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Abstract
Anthocyanins and flavonols have vital roles in flower coloration, plant development, and defense. Because
anthocyanins and flavonols share the same subcellular localization and common biosynthetic substrates, these
pathways may compete for substrates. However, the mechanism regulating this potential competition remains
unclear. Here, we identified GhMYB1a, an R2R3-MYB transcription factor involved in the regulation of anthocyanin and
flavonol accumulation in gerbera (Gerbera hybrida). GhMYB1a shares high sequence similarity with that of other
characterized regulators of flavonol biosynthesis. In addition, GhMYB1a is also phylogenetically grouped with these
proteins. The overexpression of GhMYB1a in gerbera and tobacco (Nicotiana tabacum) resulted in decreased
anthocyanin accumulation and increased accumulation of flavonols by upregulating the structural genes involved in
flavonol biosynthesis. We further found that GhMYB1a functions as a homodimer instead of interacting with basic
helix-loop-helix cofactors. These results suggest that GhMYB1a is involved in regulating the anthocyanin and flavonol
metabolic pathways through precise regulation of gene expression. The functional characterization of GhMYB1a
provides insight into the biosynthesis and regulation of flavonols and anthocyanins.

Introduction
Flavonoids, especially anthocyanins, are the major

orange, red, purple, and blue pigments in flowering
plants1. In ornamental plants, flower color is the most
important horticultural characteristic influencing their
commercial value. Recent advances in genetic modifica-
tion have led to overcoming the limitations of traditional
breeding and have substantially increased the amount of
novel colors; this is especially true for the introduction of

new genes such as structural or regulatory genes of the
flavonoid biosynthetic pathway in ornamental plants2,3.
Generally, rather than modifying a single enzymatic step
of the flavonoid biosynthetic pathway, metabolic flux can
be better controlled by coordinated regulation of key
regulatory proteins in multiple steps4,5. However, the
candidate regulatory proteins and their target genes need
to be functionally characterized in detail.
Nearly all of the structural genes of the flavonoid bio-

synthetic pathway isolated and characterized to date are
conserved in higher plants6–9. Chalcone synthase (CHS),
which catalyzes the first step of flavonoid biosynthesis and
produces naringenin chalcone7,10, is known as a gate-
keeper in the regulation of flavonoid biosynthesis. After
catalysis by flavanone-3-hydroxylase (F3H), the product
dihydrokaempferol is subsequently further converted to
flavonols, anthocyanins, or their derivatives. Flavonol
synthase (FLS) synthesizes kaempferol-type flavonols.
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Another quercetin-type flavonol is also synthesized by
FLS from dihydroquercetin, which is produced by flavo-
noid-3′-hydroxylase (F3′H)11. Both dihydroflavonol
reductase (DFR) and anthocyanidin synthase (ANS) are
responsible for the synthesis of anthocyanins7,12. In
addition, anthocyanidin 3-O-glycosyltransferase (3GT)
has an important role in the stability of anthocyanins in
the cellular environment13.
Regulatory proteins are needed for the activation or

suppression of flavonoid biosynthesis. Transcriptional
regulators of the anthocyanin biosynthetic pathway,
including R2R3-MYB proteins, basic helix-loop-helix
(bHLH) proteins, and WD-repeat (WDR) proteins, gen-
erally form a ternary complex8,14,15. R2R3-MYB proteins
directly bind to the promoters of biosynthetic genes6,16 or
to genes encoding bHLH regulators and activate their
gene expression17. Most R2R3-MYB transcription factors
depend on cofactors, such as WDR and bHLH proteins,
for regulating flavonoid biosynthesis (except for flavonol
synthesis)14,18,19. Their combinations and interactions
determine a set of genes expressed10,20,21. Notably, in the
control of the flavonol biosynthetic pathway, the members
of subgroup seven of the R2R3-MYB family act inde-
pendently of bHLH cofactors22–25. The first R2R3-MYB
transcription factors characterized to regulate flavonol
biosynthesis were identified in Arabidopsis thaliana,
including AtMYB12/PFG1, AtMYB11/PFG2, and
AtMYB111/PFG311,23. These factors function indepen-
dently of bHLH cofactors and individually activate a
group of flavonol biosynthetic genes, including CHS, CHI,
F3H, and FLS11,23. The expression pattern of VvMYBF1
characterized in Vitis vinifera is highly correlated with
that of VvFLS1 and subsequently affects flavonol accu-
mulation26. The heterologous expression of GtMYBP3
and GtMYBP4 characterized in Gentiana trifloral
increases the accumulation of flavonol and activates the
expression of flavonol biosynthesis genes in tobacco
(Nicotiana tabacum) and Arabidopsis27. Although
extensive efforts have been made to reveal the functions
and regulatory molecular mechanisms of MYB tran-
scription factors, some questions remain, such as which
R2R3-MYB transcription factors are involved and how do
they regulate the accumulation of anthocyanins and fla-
vonols in plant development.
Gerbera is an important floriculture crop species used

