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Introduction

Tartary buckwheat (Fagopyrum tataricum Gaertn), an 
important nutrient-rich cereal crop with pharmacologi-
cal values, is mostly grown in Asian countries (Park and 
others 2011). Tartary buckwheat has been recognized as a 
health-promoting food, because of its abundant nutrients 
and high levels of anti-oxidants, including rutin and antho-
cyanins (Li and others 2015). Anthocyanins, as a kind of 
flavonoids, have received extensive attention owing to their 
prospective health benefits, such as anti-mutagenic, anti-
microbial, anti-inflammatory, anti-oxidant, and anti-hyper-
tensive properties (Lai and others 2016; Lim and others 
2016).

The anthocyanin biosynthetic pathway has been 
studied in multiple species (Grotewold 2006; Koes and 
others 2005). Anthocyanin biosynthesis is always in 
response to multiple stress factors such as light, salt, and 
temperature (Das and others 2012). Furthermore, the lit-
erature has shown that the response is largely attributed 
to the regulation of anthocyanin-related gene expression 
through transcription factors involving MYB, bHLH, 
and WD40 (Grotewold 2006; Lepiniec and others 2006; 
Lin-Wang and others 2010). The three transcription fac-
tors generally activate anthocyanin biosynthesis as a 
MBW complex, in which the WD40 protein usually sta-
bilizes the complex through binding to the bHLH, and 
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interacts with MYB in the complex (Hichri and others 
2011). In addition, WD40 also can independently bind 
to its DNA targets related to anthocyanin biosynthe-
sis (Dong and others 2014). TRANSPARENT TESTA 
GLABRA1 (TTG1), which belongs to the WD40-repeat 
protein family in Arabidopsis thaliana, has been identi-
fied to effectively promote anthocyanin accumulation by 
increasing the expression of ANS and DFR (Mehrtens 
and others 2005). Ectopic expression of the grapevine 
gene WDR1 enhances anthocyanin accumulation in 
shoots and rosette leaves, compared to wild-type plants 
in Arabidopsis (Matus and others 2010). In other cases, 
WD40 interacts with bHLHs or MYBs, and regulates the 
expression of anthocyanin-related genes as a crucial part 
of the MBW. In Arabidopsis, TTG1 interacts with both 
MYB TF TT2 and bHLH TF TT8 (Baudry and others 
2004). However, in some other species, the WD40 pro-
tein has been shown to only interact with bHLH, but not 
with MYB (Dubos and others 2008; Grotewold and oth-
ers 2000). Yeast two-hybrid (Y2H) and Bimolecular Flu-
orescence Complementation (BiFC) assays demonstrated 
that the apple WD40 protein MdTTG1 interacts with 
bHLH but not MYB proteins to regulate anthocyanin 
accumulation (An and others 2012). So, it is necessary 
to clone more WD40 genes, and characterize their func-
tion in the anthocyanins biosynthetic pathway of plants.

Recent studies of TFs in tartary buckwheat have 
mainly focused on MYBs and bHLHs. In our previous 
studies, FtMYB1/2 were found to control proanthocya-
nidin biosynthesis (Bai and others 2014). FtMYB3 inhib-
ited anthocyanin synthesis in transgenic tobacco plants 
by decreasing the expression of chalcone isomerase 
(CHI), dihydroflavonol 4-reductase (DFR), and antho-
cyanidin synthase (ANS). In addition, FtbHLH1 was 
involved in anthocyanin biosynthesis of tartary buck-
wheat (unpublished). However, WD40 transcript fac-
tor is unknown in tartary buckwheat so far. To further 
study the mechanism of the single transcription factor 
or MBW complex in anthocyanin biosynthesis of tar-
tary buckwheat, we turned our attention to the WD40 
transcription factor family. In this study, a WD40-type 
gene, FtWD40, was firstly isolated and characterized 
from tartary buckwheat. We evaluated the expression 
profiles of the gene in tartary buckwheat. The results of 
stable transformation experiments in Nicotiana tabacum 
strongly indicated that FtWD40 plays a significant role 
in the anthocyanin biosynthesis pathway in tartary buck-
wheat. Possible mechanisms of how FtWD40 exerts bio-
logical effect in tobacco are discussed as well as its pos-
sible importance for plant metabolic engineering.

