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Abstract

Background: Because flavonoids and trichomes play crucial roles in plant defence, their formation requires fine
transcriptional control by multiple transcription factor families. However, little is known regarding the mechanism of
the R2R3-MYB transcription factors that regulate both flavonoid metabolism and trichome development.

Results: Here, we identified a unique SG4-like-MYB TF from Tartary buckwheat, FtMYB8, which harbours the C2
repression motif and an additional TLLLFR repression motif. The expression profiles of FtMYB8 combined with the
transcriptional activity of Pryyes promoter showed that FtMYB8 mRNA mainly accumulated in roots during the true
leaf stage and flowering stage and in bud trichomes and flowers, and the expression of this gene was markedly
induced by MeJA, ABA and UV-B treatments but repressed by dark treatment. Overexpression of FtMYBS in
Arabidopsis reduces the accumulation of anthocyanin/proanthocyanidin by specifically inhibiting 7772 expression,
which may depend on the interaction between FtMYB8 and TT8. Interestingly, this interaction may also negatively
regulate the marginal trichome initiation in Arabidopsis leaves.

Conclusions: Taken together, our results suggest that FtMYB8 may fine-tune the accumulation of anthocyanin/
proanthocyanidin in the roots and flowers of Tartary buckwheat by balancing the inductive effects of transcriptional
activators, and probably regulate trichome distribution in the buds of Tartary buckwheat.
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Background

Flavonoids, including anthocyanins, PAs and rutin,
which are bioactive products of the phenylpropanoid
pathway, have extensive functions in plants, such as in
the resistance to pathogen attacks, herbivorous defence,
protection from UV damage and attraction of insects for
pollination and seed dispersal [1]. Generally, the tran-
scription of enzyme-encoding genes in the flavonoid
pathway is regulated by multiple TFs, which mainly in-
clude WD40s, bHLHs and MYBs [2]. Among these TFs,
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the biological function of MYB proteins is complex and
has been extensively studied.

The R2R3-MYB TF sub-family, which is deemed the
largest sub-family of MYB TFs in Arabidopsis thaliana,
has been classified into 23 sub-groups [3]. R2R3-MYB
TF can participate as a separate transcriptional regulator
in the flavonoid pathway. Among the R2R3-MYB TFs
identified thus far in Arabidopsis, only members of SG4,
including AtMYB32, AtMYB7, AtMYB4 and AtMYB3,
function as separate transcription repressors in the phe-
nylpropanoid pathway [3—6]. Notably, the MYB protein
can also interact with bHLH and WD40 together to
form a MBW ternary complex that is indispensable for
the biosynthesis of anthocyanin/PA and trichome cell
patterning [7]. In Arabidopsis, the PAP1/PAP2/MYB113/

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-019-1876-x&domain=pdf
http://orcid.org/0000-0003-1291-3555
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:zhaohaixia@sicau.edu.cn

Huang et al. BMC Plant Biology (2019) 19:263

MYB114-GL3/EGL3/TT8-TTG1 complex positively reg-
ulates anthocyanin biosynthesis [8]; the TT2-TT8-TTG1
complex is essential for PA accumulation in the seed
coat [9]; and the GL1-GL3/EGL3-TTG1 complex is a
key determinant of epidermal cell fate in shoots [10].

Even more remarkably, some MYB TFs identified to date,
including R3-MYB and R2R3-MYB, function as co-
repressors in anthocyanin and/or PA synthesis and/or epi-
dermis cell fate determination by competitively binding to
the bHLH protein. CPC, TRY and ETCI1, which repress
trichome cell fate determination, block the formation of the
GL1-GL3/EGL3-TTG1 complex by competitively binding to
the GL3/EGL3 protein in Arabidopsis [11-13]; AtMYBL2
and PhMYBx (Petunia hybrida) function as repressors in
anthocyanin/PA synthesis via competitive binding to the
bHLH protein [14, 15]; Interestingly, when PtrRMLI (Popu-
lus trichocarpa) is expressed in Arabidopsis, PtrRML1 nega-
tively regulates both flavonoid biosynthesis and epidermal
cell fate in transgenic Arabidopsis by interacting with AtGL3
[16]. These studies have shown that flavonoid metabolism
and trichome development can be regulated individually or
simultaneously by some members of R3-MYB family. How-
ever, among the R2R3-MYB TFs identified to date, only
FaMYBI (Fragaria ananassa), PhMYB27 (Petunia hybrida),
WMYBC2-L3 and VWMYBC2-L1 (Vitis vinifera) function as
the co-repressors of anthocyanin/PA synthesis by competi-
tive binding to bHLH protein [15, 17, 18]. These R2R3-
MYB TFs with co-inhibitory effects share a conserved C2
motif (pdLNLD/LLxiG/S), which converts transcriptional
activators to strong suppressors [3, 19], and these TFs have
more complex combinations of motifs than SG4-MYBs.
However, R2R3-MYB, which not only inhibits flavonoid syn-
thesis but also regulates trichome development, remains
poorly understood. Considering that PtrRMLI negatively
regulates both flavonoid biosynthesis and trichome develop-
ment in transgenic Arabidopsis when PtrRMLI is expressed
in Arabidopsis, we hypothesize that some unique R2R3-
MYBs with co-inhibitory effects may also be involved in
trichome development.

