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Abstract

Key message FtMYB18 plays a role in the repression of anthocyanins and proanthocyanidins accumulation by
strongly down-regulating the CHS and DFR genes in Tartary buckwheat, and the CS motif plays an important role
in this process.

Abstract Anthocyanins and proanthocyanidins (PAs) are important flavonoids in Tartary buckwheat (Fagopyrum tataricum
Gaertn.), which provides various vibrant color and stronge abiotic stress resistance. Their synthesis is generally regulated
by MYB transcription factors at transcription level. However, the negative regulations of MYB and their effects on flavonol
metabolism are poorly understood. A SG4-like MYB subfamily TF, FtMYB18, containing C5 motif was identified from
Tartary buckwheat. The expression of FtMYB18 was not only showed a negative correlation with anthocyanins and PAs con-
tent but also strongly respond to MeJA and ABA. As far as the transgenic lines with FtMYBI18 overexpression, anthocyanins
and PAs accumulations were decreased through down-regulating expression levels of NtrCHS and NtDFR in tobacco, AtDFR
and AfTT12 in Arabidopsis, FtCHS, FtDFR and FtANS in Tartary buckwheat hairy roots, respectively. However, FtMYBI8
showed no effect on the FLS gene expression and the metabolites content in flavonol synthesis branch. The further molecular
interaction analysis indicated FtIMYB18 could mediate the inhibition of anthocyanins and PAs synthesis by forming MBW
transcriptional complex with FtTT8 and FtTTG1, or MYB-JAZ complex with FtJAZ1/-3/-4/-7. Importantly, in FFEIMYB18
mutant lines with C5 motif deletion (FtIMYB18-C), both of anthocyanins and PAs accumulations had recovered to the similar
level as that in wild type, which was attributed to the weakened MBW complex activity or the deficient molecular interaction
between FtMYB18ACS5 with FtJAZ3/-4. The results showed that FEIMYB18 could suppress anthocyanins and PAs synthesis
at transcription level through the specific interaction of C5 motif with other proteins in Tartary buckwheat.
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X-gal 5-Bromo-4-chloro-3indolyl
f-D-galactopyranoside

X-a-Gal 5-Bromo-4-chloro-3-indoxyl a-Dgalactoside

JAZ Jasmonate ZIM-domain

HCI Hydrochloric acid

WT Wild type

Introduction

Anthocyanins and proanthocyanidins (PAs) are two impor-
tant components of flavonoids, a class of plant secondary
metabolites with various physiological functions that also
help plants to resist adverse environmental damage (Vogt
2010; WinkelShirley 2002). Plants with high levels of antho-
cyanins and PAs are considered to have the better cultivation
traits and economic value (Jia et al. 2020). Actually, antho-
cyanins and PAs can provide diverse benefits for the quality
of the fruit and seed. Anthocyanins often give fruit or seed
a vivid color, whereas PAs have an inhibitory effect on their
decay and bitterness (Cipollini and Stiles 1993; Isabelle and
Noble 2005).

In the plant flavonoid synthesis pathway, anthocyanins
and PAs biosynthesis share part of common pathways, but
belong to distinct branches (Kang et al. 2014). Anthocya-
nins is synthesized in the endoplasmic reticulum through
the joint action of chalcone synthase (CHS), chalcone
isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid
3'-hydroxylase (F3'H), dihydroflavonol 4-reductase (DFR),
leucoanthocyanidin dioxygenase (LDOX), and UDP-glucose
flavonoid 3-O-glucosyltransferase (UFGT) (Aron and Ken-
nedy 2008). PAs is a condensation product of the flavan-3-ol
subunits catechin and epicatechin, which are synthesized
from direct precursors of leucoanthocyanins and anthocya-
nins by leucoanthocyanin reductase (LAR) and anthocyanin
reductase (ANR), respectively (Jia et al. 2020).

Some transcription factors (TFs), such as myeloblastosis
(MYB), basic Helix Loop Helix (bHLH) and WD repeats
(WD40), are able to regulate the expression of the biosyn-
thesis genes of anthocyanins and PAs individually or in the
form of protein complex at transcriptional level (Hichri
et al. 2011). Being the largest TF family, MYB TFs have
been extensively studied in various plants, they are clas-
sified based on the conserved MYB domain repeats and
fundamental motifs (Dubos et al. 2010; Jiang et al. 2017;
Xiang et al. 2019). According to the specific C-terminal
regions, the RZR3-MYB TFs, which contain two imper-
fect repeat sequences, are classified into 25 subgroups.
Subgroup 6 R2R3-MYBs are anthocyanins-related accelera-
tors: AIMYB75 (PAP1), AtMYB90 (PAP2), AtMYB113 and
AtMYBI114 in Arabidopsis (Borevitz et al. 2000; Gonzalez
et al. 2010; Stracke et al. 2010, 2001; Zimmermann et al.
2010), VVWMYBAI1 and VVYMYBA? in grapevine (Walker
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et al. 2010), MdAMYB10 and MdMYB110a in apple (Esp-
ley et al. 2010; Chagne et al. 2013), and PpMYB10.1 in
peach (Rahim et al. 2014). The PAs-related activating R2R3-
MYBs belong to subgroup 5, such as AtMYB123 (TT2) and
AtMYBS in Arabidopsis (Feng et al. 2009; Nesi et al. 2001),
and VVWMYBPA1, VVWMYBPA2, VvMYB5a and VVMYB-
PAR in grapevine (Jochen et al. 2007; Koyama et al. 2014;
Laurent et al. 2006; Deluc et al. 2008; Nancy et al. 2009).
The subgroup 4 (SG4) and SG4-like TFs are anthocyanins
and PAs repressors, such as AIMYB3, AIMYB4, AtMYB7
and AtMYB32 in Arabidopsis, and PpMYB18 in peach
(Dubos et al. 2010; Huang et al. 2019; Jin et al. 2014; Pres-
ton et al. 2010; Zhou et al. 2019). For anthocyanins and
PAs related R2R3-MYBs, the differential functional motifs
can affect their specific biological functions and activities
(Stracke et al. 2001).

