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Abstract
The R2R3-MYB transcription factors play an important role in regulating secondary metabolism biosynthesis and abiotic 
stress in plants. In this article, we report the identification of the transcription factor gene, FtMYB31, from the popular Eura-
sian crop tartary buckwheat (Fagopyrum tataricum) that enhances accumulation of the nutritionally beneficial compound 
rutin in transgenic tobacco leaves. The FtMYB31 complete cDNA coding sequence was isolated from the leaves of tartary 
buckwheat, and multiple protein sequence alignments and conserved domain analysis showed it contained a typical R2R3 
MYB domain. Subcellular location experiments showed the FtMYB31 protein is localized in nucleus. The phylogenetic 
tree clustered FtMYB31 with VvMYBPA1 from Vitis vinifera, and AtMYB123 from Arabidopsis thaliana, belonging to the 
Subgroup 5 cluster. Comparison by qRT-PCR of FtMYB31 transcripts and those from rutin synthesis-related genes showed 
a relationship between FtMYB31, Ft4CL, and FtUFGT transcripts and rutin content in different tissues of F. tataricum, with 
correlation coefficients of − 0.68, 0.69, and 0.47, respectively. Transgenic experiments indicated that FtMYB31 upregulated 
CHS, F3H, and FLS genes in transgenic tobacco and enhanced the accumulation of rutin and total flavonols. These results 
suggest that FtMYB31 encodes an R2R3-MYB transcription factor that positively regulates flavonol biosynthesis in tartary 
buckwheat and tobacco and is a possible target for genetically modifying tartary buckwheat to enhance the content of ben-
eficial compounds such as rutin.
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Introduction

Buckwheat (Polygonaceae) is a pseudocereal with two major 
species of agricultural significance: common buckwheat 
(Fagopyrum esculentum Moench, sweet buckwheat) and tar-
tary buckwheat (Fagopyrum tataricum (L.) Gaertn., bitter 
buckwheat) (Ohnishi 1998; Logacheva et al. 2011). Tartary 
buckwheat is a very healthy food enriched in bioactive com-
pounds, such as rutin, a type of flavonol, and has great poten-
tial for development and also has applications as a medicinal 
plant (Kalinová et al. 2018). The rutin content in tartary 
buckwheat ranges from approximately 1% to 5% of the dry 
weight in flowers, leaves, and seeds (Kreft et al. 2002, 2006; 
Jiang et al. 2007). Rutin is beneficial for several aspects of 
growth and physiology of tartary buckwheat, including the 
enhancement of defense systems against UV radiation and 
abiotic stress, desiccation, and salinity (Suzuki et al. 2005; 
Sun et al. 2011, Gao et al. 2016). In humans, rutin has been 
reported to have antioxidant and anti-inflammatory activities 
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and anticancer properties. It can also reduce the fragility of 
blood vessels and the risk of diabetes (Ahmed et al. 2014; 
Gou et al. 2014).

The flavonol biosynthesis pathways have been well docu-
mented in plants such as Arabidopsis thaliana and Solanum 
lycopersicum (Koes et al. 2005; Bovy et al. 2007). The pre-
cursor phenylalanine can be metabolized to different types 
of flavonol compounds via different biosynthesis pathways. 
Most enzymes involved in this pathway have been well 
studied. Phenylalanine ammonia lyase (PAL), cinnamate 
4-hydroxylase (C4H), and 4-coumarate: CoA ligase (4CL) 
are involved in the general phenylpropanoid pathway; and 
chalcone synthase (CHS), chalcone isomerase (CHI), and 
flavanone-3-hydroxylase (F3H) are early biosynthetic genes 
(EBGs). Dihydro flavanol 4-reductase (DFR) is involved in 
the proanthocyanidin (PA) and anthocyanin pathways; UDP-
glucose: flavonoid 3- glucosyltransferase (UFGT) is involved 
in the anthocyanin and flavonol pathway (Saito et al. 2013). 
Rutin is a glycosylated flavonol, derived from dihydroquer-
cetin by sequential reactions catalyzed by flavonol synthase 
(FLS), glucosyltransferase (GT), and rhamnosyltransferase 
(RT) (see Supplementary Figure S1). Besides structural 
genes, it is well known that transcription factors (TFs), such 
as MYBs, WD40, and bHLH, play an essential role in regu-
lating the overall activity of flavonol biosynthesis (Stracke 
et al. 2007, 2010).