As a crop in mountainous areas, Tartary buckwheat
(Fagopyrum tataricum) exhibits barren soil tolerance,
stress tolerance and high nutrient content [20]. In recent
years, research interest in Tartary buckwheat has in-
creased because this crop contains a variety of functional
flavonoids, including anthocyanins, PAs and rutin [21].
Notably, little is known regarding the potential regula-
tory mechanism that leads to rutin being the major fla-
vonoid in Tartary buckwheat, and not anthocyanins or
PAs. This phenomenon may be attributed to the com-
plex and refined regulatory network, which is composed
of numerous TFs in the flavonoid-related pathway of
Tartary buckwheat [22]. For instance, this crop possesses
a large number of MYB TFs that are thought to regulate
mainly the biosynthesis of anthocyanins/PAs, including
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some transcriptional activators (six SG5-MYBs and three
SG6-MYBs) and some transcriptional repressors (five
SG4-MYBs and four SG4-like-MYBs). Most noticeably,
SG4-like-MYBs, which are thought to have played di-
verse roles in the regulation of flavonoid metabolism
over the course of the evolution of these proteins, are al-
most non-existent in other plants. To date, in Tartary
buckwheat, only FtMYBIS, which is an SG4-like-MYB,
plays a positive role in the biosynthesis of anthocyanin/
PA in Arabidopsis [23]. The function of FtMYBI15 is
slightly inconsistent with it structure, given that this pro-
tein possesses a C2 inhibitory motif, which also indicates
that SG4-like MYBs have evolved to play diverse roles.
Thus, to elucidate the mechanism underlying the regula-
tion of flavonoid metabolism, it is necessary to identify
other SG4-like-MYBs in Tartary buckwheat. In this
study, our results indicate that FtMYBS, the first unique
R2R3-MYB TF gene identified to date, inhibits both
anthocyanin/PA accumulation and marginal trichome
initiation at specific developmental stages and in re-
sponse to hormone signals and environmental factors.

Results

Expression analysis and validation of SG4-like-MYBs

Based on the genomic database [24] and our transcriptomic
database (data not shown), SG4-like-MYBs were identified
in Tartary buckwheat. Both the FtPinG0606379100.01 and
FtPinG0606409000.01 genes are located on the 5th
chromosome, and the FtPinG0505906200.01 and
FtPinG0100390100.01 genes are located on the 7th
chromosome and 4th chromosome, respectively. Then, the
expression levels of the genes were visualized as a heat map
generated by pheatmap 1.0.10 (Fig. 1a). High accumulation
of all SG4-like-MYB mRNAs was observed in the flowers
and roots, except for FtPinG0606379100.01 mRNA, which
exhibited high abundance in the flowers and leaves;
relatively low accumulation of all SG4-like-MYB mRNAs
was detected in the leaves and stems, except for
FtPinG0606379100.01 mRNA, which exhibited low abun-
dance in the stems and roots. Then, the transcriptional
levels of the SG4-like-MYBs were validated by qRT-PCR,
and the results were consistent with the transcriptomic data
(Fig. 1b). Furthermore, the FtPinG0606379100.01 and
FtPinG0606409000.01 genes were highly expressed in
flowers/leaves and in flowers/roots, respectively, clearly
demonstrating tissue specificity. Subsequently, we deter-
mined the levels of anthocyanins/PAs in various tissues. As
shown in Fig. 1c, the highest anthocyanins/PA content was
observed in the flowers, followed by the roots, leaves and
stems, demonstrating positive correlations with the
FtPinG0606409000.01 expression profile. Therefore, we spec-
ulated that this gene may positively regulate anthocyanin/PA
biosynthesis in Tartary buckwheat. FtPinG0606409000.01
was selected for further experiments and named FIMYBS.
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Fig. 1 Analysis of SG4-like-MYB expression and anthocyanin/PA content at the flowering stage. a Heat map of SG4-like-MYBs. Each column represents
one tissue, and each line represents one gene that is displayed on the right. The colour intensity of the blue and red rectangles reflect low and high
Z-scores for mRNA accumulation. b Expression pattern of SG4-like-MYBs. FtH3 was used as a reference gene. The accumulation of each SG4-like-MYB
mRNA in the stems was defined as “1” for each developmental stage. Means were calculated from three repeats, and error bars reflect £SDs. ¢
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Isolation and identification of FtMYB8

FtMYBS8 possesses a 729 bp CDS and encodes an MYB pro-
tein with 242 amino acids, and the length of the gDNA of
this gene is 1153 bp (GenBank accession no. MK128409).
Our analyses suggested that the gDNA of this gene is com-
posed of two introns (131-308 and 439-684 bp) and three
exons (1-130, 309—438 and 684—1153 bp).

Subsequently, the multiple sequence alignment of
FtMYB8 and other SG4-MYBs was performed to further
identify conserved motifs. The analysis results indicated that
FtMYB8 has two MYB repeats at the N terminus. Moreover,
a bHLH motif ([D/E]Lx,[R/K]x3LxcLx3R) was identified in
the R3 region [25]; two conserved motifs (C1 motif and C2
motif) of SG4-MYB were identified [3]; and a novel repres-
sion motif (C5 motif) was identified at the C terminus [19]
(Fig. 2a). In addition, phylogenetic analysis indicated that
FtMYBS8 was grouped with subclade D2 of the R2R3-MYB
C2 repressor, which functions as a suppressor in both PA
and anthocyanin biosynthesis [18]. Thus, FEMYB8 has a po-
tential inhibitory function in flavonoid biosynthesis (Fig. 2b).

Spatiotemporal expression of FtMYB8 in Tartary
buckwheat

FtMYBS8 expression was monitored in the roots, stems,
leaves and buds of Tartary buckwheat at different develop-
mental stages by qRT-PCR (Additional file 1: Figure S1).
The highest abundance of FtMYB8 mRNA was detected
in the buds at each growth stage, followed by the roots.
The expression of FtMYBS8 in both stems and leaves was
low at all developmental stages. Taken together, our re-
sults show that FtMYB8 was expressed mainly in roots
and buds, and the expression of this gene was low in both
stems and leaves.

Expression of FtMYB8 in Tartary buckwheat under stress
treatments

To better understand the response of FIMYBS8 to environ-
mental factors and hormones, the expression level of
FtMYBS8 was monitored under dark, UV-B, ABA and MeJA
treatments. As shown in Additional file 1: Figure S2, under
normal conditions and dark treatment, no marked change
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was observed in F£MYBS8 transcriptional levels within 16 h.
Moreover, after UV-B treatment, the FtMYB8 mRNA accu-
mulated rapidly and peaked at 3 h, after which, the levels
decreased but remained significant. In addition, ABA and
MeJA treatments induced the expression of FtMYB8 within
0.5h, and then, the abundance of FtMYB8 mRNA de-
creased rapidly and then remained relatively stable.