Actually, it has been widely and well studied that MYBs
are involved in the regulation of anthocyanins/PAs synthesis
and the development of trichomes in plants through MYB-
bHLH-WD40 ternary complex (MBW) (Kim et al. 2015;
Lepiniec et al. 2010; Matsui et al. 2008; Xu et al. 2015).
In Arabidopsis, the MYB (PAP1/PAP2/TT2/MYB113/
MYB114)-bHLH (GL3/EGL3/TT8)-WD40(TTG1) complex
could promote anthocyanins accumulation (Gonzalez et al.
2010), where TT2-TT8-TTG1 complex was able to control
the accumulation of PAs in the seed coat by up-regulating
the expression of DFR, LDOX, TT19, TT12, AHAIO and BAN
(BANYULS) (Lepiniec et al. 2010). Moreover, the MYB pro-
teins could also interact with jasmonate ZIM-domain (JAZ)
protein, a signaling molecule induced by jasmonate acid
(JA), and regulate the synthesis of anthocyanins. Through
competing with the E3 ubiquitin ligase SCF°!! complex,
Arabidopsis MYBs of AtMYB21, AtMYB24, AtMYB90,
AtMYB113 and AtMYB114 were able to bind with JAZ
proteins and regulate the anthocyanins synthesis related
genes DFR and ANS. (Fernandez et al. 2011; Qi et al. 2011;
Song et al. 2011). Thus it can be seen that the regulation of
anthocyanins and PAs presents a considerable complexity
and diversity in plant.

Tartary buckwheat (Fagopyrum tataricum Gaertn.) is a
part of the Fagopyrum genus (Polygonaceae). It is an excel-
lent medicinal cereal and famous for its balanced nutrient
and rich flavonoid content (Gao et al. 2016; Li et al. 2012).
As the content of flavonoids is an important index of the eco-
nomic value and stress resistance for a crop, the regulation
of flavonoid metabolism has become the focal point of Tar-
tary buckwheat research. In previous studies, data showed
that MYB TFs have the diversified biological effects on the
synthesis of Tartary buckwheat flavonoids. For example,
the activator FEIMYB1 and FtIMYB2 could improve antho-
cyanins and PAs accumulation by up-regulating the expres-
sion of DFR and TT12 genes in tobacco and Arabidopsis
(Bai et al. 2014; Luo et al. 2017); the suppressor FIMYB11,
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FtMYB13 and FtMYB14 could inhibit the accumulation
of anthocyanins and flavonols by inhibiting the expression
of DFR and FLS in Tartary buckwheat (Zhang et al. 2018;
Zhou et al. 2017a); the suppressor FIMYBS8 and FtIMYB 15
could inhibit the accumulation of anthocyanins and promote
the accumulation of flavonols by inhibiting the expression
of DFR and TT12 in tobacco and Arabidopsis (Huang et al.
2019; Luo et al. 2017). In addition, it has been reported that
anthocyanins synthesis related TFs FtMYB11, FtIMYB13
and FtMYB 14 were able to regulate plant metabolism by
responding to JA (Zhang et al. 2018). However, the reported
Tartary buckwheat MYB inhibitors usually down-regulate
anthocyanins biosynthesis and enhance the accumulation of
flavonols, but anthocyanins/PAs-specific inhibitor has not
been reported yet.

In this study, we report a R2ZR3-MYB TF from Tartary
buckwheat, designated FtMYB18 (NCBI GenBank Acces-
sion No.: MK990568). The molecular features of FtMYB18
were characterized by bioinformatics analysis, qRT-PCR,
yeast-monohybrid technology and stimulation factors. Using
transgenic technology, the biological function and target
genes of FtMYB18 were identified. The functional motif C5
and interaction proteins of FEIMYB18 were evaluated in both
yeast and plant. This work found a specific TF inhibitor to
anthocyanidins and PAs from Tartary buckwheat and pro-
vided an interesting insight to the biosynthesis of flavonoids
in this crop.

Materials and methods
Plant materials and growth conditions

The wild-type (WT) Tartary buckwheat seeds (Xigiao No.
2) were obtained from Professor Anhu Wang of Xichang
University. The WT tobacco seeds (NC89) were provided by
Professor Jinwen Zhang of Gansu Agricultural University.
The WT Arabidopsis thaliana ecotype Columbia-0 (Col-0)
seeds were kept in our laboratory. The Tartary buckwheat
seeds were germinated in the greenhouse with a light period
of 16 h. The hormone concentrations and stress conditions
used on eight-day-old Tartary buckwheat seedlings were as
follows: 2 mM MelJA, 100 uM ABA, UV-B illumination
(302 nm, 0.1 rnW/cmz) and 4 C. In this study, there are three
biological repeats in each experiment, and each biological
repetition has three technical repeats.

Analysis of the FtMYB18 promoter

The total RNA of Tartary buckwheat was obtained by EASYs-
pin Plant RNAiso reagent (Aidlab, China). Obtain Tartary
buckwheat cDNA through used PrimeScript™ RT Reagent
Kit (TaKaRa, Japan). The DNAquick Plant System (Tiangen,

China) was used to obtain genomic DNA. The cDNA of
FtMYBI18 (FtPinG0009308100.01.T01) and the 5" upstream
sequence of Pp,,yp;s Were obtained from the Tartary buck-
wheat genomic data (Zhang et al. 2017), then cloned using
specific primers (PYFP-FtIMYB18F/R and PFtMYB18F/R,
Supplementary Table S3). In addition, the C5 (TLLLFR) motif
in the FtMYBI18 C-terminus was cut off to obtain the cDNA of
FtMYB18-C. The cDNA sequence alignment and phylogenetic
tree construction was achieved with the DNAMAN software
and Mega5 software, respectively. The Pp,,yp;s S€quence
(Supplementary Table S3) was analysised in the PlantCARE
database.