Materials and Methods

Plant Materials and Growth Conditions

About 500 seeds of tartary buckwheat seeds (“Xiqiao 
No.2”) were sown in the experimental field of Sichuan 
Agriculture University, Ya’an Sichuan, China, and the 
germination rate was above 90%. The tender roots, stems, 
leaves, and flowers were harvested separately during the 
florescence stage at 6  pm, and each sample was derived 
from 3 plants. All samples were frozen in liquid nitrogen 
immediately and kept at −80 °C for further use. Three inde-
pendent biological replicates were measured for each sam-
ple. To detect the transcription level of the FtWD40 gene 
under different abiotic stress treatments, tartary buckwheat 
seeds were germinated in a growth chamber at 25 °C and 
approximately 60% humidity for 48 h in the dark and then 
grown in 1/2 Hoagland’s solution liquid medium with a 
16  h light/8  h dark cycle at 25/22 °C (day/night) for two 
weeks. Wild-type and T1 transgenic tobacco (Nicotiana 
tabacum T12) were germinated in a growth chamber at 
25 °C and approximately 60% humidity (16  h light/8  h 
dark).

Abiotic Stress Treatments

To examine whether FtWD40 expression is mediated by 
any external stresses, FtWD40 transcription levels in tar-
tary buckwheat were examined after exposure to abiotic 
stresses that are known to promote anthocyanin accumula-
tion (Shin and others 2016). Two-week-old tartary buck-
wheat seedlings were treated with the following conditions: 
150  mM NaCl, 30% PEG-6000, 100  μM abscisic acid 
(ABA), 1  mM salicylic acid (SA), UV-B light (302  nm, 
0.1 mW/cm2), and 4 °C (Su and others 2014; Zhou and oth-
ers 2015), separately. For all the treatments, the seedlings 
(3 plants) were collected at 0, 6, 12, 24, and 48 h (0 h was 
non-treated control) and immediately frozen in liquid nitro-
gen for total RNA extraction. Three independent biological 
replicates were measured for each sample.

Cloning of FtWD40

The RNA was extracted from the various plant organs 
using an RNAout kit (Tiandz, China), and cDNA was syn-
thesized with a RevertAid First Strand cDNA Synthesis 
kit (MBI, USA). The cDNA of flowers was used as a PCR 
template to amplify the gene of FtWD40 from tartary buck-
wheat. A pair of degenerate primers, WD40-S and WD40-
A, was designed according to the conserved region of 
known WD40 genes from other plants, such as Arabidopsis 
thaliana and maize. To get the full-length cDNA sequence 
of FtWD40, rapid-amplification of cDNA ends (RACE) 
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was performed using a Smart Race cDNA Amplifica-
tion kit (Takara, Japan). Primers were used to obtain both 
ends of the FtWD40 gene as follow: F5-GSP, F5-NGSP1, 
and F5-NGSP2 for the 5′primer, and F3-GSP, F3-NGSP1, 
and F3-NGSP2 for the 3′primer. The Open Reading Frame 
(ORF) sequence of FtWD40 was obtained with primers 
WD40-F and WD40-R. The PCR products were subcloned 
into the pMD@19-T simple vector (Takara, Japan) and 
sequenced. All primer sequences are listed in Table S1.

Molecular Characterization of FtWD40

The sequence analysis of the FtWD40 gene was conducted 
using BLASTx and BLASTn programs in the National 
Center of Biotechnology Information (NCBI) database. 
The nucleotide and amino acid sequences were aligned 
using the Clustal X software. Phylogenetic analysis was 
performed using MEGA (Version 5).