Identification and functional analysis of Pryyyss
The 5" upstream sequence of the FtMYB8 gene was de-
termined from the genomic data of Tartary buckwheat

and preliminarily analysed with the PlantCARE database.
Then, a 2313 bp promoter was cloned and identified by
sequencing (Additional file 1: Table S1). Analysis results
showed that there were several cis-regulatory elements in
Pr;prvps that were putatively involved in environmental re-
sponse and hormone response in plants (Additional file 1:
Table S2). Cis-acting elements involved in environmental
response include the GA motif, GATT motif, and GT1
motif, all of which are light-responsive elements. Cis-
acting elements involved in hormone response include
ABRE (involved in ABA responsiveness), the CGTCA
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motif and the TGACG motif (involved in MeJA responsive-
ness). These results suggest that the activity of the Pryps
promoter may be affected by light, ABA and MeJA.

Moreover, our qRT-PCR results indicate that there
was a relatively high abundance of FtMYB8 mRNA in
the roots, buds and flowers of Tartary buckwheat during
the growth and development process. It is widely recog-
nized that promoters are key for the regulation of gene
expression. To gain insight into the potential regulatory
mechanism of FtMYBS8 expression, Pryps was cloned
and ligated into the pBI101:GUS vector. Transgenic Ara-
bidopsis harbouring Pr;ryps Was generated and verified
by PCR. Then, the GUS activity was investigated by
GUS staining at seven different developmental stages of
transgenic Arabidopsis (Fig. 3). There was no GUS activ-
ity in 4-day-old plants (Fig. 3a). In 6-day-old plants,
GUS activity was observed in the bud trichomes and
roots (Fig. 3b). In 11-, 18- and 25-day-old plants, GUS
activity was observed in only the bud trichomes (Fig. 3c,
e). In 32-day-old plants, GUS activity was observed in
the stem trichomes and root primordia (Fig. 3f). In 42-
day-old plants, GUS activity was observed in the root
primordia, crowded bud trichomes and stem trichomes,
not in the leaves, flowers and siliques (Fig. 3g). Overall,
the Prryps promoter has obvious transcriptional activity
in the roots at the true leaf stage, root primordia and stem
trichomes at the flowering stage and all bud trichomes.

To study the response of the Pr;yps promoter to en-
vironmental factors and hormone signals, UV-B, dark,
MeJA and ABA treatments were performed (Fig. 4). As
shown in Fig. 4a and b, under normal conditions, there
was no significant change in GUS activity in the bud tri-
chomes and roots of the seedlings within 5h. In
addition, no marked change was observed in GUS tran-
scriptional levels within 5h (P> 0.05) (Fig. 4g). Under
MeJA treatment, there was no obvious difference in GUS
activity in the bud trichomes of the seedlings within 5 h;
nevertheless, enhance of GUS activity was observed in the
roots of the seedlings within 5 h (Fig. 4c), and a significant
increase was also observed in the abundance of GUS
mRNA within 5h (P <0.05) (Fig. 4g). The effect of ABA
treatment on the transcriptional activity of the Pr;ryps
promoter was similar to that of MeJA treatment (Fig. 4d
and g). After UV-B treatment for 5 h, significant enhance
of the GUS activity was observed in the roots of the seed-
lings, not in the bud trichomes of the seedlings (Fig. 4e).
Simultaneously, the abundance of GUS mRNA exhibited
an extremely significant increase (P < 0.01) (Fig. 4g). After
dark treatment for 5 h, the GUS activity decreased slightly
in the roots and bud trichomes of the seedlings (Fig. 4f);
In addition, no marked decrease was observed in GUS
transcriptional levels (P >0.05) (Fig. 4g). Taken together,
our results show that the transcriptional activity of the
Praryvps promoter increased significantly under MeJA,
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ABA and UV-B treatments and was repressed by dark
treatment, but not significantly.

FtMYB8 has no individual transcriptional activity

For investigating the transcriptional activity of FtMYBS,
the yeast one-hybrid assay was operated in this study. As
shown in Additional file 1: Figure S3A and B, like the
empty control (NCI1), AH109 cells harbouring the
pBridge-FtMYBS8 plasmid (F8) grew well on the SD/-Trp
medium but not on SD/-Trp/-His, which indicated
FtMYB8 could not activate the expression of His in yeast.
Moreover, there was no change in colour of AH109 cells
with pBridge-FtMYBS after the reaction with X-gal (Add-
itional file 1: Figure S3C). However, AH109 cells including
pBridge-FtbHLH?2 exhibited the blue colouration. These
results suggested that the FtMYB8 also could not activate
the reporter gene LacZ. Taken together, all of these results
demonstrated that FtMYB8 has no individual transcrip-
tional activity in yeast.

Overexpession of FtMYB8 decreases the anthocyanin/PA
levels in transgenic tobacco plants

To directly observe the effect of FtMYB8 on flavonoid bio-
synthesis, FtMYB8-overexpressing lines of tobacco (#2
and #5) were generated and verified by qRT-PCR
(Additional file 1: Figure S4). As shown in Fig. 5a, the
flowers of WT tobacco show red colouration. However,
compared with WT tobacco, the FtMYB8-overexpressing
tobacco lines show significantly lighter petal pigmentation.
These results indicated that anthocyanin accumulation in
the petals of the FtMYB8-overexpressing tobacco lines
was likely lower than that in WT tobacco petals. To con-
firm this hypothesis, total anthocyanin/PA levels were de-
termined. The results suggested that the anthocyanin/PA
content of the overexpression lines was significantly lower
than that of WT tobacco (P < 0.05) (Fig. 5b).