GUS analysis FtMYB18 promoter under environment
effect

The plant expression vector pBI101-Pp,yp;5-GUS was con-
structed using primer pairs PBI-PFtMYBI18-F/R (Supplemen-
tary Table S3), and transiently transfected into 45-day-old
Tartary buckwheat leaves using Agrobacterium tumefaciens
strain GV3101 (Gandhi et al. 1999). After a 2-day co-culture,
the Tartary buckwheat leaves were kept on Y2 MS medium at
4 °C and with UV-B illumination (302 nm, O.ImW/cmz), or
the leaves were transferred to 2 MS plates containing 0.8 pM
ABA or 2 mM MelJA. The leaf disks (diameter 1 cm) were
obtained by punching machine for GUS staining.

FtMYB18 transcriptional activity and subcellular
localization assays

The CDS (coding sequence) of FtMYBI8 and FtMYBI8-
C was inserted into the ADH1 promoter region of the
pBridge vector to investigate the transcriptional activity
by B-galactosidase staining (Dai et al. 2012). The pBridge-
FtMYBI (Bai et al. 2014) (positive control), pBridge (empty
vector as negative control), the pBridge-FtMYBI8 and
pBridge-FtMYBI8-C plasmids were introduced into yeast
AH109 cells according to the method of Gietz et al. (1992),
and positive yeast colony will grow on SD/-Trp-His medium.

The CDS of FtMYBI18 or FtMYBI18-C was inserted into
the pCHF3-YFP vector kept in our laboratory to obtain the
pCHF3-FtMYB18-YFP or pCHF3-FtMYB18-C-YFP recom-
binant vectors. Then, Agrobacterium cells containing these
plasmids were transiently transformed into onion epidermal
cells and YFP fluorescence was observed by fluorescence
microscope as previously described in proven report (Liu
et al. 2009).

Generation of transgenic plants overexpressing
FtMYB18 and FtMYB18-C

The cells of Agrobacterium tumefaciens strain GV3101 con-
taining pCHF3-FtMYB18-YFP and pCHF3-FtMYB18-C-YFP

@ Springer



312

Plant Molecular Biology (2020) 104:309-325

vectors were used to transform Tartary buckwheat, tobacco
and Arabidopsis (Huang et al. 2019; Xuan et al. 2016).
Transgenic T3 homozygous Arabidopsis plants and tobacco
plants were selected on MS medium containing 50 pg/mL
kanamycin (Huang et al. 2019); the FtMYB18-overexpress-
ing Tartary buckwheat hairy root lines were selected in Y2
MS liquid medium with 50 pg/mL kanamycin (Xuan et al.
2016).

Determination of anthocyanins and PAs content
in transgenic plants

The anthocyanins and PAs were extracted from transgenic
tobacco flowers, Arabidopsis seedling and Tartary buck-
wheat hairy root using method as described in the literature
(Luo et al. 2017; Yao et al. 2017). The anthocyanins and
PAs contents were measured as previously reported (Luo
et al. 2017), and three repeats were set for each experimental

group.
Yeast two-hybrid and three-hybrid experiments

Yeast two-hybrid was achieved as reported earlier (James
et al. 1996) to screen for interaction of FtMYB18 with
FtTTS8, FtGL3, FtEGL3 and FtTTG1 (Huang et al. 2019).
Briefly, the FtMYBI18 or FtMYBI18-C CDS were recom-
bined into the pGADT7 prey vector, and the FtTT8, FtGL3,
FtEGL3 (bHLH) and FtTTGI (WD40) CDS into the
pGBKT7 bait vector. The co-transformation experiment of
pGADT?7 and pGBKT7 was carried out using yeast strain
AH109 (Clontech). The control groups were that NC1, wild-
type AH109 cells; NC2, empty pBridge plasmid.

To investigate the formation of MBW complex, a yeast
three-hybrid method was performed as described by Tao
et al. (2017). FtTTS and FtTTGI CDS were cloned into
the pBridge vector (Clontech) to producefusions with the
GAL4 DNA-binding domain (BD) and Met promoter,
respectively; and transformed into yeast strain Y187. The
pGADT7-FtMYB18 and pGADT7-FtMYBI8-C vectors were
co-transformed or double transformants were selected on
SD/-Met/-Leu/-Trp medium; the positive protein interac-
tion yeast was selected on selective SD/-Met/-Leu/-Trp/-
His/-Ade medium, for which a serial dilution analysis was
performed. The primers used are shown in Supplementary
filel Table S2.

Transient determination of anthocyanins and PAs
in tobacco leaves

Dual-LUC assays in tobacco were performed accord-
ing to the method of Huang et al. (2019). The CDS of
FtMYBI18/FtMYBI18-C were inserted into the pGreenll
62-SK vector, the promoter of FtCHS and FtDFR into the
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pGreenlIO800LUC vector. The pGreenll 62-SK vector was
used as an effector to act on the pGreenlI0800LUC vector.
The transformed leaves were sprayed with 0.1 m fluores-
cein and soaked, then placed in the dark for 6 min for lumi-
nescence detection. The LUC image was detected and the
luminous intensity was quantized under the imaging device
(Nightowl II LB983 combined with Indigo software). Three
repetitions were measured in each experimental group.

The instantaneous color determination experiment was
performed on 3-week-old tobacco leaves (Zhou et al. 2019).
It has been reported that the complex of TT8 and TTGI
can promote anthocyanins/PAs accumulation (Baudry et al.
2006). So, the Agrobacterium cultures containing pGreenlI-
0800LUC-FtMYBI8, pGreenllI0800LUC-FtTTS8 and pGree-
nlIOS8O0LUC-F(TTGI were mixed with a ratio of 1:1:1 to test
the repression of FtMYBIS8. The mixed culture of A. tume-
faciens was injected into the back of tobacco leaves (Jiang
et al. 2017; Xiang et al. 2019). The seedlings were placed
in the dark for 12 h, and then moved to the greenhouse (25
°C; 16 h/8 h light/dark). The photos were obtained 7 days
after infiltration. 0.2 g of infiltrated tobacco leaves were used
to determine the anthocyanins and PAs contents (Wei et al.
2009; Zhou et al. 2019).

