment synthesis and regulation. Research on the mecha-
nisms underlying the biosynthesis and regulation of floral 
fragrance substances, floral development, and response to 
cold stress in wintersweet has been performed (Xiang et al. 
2010; Tian et al. 2019; Zhang et al. 2012; Sui et al. 2012). 
However, only a few studies on the flower pigmentation of 
wintersweet have been carried out. According to our previ-
ous study, CpANS1 is the key gene that contributes to the 
pigmentation differences between the yellow middle tepals 
and the red inner tepals in wintersweet (Yang et al. 2018). 
TFs involved in regulating anthocyanin accumulation in win-
tersweet have not been reported yet.

To gain insights into the regulatory mechanisms under-
lying pigment formation in wintersweet, we conducted a 
study of TFs that regulate anthocyanin accumulation, and 
the subgroup IIIf bHLH TF CpbHLH1 was identified as a 
negative regulator of anthocyanin accumulation. We gener-
ated 35S::CpbHLH1 lines of model plant species, including 
Arabidopsis and tobacco. The phenotypes of the transgenic 
plants revealed that CpbHLH1 has a negative impact on 
anthocyanin accumulation. We further detected the expres-
sion of genes that regulate anthocyanin synthesis via qRT-
PCR. The results revealed that CpbHLH1 inhibits antho-
cyanin accumulation mainly by repressing LBGs involved 
in the flavonoid biosynthesis pathway. We also carried out a 
transcriptional activity analysis, and the results showed that 
CpbHLH1 was a transcriptional inhibitor. This is the first 
bHLH repressor of anthocyanin biosynthesis to be identi-
fied in dicotyledons. The present results help provide a bet-
ter understanding of the complicated regulatory network of 
anthocyanin biosynthesis and may provide insights into the 
diverse functions of bHLH proteins.

Materials and methods

Plant materials and growth conditions

Chimonanthus praecox variety ‘H29’ was used in the 
study, which has been described by Yang et al. (2018). 
The flowers were collected at each developmental stage 
(S1–S5). The S1 samples were collected on November 10, 
2018, and the subsequent samples were collected every 
20 days until the S4 stage. The S5 samples were collected 
10 days after the S4 stage. The young leaves, stems, and 



893Plant Cell Reports (2020) 39:891–907 

1 3

fruits were also collected for further analysis. All samples 
were flash frozen with liquid nitrogen and stored at – 80 
°C until use.

The Arabidopsis thaliana ecotypes Col-0 and pap1-D 
(stock name CS3884) and Nicotiana tabacum ‘Samsun’ 
were used to produce genetically modified plants. The 
growth conditions of the Arabidopsis plants were the 
same as described by Zhang et al. (2019). Tobacco was 
planted in a greenhouse under normal sunlight. The seeds 
of the transgenic A. thaliana ecotype Col-0 plants and 
tobacco plants were screened on Murashige and Skoog 
(MS) (1962) salt media that contained 50 mg/L kanamy-
cin, and the seeds of the transgenic pap1-D plants were 
screened on MS (1962) salt media that contained 25 mg/L 
hygromycin B. The seeds of all the transgenic plants were 
sterilized in a vacuum dryer with two beakers containing 
50 mL of chlorine-containing disinfectant and 1.5 mL of 
hydrochloric acid for 4–6 h.

Cloning and sequence analysis of the CpbHLH1 gene 
in wintersweet

CpbHLH1 was obtained from a wintersweet flower tran-
scriptome database (Yang et al. 2018). The sequences of 
CpbHLH1 and anthocyanin-related bHLHs from other plant 
species were used to assess the completeness and homol-
ogy via the BLASTX algorithm. Total RNA extraction and 
cDNA synthesis were conducted according to the methods 
of Yang et al. (2018). The complete coding sequence of 
CpbHLH1 was cloned via PCR with  Phanta® EVO Super-
Fidelity DNA Polymerase (Vazyme Biotech). The complete 
coding sequence was confirmed via ORF Finder and the 
BLAST network service. The primers used to amplify Cpb-
HLH1 are presented in Supplementary Table S1.

Construction of overexpression vectors 
and generation of transgenic plants

To transform wild-type Arabidopsis (Col-0) and tobacco 
plants, the entire coding sequence of CpbHLH1 was inserted 
into a modified pCAMBIA 2300S vector (Munis et al. 2010). 
To transform A. thaliana pap1-D plants, a pCAMBIA1302 
plasmid containing CpbHLH1 was constructed. All of the 
overexpression vectors were then transferred into Agrobac-
terium tumefaciens strain GV3101 via electroporation and 
used to transform Arabidopsis and tobacco plants via the 
floral dip method (Clough and Bent 1998) and the leaf disc 
method (Horsch et al. 1985), respectively. PCR amplification 
was applied for the confirmation of the transgenic plants. All 
primers used in the overexpression vector construction are 
presented in Supplementary Table S1.