To elucidate the regulatory mechanism of FEMYBS in
the flavonoid biosynthetic pathway, the transcriptional
levels of the flavonoid biosynthetic genes were moni-
tored (Fig. 5c). The expression levels of NtFLS and
EBGs, including NtCHS, NtCHI and NtF3’H, almost
showed no significant change between the transgenic to-
bacco plants and WT plants. Surprisingly, the expression
levels of LBGs, including NtDFR and N!ANS, also
showed no marked difference between the transgenic to-
bacco plants and WT plants (P> 0.05). These results
could not sufficiently explain why the total anthocyanin/
PA content decreased in the transgenic tobacco plants.

FtMYB8 inhibits anthocyanin/PA accumulation and marginal
trichome initiation in transgenic Arabidopsis plants

To further ascertain the function of FtMYBS8, FtMYBS8
overexpression in Arabidopsis (#1, #3 and #4) was car-
ried out and verified by qRT-PCR (Additional file 1:



Huang et al. BVIC Plant Biology (2019) 19:263 Page 6 of 16

Fig. 3 Histochemical localization of GUS expression under Pryyss promoter control in transgenic plants. a-g Histochemical staining of 4-, 6-, 11-, 18-, 25-,
32- and 42-day-old PryyesGUS seedlings. a-g Histochemical GUS staining of whole seedlings. (a-1) Cotyledons and hypocotyl of a 4-day-old plant. (a-2)
Root of a 4-day-old plant. (b-1) Bud of a 6-day-old plant. (b-2)-(b-3) Roots of a 6-day-old plant. (c-1) Bud of an 11-day-old plant. (c-2) Root of an 11-day-old
plant. (d-1) Bud of an 18-day-old plant. (d-2) Root of an 18-day-old plant. (e-1) Bud of a 25-day-old plant. (e-2) Root of a 25-day-old plant. (f-1) Stem of a 32-
day-old plant. (f-2) Root primordia of a 32-day-old plant. (g-1)-(g-3) Root primordia of a 42-day-old plant. (g-4) Crowded bud of a 42-day-old plant. (g-5)
Stem of a 42-day-old plant. (g-6) Leaf of a 42-day-old plant. (g-7) Flower of a 42-day-old plant. (g-8) Silique of a 42-day-old plant

Figure S5). Then, to study the subcellular localization of localized at the same location. These results suggested
the FtMYBS8 protein, the roots of FtMYB8-YFP trans- that FtMYBS8 could be a nuclear protein.

genic Arabidopsis plants were examined by confocal First, reduced seed dormancy was observed in trans-
microscopy (Additional file 1: Figure S6). The blue genic Arabidopsis seeds, as indicated by the early ger-
marker (nuclear marker) and FtMYBS8-YFP protein were  mination compared to WT seeds (Additional file 1:
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GUS mRNA in WT and transgenic Arabidopsis whole seedlings. Total RNA was extracted after 5 h of treatment, and each sample contained at least 30
seedlings. Relative expression of the GUS gene was evaluated by the 222" method, and the accumulation of GUS mRNA in whole transgenic
seedlings under normal conditions was defined as “1". Arabidopsis Atactin2 was used as a reference gene. Means were calculated from three repeats,
and error bars reflect £SDs. ** and * represent extremely significant differences and significant differences, respectively (*P < 0.05, **P < 0.01)
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Figure S7). Moreover, anthocyanin accumulation in Ara-
bidopsis seedlings on MS medium with 3% sucrose was
observed (Fig. 6a). These results suggested that pigment
deposition in WT Arabidopsis seedlings was greater than
that in FtMYBS8-YFP transgenic seedlings (Fig. 6B-1). In
addition, the seed coats of WT Arabidopsis exhibited
deeper pigmentation than those of the transgenic lines,
and after the vanillin-HCI staining assay, the intensity of
seed coat colouration increased (Fig. 6B-2). Normally, a
darker colour indicates greater PA accumulation, as per
the principle of the staining assay [26]. These results in-
dicated reduced PA accumulation in the FtMYBS8-YFP
transgenic Arabidopsis seed coats compared to the WT
Arabidopsis seed coats. Then, the PA and anthocyanin
levels were measured. The results showed that the levels
of both anthocyanin and PA were significantly decreased

in the transgenic plants compared to the WT plants
(Fig. 6¢ and d).

To identify the regulatory mechanism of FEMYBS in PA
and anthocyanin accumulation, the transcriptional levels of
EBGs, LBGs and TGGs were monitored in Arabidopsis. As
shown in Fig. 6e, the expression levels of EBGs, LBGs and
AtFLS showed almost no significant difference between the
transgenic Arabidopsis plants and WT plants. TGGs, which
encode H'-ATPase, glutathione-S-transferase and the
MATE transporter, have been shown to be involved in
anthocyanin and/or PA oxidation, transport and modifica-
tion in Arabidopsis [27-29]. Thus, we speculated that
FtMYBS is involved in the transcriptional regulation of this
group of enzyme-encoding genes. The AtTTI9 and
AtAHAIO expression levels also no marked change be-
tween transgenic Arabidopsis plants and WT plants (P>
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0.05). Interestingly, the AtTTI2 transcriptional levels were  development in young leaves. Interestingly, we ob-
significantly downregulated in the transgenic lines com- served that the distribution of trichomes, rather than
pared to WT Arabidopsis (P<0.01). In general, FtMYB8 the number and morphogenesis of trichomes, was sig-
could decrease anthocyanin/PA accumulation. nificantly different in true leaves between the WT and

Considering that the Pr,syps promoter has obvious  transgenic lines (Fig. 6f and g). The percentage of
transcriptional activity in bud trichomes, we specu- marginal trichomes in the true leaves of WT plants
lated that FtMYB8 may be involved in trichome was more than that of transgenic plants, which
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indicated that FtMYBS8 is important for marginal
trichome initiation (Fig. 6h).