Transactivation Assay

The transcription activation assay was performed in the 
yeast strain AH109 with LacZ and His reporter genes. The 
ORF sequence of the FtWD40 was ligated into the yeast 
expression vector pBridge (Biovector Inc., USA) after dou-
ble digestion with EcoRI and BamHI. The pBridge empty 
plasmids and AH109 cells was used as a negative controls, 
and pBridge-GmMYBJ6 (Yang and others 2009) served as 
a positive control. The resulting plasmids were transformed 
into yeast AH109 cells using a lithium acetate-mediated 
method (Gietz and others 1992). The yeast transformants 
were verified by colony PCR and plated on the SD/-His-
Trp medium for 3 d at 30 °C. Transcription activation was 
evaluated according to the growth status of yeast cells 
and 5-bromo-4-chloro-3-indolyl-β-D-galacto-pyranoside 
(X-gal). The primers (WDf, WDr) used in vector construc-
tion are listed in Table S3.

Stable Transformation in Tobacco

The plasmids used in the stable expression assay were con-
structed by ligating the ORF sequence of FtWD40 with 
pCAMBIA1301 using KpnI and BamHI. The recombinant 
plasmids and the pCambia1301 vector (as an internal con-
trol) were transformed into Nicotiana tabacum (T12) by 
utilizing the Agrobacterium-mediated leaf disk transforma-
tion method (Horsch and others 1985). Transgenic plants 
were cultured on Murashige and Skoog (MS) medium and 
screened in 1/2 MS medium containing hygromycin (50 mg 
 L−1, w/v). Positive lines were selected and verified by 
PCR. The primers used in vector construction are listed in 
TableS3.

Analysis and Determination of Total Anthocyanin 
Content in Plant Organs

All fresh samples, including transgenic tobaccos and tar-
tary buckwheat, were homogenized in liquid nitrogen and 
analyzed according to the reported method (Rabino and 
Mancineli 1986). 1 mL of acidic methanol (1% HCl, v/v) 
was added to 200 mg of fresh plant material. The samples 
were incubated for 18 h at room temperature under moder-
ate shaking. The extracts were diluted with an equal vol-
ume of water, and then an equal volume of chloroform was 
added to the extract. The samples were vortexed gently 
for a few seconds followed by centrifugation for 5 min at 
15,000×g. The aqueous phase was used for the determi-
nation of absorbance at 530  nm and 657  nm. The antho-
cyanins were quantified using the following equation: 
 QAnthocyanins=(A530 −0.25 × A657) × M− 1, where  QAnthocyanins 
is the amount of anthocyanin,  A530 and  A657 are the absorp-
tions at the indicated wavelengths, and M is the weight of 
the plant material used for extraction [g]. Three independ-
ent biological replicates were measured for each sample.

Quantitative Real‑Time PCR (qRT‑PCR) Analysis

The qRT-PCR analysis was performed to confirm the 
FtWD40 expression in tartary buckwheat under abiotic 
stresses and to analyze the expressions of anthocyanin-
related genes in transgenic tobacco. Total RNA was iso-
lated using the RNeasy Plant Mini Kit (Qiagen, Valencia, 
CA, USA) from samples. The RNA was then converted 
into first-strand cDNA using ReverTra Ace (Toyobo, 
Osaka, Japan) with a random hexamer. Transcription lev-
els of FtWD40 and six anthocyanin-related genes, includ-
ing phenylalanine ammonialyase (PAL, GenBank ID: 
AB289452), chalcone synthase (CHS, GenBank ID: 
AF311783), anthocyanidin synthase (ANS, GenBank ID: 
EB427369), flavonoid3′-hydroxylase (F3′H, GenBank ID: 
AB289449), dihydroflavonol 4-reductase (DFR, GenBank 
ID:EF421429), and flavonol synthase (FLS, GenBank ID: 
AB289451), were analyzed using qRT-PCR. The prim-
ers for qRT-PCR were designed by the Primer Premier 5 
software based on obtained FtWD40 and other gene cDNA 
sequences (Table S2). The gene FtH3 (Histone 3, GenBank 
ID: HM628903) and β-actin (GenBank ID: AB158612) 
were used as the reference genes in tartary buckwheat and 
tobacco, respectively. qRT-PCR was performed with a 
SYBR Premix EX Taq Kit (TaKaRa, Japan) in a total reac-
tion volume of 20 μL, which contained 10 μL of SYBR 
Green Mix, 0.5  μM of each primer, and 1 μL of cDNA. 
The reactions were carried out in a CFX96 Real-Time PCR 
thermocycler (Bio Rad, USA) according to the manufac-
turer’s protocol. The PCR protocol was as follows: 95 °C 
for 5 min, followed by 39 cycles of 95 °C for 15  s, 60 °C 
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for 15 s, and 72 °C for 20 s. The data were evaluated using 
the  2−ΔΔCT method (Livak and Schmittgen 2001). Three 
independent biological replicates were measured for each 
sample.