In the recent decades, R2R3-MYB genes have been 
extensively studied and members of the MYB family have 
been found to be involved in phenylpropanoid metabolism 
(Grotewold et al. 1994; Hichri et al. 2011), anthocyanin 
biosynthesis, and flavonol accumulation (Meng et al. 2014; 
Aharoni et al. 2010). In Arabidopsis, 126 R2R3 MYB TF-
encoding genes have been classified into 24 subgroups 
(Dubos et al. 2010), and 71 putative R2R3-MYB TFs have 
been identified from the common buckwheat genome data-
base (Yasui et al. 2016). Due to the increasing demands from 
consumers and industrial applications, the rutin content of 
crops requires further enhancement to achieve satisfactory 
yields. Tomato and tobacco plants with enhanced rutin con-
tent have been achieved via the heterologous expression of 
the AtMYB12 transcription factor from Arabidopsis. A sub-
sequent study on callus from AtMYB12-expressing tobacco 
also showed higher rutin levels than control plants (Pan-
dey et al. 2012). In addition, overexpression of AtMYB11, 
a homolog of AtMYB12, significantly increases the rutin 
content in tobacco and tomato leaves (Pandey et al. 2015, 
Li et al. 2015). FtMYB123L was identified as a homolog of 
AtMYB123/TT2 from a floral transcriptome analysis, and 
was inferred involved in the flavonoid synthesis (Zhou et al. 
2013).

The aim of this study was to isolate and identify an R2R3 
MYB transcription factor that regulates the flavonol bio-
synthesis pathway in tartary buckwheat. In addition, we 

analyzed the sequence characteristics and tissue specific 
gene expression of the identified R2R3 MYB gene. To 
understand its function and relationship to flavonol biosyn-
thesis, the gene was studied in transgenic tobacco leaves, and 
the flavonoid content was found to be significantly higher 
than that of WT, and the ectopic expression FtMYB31 upreg-
ulated gene expression level and increased rutin content in 
tobacco.

Materials and Methods

Plant Materials and Growth Conditions

The seeds of the tartary buckwheat cultivar “Heifeng No.1” 
were donated by the Institute of Crop Genetic Resources 
(Shanxi Academy of Agricultural Sciences, Shanxi, China). 
Three seeds were germinated in each pot and grown in a 
greenhouse at Shanxi Agricultural University (north-
ern China, 37°25′N, 112°29′E) under a light intensity of 
200 μmol m−2 s−1, 24 ± 2 °C, and 16 h photoperiod. When 
the plants were full grown, the leaves, flowers, and grains 
were collected and stored at − 80 °C for further experiments. 
All T3 transgenic tobacco lines were planted in a green-
house under the same growth condition as described above. 
The leaves of T3 transgenic lines were collected for further 
analyses. All experimental materials had three individual 
biological replicates.

Sequence Retrieval, Alignment, and Phylogenetic 
Analysis

A local protein blast database was constructed from the 
transcriptome data of leaves of F. tartaricum for further 
analysis using BioEdit 7.2.1 software (sequenced by Bio-
marker technologies, Beijing, China; unpublished). Using 
the conserved R2R3-MYB motif as the target sequence, a 
total of ten R2R3-MYB proteins in F. tartaricum, twenty 
from Arabidopsis, and one from Vitis vinifera, were obtained 
from Genbank (https​://www.ncbi.nlm.nih.gov/) for sequence 
alignment and phylogenetic analyses. The 31 R2R3 MYB 
members were aligned using MUSCLE in MEGA 7.0 soft-
ware with default parameters. The alignments achieved were 
used as an input to construct the phylogenetic tree with 10 
000 bootstrap replicates with gaps deleted using MUSCLE 
3.6 based on the neighbor-joining method. One R2R3-MYB 
gene named FtMYB31 clustered with VvMYBPA1, and this 
gene was selected to be cloned from leaves of F. tartaricum.