Quantitative real-time PCR analysis

Total RNA was extracted from fresh plant materials. Quan-
titative real-time PCR (qQRT-PCR) was performed using the
TB Green PreMix Ex Taq II kit (Tli RNAseH Plus) and the
CFX96 RT-PCR machine (Bio-Rad, USA), following the
manufacturer’s instructions. The PCR amplification proce-
dure was as follows: 40 cycles at 95 “C for 45 s, 95 °C for
16 s and 58 °C for 45 s. The analysis of each sample was
repeated three times. Relative expression level was com-
puted using 272" method (Luigi and Faggioli 2011). The
primers used in qRT-PCR analysis are shown in Supplemen-
tary filel Table S2.

Statistical analysis

The obtained data, such as anthocyanins and PAs content
and qRT-PCR result data were statistically analyzed by
SPSS software (SPSS13.0). Statistical significance was
evaluated by Duncan’s test.

Results

FtMYB18is highly expressed in Tartary Buckwheat
seeds

The expression levels of SG4 and SG4-like R2R3-MYB
subfamily genes (Zhang et al. 2017), which were widely
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demonstrated to regulate anthocyanins and PAs biosyn-
thesis, were visualized as a heat map during the whole
growth period of Tartary buckwheat (Fig. 1a). The
results showed that a SG4-like R2R3-MYB, FtMYBI8
(FtPinG0009308100), expressed higher in young seeds,
but lower in the pre-filling stage. To avoid differences in
gene expression among different varieties, the FtMYBI8
gene expression was analysed in “Xiqiao No. 2”, a main
cultivar of Tartary buckwheat in Sichuan Province, P.
R. China. At the full-bloom stage (s4 stage), FtMYBIS
expression was significantly higher in the seeds (Fig. 1b),
which is consistent with the transcript group data of the
Tartary buckwheat genome (Zhang et al. 2017). Fur-
thermore, the anthocyanins and PAs content were very
low at the s4 stage (Fig. 1c, d). Thus, we speculate that
FtMYBI8 expression was opposite trend with plant antho-
cyanins and PAs accumulation.
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Fig. 1 Analysis of FrMYBIS expression and anthocyanins/PAs
content in Tartary buckwheat. a Heat map of SG4 and SG4-
like R2R3-MYBs.  FtPinG0000941300,  FtPinG0002366200,
FtPinG0004494100, FtPinG0007642100 and FtPinG0008794300
belong to the subgroup 4 (SG4); FtMYBS, FtPinG0004848100,
FtPinG0007101500, FtMYBI15, FtMYBI8 belong to SG4-like. The
mRNA accumulation with high Z-score is represented in red color
while the mRNA with low Z-score is represented in green color. PSS,

Molecular and subcellular characterization
of FtMYB18

FtMYB18 encodes a MYB protein with 243 amino acids.
Two introns (145-228 and 359-525 bp) and three exons
(1-144, 229-358 and 359-983 bp) constitute the 983 bp
FtMYBI8 gene (Fig. 2a). Multiple sequence alignment
based on other SG4 MYB TFs and FtMYB18 protein
had two classical MYB repeats and a bHLH motif at its
N-terminal (Grotewold et al. 2001), while two conserved
SG4-MYB motifs (C1 and C2) (Stracke et al. 2001) and a
repression motif (C5) were close to its C-terminal (Dubos
et al. 2010; Matsui et al. 2008) (Fig. 2b). In addition, accord-
ing to the results of phylogenetic analysis, FtMYB18 was
clustered in the SG4 group and shared high homology with
AtMYB6, AtMYBS8 and AtMYB32 (Cavallini et al. 2015),
which worked as suppressors in anthocyanins biosynthesis.
In multiple species relationship comparison, it can be seen
that SG4-Like MYB has a unique C5 motif, while FtMYB18
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seeds in prefilling stage; FSS, seeds in filling stage; MSS, seeds in
mature stage; BR, basal root; RT, root tip. b Expression analysis of
FtMYBI18 in Tartary buckwheat whole growth period: sl, cotyledon
stage; s2, 5-7 leaves period; s3, initial bloom stage; s4, full-bloom
stage; s5, filling stage; s6, maturity stage. ¢ Anthocyanins content at
full-bloom stage; d PAs content at full-bloom stage. **P <0.01, and
*P<0.05
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has closely related to VVMYBC2-L1 and VVMYBC2-L2
(Fig. 2¢).

According to the research of Matsui et al. (2008), the
CS5 motif plays an important role in the secondary metabo-
lism of Arabidopsis thaliana, so we studied the C5 motif by
creating FtMYBI18-C gene (lost the C5 motif of FtMYBI8).
The transcriptional activity of FtMYB18 and FtIMYB18-C
was confirmed by a yeast two-hybrid assay (Fig. 2d). The
results showed that FEIMYB18/FtMYB18-C had individual
transcriptional activity. In order to show the localization
of FIMYB18/FtMYB18-C protein at the subcellular level,
fusions with YFP were created and the cells of FtIMYB18-
YFP and FEMYB 18-C-YFP transgenic onion were examined
by confocal microscopy (Fig. 2e). Both proteins showed
accumulation in the nucleus, suggesting that FtMYBS&/
FtMYB18-C could be nuclear proteins.