Measurement of total anthocyanin and flavonol 
contents

The total anthocyanin content in Arabidopsis seedlings and 
tobacco flowers (whose sepals were removed) was deter-
mined according to the methods of Zhang et al. (2009). The 
flavonol content was measured according to the methods of 
Luo et al. (2016); quercetin (Sigma, USA) equivalents were 
used to determine the flavonol content. Three independent 
biological replicates were made.

Quantitative RT‑PCR (qRT‑PCR) analysis

RNA extraction from the samples of Arabidopsis plants and 
the fully open flowers of tobacco plants, along with subse-
quent cDNA synthesis, was performed as described above. 
In addition, wintersweet H29 flowers at different develop-
mental stages and different tissues of H29 were selected for 
gene expression analysis. qRT-PCR analysis was conducted 
using the method described by Yang et al. (2018). ACT2 
(NM_112764) and UBI (Pandey et al. 2014) were used as 
housekeeping genes to analyze gene expression levels in 
Arabidopsis and tobacco, respectively. RPL8 (Yang et al. 
2018) was selected as a housekeeping gene in wintersweet. 
The Primer 5 program was used to design the primers used 
in the qRT-PCR analysis, which are presented in Supple-
mentary Table S2.

Stress conditions

For sucrose stress, seeds were germinated on MS medium 
containing 6% sucrose for 7 days, and in another treatment, 
seedlings were first grown on MS medium for 7 days and 
then transferred to MS medium containing 6% sucrose and 
cultured for another 2 weeks. For salt stress, seedlings were 
first grown on MS medium for 7 days and then transferred 
to MS medium containing 150 mM NaCl and cultured for 
another 2 weeks. For nitrogen stress, seeds were germinated 
on MS medium without nitrogen (MS − N media) for 7 days, 
and in another treatment, 14-day-old seedlings grown on 
MS medium were transferred to MS − N medium for 7 days.

Yeast two‑hybrid (Y2H) assays

The coding sequences of NtAn2, AtPAP1, and CpbHLH1 
were inserted into a pGADT7 vector (Clontech, USA) and a 
pGBKT7 vector (Clontech, USA), respectively. The result-
ing pGADT7-NtAn2/AtPAP1/CpbHLH1 and pGBKT7-
NtAn1a/AtPAP1/CpbHLH1 plasmids were cotransformed 
into yeast strain AH109 (Clontech, USA) using the method 
described by Zhang et al. (2019). To detect whether the 
cotransformation was successful, synthetic defined media 
lacking leucine and tryptophan (SD/-Leu-Trp) were used. 
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To detect whether the proteins interact, quadruple-selection 
synthetic defined media lacking adenine, histidine, leucine 
and tryptophan (SD/-Ade-His-Leu-Trp) and SD/-Ade-His-
Leu-Trp media plus 25 mg/L X-α-Gal were used. All primers 
used in the Y2H experiments are listed in Supplementary 
Table S1.

CpbHLH1 protein subcellular localization analysis 
and bimolecular fluorescence complementation 
(BiFC) assays

The coding sequence of CpbHLH1 without the stop codon 
was amplified and recombined into a pMDC83 plasmid with 
a green fluorescent protein (GFP) gene controlled by the 
35S promoter. The fusion constructs and the GFP control 
vector were then introduced into Nicotiana benthamiana via 
Agrobacterium strain GV3101. With respect to the BiFC 
assays, the complete cDNA sequences of NtAn2/AtPAP1 and 
CpbHLH1 were fused into pSPYNE-35S and pSPYCE-35S 
vectors, respectively. The coding sequences of the N and C 
termini of yellow fluorescent proteins (NYFP and CYFP) are 
present in pSPYNE-35S and pSPYCE-35S, respectively. The 
resulting vectors, NtAn2-NYFP, AtPAP1-NYFP, and Cpb-
HLH1-CYFP, were introduced into A. tumefaciens GV3101. 
Injection of 5-week N. benthamiana leaves was conducted 
using the methods described by Espley et al. (2007). A 
nucleolar marker vector containing the Arabidopsis thali-
ana fibrin 2 (FIB2) gene fused to the red fluorescent protein 
(RFP) gene was used to locate the position of the nucleus. 
A confocal microscope was used to detect the GFP fluores-
cence 3 days after injection. All primers used in the subcel-
lular localization analysis and BiFC assays are presented in 
Supplementary Table S1.

Dual‑luciferase (LUC) transient expression assay

The coding sequences of full-length and truncated Cpb-
HLH1 proteins were fused into a pBD vector as effectors; 
the double-reporter vector included a firefly LUC gene con-
trolled by the 35S minipromoter and a Renilla (REN) gene 
controlled by the 35S promoter (Fu et al. 2017). Injection of 
five-week-old N. benthamiana leaves was conducted using 
the methods described by Espley et al. (2007). All prim-
ers used in this experiment are presented in Supplementary 
Table S1.

For the promoter activity analysis, the promoters of 
AtANS and NtAN1a were isolated from Arabidopsis (Col-0) 
and tobacco (N. tabacum) genomic DNA, respectively, and 
fused into a pGreen0800LUC dual-LUC plasmid. The cod-
ing sequences of AtPAP1, AtTT8, NtAN2 and NtAN1a were 
recombined into a modified pCAMBIA 2300S vector (Munis 
et al. 2010). The experiments were performed in N. bentha-
miana leaves using the methods described by Espley et al. 