Subcellular Localization Analysis of FtMYB31

A 35S:FtMYB31-GFP construct was transiently expressed 
in tobacco leaves using the agrobacterium micro-injection 

https://www.ncbi.nlm.nih.gov/
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methods (Xu et al. 2014). The transgenic cells were observed 
under a fluorescence microscope (OLYMPUS, FV10-ASW, 
USA) after 2 days’ cultivation.

RNA Extraction, cDNA Synthesis, and Gene Cloning

Total RNA was isolated from leaves, flowers, and grains of 
F. tartaricum and leaves of T3 transgenic tobacco lines using 
the MiniBEST Plant RNA Extraction Kit (Takara, Japan). 
The RNA quality was checked using a NanoDropTM2000 
spectrophotometer (Thermo Fisher Scientific, USA) and 
electrophoresis. Using PrimeScriptTM RT reagent Kit 
(Takara, Japan) according to the manufacturer’s instruc-
tions, 1 μg total RNA was reverse transcribed to gener-
ate the first strand cDNA library. Gene specific forward 
and reverse primers were designed, and FtMYB31 cDNA 
was cloned using RT-PCR. The RT-PCR reaction system 
was conducted in a total volume of 50 µL containing 25 
µL Premix ExTaq (Takara, Japan), 2 µL first-strand cDNA 
template, and 0.4 µM each primer (all primers are listed in 
Supplementary Table S1). The RT-PCR reaction program 
was set as follows: preheating at 94 °C for 5 min, 30 cycles 
at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 90 s, fol-
lowed by a final extension at 72 °C for 10 min. The ampli-
fied products were tested by agarose gel electrophoresis, and 
the bands were recovered from the gel using the Gel DNA 
Purification Kit (Sangon Co., Shanghai of China). These 
DNA fragments were subcloned into the pMD19-T vector 
(Takara, Japan) and sequenced by Sangon Biotech Co., Ltd. 
(Shanghai, China). The nucleotide sequence of FtMYB31 
has been submitted to GenBank.

Gene Expression Analysis

For real-time-quantitative PCR analysis, expressions of all 
of genes in this study were measured using a PCR mix con-
taining 1 μL of diluted cDNA (10 ng), 10 μL of 2 × SYBR 
Green PCR Master Mix (Takara, Japan), and 200 nM of 
each gene specific primer in a final volume of 20 μL. Assays 
with no template were also performed for each primer pair 
as a control. All the PCR amplifications were performed in 
96-well optical reaction plates (Bio-rad, USA) under the fol-
lowing conditions: 20 secs at 95 °C, 3 secs at 95 °C, and 40 
cycles of 30 secs at 60 °C. The specificity of amplicons was 
verified by melting curve analysis (60 °C to 95 °C) after 40 
cycles. Three biological replicates were analyzed for each 
gene, and each sample run three technical replicates as well. 
Results are expressed as change in expression levels relative 
to the histone gene (tartary buckwheat) or ubiquitin gene 
(tobacco) using the 2−ΔΔct method (Livak and Schmittgen 
2001).

Expression Vector Construction and Genetic 
Transformation

The complete coding sequence of FtMYB31 cDNA with 
BamH I and Sma I digestion site (see Figure. S2), under 
the control of the cauliflower mosaic virus 35S promoter 
in the binary vector pBI121, was transferred into Agrobac-
terium tumefaciens strain EHA105 by electroporation. For 
transient expression, healthy leaves of wild-type tobacco 
were chosen and injected with Agrobacterium tumefa-
ciens EHA105, which had been transformed with either 
FtMYB31 or empty vector (EV). Further control leaves 
were injected with water.