worldwide as a cut flower. Owing to its diverse flower
coloration and complex floral organs, gerbera is also an
ideal model species for studying flower coloration. How-
ever, only the R2R3-MYB transcription factor GhMYB10
has been characterized from gerbera to date. Over-
expression of GhMYB10 in transgenic tobacco and ger-
bera plants strongly increases anthocyanin
accumulation28,29. Therefore, the molecular mechanisms
and transcription factors controlling flower coloration in

gerbera remain unknown. In this paper, we report an in-
depth characterization of an R2R3-type MYB transcrip-
tion factor, GhMYB1a, a putative regulator of flavonol
biosynthesis. Overexpression of GhMYB1a in tobacco or
excised petals of gerbera resulted in enhanced flavonol
content and reduced anthocyanin accumulation through
upregulation of the flavonol biosynthetic genes CHS, F3H,
and FLS. The inverse correlation between anthocyanin
and flavonol levels in GhMYB1a-overexpressing lines
probably reflects competition between these two branches
of flavonoid metabolites. Analysis of protein–protein
interactions involving GhMYB1a suggests that this pro-
tein might regulate the expression of downstream genes
by forming a homodimer. Our functional characterization
of GhMYB1a improves our understanding of the reg-
ulatory mechanisms underlying the accumulation of
anthocyanin and flavonol biosynthesis in gerbera and
reveals a new candidate gene for genetic manipulation to
generate new cultivars.

Results
Isolation and characterization of the MYB transcription
factor GhMYB1a
We obtained full-length GhMYB1-like cDNA from ray

florets in our previous transcriptome analysis of Gerbera
hybrida cv. Shenzhen No. 5, which has orange petals
(GenBank accession number GACN01040333)30. Because
of the high-protein sequence similarity (98.64%) with that
of GhMYB1, which was identified by Elomaa29, we
designated it GhMYB1a. GhMYB1a was predicted to have
an open reading frame of 1107 bp, encoding an R2R3-
MYB protein comprising 369 amino acids. The protein
sequence of GhMYB1a differed from that of GhMYB1 by
four amino acids at positions 122, 275, 277, and 306 (Fig.
1a). Phylogenetic analysis showed that GhMYB1a belongs
to subgroup 7 (SG7) and clustered with other flavonol
MYB regulators together into a flavonol clade (Fig. 1b),
suggesting that GhMYB1a probably functions as a reg-
ulator of flavonol biosynthesis.
Sequence analysis revealed that GhMYB1a contains the

characteristic R2 and R3 MYB DNA-binding domains at
the N-terminus (Fig. 1a). Although sequence similarities
between MYB proteins are generally restricted to the
N-terminus, the SG7 motif (GRTxRSxMK), which is
characteristic of flavonol biosynthesis regulators in Ara-
bidopsis and grapevine14,26, was also found at the
C-terminus of GhMYB1a (Fig. 1a). GhMYB1a also con-
tains the SG7-2 motif ([W/x][L/x]LS) identified pre-
viously26 in the C-terminal region. In addition, GhMYB1a
does not have a [D/E]Lx2[R/K]x3Lx6Lx3R motif, which is
responsible for interacting with bHLH proteins31.
To verify the localization of GhMYB1a, a construct

encoding GhMYB1a fused to green fluorescent protein
(GFP) was transformed into tobacco leaves. Strong
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fluorescence from GFP-GhMYB1a was detected in the
nucleus (Fig. 1c), indicating that GhMYB1a localizes to
the nucleus. These results suggested that GhMYB1a
might function as a transcription factor in regulating
flavonol biosynthesis.