(2009). The sequences of the AtANS and NtAN1a promoters 
were acquired from The Arabidopsis Information Resource 
(https ://www.arabi dopsi s.org/) and the article by Bai et al. 
(2011), respectively. All primers used in this experiment are 
presented in Supplementary Table S1.

A dual-LUC assay kit (Promega) and a Promega GloMax 
20/20 luminometer were used to measure the LUC and REN 
activities. The results are represented as the ratio of LUC to 
REN. Each pair was measured at least three times.

Bioinformatics and statistical analyses

MEGA version 7 was used to construct a phylogenetic tree. 
ProtComp version 9.0 was used to predict the subcellular 
localization of CpbHLH1 (https ://www.softb erry.com/berry 
.phtml ?topic =protc omppl &group =help&subgr oup=prolo c).

The Student’s t test was performed to determine the 
anthocyanin content and gene expression differences 
between CpbHLH1 transgenic plants and controls. To ana-
lyze the gene expression results for CpbHLH1 and CpANS1 
in wintersweet, the one-way ANOVA LSD test was con-
ducted using the method described by Yang et al. (2018).

Results

CpbHLH1 is a subgroup IIIf bHLH TF that is localized 
in the nucleus

A BLAST search of all bHLH TFs obtained from the win-
tersweet flower transcriptome database was conducted. The 
BLAST results suggested that the CpbHLH1 protein might 
be involved in flavonoid synthesis. The open reading frame 
(ORF) of CpbHLH1 consists of 2025 bp encoding 674 
amino acids, and the sequence from the 473rd amino acid to 
the 528th amino acid constitutes the specific bHLH domain. 
The N-terminal MYB-interacting region (MIR) (Pattanaik 
et al. 2008) and conserved bHLH domain were revealed by 
comparing the protein sequence of CpbHLH1 with the pro-
tein sequences of well-known anthocyanin-associated bHLH 
TFs in other species, including MdbHLH3, PhAN1, IpIVS, 
AtTT8, ZmIN1 and AmDELILA (Fig. 1). The MIR in sub-
group IIIf bHLH proteins is critical for binding to MYB-
type TFs (Pattanaik et al. 2008). We constructed a phyloge-
netic tree of CpbHLH1 and the Arabidopsis bHLH family 
(Fig. 2). The results suggested that CpbHLH1 belonged to 
subgroup IIIf. According to previous studies, most proteins 
in this subgroup are involved in the synthesis and regulation 
of anthocyanins.

CpbHLH1 was predicted to be localized in the nucleus. 
Furthermore, its nuclear localization was verified by a sub-
cellular localization assay. Agrobacterium strains containing 
the 35S-GFP::CpbHLH1 plasmid as well as those containing 

https://www.arabidopsis.org/
https://www.softberry.com/berry.phtml?topic=protcomppl&group=help&subgroup=proloc
https://www.softberry.com/berry.phtml?topic=protcomppl&group=help&subgroup=proloc
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the 35S-GFP control vector were introduced into N. bentha-
miana leaf epidermal cells, and the fluorescence was visual-
ized by laser confocal microscopy, revealing nuclear locali-
zation of CpbHLH1 (Fig. 3).

Expression profiling of CpbHLH1 in wintersweet

To determine whether CpbHLH1 expression was corre-
lated with anthocyanin biosynthesis during the wintersweet 
flower developmental stages (Fig. 4a), the expression levels 
of CpbHLH1 and CpANS1 were analyzed by qRT-PCR. The 
expression pattern of CpbHLH1 was negatively correlated 
with that of CpANS1 expression. In S3, the expression level 

of CpbHLH1 was lowest but CpANS1 was highest (Fig. 4b, 
c). The expression level of CpbHLH1 in the middle (yel-
low) tepals was twice as high as that in the inner (red) tepals 
(Fig. 4d). Among different tissues of wintersweet, expression 
level of CpbHLH1 was highest in the leaves, followed by the 
stems and fruits, and was lowest in the flowers (Fig. 4e). We 
also measured the anthocyanin content in different tissues of 
wintersweet. It was found that the anthocyanin content in the 
flower was much higher than that in vegetative tissues (Sup-
plementary Figure S3). These results suggested a negative 
correlation between the expression level of CpbHLH1 and 
anthocyanin biosynthesis in wintersweet.

Fig. 1  Complete protein sequence alignment of CpbHLH1 and other 
subgroup IIIf proteins: Malus domestica bHLH3 (HM122458), Petu-
nia hybrida AN1 (AAG25928), the Ipomoea purpurea Ivory seed 
bHLH protein (BAD18982), Arabidopsis thaliana TT8 (CAC14865), 

Zea mays IN1 (AAB03841) and Antirrhinum majus DELILA 
(AAA32663). Identical residues and conserved residues are marked 
in black and in dark gray, respectively. Conserved MIR and bHLH 
domains are labeled
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CpbHLH1 represses anthocyanin accumulation 
in Arabidopsis

As genetic transformation is still very difficult in winter-
sweet, we generated CpbHLH1 overexpression Arabidopsis 
(Col-0) plants to confirm whether CpbHLH1 could regulate 
anthocyanin accumulation. The positive lines with the great-
est expression level of CpbHLH1 were screened for the next 
generation, and the  T3 generation was used in the study.