For generating stable transgenic lines, tobacco plants 
were transformed using Agrobacterium-mediated trans-
formation (Horsch et al. 1985). EV-infected tobacco plants 
were also generated as a control. The T0-transformed 
tobacco seeds were harvested, sterilized, and plated 
on solid half strength MS medium supplemented with 
100 mg/L kanamycin to screen for positive transgenic 
lines, which were detected by RT-PCR. Finally, T3-pos-
itive transgenic tobacco lines were obtained for further 
analysis of rutin content and gene expression (Figure S3).

Determination of Total Flavonoid and Rutin Content

Assay of total flavonoid content was carried out by the 
method described by Liu and Zhu (2007). Briefly, 0.1 g 
dried transgenic tobacco leaves were extracted in metha-
nol, then 1 mL diluted solution was added to 0.7 mL of 5% 
NaNO2 and 10 mL of 30% methanol and mixed for 5 min. 
Next, 0.7 mL of 10% AlCl3 was added to the mixture. 
After 5 min, 5 mL of 1 mol/L NaOH was added and the 
absorbance of the solution was measured at 500 nm with 
a spectrophotometer. The results were calculated as mg/g 
dry weight and compared with the rutin standard curve.

High Performance Liquid Chromatography (HPLC) was 
used to analyze the rutin content following Sun’s method 
(2011). Briefly, the fresh tissues (approximately 0.2 g) 
were ground into a fine powder and macerated in 1 mL 
of methyl alcohol. The samples were placed in an ultra-
sonic bath at 50 °C for 50 min for extraction, centrifuged 
at 12,000 rpm for 10 min to obtain the supernatant, then 
filtered through 0.45 μm PTFE filers into HPLC vials. 
An HPLC analysis was performed with a C18 column 
(150 mm × 4.6 mm, 5 μm) (Agilent, U.S.A). The mobile 
phase consisted of 46% methanol to 54% water, and 
the sample was run on an Ultimate 3000 HPLC System 
(Thermo scientific, USA). The retention time of rutin was 
3.8 ± 0.1 min at 257 nm. The concentrations of rutin were 
determined using a standard curve (Figure S4).
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Visualization of Flavonoid

The wild-type tobacco leaves that had been infiltrated with 
Agrobacterium were cut into pieces (0.5 cm × 0.5 cm) and 
stained for 5 to 15 min using saturated (0.25%, w/v) DPBA 
with 0.02% (v/v) Triton X-100. Stained leaves were then visu-
alized with an epifluorescence microscope equipped (excita-
tion 450–490 nm, Leica DM5500, German) as described in 
Murphy et al. (2000).

Results

Sequence Characteristics and Subcellular 
Localization of FtMYB31 Gene

The cloned FtMYB31 cDNA (GenBank accession num-
ber: KM588380) comprised 912 nucleotides encoding 303 
amino acid residues. By comparing cDNA and genomic 
sequences the gene was shown to have no introns. The 
predicted molecular weight of the protein encoded by this 
gene was 34,013.16 Daltons, and the isoelectric point was 
7.741. Based on the conserved protein domain analysis, the 
FtMYB31 protein contained two Myb DNA-binding domains 
(ranging from amino acid residues 14-61 and 67-112). When 
compared with homologous proteins from Arabidopsis thali-
ana, Vitis vinifera, and Fagopyrum tartaricum, the multise-
quence alignment and motif analyses indicated that the pro-
tein possessed typical R2 (WX19WX19W) and R3 (F/IX18W) 
motifs (Fig. 1b, c). The FtMYB31 protein showed the highest 
amino acid sequence similarity to VvMYBPA1 from Vitis 
vinifera, with a 60% identity by BLAST in the nonredun-
dant protein database. The phylogenetic tree distinguished 
three groups of R2R3-MYB genes in F. tataricum and other 
species (Fig. 1a). FtMYB31 clustered with VvMYBPA1and 
AtMYB123. Because the Arabidopsis AtMYB123 genes was 
functionally identified as flavonoid biosynthesis transcrip-
tional regulators, we inferred that FtMYB31 was an R2R3-
MYB SG5 gene.