Overexpression of GhMYB1a in tobacco and Gerbera
suppresses anthocyanin accumulation in petals
Reverse transcription quantitative PCR (RT-qPCR)

revealed that GhMYB1a was highly expressed in Gerbera
leaves and floral organs, including bracts, stamens, and
petals (Fig. 2a). During inflorescence development, tran-
scription of GhMYB1a increased gradually and peaked at

stage 532 in Gerbera cultivar Shenzhen No. 5 (Fig. 2a).
However, different expression patterns were observed in
other cultivars, e.g., GhMYB1a expression peaked at the
last stage (S6) in the cultivar Da Tou Fen, which has pink
petals, and at stage 4 (S4) in the cultivar Xiang Bin, which
has yellow petals (Supplementary Fig. S1a, b).
To characterize the functions of GhMYB1a in regulat-

ing petal development, we constructed transgenic tobacco
lines overexpressing GhMYB1a (GhMYB1a OE). Seven
independent overexpression (OE) lines were obtained. All
seven T1 lines exhibited similar phenotypes (data not
shown). Two T2 lines (OE-1 and OE-3) with different
GhMYB1a transcript levels were selected for further study

Fig. 1 Sequence characteristics of GhMYB1a. a Alignment of the protein sequence of GhMYB1a with selected homologs. The alignment was
performed using DNAMAN software. The amino acids with 100% identity are shown with a black background, and those with ≥75% identity are shown
in gray. The characteristic R2/R3 domains and SG7-1/SG7-2 motifs are shown with black lines and red frames, respectively. The four amino-acid
differences between GhMYB1a and GMYB1 are shown with red arrows. b Phylogenetic analysis of GhMYB1a and selected R2R3-MYB transcription
factors from other plant species. The phylogenetic tree was generated using the neighbor-joining method by MEGA software. The numerals next to
the branch nodes indicate bootstrap values from 1000 replications. The bar indicates an evolutionary distance of 0.05%. GhMYB1a is marked in red. The
functions of most of the R2R3-MYB transcription factors are indicated. The species and their accession numbers in GenBank (G. hybrida (Gh): GhMYB1
(CAD87007), GhMYB1a (CACN01040333), GhMYB10 (CAD87010); Arabidopsis thaliana (At): AtMYB11 (NP_191820), AtMYB12 (NP_182268), AtMYB111
(NP_199744), AtTT2 (CAC40021), AtPAP1 (AAG42001), AtPAP2 (AAG42002), AtMYB113 (NP_176811); Vitis vinifera (Vv): VvMYBF1 (ACT88298), VvMYBPA1
(CAJ90831), VvMYBA1 (BAD18977), VvMYBA2 (BAF31138.1); Lotus japonicas (Lj): LjTT2a (BAG12893); Zea mays (Zm): ZmP (P27898), ZmC1 (1613412E);
Gentiana trifloral (Gt): GtMYBP3 (BAM71801); Epimedium sagittatum (Es): EsMYBF1 (ANZ79233); Picea mariana (Pm): PmMBF1 (AAA82943); Malus
domestica (Md): MdMYB10a (ABB84753); Petunia hybrida (Ph): PhAN2(AAF6672); Solanum lycopersicum (Sl): SlMYB12 (NP_001234401); Nicotiana
tabacum (Nt): NtAN2 (NP_001312447)) are listed here. c Subcellular localization of the GFP:GhMYB1a fusion protein in tobacco leaves. Free GFP served
as a control. A DAPI staining assay was conducted to confirm the nuclear localization. Bars= 50 μm
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(Fig. 2b). The flower color of these two GhMYB1a OE
lines changed from rosy red (the wild-type (WT) color) to
light pink, and the OE-3 line exhibited the lightest col-
oration (Fig. 2b). Correspondingly, the total anthocyanin
content was significantly decreased in the two OE lines
(P < 0.01) compared with that of the WT (Fig. 2c). As
flower growth progressed33 (stage 9–12), overexpression
of GhMYB1a induced stronger suppression of anthocya-
nin accumulation, especially at stage 12 (P < 0.01) (Fig.