Statistical Analyses

Three independent biological replicates were measured for 
each sample and the data presented as the mean ± standard 
error (SE). Where applicable, data were analyzed by Stu-
dent’s t test in a two-tailed analysis. Values of P < 0.05 or 
<0.01 were considered to be statistically significant.

Results

Cloning of FtWD40 from F. tataricum

Our aim was to isolate WD40 transcription factors (TFs) 
that may be involved in flavonoid biosynthesis in F. tatari-
cum. Using homology cloning and RACE technology, full-
length cDNA sequences of FtWD40 (1097  bp, GenBank 
ID: KX059426) were characterized from flowers of F. 
tataricum, which contained a 1035 bp ORF and encoded a 
protein of 344 amino acids. Sequence alignments with the 

NCBI database showed the FtWD40 protein was a member 
of the WD40 family.

Molecular Characterization of FtWD40

The amino acid sequence of FtWD40 was aligned with 
previously reported WD40 proteins. The majority of the 
homology was observed within the WD40 repeat motifs, 
normally a 40-amino acid tandem repeat characterized by 
Gly-His (GH) and Trp-Asp (WD) doublet residues (Van 
Nocker and Ludwig 2003). The four hypothetical WD40 
repeat motifs were found in the predicted amino acid 
sequence of FtWD40 (Fig. 1).

A phylogenetic tree was drawn to establish the biological 
functions and evolutionary relationships between FtWD40 
and other known WD40s (Fig.  2). The dendrogram was 
classified into two clusters, the PALE ALEURONE 
COLOR1 (PAC1) and the MP1 clades. Mapping experi-
ments have positioned Mp1 to the long arm of chromosome 
5 close to Pac1. Analysis of the Mp1 sequences revealed 
a lack of a nuclear localization signal, suggesting that it 
might encode a cytosolic protein. Meanwhile, the Pac1 was 
involved in anthocyanin accumulation (Hernandez and oth-
ers 2000). Phylogenetic analysis showed that FtWD40 is 
highly homologous to AtTTG1, PfWD40, PhAN11, and 
VvWDR1, which contribute to regulating anthocyanins.

Fig. 1  Alignment of FtWD40 with related WD40 proteins by Clustal 
X: AtTTG1 (NM_122360) from Arabidopsis thaliana, VvWD 
(NP_001268006) from Vitis vinifera, PfWD (BAB58883) from 
Perilla frutescens, PhAN11 (AAC18914) from Petunia x hybrida, 

GhTTG1 (AAM95641) from Gossypium hirsutum, and MtWD40-1 
(ABW08112) from Medicago truncatula. The WD40 conserved 
domains were indicated with black boxes
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Expression Pattern of FtWD40 in Various Tissues

To verify whether there is a relationship between FtWD40 
expression and anthocyanin accumulation in different tis-
sues, the expression pattern of FtWD40 was analyzed in 
four organs of tartary buckwheat using qRT-PCR. Tis-
sues, including roots, stems, leaves, and flowers, were har-
vested separately from the whole mature plants. During 
florescence, the expression level of FtWD40 was the high-
est in flowers, moderate in roots, and lowest in leaves and 
stems. The level of FtWD40 transcription in flowers was 
1.2-, 2.1-, and 1.9-fold higher than that in roots, stems, and 
leaves, respectively (Fig. 3a). In addition, the anthocyanin 
content analysis showed a similar profile and the expression 
of FtWD40 in various tissues (Fig. 3b).