Under high-light (1000 lx) conditions, 35S::CpbHLH1 
Arabidopsis lines exhibited phenotypes with reduced antho-
cyanin accumulation in young stems (Fig. 5a), and the total 
anthocyanin content was significantly reduced in transgenic 
plants compared with WT plants (Fig. 5c).

To further confirm that CpbHLH1 reduced antho-
cyanin accumulation in Arabidopsis, we generated three 
CpbHLH1-overexpressing Arabidopsis lines in the pap1-
D background, which represents an activation-tagged 

Fig. 2  Phylogenetic tree of 
CpbHLH1 and all bHLH TFs 
from Arabidopsis. All bHLH 
protein sequences were obtained 
from Plant Transcription Factor 
Database (https ://plant tfdb.cbi.
pku.edu.cn/). The analysis was 
performed with MEGA version 
7 via the neighbor-joining 
method, with 1000 bootstrap 
replicates. The box indicates 
subgroup IIIf

Fig. 3  Subcellular localization 
of CpbHLH1 with GFP. GFP, 
GFP fluorescence; nucleolar 
marker, nucleolar marker with 
RFP fluorescence; BF, bright-
field image; merged, merged 
images of the GFP, nucleolar 
marker and BF images

https://planttfdb.cbi.pku.edu.cn/
https://planttfdb.cbi.pku.edu.cn/
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Arabidopsis line with increased anthocyanin accumulation 
(Borevitz et al. 2000). The phenotypes of the transgenic 
plants and quantitative analysis of anthocyanin levels con-
firmed that CpbHLH1 was a TF that negatively regulated 
anthocyanin accumulation (Fig. 5d, f).

A series of stress experiments were also conducted to 
verify the anthocyanin repressor function of CpbHLH1 in 
Arabidopsis. Seedlings of 35S::CpbHLH1 Arabidopsis and 
WT (Col-0) were grown under various stress conditions, 
and then the anthocyanin contents were measured. The 
results showed that 35S::CpbHLH1 Arabidopsis seedlings 
produced fewer anthocyanins than WT seedlings under 

sucrose (Fig. 6a, b, g), salt (Fig. 6e, g), and nitrogen stress 
conditions (Fig. 6c, d, g).

Therefore, we considered CpbHLH1 to be a bHLH TF 
that negatively regulates anthocyanin accumulation in 
Arabidopsis.

Overexpression of CpbHLH1 inhibits anthocyanin 
accumulation in tobacco

To evaluate whether CpbHLH1 inhibits pigmentation in 
other plant species, CpbHLH1-overexpressing tobacco 
plants that were stably transformed were generated via the 

Fig. 4  Developmental and tissue-specific analyses of CpbHLH1 
expression via qRT-PCR. a Five developmental stages of wintersweet 
H29 flowers. Bar, 1 cm. b–c Expression of CpbHLH1 and CpANS1 
during the five wintersweet flower developmental stages. d Expres-
sion of CpbHLH1 in the middle (yellow) and inner (red) tepals of 

fully open wintersweet flowers. e Tissue-specific analysis of Cpb-
HLH1 expression in wintersweet. Different letters above the columns 
indicate a significant difference at p < 0.05. All the data are pre-
sented as the means of three replicates, with the error bars indicat-
ing ± standard deviations (SDs)
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leaf disc method. Fourteen transgenic tobacco lines were 
produced, three of which exhibited a phenotype of white 
flowers (Fig. 7a). A high expression level of CpbHLH1 
was confirmed in these three lines by qRT-PCR. These 
three lines were used to produce the  T2 generation.

Because enhanced flavonol accumulation can cause a 
white-flower phenotype in tobacco plants, the flavonol 
extracts from flowers of 35S::CpbHLH1 tobacco  T2 lines and 
WT plants were analyzed by HPLC. Compared with the WT 
tobacco plants, the CpbHLH1-overexpressing tobacco lines 
exhibited largely unchanged flavonol accumulation levels in 
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their flowers (Fig. 7c). We thus excluded the possibility that 
the white-flower phenotype resulted from an excessive accu-
mulation of flavonols. The anthocyanin content decreased 
sharply in flowers of 35S::CpbHLH1 tobacco plants but not 
in WT plants (Fig. 7d). Determination of the anthocyanin 
content in flowers confirmed that the white-flower pheno-
type originated from the reduction in anthocyanin content in 
tobacco flowers. The results revealed that CpbHLH1 inhib-
ited pigmentation in tobacco.