To examine whether FtMYB31 was localized in the 
nucleus, as would be expected of a typical R2R3-MYB TF 
protein, the fusion protein FtMYB31-GFP was transiently 
expressed in tobacco leaves. Fluorescence microscopy 
showed that the free GFP control was located in both the 
cytosol and nucleus, whereas FtMYB31-GFP protein was 
exclusively observed in the nucleus (Fig. 2). Therefore, the 
subcellular localization of FtMYB31 is consistent with the 
putative role of a TF protein.

Tissue‑Specific Expression Analyses of FtMYB31 
and Flavonol Biosynthesis‑Related Genes

We performed qRT-PCR to investigate the transcript lev-
els of flavonol biosynthesis-related genes and FtMYB31 in 

different tissues of F. tartaricum. FtCHS gene expression 
was detected in flowers and leaves, with a level in seeds 
only 1% of that found in leaves. This indicates that the 
upstream genes of flavonoid biosynthesis may not be highly 
expressed in mature seeds. Higher expression levels of the 
Ft4CL gene were noted in leaves compared with the flow-
ers and seeds and FtF3H expression was 1.36-fold higher 
in flowers in comparison with leaves. Notably, FtFLS was 
much more highly expressed in flowers and seeds, 107.2-
fold and 11.8-fold, respectively, compared to leaves and 
FtUFGT and FtMYB31 transcripts were up to 2.1-fold and 
16.7-fold higher in seeds (Fig. 3a). The correlations between 
rutin content and gene expression level were visualized by 
heatmap analysis. The rutin content was higher in flowers 
(50.15 mg/g FW) than grains (18.07 mg/g FW) and leaves 
(24.17 mg/g FW). Based on the hierarchical clustering 
analysis, the expression pattern of FtMYB31 clustered with 
Ft4CL, FtUFGT, and rutin content, with a correlation coef-
ficient of − 0.68, 0.69, and 0.47, respectively. FtCHS, FtFLS, 
and FtF3H clustered in another group, with a correlation 
coefficient of − 0.96, 0.24, and 0.29, respectively, when 
compared with FtMYB31 (Fig. 3b).

Overexpression of FtMYB31 in Tobacco Strongly 
Induced Flavonol Accumulation and Upregulated 
Expression of Flavonol Biosynthesis‑Related Genes

To understand whether the FtMYB31 gene regulated flavonol 
biosynthesis in vivo, we constructed a transient expression 
vector and infiltrated it into wild-type tobacco leaves and 
the visualized the flavonol compounds produced with DPBA 
staining under a fluorescence microscope (Fig. 4a). The 
DPBA was injected by sterile syringe near the vein easy for 
observation. No fluorescence signal was detected in the con-
trol leaves of wild-type tobacco infiltrated with water and the 
empty vector after 24 h. In comparison, strong orange fluo-
rescence was observed close to the injection site of tobacco 
leaves infiltrated with 35S: FtMYB31. Qualitative detection 
visualized the change of flavonoid levels by flavonoid stain-
ing. However, due to the detection sensitivity, it is difficult to 
visualize the lower flavonoid levels in wild type. Flavonoid 
accumulation assays confirmed the lower levels of flavonoid 
in WT. The total flavonol content in the infiltrated leaves 
were higher than the control at 24 h and 48 h after injec-
tion, up to 5.5 and 5.6 mg/g, compared with injected water 
(2.1 mg/g) and EV (2.3 mg/g), respectively, and there was 
no significant change after injecting 72 h (Fig. 4b).