Molecular characterization of the FtMYB18
promoter

The FtIMYB18 N-terminal upstream sequence was deter-
mined from Tartary buckwheat genome data and analyzed
by PlantCare, a online software. The 2457-bp FtMYBI§8
promoter (Pr,yp;5) sequence was obtained by PCR (sup-
plementary filel Table S1). Several cis-regulatory elements
were identified in Pp,,yp,5 that may be involved in plant
environmental and hormonal responses (Supplementary
filel Fig S1A, Supplementary filel Table S3). The results
showed that Pg,yp;s contains 27 cis-acting elements and
classified into 15 groups. Most of them are involved in the
response to the environment and hormones, such as some
light-responsive cis-acting elements (GT1 motifs) and low-
temperature responsiveness cis-acting elements (LTR motif).
Besides, the cis-acting elements in response to phytohor-
mone were also found in Pp,,yp; s including ABRE (involved
in ABA responsiveness) and CGTCA motif (involved in
MelA responsiveness). These results suggest that the activ-
ity of the Pp,,yp;s promoter may be affected by UV-B, cold,
ABA and MeJA.

FtMYB18 is induced by hormones and stress

To study the in vivo activities of FtMYBI8 promoter under
UV-B, cold, MeJA and ABA conditions, the recombi-
nant plasmid pBI101-Pg,y5;5-GUS was constructed and
transformed into Tartary buckwheat leaves. By transiently
expressing GUS gene, the empty vector Gus activity did
not change under normal circumstances (P > 0.05) (Sup-
plementary filel Table S4). Under MeJA treatment, there
was a significant inhibition in GUS activity already within
5h (P <0.05), whereas both ABA and UV-B treatment sig-
nificantly induced GUS activity and GUS expression. Cold
treatment did not lead to any significant changes, even after

15 h of treatment (P> 0.05) (Supplementary filel Figure
S1).

In Tartary buckwheat, the transcript-level of FtMYBI8
showed a significant raise and reached the maximum at
6 h (P <0.05) after cold and UV-B conditions, and then
decreased to near pre-stress levels (Fig. 3). After ABA
treatment, the expression of FtMYBI18 increased rapidly to a
maximum within the first two hours (P <0.01), then dropped
and maintained a higher abundance than that before treat-
ment (P <0.05). In addition, FtMYBI1S8 expression increased
sharply within 0.5 h after MeJA treatment (P <0.05), and
then gently decreased to the pre-treatment level.

In a word, the above experiments showed that the
response of Pp,yp;s to hormone was obvious, but the sig-
nificant change of Pp,,yp,;s response was limited to a specific
time under stress treatments.

The C5 motif is necessary for FtMYB18 function

To clarify the connection between FtMYB18 and anthocya-
nins and PAs biosynthesis, FtMYB18-overexpressing lines
of tobacco and Arabidopsis were generated and verified by
gqRT-PCR (Supplementary filel Figure S2 and Figure S3).
The FtMYB18-overexpressing tobacco lines showed a lighter
petal pigmentation compared with the wild-type (WT)
(Fig. 4a). Similarly, for FtMYB18-overexpressing Arabidop-
sis seedlings grown on MS medium supplemented with 3%
sucrose, the bottom of leaf buds seemed to be lighter than
those from WT lines (Fig. 4b), which may reveal that there
were less anthocyanins in FtMYBI8-overexpressing plants
compared with WT lines.

To confirm these visual observations, total anthocyanins
and PAs levels were determined. The anthocyanins con-
tent of the FtMYBI18-overexpressing lines was significantly
lower than that of the WT tobacco/Arabidopsis (P <0.05);
the PAs content was suppressed in FtMYBI8-overexpressing
Arabidopsis (P <0.05), but no significant difference was
observed with the WT tobacco flowers (P> 0.05); besides,
the rutin (Fig. 4d, e) contents were no significant difference
with the WT tobacco/Arabidopsis (P> 0.05) as well as the
other flavonols (Supplementary filel Figure S2C and Figure
S3C). There was also no significant difference between the
FtMYB18-C-overexpressing and WT plants, suggesting that
the C5 motif is necessary to regulate anthocyanins and PAs
accumulation. The seed coat colour of FtMYBI8-overex-
pression transgenic lines was lighter than that of WT Arabi-
dopsis neither direct observation nor vanillin-HCI staining
(Fig. 4c). However, the color phenotypes of FtMYBIS-
C-overexpressing lines were similar to those of WT, which
indicated the important role of C5 motif in the FtIMYB18
protein again.

In order to explore the effects of FtMYBIS8/FtMYBIS§-
C overexpression on anthocyanins and PAs biosynthesis,
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Fig.3 Response of FtMYBI8 expression to environmental factors in
Tartary buckwheat. FtH3 was used as internal reference gene. The
level of FtMYBI8 expression at 0 h is set to "1". The average value

some flavonoid biosynthetic genes were monitored at the
transcriptional levels (Fig. 4f). The expression levels of the
early biosynthetic genes (EBGs, including CHS, CHI and
F3'H) and the late biosynthetic genes (LBGs, including
DFR and ANS) in the flavonoids synthesis branch (Dubos
et al. 2008) were significantly decreased in FtMYB18-over-
expressing tobacco plants (P <0.05). Surprisingly, only
AtDFR and AfTTI12 expression decreased significantly in
transgenic Arabidopsis with FtMYBI8 (P <0.05) when the
expression level of AtBAN, a PAs inhibition related gene,
increased remarkably (P <0.05). Seen from the above,
FtMYB18 had different effects on the expression level of
flavonoid metabolism-related genes in tobacco and Arabi-
dopsis due to different target genes in different species.
In contrast, FtMYB18-C-overexpressing tobacco and
Arabidopsis plants only showed a significant difference in
expression levels of DFR. We can conclude that the loss of
the C5 motif will weaken FtMYB18's inhibitory function.
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is calculated repeatedly by three times of technology, and + SD repre-
sents the error. **P <0.01, and *P <0.05

The anthocyanins and PAs levels
in FtMYB18-overexpressing Tartary buckwheat
plants are decreased