2c). Consistent with the observations in transgenic
tobacco flowers, transient overexpression of GhMYB1a
(GhMYB1a OE) in gerbera petals resulted in dramatic
suppression of petal coloration compared to that of the
controls (Fig. 2d). Correspondingly, the total anthocyanin
content of the GhMYB1a-overexpressing gerbera petals
was significantly lower than that of the control (P < 0.01)
(Fig. 2e). Taken together, these results indicated that
overexpression of GhMYB1a results in a significant
decrease in anthocyanin accumulation.

Overexpression of GhMYB1a has different effects on the
expression of the structural genes involved in anthocyanin
biosynthesis
As a transcription factor, GhMYB1a was hypothesized

to regulate the transcription of downstream genes. To
investigate whether GhMYB1a affects the accumulation of
anthocyanin by regulating the transcription of anthocya-
nin biosynthetic structural genes, we used RT-qPCR to
analyze their expression in the GhMYB1a overexpression
lines. First, we found that the expression of structural
genes varied at different developmental stages in the wild-
type plants of different gerbera varieties. In cultivar
Shenzhen No. 5, the abundance of transcripts of GhCHS,
GhF3H, GhFLS, GhDFR, and GhANS increased gradually,
whereas the transcript of GhPAL was mildly upregulated
at S2 but then decreased at S3 (Fig. 3a). Similar expression
patterns of these genes were observed in the cultivar Da
Tou Fen, except for the expression of GhANS, which
peaked at S5 and then slightly decreased at S6, as well as
the expression of GhPAL, which declined gradually during
inflorescence development (Supplementary Fig. S2a).
Consistent with its expression pattern in other varieties,
the expression of GhDFR increased gradually in the cul-
tivar Xiang Bin, whereas the rest of the genes examined
showed a biphasic pattern in which the expression
increased from the first stage, peaked at S4, and then
greatly decreased at S6 (Supplementary Fig. S2b). GhCHI
and GhUFGT were expressed moderately during inflor-
escence development in the cultivars Shenzhen No. 5 (Fig.
3a) and Da Tou Fen (Supplementary Fig. S2a), whereas
their expression decreased significantly from S4 in the
cultivar Xiang Bin (Supplementary Fig. S2b). The
expression of GhF3’H and GhGT4 mildly increased at S6
in cultivar Shenzhen No. 5 (Fig. 3a) but exhibited different
expression patterns in other varieties. The transcript of
GhF3’H increased throughout the initial stages, peaked at
S4, and then slightly decreased in the cultivar Da Tou Fen
(Supplementary Fig. S2a), whereas it mildly increased
from S2 and then dramatically decreased at S5 in the
cultivar Xiang Bin (Supplementary Fig. S2b). Transcripts
of GhGT4 gradually decreased during inflorescence
development in the cultivar Da Tou Fen (Supplementary
Fig. S2a).

Fig. 2 Overexpression of GhMYB1a suppresses anthocyanin
accumulation. a Tissue- and floral development stage-specific
expression of GhMYB1a in gerbera. Scapes, sepals, pappi, stamens, and
pistils were harvested from stage 3 (S3) ray florets. The expression in
young roots was set to 1. The representative results are shown as the
means ± SDs. *P < 0.05, **P < 0.01, ***P < 0.001. b Images of stage 12
flowers from WT and transgenic tobacco (upper panes) and their
corresponding GhMYB1a transcription levels (lower panes); NtActin was
used as an endogenous control. c Anthocyanin accumulation in petals
of WT and GhMYB1a-overexpressing tobacco plants. The petals were
harvested from stage 9, 10, 11, and 12 flowers (n= 3). Three
independent experiments were performed for each sample. The data
are shown as the means ± SDs. **P < 0.01, ***P < 0.001. d Transiently
expressed gerbera petals were generated from stage 3 ray florets (upper
panes), and their corresponding GhMYB1a transcription in the petals is
shown (lower panes). A pCanG vector without a GhMYB1a construct
was used as a control, and GhActin was used as an endogenous control.
e Anthocyanin content in GhMYB1a-overexpressing gerbera petals. At
least three independent experiments were performed for each sample,
and a representative result is shown. More than 25 petals were included
in each sample