Transcriptional Analysis of the FtWD40 Gene Under 
Different Stresses

The result of qRT-PCR showed substantial differences 
of FtWD40 transcript abundance in response to multi-
ple stresses except SA treatment (Fig.  4). Under 4 °C and 
NaCl stresses, the transcription of FtWD40 continuously 
increased after 12  h and reached the maximum level at 
24 to 48  h. For UV-B and PEG-6000 treatment, FtWD40 
expression showed no obvious change in 12h, but a remark-
able increase was detected from 24 h. For ABA treatment, 
the highest activation was detected after 12 h of treatment. 
SA stress had no obvious effect on the transcription of 
FtWD40. On the whole, NaCl, ABA, and low temperature 
had more pronounced effects on FtWD40 expression than 
other treatments.

Fig. 2  Phylogenetic relationships between FtWD40 and WD40s 
from Fagopyrum tataricum and other plant species. The GenBank 
accession numbers are as follows: PfWD40 (BAB58883) from 
Perilla frutescens, PhAN11 (AAC18914) from Petunia x hybrida, 
VvWDR1 (ABF66625) from Vitis vinifera, PsWD40-2 (AIU98520) 
from Paeonia suffruticosa, AtTTG1 (NP_197840) from Arabi-
dopsis thaliana, PgWD40 (ADV40946) from Punica granatum, 
MtWD40-1 (ABW08112) from Medicago truncatula, LjTTG1 
(BAH28880) from Lotus japonicus, ZmPAC1 (AAM76742) from Zea 
mays, ZmMP1 (AAR01949) from Zea mays, IpWD40 (BAE94397) 
from Ipomoea purpurea, AtAN11 (AAC18912) from Arabidopsis 
thaliana, MiWD40 (CAE76645) from Matthiola incana, AtWD1 
(NP_172751) from Arabidopsis thaliana, PpWD40-1 (ADN52336) 
from Pyrus pyrifolia, RcLWD1 (XP_002512788) from Ricinus com-
munis, VvWDR2 (NP_001268006) from Vitis vinifera, PsWD40-1 
(AIU98519) from Paeonia suffruticosa. FtWD40 were highlighted in 
red. (Color figure online)

Fig. 3  a Relative expression level of FtWD40; b Total anthocyanin 
accumulation in different tissues. FtH3 was used as an internal con-
trol. The expression data were normalized to leaf (set at 1) using the 
comparative threshold cycle method. Error bars represent the stand-

ard deviation of triplicate runs for qRT-PCR. The values shown with 
different lowercase letters within different organs are significantly dif-
ferent (Tukey test: P < 0.05)



760 J Plant Growth Regul (2017) 36:755–765

1 3

Transcription Activation of FtWD40

The transcriptional activity of FtWD40 was analyzed 
using a yeast assay system. The ORF of FtWD40 was 
cloned into the pBridge vector and then transformed into 

yeast AH109. Yeast cells containing pBridge-FtWD40 
and pBridge-GmMYBJ6 grew well in SD/-Trp/-His 
medium, whereas cells containing pBridge did not 
grow (Fig.  5a). Meanwhile, there was no color change 
in the negative control, and the positive control and 

Fig. 4  Expression analysis of FtWD40 gene in tartary buckwheat 
seedlings under ABA, SA, 4 °C, UV-B, NaCl, and drought treatments. 
The mRNA expression patterns were examined with a qRT-PCR 
assay. The  2− ΔΔCT method was used to determine the relative expres-
sion, and the expression levels of genes in 0 h (no treated) were set to 

“1”. FtH3 was used as a housekeeping gene. Each value represents 
the mean of three replicates, and error bars indicate standard devia-
tions (± SD). *P < 0.05 and **P < 0.01 indicate significant differences 
between the control and stressed tartary buckwheat