To accurately elucidate the effect of FtMYBI8 on Tartary
buckwheat plants, FtMYBI8- and FtMYB18-C-overex-
pressing Tartary buckwheat hairy root lines were gener-
ated and verified by qRT-PCR (Supplementary filel Fig-
ure S4). The pigment deposition in WT hairy roots was
greater than that in FtMYBI8 transgenic hairy roots, but
similar to FtMYB18-C transgenic hairy roots (Fig. 5a).
The hairy root proliferation rate of FtMYBI8 plants was
lower than that of the WT after 30 days (Fig. 5b). These
results indicate reduced anthocyanins accumulation and
inhibited root development in the FtMYBI8 transgenic
Tartary buckwheat hairy roots compared with the WT
roots. The flavonoids content analysis indicated that the
anthocyanins and PAs accumulation was significantly
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Fig.4 Overexpression of FtMYBI8 reduces the anthocyanins and
PAs content in transgenic tobacco and Arabidopsis plants. a Flower
petal pigmentation of transgenic tobacco. b Color of transgenic
Arabidopsis seedlings. ¢ Seed coat pigmentation of transgenic Arabi-
dopsis before (upper panel) and after vanillin-HCI staining (lower
panel). d Anthocyanins, PAs and rutin contents in transgenic tobacco
flowers. e Anthocyanins, PAs and rutin contents in transgenic Arabi-
dopsis plants. f Detection of transcriptional levels of flavonoid bio-

lower in FtMYBI8-overexpressing hairy roots than in
WT (P <0.05); while the rutin (Fig. 5c) content showed
no significant difference with the WT (P> 0.05) as well
as the other flavonols (Supplementary filel Figure S4C).
However, there was only a slight reduction in flavonoids
content in hairy root lines with FtMYB18-C-overexpres-
sion (Fig. 5¢) (P> 0.05).

At the transcription level, the expression of FrCHI,
FtF3'H and FtFLS in transgenic lines showed no sig-
nificant difference compared with those in WT Tar-
tary buckwheat hairy roots (P > 0.05), but FtCHS and
FtDFR expression was significantly decreased (Fig. 5d)
(P<0.05). As same as the Arabidopsis and tobacco, the
expression levels of these genes in FtMYBI8-C-overex-
pressing hairy roots were close to those in WT lines.

synthetic genes in transgenic tobacco flowers (left panel) and Arabi-
dopsis seedlings (right panel). The mRNA accumulation of WT
tobacco flower/Arabidopsis seedlings is expressed as "1". Ntf-actin
gene and Atactin2 gene are used as reference gene in tobacco and
Arabidopsis, respectively. The average value is calculated repeatedly
by three times of technology, and + SD represents the error. *P <0.05,
and **P <0.01

FtMYB18 suppresses anthocyanins and PAs
biosynthesis through transcriptional repression
of anthocyanins and PAs biosynthetic genes

In order to confirm the suppressive effect of FtIMYB18 on
anthocyanins and PAs pathway gene transcription, the pro-
moter region of two candidate anthocyanins and PAs biosyn-
thetic genes, FtCHS and FtDFR, was used for the dual lucif-
erase assay system in transiently transformed tobacco leaves.
As shown in Fig. 6, FtMYB18 significantly suppressed the
luminescence intensity of Py, o/ Priprr:LUC compared with
the empty control (P <0.05), whereas FtMYB18-C only
slightly suppressed the luminescence intensity (P> 0.05).
The results show that FfrCHS and FtDFR were the target
genes of FFIMYB18/FtIMYB18-C.
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Fig.5 Overexpression of FtMYBI8 and FtMYB18-C in Tartary buck-
wheat hairy root. a Phenotypic observation. b Total weight of hairy
root. Multiplication coefficient=the weight after proliferation/the
weight before proliferation. ¢ Anthocyanins, PAs and rutin contents
detection. The average value is calculated repeatedly by three times
of technology, and +SD represents the error. *P <0.05. d, e Expres-

The C5 motif is not necessary for FtMYB18 to form
the MBW complex

Sequence analysis showed that FtMYB18 contains a con-
served bHLH binding motif (Fig. 2b). It has been estab-
lished that the regulation of flavonoid biosynthesis by
MYBs dependents on forming MBW complexes (Lepiniec
et al. 2010; Nesi et al. 2001). To identify with which bHLH
and WD40 proteins MYB18 interacts, yeast two-hybrid and
three-hybrid assays were performed with three bHLH genes
(FtGL3, FtEGL3 and FtTT8) and one WD40 gene (FtTTGI)
(Huang et al. 2019). We showed that FtMYB 18 can interact
with FtTT8 and FtTTG1, and FtMYB18 can form an MBW
complex with FtTT8-FtTTG1 (Supplementary filel Figure
S6). The absence of C5 does not affect the formation of the
MBW complex in yeast, but according to the results of the
gradient dilution experiment, the C5 motif will weaken the
activity of MBW after 107 dilution (Fig. 7a, b).

We next verified if C5 is necessary for the function of
the MBW complex. Tobacco leaves co-infiltrated with TT8,
TTGI and FtMYB18 expression vectors produced a weak
pigmentation (Fig. 7c), whereas that with TT8, TTG1 and
FtMYB18-C resulted in a moderate pigment accumulation.
Meanwhile, both of their pigmentations were slightly weaker
than that of the controls co-infiltrated with SK-TT8-TTG1
or TT8-TTGI. The further analysis showed that anthocya-
nins/PAs was highly accumulated in the control groups
mentioned above, followed by FIMYB18-C-TT8-TTG1 in
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amount (P> 0.05), while lower in FtMYB18-TT8-TTG1
group (P <0.05) (Fig. 7c). These findings suggest the C5
motif is necessary for FEIMYB18 involved in the suppression
of the anthocyanins synthesis, although there is no effect
on binding activity of FtMYB18-C with the other MBW
complex members.