FtMYBS8 interacts with AtTT8/FtTT8/FtGL3 in yeast

Our results suggested that FtMYB8 has no individual
transcriptional activity in yeast; however, FtMYB8 could
reduce the expression level of AtTTI2 in Arabidopsis.
These results indicated that FEMYB8 has transcriptional
activity in Arabidopsis that may depend on the interact-
ing proteins [30]. It has been established that the tran-
scriptional activity of some MYBs were dependent on
forming MBW complexes by interacting with bHLHs
[31]. Considering that FtMYB8 contains the bHLH-inter-
acting motif in the R3 domain (Fig. 2a), we speculated that
FtMYBS8 inhibits the accumulation of anthocyanin/PA in
Arabidopsis by interacting with bHLHs. A yeast two-
hybrid system was used to confirm this hypothesis.

As shown in Fig. 7a, the yeast cells possessing all the
bait and prey combinations were grew well on SD/-Leu-
Trp medium. Nevertheless, white colonies was observed
in the yeast which possessing both pGADT7-FtMYBS8
and pGBKT7-AtTT8/FtTT8/FtGL3 on SD/-Leu-Trp-
His-Ade plates, suggesting the reporter gene of ADE2
and HIS3 were activated. All of these results suggested
that FEMYB8 strongly interacted with AtTT8 and FtGL3;
FtMYBS also interacted with FtTT8, but the strength of
its interactions seemed weak.

FtMYBS8 inhibits the expression of AtTT12

To further confirm that FEIMYBS8 could inhibits the ex-
pression of AtTT12, we have performed a transient assay
to detect the effect of FtIMYB8 on the expression of
Py,rr12:Luc reporter containing the AtTTI12 promoter
fragments fused with LUC gene. As shown in Fig. 7b,
FtMYBS8 decreased significantly the luminescence inten-
sity of Pa,rri2:Luc compared with the empty control
(Fig. 7B-a, —c and -e). These results were consistent with
the quantitative measurement of fluorescence intensity
(Fig. 7B-b, —d and -f).

Discussion

It has been widely reported that MBW ternary com-
plexes are indispensable for biosynthesis and accumula-
tion of anthocyanin/PA and trichome initiation in plants
[32]. However, the members of the MBW complex and
the associated regulatory mechanism remain elusive. In
this paper, FtMYBS8, a unique SG4-like-MYB TF from
Tartary buckwheat, was isolated and identified. Further
analysis showed that FEMYB8 possessed C-terminal C1,
C2 and C5 motifs and was clustered to the D2 subclade
of R2R3-MYB C2 repressors with VWMYBC2-L1 and
VvMYBC2-L3 [18]. It has been proven that VWMYBC2-
L1 and VWMYBC2-L3 may balance the inductive effects
of transcriptional activators by interacting with bHLH
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TFs [18]. Moreover, a potential characteristic motif for
bHLH interaction was discovered in the R3 domain of
this protein, and FtMYB8 exhibited no individual tran-
scriptional activity. These results allow us to hypothesize
that FtMYBS8 also exhibits repression of flavonoid bio-
synthesis, which may depend on the interacting proteins.

In this study, compared to WT plants, reduced pig-
mentation was observed in the flowers of transgenic to-
bacco plants and seedlings of transgenic Arabidopsis
plants, and reduced PA accumulation was observed in
the seed coats of transgenic Arabidopsis plants. Previous
studies have shown that MYBs function as regulators in
the flavonoid pathway by activating or repressing the ex-
pression of EBGs and LBGs [33]. However, the mRNA
abundances of EBGs and LBGs were not significantly dif-
ferent between WT and transgenic seedlings. Interest-
ingly, the expression of A¢TT12, which encodes a proton
antiporter that is responsible for transporting anthocya-
nin/PA precursors into the vacuole, was significantly
downregulated in transgenic seedlings [29]. It has been
established that ££12 mutant seeds exhibited pale brown
seed coats and reduced seed dormancy compared to WT
seed (these phenotypes were curated by the Arabidopsis
Biological Resource Center). Consistent with these results,
the seeds of the transgenic lines also exhibited early ger-
mination (Additional file 1: Figure S7). These results have
to convince us a potential mechanism that FEMYBS is in-
volved in the biosynthesis of anthocyanins/PAs by inhibit-
ing AtTT12 expression. This potential mechanism may be
accounted by the protein interaction between FtMYB8
and AtTT8 which is a key member of MBW complexes
(MYBs-TT8-TTG1) (Fig. 7a). This abnormal interaction
may disrupt the normal formation of the MYBs-TT8-
TTG1 complexes.

It has been reported that MBW complexes (AtMYBs-
AtTT8/AtGL3/AtEGL3-AtTTG1) are crucial for spatio-
temporal expression of AtLBGs and/or AtTGGs [32].
Meanwhile, Yeast two-hybrid assays showed that FEMYB8
could interact with AtTTS8, not AtGL3, AtEGL3 and
AtTTG]I (Fig. 7a). Thus, the expression of EBGs and LBGs
was not significantly different between the WT and trans-
genic plants, which could be explained by the functional
redundancy of MBWs. However, the functional redun-
dancy of MBWs and this interaction between FtMYB8
and AtTT8 are not sufficient to elucidate the specific
mechanism underlying the inhibition of AtTT12 expres-
sion. Similarly, it has been reported that VvMYBC2-L1
specifically regulates the expression of the UFGT gene,
which is regulated by VVMYBAL [18], and LUC transient
assay indicated that FEMYB8 could inhibit the transcrip-
tional activity of P4,r7;» promoter (Fig. 7b). Meanwhile,
TT8 interacts with TTG1 and MYBs to form MBW com-
plexes [7]. Moreover, it has been established that a few
amino acid residues of MYBs could be responsible for
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MBW target gene specificity [32, 34, 35]. These results allow
us to hypothesize that this specific inhibitory mechanism can
be attributed to the uniqueness of the DNA-binding sites of
the MBW complex, although the formation of this MBW
complex (FEIMYBS8-AtTT8-AtTTG1) has not been proven.
Because the trichomes of Arabidopsis are involved in
protection against UV irradiation and insect herbivores,
water regulation and temperature control, initiation of
trichome formation is strictly controlled by MBW com-
plexes, which are considered to be central to transcrip-
tional regulation of trichome-related genes [36, 37].
However, little is known regarding the development of
marginal trichomes. To date, only 778 and GL3 have

been proven to be essential for the induction of marginal
trichomes, and the functions of these genes are partially
redundant in this process [38]. In this study, a similar
unique phenotype was also observed: overexpression of
FtMYBS8 reduced the number of marginal trichomes in
Arabidopsis (Fig. 6f), which could be attributed to the
formation of the FtMYB8-AtTT8-AtTTG1 complex or
decreased levels of active AtTT8 protein. These results
indicated that FtMYBS is involved in the initiation of
marginal trichome formation, although the mechanism
remains unclear.