We then transformed tobacco with Agrobacteria contain-
ing 35S: FtMYB31 and transgenic lines were obtained. Sev-
eral independent FtMYB31 transgenic tobacco lines were 
grown to the T3 generation (Fig. 5a), positive transformants 
were identified via PCR amplifications using gene-specific 
primers and two independent transgenic lines were chosen 
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for determination of FtMYB31 expression level (Fig. 5b, c). 
The result showed a sustainable expression in OE 31-1 and 
OE 31-2 lines. Then, the content of total flavonol, quercetin, 
and rutin were measurement using both spectrophotometric 

and HPLC assays. The OE31-1 and OE31-2 transgenic lines 
showed a higher total flavone content than wild-type (WT) 
or empty vector (EV) plants, with approximately 7.23 and 
7.86 mg/g FW, respectively. The quercetin content was 1.11 

AtMYB11(AT3G62610) M G R A P C C E K V G I K K G R WT A E E D R T L S D Y I Q S N G E G S WR S L  [ 42]
AtMYB12(AT2G47460) M G R A P C C E K V G I K R G R WT A E E D Q I L S N Y I Q S N G E G S WR S L  [ 42]
ATMYB111(AT5G49330) M G R A P C C E K I G L K R G R WT A E E D E I L T K Y I Q T N G E G S WR S L  [ 42]
ATMYB123(NP198405) M G K R A S V R R E E L N R G A WT D H E D K I L R D Y I T T H G E G K WS T L  [ 42]
FtMYB31(KM588380) M G R A P C C S K V G L H R G P WT P K E D S L L T D Y I Q T H G E G Q WR S L  [ 42]
VvMYBPA1(AM259485) M G R A P C C S K V G L H R G S WT A R E D T L L T K Y I Q A H G E G H WR S L  [ 42]

AtMYB11(AT3G62610) P K N A G L K R C G K S C R L R WI N Y L R S D I K R G N I T P E E E D V I V K  [ 82]
AtMYB12(AT2G47460) P K N A G L K R C G K S C R L R WI N Y L R S D L K R G N I T P E E E E L V V K  [ 82]
ATMYB111(AT5G49330) P K K A G L L R C G K S C R L R WI N Y L R R D L K R G N I T S D E E E I I V K  [ 82]
ATMYB123(NP198405) P N Q A G L K R C G K S C R L R WK N Y L R P G I K R G N I S S D E E E L I I R  [ 82]
FtMYB31(KM588380) P K N A G S L R C G K S C R L R WM N Y L R P D I K R G N I S P D E D D L I I R  [ 82]
VvMYBPA1(NP001268160)P K K A G L L R C G K S C R L R WM N Y L R P D I K R G N I T P D E D D L I I R  [ 82]

AtMYB11(AT3G62610) L H S T L G T R WS T I A S N L P G R T D N E I K N Y WN S H L S R K L P T V A  [128]
AtMYB12(AT2G47460) L H S T L G N R WS L I A G H L P G R T D N E I K N Y WN S H L S R K L P S I S  [128]
ATMYB111(AT5G49330) L H S L L G N R WS L I A T H L P G R T D N E I K N Y WN S H L S R K I S G D G  [128]
ATMYB123(NP198405) L H N L L G N R WS L I A G R L P G R T D N E I K N H WN S N L R K R L P K T Q  [128]
FtMYB31(KM588380) L H A L L G N R WS L I A G R L P G R T D N E I K N Y WN T H L S K K L P N T H  [128]
VvMYBPA1(NP001268160)L H S L L G N R WS L I A G R L P G R T D N E I K N Y WN T H L S K K L P N T H  [128]

AtMYB11(AT3G62610) N T E N A P P P P K R R P G R T S R S A M K F I L N P K N H K T P N S F D A L M  [215]
AtMYB12(AT2G47460) Q D A P P P P Q A K R R L G R T S R S A M K I H R T K T R K T K K T S A E A L M  [215]
ATMYB111(AT5G49330) H N K N N N K T K K K K K G R T S R S S M K K H K Q M V T A S Q C F S Q E G E S  [215]
ATMYB123(NP198405) T K E N N V C V I R T K A I R C S K T L L D L S L Q K K S S T S P L P L K E Q E  [215]
FtMYB31(KM588380) K K P N P P K P S K P K K K R T P Q T N N K G S D P S A Q N K T K V H Q N L T S  [215]
VvMYBPA1(NP001268160)K K M T E P P E P K R R K N T R T R T N N K I S K D Q E N S N H K V H L N T V S  [215]