C5 could affect the formation and function
of the FtMYB18-FTJAZ complex

Previous studies demonstrated that JAZ proteins are involved
in plant anthocyanins accumulation (An et al. 2015; Liu
et al. 2017; Wen et al. 2018). In order to verify the role
of FtMYB18 in the JA signal transduction pathway, sev-
enteen JAZ genes were screened from Tartary buckwheat
flowering transcriptome (data not shown). Seven JAZ genes
with high expression (Supplementary filel Table S1) were
obtained and used to verify their interaction with FIMYB18
(Fig. 8a). The results indicated that FEMYB 18 could interact
with FJZA1, FtIZA3, FtJZA4 and FtJZA7 but FtMYB18-C
could only interact with FtJZA1 and FtJZA7 (Fig. 8b).
Investigation of anthocyanins in tobacco leaf disc
revealed that FIMYB18 + FtJAZ1 and FIMYB18 + FtJAZ7
did not cause a significant decrease in anthocyanins accumu-
lation compared with FEIMYB18-C+FtJAZ1 and FEIMYB18-
C+FtJAZ7 (P>0.05). FtMYB18-C + FtJAZ3 and
FIMYB18-C +FtJAZA4 caused a significant increase in antho-
cyanins accumulation compared with FtMYB18 + FtJAZ3
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Fig.6 FtMYBI18 inhibits
FtCHS and FtDFR expression
in transient expression assays.
a Representative images of N.
benthamiana leaves are shown
at 48 h after infiltration. 62SK
means the empty pGreenll
62SK vector. b Quantita-

tive analysis of luminescence
intensity. The average value is
calculated repeatedly by three
times of technology, and +SD
represents the error. *P <0.05
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and FIMYB18 + FtJAZ4 (P <0.05) (Fig. 8c). This suggests
that deletion of the C5 motif disable FtMYB18 to interact
with some JAZ proteins, which could promote anthocyanins
accumulation.

Discussion

FtMYB18 as a special suppressor and its violent
response to hormones

Clarifying the negative regulatory mechanism of antho-
cyanins/PAs synthesis will help reveal the fundamental
reason of this phenomenon in Tartary buckwheat (Cui
and Wang 2012; Yuwei et al. 2017). Previous studies have
shown that MYB SG4 subfamily plays an important role
in the anthocyanins/PAs synthesis and is widely involved
in stress response (Stracke et al. 2001). Based on the tran-
scriptome analysis of Tartary buckwheat, five SG4 MYBs

Empty FtMYB18-C

Empty

and five SG4-like MYBs (Huang et al. 2019; Zhang et al.
2017) were obtained. Among them, FtMYB18 has typical
molecular structure characteristics of SG4 subfamily TFs,
such as C1, C2 and C5 conservative motifs, but there are
few reports about the C5 motif specific mechanism at pre-
sent. The correlation between tissue-specific expression of
FtMYB18 and anthocyanins/PAs accumulation at flowering
stage suggest that FtMYBI8 might be involved in antho-
cyanins and PAs biosynthesis. Besides, The FtMYBI8
expression could be affected by abiotic factors, which is
similar to other SG4 MYB proteins, such as more anthocy-
anins will be accumulated when plant was treated by ABA/
cold/UV-B/MeJA conditions, while the repressor AtMYB7
(Kim et al. 2015), VVMYBC2-L1 (Cavallini et al. 2015),
and FtIMYB11 (Zhou et al. 2019) was activated in these
conditions. Meanwhile, the FtMYB18 expression was
reduced after 0.5 h of ABA and MeJA treatments, which
may imply that FtEMYB18 has an inhibition function in
anthocyanins synthesis.
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Fig.7 Molecular interaction identification of FtMY 18 and FtMY 18-
C. a FtMYBI18 and FtMYBI18-C interact with FtTTS, FtGL3,
FtEGL3, and FtTTG1 in yeast. FtMYBI18 or FtMYB18-C was fused
to the pGADT7 vector, and FtTT8, FtGL3, FtEGL3, or FtTTGI
was fused to the pGBKT?7 vector. SD/-Trp-Leu medium was used to
screen the transformation for plasmids, and SD/-Leu-Leu-His-Ade
medium was used to screen the transcriptional activation of HIS3
gene. Growth was monitored after 7 days. Yeast cells transformed
with the empty plasmids pGADT7 and pGBKT7 were used as con-
trols. b FIMYB18 and FtMY18-C interact with FtTT8-FtTTG1 to
form MBW complex. FtMYBI8 or FtMYI8-C was fused to the
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times of technology, and + SD represents the error. ¥**P <0.01
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Fig. 8 Molecular interaction identification of FIMYB18/FtMYB18-C
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accumulation, respectively. b FtMYB18 and FtIMY 18-C interact with
FtJAZI1, FtJAZ3, FtUJAZ4 and FJAZ7 in yeast. Images showing the

Functional identification of Ft\IYB18
through overexpression in plants

Overexpression FtMYBI8 inhibited the accumulation of
anthocyanins and PAs in transgenic plants, which was simi-
lar to previously reported MYB repressors, such as straw-
berry FAMYB1 (Aharoni et al. 2001), poplar PtIMYB 182
(Yoshida et al. 2015), Medicago MtMYB2 (Jun et al. 2015),
apple MAMYBI16 (Linwang et al. 2011), and grapevine
VvVMYBC2-L2 (Zhu et al. 2018). The further phenotype
analysis indicated that similar biologic effects of FIMYB18
on flavonoid metabolites were observed in different host
species, although there were different target genes among
them. In general, FtIMYB18 could inhibit anthocyanins and
PAs accumulation by down-regulation of DFR and CHS
expression while there were no significant effects on fla-
vonol content and FLS expression. Actually, it has been
proven that anthocyanins content was decreased due to the
down-regulation of CHS, DFR and ANS expression in petu-
nia with PhMYB27 overexpression, but there were no sig-
nificant change in rutin content and FLS expression (Albert
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growth of transformed AH109 yeasts on SD/-Trp-Leu medium and
SD/-Leu-Trp-His-Ade medium. ¢. Detection of anthocyanins content
in transiently transformed tobacco leaves. The average value is calcu-
lated repeatedly by three times of technology, and + SD represents the
error. *P<0.05