The expression and activity of MBW members is con-
trolled strictly spatiotemporally by developmental and
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environmental signals because MBW's play indispensable
roles in various physiological and developmental pro-
cesses of plants [7]. For example, 778 is expressed in de-
veloping siliques, flowers, buds and 4-day-old seedlings
[39]. The differential expression of inhibitors in response
to developmental signals may represent different func-
tions [18]. The role of FtMYB8 was investigated together
with analysis of the expression pattern and promoter ac-
tivity of this gene at different developmental stage and
under dark, UV-B, ABA and MeJA treatments, allowing
us to further speculate about the physiological processes
that are actually regulated in Tartary buckwheat. Our
data showed that FEIMYBS strongly and weakly interacted
with FtGL3 and FtTT8 (Fig. 7a), respectively, which implied
that FEMYB8 can inhibits both anthocyanins/PAs accumu-
lation and marginal trichome initiation in Tartary buck-
wheat may by disrupt the normal formation of the MYBs-
FtGL3/FtTT8-FtTTG1 complex and/or form MBW com-
plexes (FEIMYB8-FtGL3/FtTT8-FtTTG1). The formation of
these MBW complexes (FEMYB8- FtGL3/FtTT8-AtTTG1)
and the function of these proteins need to be further stud-
ied. Meanwhile, qPCR results suggested that FtMYBS8 is
mainly expressed in bud trichomes, roots and flowers.
Moreover, this gene is expressed in bud trichomes almost
throughout the developmental process, indicating that
FtMYBS8 expression in bud trichomes is almost unaffected
by developmental stage. These results may be associated
with the role of FtMYBS8 in the initiation of marginal trich-
ome formation. Meanwhile, FtMYB8 expression in the
roots of the true leaf stage and flowering stage is induced
by specific developmental stages. These results may be as-
sociated with the inhibition of anthocyanin/PA accumula-
tion by FtMYB8. Interestingly, no GUS activity was
observed in the flowers of transgenic Pryyps plants, which
is not consistent with the finding that F#AMYB8 was highly
expressed in the flowers of Tartary buckwheat. Therefore,
we speculated that there is a potential post-transcriptional
mechanism for the regulation of FtMYB8 expression.

As previously described, the expression of SG4-MYBs de-
pends on external and internal stimuli (e.g., expression of
AtMYB4 and AtMYB7 was induced by UV-B and salt treat-
ments, respectively) [5, 6]. Our results suggest that FtMYBS8
expression was markedly induced in the roots of Tartary
buckwheat by MeJA, ABA and UV-B treatments and was
repressed by dark treatment; then, the expression of this
gene was downregulated in subsequent treatment periods.
Considering the role of anthocyanin/PA and the function
and expression pattern of FEIMYBS in Tartary buckwheat, we
speculate that FEMYBS8 could also be involved in the stress
response and may have a feedback regulatory mechanism.

Conclusions
We have proposed a potential working model for the
function of FtMYB8 (Fig. 8). Our studies indicate that
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FtMYBS8 can play a role in the repression of anthocya-
nin/PA accumulation by strongly downregulate the
AtTTI2 gene (not excluding FEIMYB8 could also regulate
other genes expression). FtMYBS8 could be involved in
marginal trichome initiation. Considering the expression
profile of FtMYB8 and the interaction between FtMYBS8
and FtGL3/FtTT8, we propose that FtMYB8 functions
as a fine-tuning regulator of anthocyanin/PA accumula-
tion in the roots of Tartary buckwheat and may regulate
trichome distribution in the buds of Tartary buckwheat
based on specific developmental stage and in response
to hormone signals and environmental factors. Taken to-
gether, the results of the present study are meaningful
for understanding the flavonoid regulatory mechanism
of Tartary buckwheat and provide new insights into the
development of marginal trichomes in A. thaliana.

Methods

Plant materials and growth conditions

Professor Anhu Wang of Xichang University gave the
Tartary buckwheat accessions “Xigiao No. 2” used in this
study; Since 2013, “Xiqiao No. 2” has been introduced
into the Sichuan Agricultural University, Sichuan Prov-
ince, China, and grown in experimental farm. Professor
Jinwen Zhang of Gansu Agricultural University gave the
tobacco accessions “NC89” used in this study. Professor
Yi Cai of Sichuan Agricultural University gave the Arabi-
dopsis thaliana ecotype Columbia-0 (Col-0) used in this
study. Seeds of Tartary buckwheat (“Xigiao No. 2”) were
sown in the farm at Sichuan Agricultural University.
Buds, leaves, stems and roots of 8-, 14-, 24-, and 34-day-
old plants were collected; flowers, stems, leaves and
roots were collected during the flowering phase (at ap-
proximately 45 days). Seeds of Xigiao No. 2 were germi-
nated in a greenhouse with a 16 h photoperiod. Eight-
day-old Xigiao No. 2 seedlings were transferred into
fresh Hoagland’s solution supplemented with 2mM
MeJA and 100 uM ABA. UV-B treatment was performed
by transferring seedlings to a chamber subjected to UV-B
illumination (302 nm, 0.1 mW/cm?); dark treatment was
conducted using a black cover to shade the seedlings.
After treatments for 0, 0.5, 1, 2, 3, 6, 10 and 16 h, whole
seedlings were collected. Then, all of the above samples
were stored in liquid nitrogen for subsequent experiments.
Each sample contained twenty seedlings, and three tech-
nical replicates were measured for each sample.