Fig. 5  Transactivation analysis of FtWD40 in yeast. a Before the 
galactosidase filter lift assay. b After the galactosidase filter lift assay. 
WD: pBridge-FtWD40; PC (Positive Control): pBridge-GmMYBJ6; 
NC1 (Negative Control): pBridge pasmid ; NC2 (Negative Control): 

AH109. Fusion proteins of pBridge-FtWD40, pBridge-GmMYBJ6 
and pBridge were expressed in yeast strain AH109. The transformants 
were streaked on the SD/Trp−/His− medium. The plates were incu-
bated for 3 d and subjected to X-gal assay
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pBridge-FtWD40 had a significant blue reaction in the 
presence of X-gal (Fig. 5b).

Identification of Transgenic Tobacco Lines

The ORF of FtWD40 was ectopically expressed in tobacco 
using the binary vector pCAMBIA1301-FtWD40 (Fig. 6a). 
Seven independent transgenic tobacco lines that overex-
pressed the FtWD40 gene were obtained from Hyg-resist-
ance selection and were cultured under the same condi-
tions (Supplemental Fig.  1). PCR analysis confirmed the 
presence of the transformed FtWD40 gene in all transgenic 
lines, and the absence of endogenous FtWD40 in wild-type 
(WT) and control check (CK, plant was transformed with 
empty pCAMBIA1301 vector) tobacco plants (Fig.  6b). 
The qRT-PCR analysis showed that the expression level of 
FtWD40 was significantly higher in the transgenic plants, 

especially #2, #5, and #7, than in CK (Fig. 6c). Therefore, 
the three lines were used for further experiments.

Ectopic Expression of FtWD40 Enhances Anthocyanin 
Accumulation in Transgenic Tobacco

Interestingly, there is no substantial difference in morphol-
ogy between the transgenic plants and wild-type. However, 
transgenic tobacco lines harboring FtWD40 were affected 
in flower color, with a remarkable deepening of petal pig-
mentation compared with the CK tobacco (Fig.  7a). This 
change in the corolla color of transgenic tobacco was 
already visible prior to anthesis. To confirm that the deeper 
flower color was attributed from an increased pigment lev-
els synthesized from the anthocyanin pathway, the total 
anthocyanin was determined. In the transgenic tobacco 
lines #2, #5, and #7, anthocyanin contents were improved 
to 3.38-, 2.85-, and 3.25-fold, respectively, as compared 

Fig. 6  Molecular analyses of the FtWD40-overexpressing tobacco 
plants. a Schematic diagram of the T-DNA region of the binary 
plasmid pCAMBIA1301-FtWD40. LB left border; 35S T, CaMV 
35S terminator; hpt II, hygromycin phosphotransferase II gene; 35S, 
cauliflower mosaic virus (CaMV) 35S promoter; NOS T, nopaline 
synthase terminator; FtWD40, tartary buckwheat WD40 transcrip-
tion factor gene; gusA, β-glucuronidase gene; RB, right border. b 
PCR analysis of transgenic plants. Lane M DL2000 DNA marker; 

Lane W water as negative control; Lane P plasmid pCAMBIA1301-
FtWD40 as positive control; Lane CK wild-type; Lanes #1-#7 trans-
genic plants. c Expression analysis of the FtWD40 gene in transgenic 
tobacco plants and CK. The tobacco Ntaction gene was used as an 
internal control. Data are presented as mean ± SD (n = 3). * and ** 
indicate a significant difference from that of WT at P < 0.05 and 
<0.01, respectively, by Student’s t test



762 J Plant Growth Regul (2017) 36:755–765

1 3

to the CK (Fig.  7b). Notably, the expression of FtWD40 
in transgenic tobacco correlated with the pigmentation 
enhancement observed in the petals.