*

*

* *

*

a

b

c

FtMYB31(KM588380)

Fig. 1   Phylogenetic tree (a), protein conservation motif (b), and homologous sequence clustering (c) analyses of FtMYB31 in tartary buckwheat 
and other species. The asterisk indicates the conserved amino acid of R2R3 domain
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and 1.10 mg/g FW, respectively, and the rutin content was 
2.56 and 2.78 mg/g FW, which is up to 78.1% and 74.5% 
higher, respectively, than in the wild type (Fig. 5s).

The expression of flavonol biosynthesis-genes and 
FtMYB31 in the two independent transgenic lines was meas-
ured by qRT-PCR (Fig. 5e). The result showed that NtCHS, 
NtF3H, and NtFLS were more highly expressed in OE 31-1 
and OE 31-2 leaves compared to WT and EV transformed 
plants. In OE31-1 and OE31-2 transgenic tobaccos, NtCHS 
expressions were 1.14- and 1.22-fold higher than those in 
WT plants, NtF3H expressions were 1.96- and 2.47-fold 
higher in the same transgenic tobaccos, and NtFLS expres-
sions were 2.49- and 2.93-fold greater than that found in the 
WT plants.

Discussion

Flavonoids are important secondary metabolites produced 
in tartary buckwheat, which have benefits for human health. 
However, the underlying molecular mechanisms regulating 
flavonol biosynthesis in different tissues of tartary buck-
wheat are still not clearly known. Here, we identified and 
cloned an R2R3-MYB homologous gene, FtMYB31, from 
tartary buckwheat by protein homology. Stracke et al. (2001) 
classified 126 R2R3-MYBs into 25 subgroups using pro-
tein sequence and motif analysis in Arabidopsis. The fifth 
subgroup factor MYB123 (Stracke et  al. 2007) and the 
seventh subgroup factors PFG1/MYB12 (Mehrtens et al. 
2005), PFG2/MYB11, and PFG3/MYB111 (Stracke et al. 

2010) which function in flavonoid biosynthesis have been 
reported. In the present study, sequence analysis showed that 
FtMYB31 has a typical R2R3-conserved domain. Based on 
the phylogenic tree, it clustered with members of subgroup 
five of the R2R3-MYBs in Arabidopsis, which function as 
regulators of flavonol biosynthesis. Other studies have also 
found that R2R3- MYB TFs with similar functions cluster 
together in the same subgroup (Zhao et al. 2014; González 
et  al. 2016) and extensive phylogenetic analysis of the 
R2R3-MYB proteins has been performed in model plants 
such as Arabidopsis, rice, and wheat (Chen et al. 2006; Kati-
yar et al. 2012). In the phylogenetic analysis, Arabidopsis 
MYB123/TT2, barley MYB31, and grapefruit MYBA1 clus-
tered one clade. Zhou (2013) identified the TT2 gene from 
floral transcriptomic and suggested that TT2 controlled fla-
vonoid metabolism in buckwheat, and VvMYBAP1 shown 
to control the flavonoid metabolism in grapefruit (Bogs et al. 
2007). These genes are highly homologous, which supports 
the theory that FtMYB31 has a similar function to the genes 
in this clade.