Isolation and characterization of the FtMYB8 and FtMYB8
promoters

Total RNA was isolated from various samples using the
EASYspin Plant RNAiso reagent (Aidlab, China). Total
RNA was used as the template for cDNA synthesis, utiliz-
ing the PrimeScript™ RT Reagent Kit (TaKaRa, Japan) fol-
lowing the manufacturer’s instructions. Genomic DNA
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Fig. 8 Potential working model for the function of FtMYB8. FtMYB8 mRNA mainly accumulates in the roots during the true leaf stage and flowering stage
and in bud trichomes and flowers, and the expression of this gene is enhanced by ABA, MeJA and UV-B signals and suppressed by dark treatment. FtMYB8
could interact with TT8/GL3, and this abnormal interaction may disrupt the normal formation of the MYBs-TT8/GL3-TTG1 complex. FtMYB8 may form MBW
complex with TT8/GL3 and TTG1, and then, these MBW complexes may reduce the accumulation of anthocyanin/PA by downregulating 7772 expression.

FtMYB8 may also inhibit the initiation of marginal trichomes by forming MBW complexes and/or decreasing the levels of active TT8/GL3 proteins

was extracted from leaves utilizing the DNAquick Plant
System (Tiangen, China). According to the transcriptomic
database for Tartary buckwheat constructed in our labora-
tory (data not shown), the gene FtMYB8 was selected, and
then, the gDNA (size: 1153 bp) and cDNA (size: 729 bp)
of FtMYB8 were cloned using the FtMYBSE-FtMYBSR
pair of primers (sequences reported in Additional file 1:
Tables S4). Multiple sequence alignment was performed
using ClustalX software, and a phylogenetic tree was gen-
erated utilizing MEGA 5.

The 5° upstream sequence of FtMYB8 (Pruyyss, size:
2313 bp) was amplified using the PFtMYBSE-PFtMYBSR
pair of primers (sequences reported in Additional file 1:
Tables S4) designed based on the genomic data for Tartary
buckwheat [22]. Then, the PCR product was cloned into
pMD™19-T (TaKaRa, Japan) for verification by sequen-
cing. The cis-acting elements of the FtMYB8 promoter
were analysed by using the PlantCARE database (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Transcriptional assay and subcellular localization
determination of FtMYB8

To investigate transcriptional activity, the CDS (coding se-
quence, size: 729 bp) of FtMYBS8 was amplified using the
PBGFtMYBSF-PBGFtMYBSR pair of primers (sequences

reported in Additional file 1: Tables S4) and then inserted
into the pBridge vector to generate pBridge-FtMYBS8 using
the Sma 1 and Pst 1 restriction enzymes. The pBridge-
FtbHLH?2 (positive control) [40], pBridge (negative con-
trol) and pBridge-FtMYB8 plasmids were introduced into
yeast AH109 cells, and the cells were cultured in SD/
—-Trp-His medium. LacZ expression was analysed by util-
izing the B-galactosidase colony lift filter assay.

The subcellular localization of FtMYB8 was deter-
mined using the roots of FtMYB8-overexpressing Arabi-
dopsis plants, as described previously [41]. In brief, the
roots of FtMYB8-overexpressing Arabidopsis plants were
stained with 5 pg/ml nucleic acid dye DAPI for 5 min in
the dark, washed with PBS three times, and photo-
graphed under a confocal microscope OLYMPUS FV10-
MCPUS (OLYMPUS CORPORATION, Tokyo, Japan).

Generation of transgenic Arabidopsis and tobacco plants

The CDS of FtMYB8 lacking the stop codon (size: 726 bp)
was amplified using the PYFPFtMYBSE-PYFPFtMYBSR
pair of primers (sequences reported in Additional file 1:
Tables S4) and then ligated into the pCHE3-YEP vector to
obtain the FtMYBS8-YFP fusion construct by utilizing the
Kpn I and Sal I restriction enzymes. Meanwhile, a segment
of the FtMYB8 promoter (size: 2313 bp) was amplified
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using the PBIPFtMYBSE-PBIPFtMYBSR pair of primers
(sequences reported in Additional file 1: Tables S4) and li-
gated into the pBI101-GUS vector by utilizing the Hind III
and Sal 1 restriction enzymes. Then, the vectors pCHF3-
FtMYB8-YFP and pBI101-Pg;yps-GUS were transformed
into Arabidopsis Col-0 via the Agrobacterium strain
GV3101. Transgenic seeds were selected on MS medium
(50 pug/mL kanamycin) and then grown in a greenhouse
with 16 h light/8 h dark for 12 days. Kanamycin-resistant
plants were cultured in soil-containing pots and verified by
PCR analysis. Transgenic T3 homozygous lines were used
as subsequent experimental materials. In addition, the re-
combinant vector pCHF3-FtMYB8-YFP was transformed
into tobacco NC89 by using the Agrobacterium strain
LBA4404. After rooting on selective medium (60 pg/mL
kanamycin), seedlings that were approximately 7 cm high
were potted in soil, identified by PCR analysis, and cultured
to maturity in the greenhouse.

Determination of flavonoid content in transgenic Arabidopsis
and tobacco plants

Anthocyanins [42] and PA [43] were extracted from fresh
leaves of transgenic Arabidopsis and tobacco as described
previously. The anthocyanin levels were measured as de-
scribed previously [44], as were the PA levels [43]. Three
biological replicates were measured for each experiment.