et al. 2014). Moreover, PtrMYB182 could down-regulate
the expression of CHS, F3H and DFR to inhibit the syn-
thesis of anthocyanins and PAs in poplar hairy roots, while
there were no significant effects on rutin accumulation and
FLS expression (Yoshida et al. 2015). Thus it can be seen
that FEIMYB18, PhMYB27 and PtrMYB182 have similar
regulation patterns of flavonoids biosynthesis. To sum up,
we speculate that FEIMYB18 could specifically inhibit the
anthocyanins and PAs synthesis by down-regulating DFR
expression. In addition, FtIMYB18 could hinder the early
products synthesis of flavonoid pathway by down-regulating
CHS expression, which may be a reason why there is no
significant change in flavonol content.

Possible mechanism behind the negative regulation
of anthocyanins and PAs biosynthesis by FtMYB18

Generally, many MYB transcription factors are involved in
the biosynthesis of anthocyanins and PAs alone or through
MBW ternary complexes in plants (Wenjia et al. 2014). For
example, strawberry suppressor FAMYBI1 could not only
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Fig.9 Schematic diagram VN
of FtMYB18 function. The ' Cold 4
expression of FtMYBI8 gene I
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and UV-B, and suppressed by
ABA and MeJA. FtIMYB18
could compete with other MYB
proteins to form MYB-TT8-
TTGI complexes, which leads
to a lower anthocyanins/PAs
accumulation through down-
regulating CHS and DFR
expression. Besides, FtIMYB18
may inhibit the synthesis of
anthocyanins/PAs by interacting
with JAZ protein. Particularly,
the C5 motif deletion could
weaken the biological function
of FEIMYB18
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independently exercise its inhibitory function, but also form
complexes with GL3/EGL3 to inhibit anthocyanins accu-
mulation by down-regulation of DFR and ANS expression
(Aharoni et al. 2001). AtCPC, an anthocyanin-related sup-
pressor in Arabidopsis, can inhibit the CHS, CHI, DFR and
ANS expression, it also can form a complex with EGL3/
GL3(bHLH) and TTG1(WD40) to hinder the anthocyanins
accumulation (Tominagawada et al. 2014). In this study,
protein interaction experiments reveal that FtIMYB 18 could
decrease the anthocyanins and PAs accumulation by form-
ing a complex with FtTT8 and FtTTG1. Since FtTT8 is an
important member of anthocyanin-activated MBW complex
(Huang et al. 2019), we speculate that the FtMYB 18 may
inhibit anthocyanins synthesis by competitive binding FtTT8
to interfere with the formation of the MBW activation com-
plex or form the MBW complex with an active repressive
action ( Schwinn et al. 2016).

Meanwhile, the metabolism of flavonoids could be regu-
lated by JA signaling pathway in plants (Yao et al. 2018).
GhMYB25-like could form a complex with GhJAZ2 to
inhibit lignin synthesis and to reduce flavonoids accumula-
tion in cotton (Hu et al. 2016). Actually, through competitive

@ Springer
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binding with JAZ protein in JAZ-bHLH complex, MYB-JAZ
complex could be formed to suppress anthocyanins synthesis
(Qi et al. 2011). Similar to AtMYB21/AtMYB24 reported
previously (Song et al. 2011), FtMYB18 could interact
with FtJAZ1/-3/-4/-7 and obviously suppress anthocyanins/
PAs synthesis in this study. Furthermore, FtTT8 would be
released from JAZ-bHLH complex because of JAZ degra-
dation mediated by SCF®°!! in JA signaling pathway. After
that, FtMYB 18 could competitively bind with FtTTS to form
a suppressive MBW complex for anthocyanins synthesis.
The detailed mechanism of FtMYB18 in JA acid signal path-
way still needs more studies to be identified in the future.

The C5 motif play an important role in FtIMYB18
regulation anthocyanins and PAs biosynthesis

It has been reported that C5 motif (TLLLFR) was found in
some MYB transcription factors, such as AtMYBL2 (Matsui
et al. 2008), VVMYBC2-L1/VvMYBC2-L3 (Cavallini et al.
2015), PtrMYB182 (Yoshida et al. 2015) and PpMYB18
(Zhou et al. 2019). However, the detailed role of C5 motif
in biological effects of M'YB has not been well investigated.
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So far, the only PtrMYB 182 mutant with TLLLFR motif
deletion has been confirmed to diminish the inhibitory activ-
ity of MYB134-bHLH131-MYB182 complex on anthocya-
nins synthesis in poplar (Yoshida et al. 2015). In this study,
C5 motif deletion could weaken the inhibiting effects of
FtMYB18 on anthocyanins and PAs synthesis mediated by
MBW complex and FEIMYB18-JAZ complex. Therefore, we
believed that the C5 motif plays a crucial role in the biologi-
cal function of FIMYB18.

Conclusions

In this study, FtMYB18, a transcription factor gene isolated
from Tartary buckwheat, belongs to the SG4 subfamily. The
expression level of FtMYBI8 is negatively correlated with
the accumulation of anthocyanins and PAs. FEIMYB18 could
decrease the accumulation of anthocyanins/PAs in trans-
genic plants due to decreases in the expression of CHS and
DFR genes. Furthermore, FtMYB18 achieves its biologi-
cal functions by forming MYB-bHLH-WD40 ternary com-
plex (MBW) or interacting with JAZ proteins. Particularly,
the deletion of C5 motif could weaken the inhibitory effects
of FtMYB18 on anthocyanins/PAs synthesis by reducing
the MBW complex activity and removing its interaction
with JAZs. We have proposed a potential working model
for FIMYB18 (Fig. 9).
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