CpbHLH1 inhibits the expression of regulatory 
and structural genes associated with anthocyanin 
biosynthesis in both Arabidopsis and tobacco

To investigate the means by which CpbHLH1 inhibits 
anthocyanin accumulation, the relative transcript levels of 

Fig. 5  CpbHLH1 represses anthocyanin synthesis in WT (Col-0) 
and pap1-D mutant Arabidopsis plants. a Anthocyanin accumula-
tion in the young stems (2–3 cm) of WT Arabidopsis plants and three 
35S::CpbHLH1 Arabidopsis lines under high-light conditions. Images 
of approximately 1-month-old plants were collected. b Relative 
expression levels of CpbHLH1 in three 35S::CpbHLH1 Arabidopsis 
lines in the WT background. c Total anthocyanin content in the young 
stems (2–3 cm) of WT Arabidopsis plants and three 35S::CpbHLH1 
Arabidopsis lines under high-light conditions. FW, fresh weight. d 
Anthocyanin accumulation in pap1-D Arabidopsis plants and three 
35S::CpbHLH1 lines in the pap1-D background. Images of 24-day-
old plants were collected. e Relative expression levels of CpbHLH1 
in three CpbHLH1-overexpressing lines in the pap1-D background. f 
Total anthocyanin content in 24-day-old seedlings of pap1-D Arabi-
dopsis plant and three 35S::CpbHLH1 lines in the pap1-D back-
ground. FW, fresh weight. The asterisks represent significant dif-
ferences (**p < 0.01) between Arabidopsis control plants and the 
CpbHLH1 transgenic Arabidopsis lines according to the Student’s t 
test. All the data are presented as the means of three replicates, with 
the error bars indicating ± SDs

◂

Fig. 6  Anthocyanin accumulation in 35S::CpbHLH1 Arabidopsis 
(Col-0) lines and WT plants under various stress conditions. a and 
c Anthocyanin accumulation in WT (Col-0) Arabidopsis seedlings 
and three 35S::CpbHLH1 Arabidopsis lines in the presence of 6% 
sucrose and on MS−N media. Images of 7-day-old seedlings were 
collected. b Twenty-one-day-old seedlings subjected to sucrose stress. 
d Twenty-day-old seedlings subjected to nitrogen stress. e Twenty-
one-day-old seedlings subjected to salt stress. f Twenty-day-old seed-

lings grown on control media (MS media). g Determination of antho-
cyanin content in 21-day-old seedlings grown on control media and 
subjected to sucrose stress, nitrogen stress, and salt stress. FW, fresh 
weight. The asterisks represent significant differences (**p < 0.01) 
between WT (Col-0) and 35S::CpbHLH1 Arabidopsis seedlings 
according to the Student’s t test. All the data are presented as the 
means of three replicates, with the error bars indicating ± SDs
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the structural genes responsible for anthocyanin synthesis 
in young stems of Arabidopsis (Col-0) exposed to high-
light conditions and flowers of tobacco were measured. 
The expression levels of AtDFR/AtANS and NtDFR/NtANS 
decreased in the three 35S::CpbHLH1 Arabidopsis and 
tobacco lines, while no consistent change trend was noticed 
for the expression levels of EBGs such as CHS and CHI, 
among others (Fig. 8a, c). The results suggested that Cpb-
HLH1 inhibited anthocyanin synthesis mainly by inhibiting 
LBGs in the flavonoid biosynthesis pathway.

We further measured the expression levels of TFs that 
regulate anthocyanin synthesis in Arabidopsis and tobacco. 
The expression levels of AtTT8 and NtAN1a/NtAN1b 
decreased in the three 35S::CpbHLH1 Arabidopsis and 
tobacco lines, respectively, while no consistent change trend 
was detected for other TFs such as AtPAP1 and AtTTG1 
(Fig. 8b, d). These results suggested that CpbHLH1 did not 
affect the expression of MYB and WD40 in the MBW com-
plex but inhibited the expression of the bHLH activator.

CpbHLH1 is a transcriptional repressor

By overexpressing CpbHLH1 from wintersweet in Arabidop-
sis and tobacco, we found that this protein was a TF that neg-
atively regulates anthocyanin accumulation. To explore the 
transcriptional activity of CpbHLH1, we carried out dual-
LUC transient expression assays in N. benthamiana. The 

vector containing the transcriptional activator VP16 control 
had a significantly greater relative LUC/REN ratio than did 
the pBD control vector; however, compared with that of the 
control vector pBD, the relative LUC/REN ratio was greatly 
decreased for CpbHLH1 (Fig. 9b). These results confirmed 
that CpbHLH1 acted as a transcriptional repressor.

To explore the domain(s) responsible for the repressive 
activity of CpbHLH1, truncation mutants harboring the 
GAL4BD–CpbHLH1 fusion protein were generated. The 
results of the transient expression assays with the complete 
and truncated CpbHLH1 fusion protein suggested that the 
removal of the C-terminal region of CpbHLH1 did not 
influence CpbHLH1-mediated repression (Fig. 9c). Dele-
tion of both the C-terminal and the bHLH domains of Cpb-
HLH1 slightly relieved the CpbHLH1-mediated repression 
(Fig. 9c). When only the MIR remained, the suppression 
effect of CpbHLH1 was removed, indicating that the region 
between the MIR and the bHLH domain was critical for the 
repressive function.