Yeast two-hybrid screening

According to the genome database and our transcriptome
database (data not shown) combined with phylogenetic
analysis results, the FtTTS8, FtGL3, FtEGL3 and FtTTGI
have been screened out from Tartary buckwheat. Their se-
quences are displayed in the Additional file 1: Table S3.
Yeast two hybridization assays were conducted according
to previously research [45]. Briefly, the CDS of FtMYBS8
was cloned into prey vector pGADT7 by utilizing the Sma
I and BamH I restriction enzymes and the CDS of AtTTS,
AtGL3, AtEGL3, AtTTGI, FtTTS, FtGL3, FtEGL3 and
FtTTGI were cloned into bait vector pGBKT?7 by utilizing
the EcoR I and Sal 1 restriction enzymes. And then,
pGADT7-FtMYB8 prey and pGBKT7-AtTT8/-AtGL3/
-AtEGL3/-AtTTG1/-FtTT8/-FtGL3/-FtEGL3/-FtTTG1

bait constructs were co-transformed into yeast strain
AH109 (Clontech), respectively. Co-transformation of
empty prey and bait vector, empty prey and bait construct,
and empty bait with prey construct were used as controls.

Quantitative RT-PCR (qRT-PCR)

To determine the expression levels of SG4-like-MYBs in
Tartary buckwheat, the transcriptional levels of
flavonoid-related genes (CHS, CHI, F3'H, FLS, DFR,
ANS, BAN, TTI12, TT19 and AHA10) in transgenic and
WT plants, and GUS transcriptional levels in transgenic
Arabidopsis, total RNA extraction and ¢cDNA synthesis
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were performed as described previously. Three technical
replicates were measured for each sample. qRT-PCR was
conducted as described in previous studies [46]. FtH3
was used as the reference gene for qRT-PCR of Tartary
buckwheat; AtActin2 was used as the reference gene for
qRT-PCR of Arabidopsis; and Ntf-actin was used as the
reference gene for qRT-PCR of tobacco. qRT-PCR was
conducted with a CFX96 Real-Time PCR Machine (Bio-
Rad, U.S.A). The PCR program was: 95°C for 20s, 39
cycles of 95°C for 15s and 60°C for 25s. The relative
gene expression data were evaluated utilizing the 274"
method. qRT-PCR determination was conducted with
three repeats. All the primers used in this study are
listed in Additional file 1: Table S4.

Dual-LUC reporter assays in tobacco leaves

Dual-LUC assays in N. benthamiana leaves were per-
formed as previously described [47]. The AtTT12 pro-
moter (Pa;7710, size: 1701 bp) was amplified using the
lucPAtTT12F-lucPAtTT12R pair of primers (sequences
reported in Additional file 1: Tables S4) and then ligated
into the pGreenll 0800-LUC vector to obtain the re-
porter constructs Payrriz:Luc by utilizing the Hind 111
and BamH 1 restriction enzymes. The CDS of FtMYB8
(size: 726bp) was amplified using the FtMYB8SKE-
FtMYB8SKR pair of primers (sequences reported in
Additional file 1: Tables S4) and then ligated into the
pGreenll 62-SK vector to obtain effector (P3s5:FtMYBS)
by utilizing the Hind III and Kpn I restriction enzymes.
Transformed leaves were sprayed with and soaked in 0.1
M luciferin, after which they were placed in darkness for
6 min before luminescence examination. LUC images
and quantify luminescence intensity were detected by
using a charge-coupled device imaging apparatus (Night-
OWL II LB983 in conjunction with Indigo software).
Three biological replicates were measured for each ex-
periment, and three technical replicates were measured
for each biological replicate.

GUS histochemical assay

To study the role of the Pr,yps promoter in the growth
and development process, whole 4-, 6-, 11-, 18-, 25- and
32-day-old plants and stems, leave, flowers, roots, si-
liques and crowded buds collected during florescence of
42-day-old plants were used for GUS staining assays.

To investigate the response of the Pr;yps promoter to
environmental factors and hormones, germ-free seeds of
transgenic Arabidopsis were grown on perlite with 1/2
MS liquid medium in glass bottles. When the first true
leaves emerged from the sterile seedlings (at approxi-
mately 6 days), the liquid medium from the glass bottle
was replaced with fresh liquid medium. Then, the glass
bottles that contained the original medium remained
under normal conditions, while the glass bottles that
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contained fresh 1/2 MS liquid medium were placed in
dark, UV-B and normal conditions. Meanwhile, glass
bottles that contained fresh 1/2 MS liquid medium sup-
plemented with 10pyM ABA and 50 uM MeJA were
placed under normal conditions. After treatment for 5 h,
whole plants were used for GUS staining assays and
RNA extraction [48].

GUS staining assays were performed as described
Beeckman and Engler [49], and the transcriptional level
of GUS in each sample was monitored using qRT-PCR.
Each sample contained at least 50 seedlings, and three
technical replicates were measured for each sample.

Microscopy and histochemical analysis

Photographs of tobacco flowers and Arabidopsis germin-
ation were taken with a digital camera. Seed and seedling
pigment accumulation, trichome distribution and GUS
histochemical staining analyses were photographed using
a stereomicroscope [10x lens in a OLYMPUS SZX2-ILLK
microscope fitted with a OLYMPUS DP71 camera
(OLYMPUS CORPORATION, Tokyo, JAPAN)] [50].

Statistical analysis

Statistical analyses were conducted with SPSS software (SPSS
13.0). *P-values < 0.05 and *P-values < 0.01 were regarded as
significant and extremely significant, respectively.

Additional file

Additional file 1: Figure S1. Expression of FtMYB8during Tartary buckwheat
development. Figure S2. Relative expression ofFtMYBS8 in Tartary buckwheat
seedlings under the influence of environmental factors and hormone treatments.
Figure. S3. Transactivation assay of FtIMYB8 in AH109 cells. Figure S4.Generation
of transgenic tobacco plants. Figure S5. Generation of transgenic Arabidopsis
plants. Figure S6. Subcellular localization of FtMYB8. Figure S7. Seed
germination of WT and transgenic lines. Table S1. Sequence of the
PFtMYB8promoter. Table S2. Predicted cis-elements of the PFtMYBSpromoter.
Table S3. cDNA sequences of FGL3, FtEGL3, FtTT8and FtTTGIgenes from Tartary
buckwheat. Table S4. Sequences of all primers used in thisstudy. Table S4.
Sequences of all primers used in thisstudy (PDF 548 kb)
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