Expression of Genes Involved in Anthocyanin 
Biosynthesis in Transgenic Tobacco

To determine whether the gene expression could poten-
tially account for the remarkable increase of pigmentation 
in flowers, the expression levels of anthocyanin-related 
genes were evaluated using qRT-PCR with NtActin as an 
internal control. It showed that these genes can be grouped 
into three categories in terms of their responsiveness to 
FtWD40 (Fig. 8). The first category, phenylalanine ammo-
nialyase (PAL), chalcone synthase (CHS) and flavonoid 
3′-hydroxylase (F3′H), showed an inconspicuous correla-
tion to the FtWD40 expression. The expression of the three 
genes was similar to the CK. The effect of the constitutive 
FtWD40 expression was more pronounced for dihydro-
flavonol 4-reductase (DFR) and anthocyanidin synthase 
(ANS). A distinct increase (approximately 95%) in the 
transcript of DFR was observed and, to a lesser extent, a 
slighter increase (approximately 56%) in the latter gene. 
The single member of the third category is the flavonol 

synthase (FLS), whose expression was markedly repressed. 
The data indicated that only two genes (DFR and ANS) 
from the lower end of the flavonoid pathway, more directly 
related to the biosynthesis of anthocyanins, were dramati-
cally FtWD40 responsive, and the alteration of DFR was 
most drastic.

Discussion

In this study, we isolated FtWD40 encoding a WD-repeat 
protein that is possibly involved in the regulation of antho-
cyanin biosynthesis. The amino acid sequence of FtWD40 
showed a high identity with other proteins from dicoty-
ledonous plants, such as PhAN11, GhTTG1, AtTTG1, 
and PFWD (Table  S4). Through analyzing the FtWD40 
amino acid sequence, we observed the presence of four 
predicted WD repeats that are remarkably well conserved 
among plants, which suggested that FtWD40 is a highly 
conserved protein in the process of evolution. In addition, 
we detected a relationship between anthocyanin accumu-
lation and FtWD40 expression. FtWD40 was ubiquitously 
expressed in all tissues examined, and the expression level 
was significantly correlated with the anthocyanin content in 
various organs. These results suggested that FtWD40 might 
be involved in the metabolism of anthocyanins in tartary 
buckwheat as a transcriptional activator. The majority of 
the WD40 genes were responsive to abiotic stresses such as 
salinity, drought, and low temperature. BnSWD1, which is 
a novel WD40 repeat-containing protein, was upregulated 
after treatment with abscisic acid, salicylic acid, and methyl 
jasmonate (Lee and others 2010). Similarly, FtWD40 was 
highly sensitive to abiotic stresses, suggesting that it had a 
protective role via regulation of anthocyanin biosynthesis 
(Dong and others 2014). Indeed, tartary buckwheat benefits 
from the anthocyanin accumulation, which protects seed-
lings from UV radiation, temperature change, and drought 
(Tsurunaga and others 2013). The phylogenetic tree placed 
FtWD40 into dicotyledon subgroups involved in anthocya-
nin biosynthesis. So, we propose that FtWD40 is a positive 
regulator of anthocyanin biosynthesis in tartary buckwheat.

Three major transcription factor families, including 
MYB, bHLH, and WD40, generally activate anthocyanin 
biosynthesis as a part of the MBW complex (Espley and 
others 2007; Lin-Wang and others 2014). It is worth noting 
that WD40 is an important part of the WD40/MYB/bHLH 
complex and interacts with bHLHs or MYBs to regulate 
anthocyanin or proanthocyanidin biosynthesis (Gonzalez 
and others 2008; Qi and others 2011; Ramsay and Glover 
2005; Schaart and others 2013). In Arabidopsis, functional 
analysis of TTG1/WDR, AtMYB123/MYB, and AtbHLH42/
bHLH indicated that these three proteins synergistically 
control anthocyanin accumulation (Mehrtens and others 