CpbHLH1 interacts with NtAN2 and AtPAP1, which 
are positive R2R3‑MYB regulators of anthocyanin 
biosynthesis in tobacco and Arabidopsis

The MIR motif plays a critical role in binding MYB TFs, 
and as it was identified in the CpbHLH1 sequence, we car-
ried out Y2H assays to investigate the possible interaction 

Fig. 7  Overexpression of CpbHLH1 inhibits anthocyanin synthesis 
in tobacco. a Color alterations of the flowers of three 35S::CpbHLH1 
tobacco lines compared with WT plants. b Relative expression lev-
els of CpbHLH1 in three 35S::CpbHLH1 tobacco lines. c Total fla-
vonol content in the petals of WT plants and three 35S::CpbHLH1 
tobacco lines. FW, fresh weight. d Determination of anthocyanin 

content in the petals of WT plants and three 35S::CpbHLH1 tobacco 
lines. FW, fresh weight. The asterisks represent significant differ-
ences (*0.01 < p < 0.05; **p < 0.01) between the WT plants and 
35S::CpbHLH1 tobacco lines according to the Student’s t test. All the 
data are presented as the means of three replicates, with the error bars 
indicating ± SDs
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Fig. 8  Relative expression of 
genes involved in anthocyanin 
biosynthesis in 35S::CpbHLH1 
Arabidopsis (Col-0) and 
tobacco lines via qRT-PCR. 
a and c Expression analysis 
of the structural genes in the 
flavonoid biosynthesis pathway 
in Arabidopsis (Col-0) and 
tobacco. b and d Expression 
analysis of TFs that regulate 
anthocyanin biosynthesis 
in Arabidopsis (Col-0) and 
tobacco. Young stems (2–3 cm) 
of Arabidopsis (Col-0) under 
high-light conditions and flow-
ers of tobacco were used for 
RNA extraction. The asterisks 
represent significant differences 
(*0.01 < p < 0.05; **p < 0.01) 
between the WT and the 
35S::CpbHLH1 transgenic 
plants according to the Student’s 
t test. All the data are presented 
as the means of three replicates, 
with the error bars indicat-
ing ± SDs
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between CpbHLH1 and MYB TFs. PAP1 from Arabidop-
sis and AN2 from tobacco were selected in the assays. As 
shown in Fig. 10, all the transformed colonies grew well on 
SD/-Leu-Trp media, while only the colonies cotransformed 
with CpbHLH1 and AtPAP1/NtAN2 survived on SD/-Ade-
His-Leu-Trp media (Fig. 10). Moreover, only the colonies 
cotransformed with CpbHLH1 and AtPAP1/NtAN2 survived 
and turned blue on quadruple-selection SD media that con-
tained 25 mg/L X-α-Gal (Fig. 10). These results suggested 
that CpbHLH1 could interact with both PAP1 from Arabi-
dopsis and AN2 from tobacco.

To further confirm the interaction of CpbHLH1 with 
AtPAP1 and NtAN2, BiFC assays were conducted. Obvi-
ous yellow fluorescence was observed in the nucleus of cells 
cotransformed with CpbHLH1-CYFP and either AtPAP1-
NYFP or NtAN2-NYFP (Fig.  11), whereas no fluores-
cence was visible in the leaves injected with A. tumefaciens 
GV3101 harboring CpbHLH1-CYFP plus an NYFP empty 
vector or a CYFP empty vector plus AtPAP1-NYFP or 
NtAN2-NYFP, indicating that CpbHLH1 could interact with 
both AtPAP1 and NtAN2 in vivo.

Discussion

CpbHLH1 from wintersweet belonging to subgroup 
IIIf‑2 is a TF that inhibits anthocyanin accumulation

bHLH TF members constitute one of the main eukaryotic TF 
families. In Arabidopsis, bHLH proteins participate in many 
biological functions, such as flavonoid biosynthesis, epider-
mal cell development, and responses to various stresses. All 
bHLH TFs in Arabidopsis can be divided into 25 subgroups 
according to their regions other than their bHLH-conserved 
domain (Heim et al. 2003). CpbHLH1 and AtGL3, AtEGL3 
and AtTT8 in Arabidopsis belong to subgroup IIIf; these 
three proteins participate in the regulation of anthocya-
nin synthesis. Subgroup IIIf can be further divided into 
two categories (Supplementary Figure S1): the bHLH 
proteins AtTT8, PhAN1, and IpIVS cluster into subgroup 
IIIf-1, whereas CpbHLH1 clusters with AtEGL3, AtGL3, 
PhJAF13, and MdbHLH33 into subgroup IIIf-2. Subgroup 
IIIf-1 proteins promote anthocyanin as well as PA synthe-
sis (Nesi et al. 2000; Spelt et al. 2000; Park et al. 2007). 
However, subgroup IIIf-2 proteins promote only anthocyanin 
synthesis and have no effect on PA synthesis (Ramsay et al. 
2003; Ramsay and Glover 2005; Espley et al. 2007; Zhou 
et al. 2012). In our study, 35S::CpbHLH1 Arabidopsis and 
tobacco plants presented a clear reduction in anthocyanin 
accumulation; the seed coat color of the transgenic lines 
was the same as that of the WT plants, which means that 
CpbHLH1 did not affect PA accumulation. The result that 
CpbHLH1 only regulates anthocyanin accumulation is con-
sistent with its clustering prediction.