Zhong et al. Horticulture Research            (2020) 7:78 Page 4 of 13



Although the accumulation of anthocyanins in the
tobacco GhMYB1a OE lines was reduced, the expression
of NtCHS, NtF3H, NtDFR, NtANS, and NtUFGT was
enhanced by 4.3-, 5.9-, 2.9-, 2.3-, and 24.9-fold, respec-
tively (Fig. 3b). However, no significant change was
detected in the expression of NtF3’H, which encodes fla-
vonoid-3′-hydroxylase, which catalyzes the biosynthesis of
dihydroquercetin. We also observed a similar result from
the gerbera transient overexpression petals. The expres-
sion of GhCHS, GhF3H, GhDFR, and GhANS was also
upregulated by 4.6-, 2.8-, 2.9-, and 2.0-fold, respectively
(Fig. 3c). Similar to what was observed in the tobacco OE
lines, in detached gerbera petals overexpressing
GhMYB1a, the transcript level of GhF3’H was also not
significantly changed (Fig. 3c). In contrast to what was
observed in the tobacco OE lines, GhUFGT expression
was not significantly changed (Fig. 3c). In addition, the
expression of FNSII, the gene encoding flavone synthase,
was not different between the control and GhMYB1a
transient overexpression petals (Supplementary Fig. S3).
In addition, the anthocyanin biosynthesis regulator
NtAN2 was significantly increased in the tobacco OE lines

(Fig. 3b). In gerbera petals overexpressing GhMYB1a, the
expression of GhMYB10 was also increased, whereas
GhMYC1 expression was unchanged (Fig. 3c).

GhMYB1a activates the promoters of flavonol pathway
genes
To identify the genes of the flavonoid pathway targeted

by GhMYB1a, a dual-luciferase assay in transiently
transformed protoplasts of A. thaliana was carried out.
CHS and F3H, as early-stage genes of the flavonoid
pathway, are involved in the biosynthesis of anthocyanins,
proanthocyanidins, and flavonols. DFR and ANS, which
are late-stage genes of the flavonoid pathway, are required
for anthocyanin biosynthesis, whereas FLS, as a flavonol-
specific branch point gene, is required specifically for
flavonol biosynthesis. Therefore, the promoters of CHS,
DFR, and FLS were chosen as potential targets of
GhMYB1a transcription activation. Although we failed to
clone the promoter sequences of CHS and FLS from
gerbera, the overexpression of GhMYB1a resulted in a
similar phenotype in both tobacco and gerbera petals;
therefore, we cloned their promoter sequences from

Fig. 3 Expression analysis of endogenous flavonoid biosynthetic genes in wild-type and transgenic tobacco and gerbera petals. a
Expression patterns of endogenous flavonoid biosynthetic genes in the petals of the gerbera cultivar Shenzhen No. 5 during different developmental
stages (S1 to S6). The effects of GhMYB1a overexpression on endogenous biosynthetic genes were investigated using RT-qPCR analyses in wild-type
(WT) and stage 12 transgenic tobacco flowers b and in stage 3 transient overexpression gerbera petals, with an empty vector used as a control, in the
transient overexpression assays c. Actin was used as an endogenous control. At least three independent experiments were performed for each
sample, and a representative result is shown. The data are the means ± SDs
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N. tabacum (K326). The results showed that
GhMYB1 significantly activated the promoters of both
NtCHS and NtFLS but did not activate the promoter of
GhDFR compared with the corresponding controls, which
only consisted of promoters without GhMYB1a.
GhMYB10, a regulator of the flavonoid pathway and a
positive control, strongly activated the promoter of
GhDFR and had a stronger effect when combined with
GhMYC1 (Fig. 4a–c). In addition, the relative values of
transcriptional activation by GhMYB1a of the promoter of
GhMYB10 were approximately equal to those of the
empty controls (promoter without GhMYB1a activity)
(Fig. 4d), suggesting that GhMYB1a cannot activate the
promoters of GhMYB10. Taken together, these results
suggest that GhMYB1a is a specific regulator of flavonol
synthesis, potentially regulating the early-stage genes of
the flavonoid pathway, such as CHS and FLS, cannot
directly regulate the late-stage genes such as DFR, and is
independent of GhMYB10 and GhMYC1 cofactors in
regulating the flavonoid pathway.