Fig. 7  a Floral phenotypes of transgenic tobacco plants expressing 
tartary buckwheat FtWD40. b Quantification of total anthocyanins 
in transgenic tobacco seedling leaves. The CK plant was transformed 
with empty pCambia1301 vector. #-n (n represents the line number) 
transgenic lines were transformed with pCambia1301-FtWD40 vec-
tor. Each value represents the mean of three replicates, and error bars 
indicate standard deviations (±SD). ** indicate a significant differ-
ence from that of CK at p < 0.01, by Student’s t-test
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2005). In petunia, the transcription factors AN2 and JAF13 
or AN1 are thought to positively regulate the anthocyanin 
biosynthetic pathway (Albert and others 2011). Neverthe-
less, our results showed that overexpression of the FtWD40 
gene can improve anthocyanin accumulation in N. tabacum 
without co-transferring other factors, which is consistent 
with PFWD from Perilla frutescens (Sompornpailin and 
others 2002). In addition, the overexpression of IbWD40 
increased the expression of the anthocyanin biosynthesis-
related gene (Dong and others 2014). Thus, overexpression 
of FtWD40 alone could also improve the synthesis of plant 
anthocyanins.

Furthermore, transcription factors control the synthe-
sis of anthocyanin by regulating the expression of down-
stream target genes. The expression of early and late bio-
synthetic genes (EBGs and LBGs, respectively) appears to 
be regulated separately by different TFs (Dubos and oth-
ers 2010; Nesi and others 2001). We examined the effect 
of FtWD40 on anthocyanin-related genes in transgenic 
tobacco. Similarly, our result indicated that there was lit-
tle or no enhancement of the earlier genes. However, 
FtWD40 not only upregulated the expression of NtDFR and 
NtANS but also reduced the NtFLS. It is generally known 
that DFR and FLS play an important role in anthocyanin 
and flavonol biosynthesis; DFR and FLS compete for the 

same substrate, dihydroflavonol (Davies and others 2003). 
This being so, FtWD40 increased DFR expression and sup-
pressed FLS expression, which might switch biosynthesis 
from dihydroflavonol to anthocyanin. When we ectopically 
expressed FtWD40 in tobacco, the seedlings of transgenic 
lines accumulated more anthocyanins than the control plant 
(Fig.  6b). Simultaneously, the color of the flowers obvi-
ously deepened. Our results are similar to those of previous 
studies, in which overexpression of the proanthocyanidins 
(PAs) structural gene ANRs resulted in a visible decrease 
in flower color in tobacco (Han and others 2012). However, 
PAP1(MYB) overexpression can affect the transcription of 
all genes involved in the phenylpropanoid pathway (Tohge 
and others 2005). Further research is necessary to reveal 
the differences among different plant species.

Taken together, whether at the transcriptional level or 
metabolic level, evidence from our transgenic tobacco 
experiments showed that transcription factor FtWD40 
could effectively increase anthocyanin accumulation in 
a heterogonous host. Because of the health-promoting 
properties and the economic market for anthocyanins in 
human health, there is a growing interest in the devel-
opment of functional foods rich in anthocyanins (Zhang 
and others 2012). Furthermore, recent research has sug-
gested that transcription factors, which have the potential 

Fig. 8  Analysis of anthocyanin-related gene expression levels in 
FtWD40 transgenic tobacco seedling leaves. The transcripts of six 
anthocyanin biosynthetic genes were detected by qRT-PCR from 
transgenic lines and compared with control lines. The  2−ΔΔCT method 
was used to determine the relative expression, and the expression 
levels of genes in CK were set to “1”. β-actin was used as a house-

keeping gene. Each value represents the mean of three replicates, and 
error bars indicate standard deviations (±SD). The CK plant was 
transformed with empty pCambia1301 vector. #-n (n represents the 
line number) transgenic lines were transformed with pCambia1301-
FtWD40 vector. *P < 0.05 and **P < 0.01 indicate significant differ-
ences between control and transgenic tobacco
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ability to regulate multiple structural genes, are more 
effective compared to single structural genes for plant 
metabolic engineering (Aharoni and Galili 2011). In this 
respect, owing to their potential to regulate anthocya-
nin accumulation, our data may provide new clues and 
potential opportunities for increasing the commercial 
value of tartary buckwheat by metabolic engineering of 
anthocyanins.
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