Surprisingly, unlike other genes in subgroup IIIf-2, Cpb-
HLH1 is an inhibitor of anthocyanin accumulation. The 
pattern of CpbHLH1 expression during wintersweet flower 
development was negatively correlated with that of CpANS1, 
which is the key structural gene controlling anthocyanin bio-
synthesis in wintersweet. The CpbHLH1 expression level 
in the middle (yellow) tepals of wintersweet flowers was 
twice of that in the inner (red) tepals. Besides, the expression 
level of CpbHLH1 in the flowers tissues of wintersweet was 

Fig. 9  Analysis of transcriptional repression ability of CpbHLH1 pro-
tein. a Schematic of the vectors used in the transient expression assay. 
b The transcriptional repression ability of CpbHLH1 is suggested 
by the relative LUC/REN ratio. pBD and pBD-VP16 were used as 
a negative control vector and a positive control vector, respectively. 
**represents significant differences (**p < 0.01) between pBD and 
pBD-VP16 or pBD-CpbHLH1 according to Student’s t test. c Tran-
scriptional repression ability of CpbHLH1 truncation mutants. MIR, 
MYB-interacting region. Different letters above the columns indicate 
a significant difference at p < 0.05. All the data are presented as the 
means of three replicates, with the error bars indicating ± SDs
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lower than that of vegetative tissues that do not synthesize 
anthocyanins. These results showed that the expression level 
of CpbHLH1 was negatively related to anthocyanin biosyn-
thesis in wintersweet. We also measured the anthocyanin 
content during the flower developmental stages in winter-
sweet. The results revealed that the flower anthocyanin con-
tent increased continuously from S1 to S5 (Supplementary 
Figure S2), which might have been due to the synthesis of 
anthocyanin in the flower of wintersweet rather than its 
degradation via anthocyanin synthase activity from S1 to 
S5. These results indicated that the expression level of Cpb-
HLH1 was negatively related to anthocyanin biosynthesis 
rather than accumulation in wintersweet.

In model species, CpbHLH1 showed a similar effect of 
inhibiting anthocyanin accumulation. The total anthocya-
nin content was greatly reduced in 35S::CpbHLH1 plants 
in both WT (Col-0) and pap1-D mutant backgrounds. Sim-
ilar results were obtained when CpbHLH1-overexpressing 
Arabidopsis (Col-0) plants were exposed to various stress 
conditions. The CpbHLH1-overexpressing tobacco plants 
exhibited a white-flower phenotype due to the decreased 
anthocyanin content.

CpbHLH1 is the first bHLH TF found to inhibit antho-
cyanin synthesis in dicotyledons. In a previous study, IN1 
from maize was the first bHLH TF reported to inhibit 
anthocyanin accumulation. Although CpbHLH1 and IN1 
belong to the same subgroup IIIf, they share low simi-
larity except for the MIR and bHLH domains. Another 
reported TF that inhibits anthocyanin accumulation is Lcb-
HLH92 from sheepgrass. CpbHLH1 and LcbHLH92 differ 
greatly in amino acid sequence. The ORF of CpbHLH1 
consists of 2025 bp encoding 674 amino acids, while the 
complete ORF of LcbHLH92 consists of 873 bp encod-
ing 290 amino acids (Zhao et al. 2019). According to the 
classification system established by Heim et al. (2003), 
CpbHLH1 belongs to the subgroup IIIf, while LcbHLH92 

belongs to the subgroup IVd and does not contain a MIR 
domain. In a previous study, the inhibitory effects of Lcb-
HLH92 were achieved by activating JAZ genes to repress 
the expression of TT8; the expression of DFR and ANS 
was subsequently downregulated (Zhao et al. 2019). The 
mechanisms underlying the inhibitory effects of IN1, how-
ever, remain unknown.

CpbHLH1 downregulates the expression 
of both structural genes and endogenous TFs 
in model plant species potentially by inhibiting 
activity of the MYB–bHLH complex

We evaluated the relative transcript levels of the structural 
genes that regulate anthocyanin synthesis in Arabidopsis 
and tobacco. Although most EBGs in the flavonoid biosyn-
thesis pathway exhibited a different trend in the transgenic 
lines compared with the WT plants, the expression levels 
of LBGs, AtDFR, AtANS, NtDFR, and NtANS, dramatically 
decreased in all transgenic lines. As transformation can 
sometimes lead to disorders, the different expression trends 
of EBGs in transgenic lines might be due to the ectopic 
expression of CpbHLH1. In addition, overexpression of 
CpbHLH1 resulted in the downregulation of endogenous 
TFs in transgenic model plants, including AtTT8, NtAN1a, 
and NtAN1b. Recent studies have shown that the bHLH 
activator can form a complex with the MYB activator to 
modulate the expression of bHLH itself (Baudry et al. 2006; 
Albert et al. 2014). The decrease in bHLH activator expres-
sion in transgenic plants might also be due to the effect of 
CpbHLH1 on the MBW complex.