We tested whether R2R3-MYB could regulate the accu-
mulation of flavanols, especially rutin content in tartary 
buckwheat. We found that FtMYB31 gene expression level 
was correlated with the expression levels of CHS, 4CL, 
F3H, FLS, and also the rutin content in different tissues of 
tartary buckwheat. Previously, we have shown that UV-C, 
salicylic acid, and MeJA may enhance rutin biosynthesis 
and in parallel activate CHS, 4CL, F3H, and FLS genes 
in all tissues of tartary buckwheat (Sun et al. 2011, Hou 
et al. 2015). These results implied that the FtMYB31 gene 
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Fig. 2   Subcellular localizations of FtMYB31-GFP in tobacco leaves transformed by agro-infiltration. GFP Green fluorescence protein, DAPI 
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may be involved in regulating rutin biosynthesis in tartary 
buckwheat. Transient and stable expressions in transgenic 
plants indicated that FtMYB31 regulated these genes related 
to the rutin synthesis pathway in tartary buckwheat. To date, 
nearly 23 MYB transcription factors from tartary buckwheat 
have been listed in the NCBI database. Eight of these TFs 
respond to multiple abiotic stressors and phytohormones; 
they have higher expression levels under NaCl, PEG, cold, 
or UV-B treatment and also play important roles in ABA, 
SA, and MeJA crosstalk involving multiple stress signal-
ing pathways (Gao et al. 2016). A further two MYBTFs, 
FtMYB1 and FtMYB2, have been identified as R2R3-MYBs 
and are thought to regulate proanthocyanidin biosynthesis 
(Bai et al. 2014). Zhang et al. (2018) discovered that jas-
monate-responsive MYB factors could inhibit the jasmonate 

signaling pathway, resulting in repression of rutin biosyn-
thesis. These results enhance our understanding of the 
regulatory mechanism of rutin. In our study, the upstream 
genes of the flavonoid synthesis pathway, such as Ft4CL 
and FtCHS, showed higher expression level in leaves than 
the other organs. The central and downstream genes, such 
as FtF3H and FtFLS, showed higher expression levels in 
flowers, whereas the last gene leading to rutin biosynthe-
sis, FtUFGT, showed the highest expression level in mature 
seeds. Our results demonstrate that FtMYB31 is specifically 
expressed in seeds of tartary buckwheat, and it can regulate 
flavonoid synthesis in tartary buckwheat and tabacoo.

Our results showed that FtMYB31 could positively regu-
late the flavonol synthase (FLS) gene, increasing flavonol 
biosynthesis in tartary buckwheat, and various transgenic 
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Fig. 4   Flavonol accumulation stimulated by transient expression (vis-
ualized after 24-h injection) of FtMYB31 in tobacco leaves in vivo. 
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tobacco lines. Leaves were photographed after 1  h. Bar = 500  μm 
(Note: excitation at 488  nm provides excellent visualization of 
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flavonoid in transgenic tobacco lines after injecting for 24 h, 48 h, and 
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tobacco lines expressing the FtMYB31 gene developed in 
this study accumulated significantly enhanced levels of total 
flavonols and rutin in leaf tissue. Previously, Pandey et al. 
(2012) reported that the expression of AtMYB12 in tobacco 
leads to a several-fold higher accumulation of flavonols 
in transgenic lines, compared to WT plants. Other reports 
have shown that overexpressing FtMYB15 and FtWD40 
in transgenic tobacco increased the anthocyanin content 
and expression of corresponding biosynthetic genes (Luo 
et al. 2018). For example, the overexpression of FtWD40 
increased anthocyanin content in tartary buckwheat, but not 
flavonol synthase (FLS) in the transgenic lines (Yao et al. 
2017). The increase in flavonol content in the transgenic 
lines developed in this study suggests that FtMYB31 TF acti-
vates the flavonol biosynthesis branch of the pathway. Tran-
scription factors have been demonstrated as efficient tools 

for metabolic engineering of this pathway, but often exhibit 
unexpected effects in heterologous systems relative to that 
in the homologous system. In the present study, FtMYB31 
has been successfully expressed in tobacco in a heterologous 
system and its expression can enhance flavonoid biosynthe-
sis. Although homologous expression systems are still quite 
challenging for tartary buckwheat, our work lays a founda-
tion for genetically modifying it for the future improvement 
of nutrition values.
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