Using Y2H and BiFC assays, we found that CpbHLH1 
could interact with MYB activators of anthocyanin synthe-
sis in Arabidopsis and tobacco, suggesting the possibility 
that CpbHLH1 could directly affect the MBW complex. 
The results of the dual-LUC transient expression assay 

Fig. 10  Interactions between AtPAP1, NtAN2 and CpbHLH1 were 
determined by Y2H assays. All cotransformed yeast cells were 
screened on SD/-Leu-Trp media, and protein interactions were deter-

mined via SD/-Ade–His–Leu-Trp and SD/-Ade-His-Leu-Trp plus 
25 mg/L X-α-Gal media. AD, GAL4 activation domain; BD, GAL4 
DNA-binding domain
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confirmed that CpbHLH1 was a transcriptional repressor 
(Fig. 9b). In apple, MdMYB16 belonging to anthocyanin-
related R2R3-MYB repressor can directly bind to the 
promoters of the ANS and UFGT genes to suppress their 
expression (Xu et al. 2017). It remains unclear whether 

CpbHLH1 directly affects the MBW complex or binds to 
the promoters of the LBGs to suppress their expression. 
To test these assumptions, dual-LUC transient expression 
experiments were performed. The results confirmed that 
CpbHLH1 could not repress genes involved in anthocyanin 

Fig. 11  Interactions between AtPAP1, NtAN2, and CpbHLH1 were 
detected by BiFC assays. These assays were conducted in Nicotiana 
benthamiana. GFP, GFP fluorescence; nucleolar marker, nucleolar 

marker with RFP fluorescence; BF, bright-field image; merged, merge 
of the GFP, nucleolar marker and BF images
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biosynthesis on its own (Supplementary Figure S5, Sup-
plementary Figure S6) and that CpbHLH1 had a negative 
impact on both the TT8–PAP1 complex from Arabidopsis 
(Supplementary Figure S5) and the AN1–AN2 complex 
from tobacco (Supplementary Figure S6). The reduction 
of endogenous gene expression in transgenic plants might 
have been due to the effect of CpbHLH1 on the MBW 
complex.

The repressive motif(s) in CpbHLH1 protein may 
be located within the domain between the MIR 
and the bHLH domain

Transcriptional inhibition domains have recently been 
found within many negative regulatory plant proteins. 
These domains include the EAR motif L/FDLNL/F(x)P 
that was first identified in class II ERF transcriptional nega-
tive regulatory proteins (Ohta et al. 2001), the LxLxL motif 
within domain I of Aux/IAA proteins (Tiwari et al. 2004), 
the TLLLFR motif within AtMYBL2 (Matsui et al. 2008) 
and the R/KLFGV motif within numerous B3 DNA-binding 
domain transcriptional regulators (Ikeda and Ohme-Takagi 
2009). CpbHLH1 is a TF that negatively regulates antho-
cyanin accumulation, but bioinformatics analysis revealed 
no known repressive motif within the CpbHLH1 protein. 
We inadvertently found an “LKLTL” sequence in the C-ter-
minal region of the CpbHLH1 protein. To evaluate whether 
the “LKLTL” sequence controls the repressive function of 
CpbHLH1, deletion of the CpbHLH1 protein was performed 
such that only the amino acid upstream of the “LKLTL” 
sequence remained. Deletion of the “LKLTL” sequence only 
slightly relieved the repression by CpbHLH1 (Supplemen-
tary Figure S4), indicating that the “LKLTL” sequence may 
not control the repressive function of CpbHLH1. The active 
repressive motif LxLxL may exist only within domain I of 
Aux/IAA proteins.

To further investigate the domain(s) responsible for the 
repressive activity of CpbHLH1, we tested the transcrip-
tional repression ability of truncated mutants of CpbHLH1. 
Deletion of the C-terminal region of CpbHLH1 had no obvi-
ous influence on the repression by CpbHLH1, but removal 
of both the C-terminal and the bHLH domain of CpbHLH1 
slightly relieved the repression by CpbHLH1. These results 
suggest that the bHLH domain also mediates the repres-
sive ability. A similar result in which the bHLH domain was 
shown to mediate the repression of a bHLH protein was also 
found for the bHLH protein SHARP-1 (Garriga-Canut et al. 
2001). Further deletion mutation of the CpbHLH1 protein 
such that only the MIR was left relieved the repressive activ-
ity (Fig. 9c), suggesting that the repressive motif(s) might 
be located in the region between the MIR and the bHLH 
domain.

Conclusion

We identified that overexpression of CpbHLH1 from win-
tersweet greatly reduced anthocyanin content in transgenic 
Arabidopsis and tobacco plants, and the results suggested 
that CpbHLH1 is a transcription factor that inhibits antho-
cyanin accumulation. This is the first bHLH repressor of 
anthocyanin biosynthesis to be identified in dicotyledons. 
The present results can help us better understand the antho-
cyanin regulatory network in plants and may provide insights 
into the diverse functions of bHLH proteins.
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