Overexpression of GhMYB1a accelerates the accumulation
of flavonols in tobacco and gerbera petals
The results of the phylogenetic analysis suggested that

GhMYB1a probably functions as a regulator of flavonol
biosynthesis. Therefore, we speculated that GhMYB1a
promotes flavonol biosynthesis and in turn indirectly
affects the accumulation of anthocyanin. To test this
hypothesis, we measured the expression of GhFLS, which
is the critical gene that controls the biosynthesis of spe-
cific flavonols, such as kaempferol and quercetin. First, we
measured the dynamics of kaempferol and quercetin
contents in gerbera ray petals during inflorescence
development. The content of kaempferol gradually
increased from S1 to S4 and was maintained at a high
level during the last three stages, S4 to S6, with an
approximately five to sevenfold increase over the level at
S1 (Fig. 5a). Notably, Pearson’s correlation analysis
showed that the expression of GhMYB1a was highly
correlated with kaempferol content during inflorescence
development (Supplementary Table S1). Compared with

Fig. 4 Transcriptional activity assay of GhMYB1a against the promoters of flavonoid-related genes of gerbera or tobacco. Promoters of CHS
and FLS from tobacco a, b and DFR and GhMYB10 from gerbera c–d were used for a dual-luciferase assay. GhMYB1a, GhMYB10, and GhMYC1 are from
G. hybrida. Transformed protoplasts carrying only a promoter-LUC reporter construct without transcription factor-containing effectors were used as
controls. The columns represent average values with SD bars from three biological replicates for each treatment
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the kaempferol contents, the quercetin contents were
extremely low from S2 to S6 (Fig. 5a). As expected, in
petals of the OE tobacco lines and detached gerbera petals
overexpressing GhMYB1a, the expression of NtFLS and
GhFLS was markedly upregulated (Fig. 3b, c). Consistent
with this, a significant increase in kaempferol content was
observed in the flowers of the overexpression tobacco lines
(28%) and in the gerbera transient overexpression petals
(195%) (Fig. 5b, c). However, no marked change was
detected in the quercetin content in the transgenic tobacco
flowers, whereas a significant decrease was observed in the
transient expression gerbera petals (Fig. 5b, c).

Self-interaction of GhMYB1a in vivo
We used a yeast two-hybrid (Y2H) screen to identify

partner proteins interacting with GhMYB1a in gerbera. A
preliminary experiment showed that GAL4 DNA-binding
domain (BD)-fused GhMYB1a led to a positive result (Fig.
6a); therefore, we generated GhMYB1a fused to the GAL4
activation domain (AD) and then co-transformed this
with GhMYC1, which interacts with GhMYB10 in reg-
ulating anthocyanin biosynthesis in gerbera29, fused to a
BD domain. The results showed that GhMYB1a could not
interact with GhMYC1 or another bHLH factor,
GhbHLH34 (Fig. 6b). Because of the autoactivation of
GhMYB1a observed in yeast cells, we used a bimolecular
fluorescence complementation (BiFC) assay to examine
the GhMYB1a protein interaction. Reciprocal fusions of
GhMYB1a with the N- or C-terminal half of YFP (nYFP
and cYFP, respectively) were generated and co-
transformed into Arabidopsis mesophyll protoplasts in
combinations. The mutated version GhMYB1a-m2, which
contains the nuclear localization signal but mutated R2R3
regions, was used as a negative control. Strong YFP
fluorescence signals were observed in the nucleus when

GhMYB1a-nYFP was co-transformed together with
GhMYB1a-cYFP. GhMYB1a-m2-cYFP did not interact
with GhMYB1a-nYFP, although GhMYB1a-m2 was also
located in the nucleus, suggesting that GhMYB1a prob-
ably functions as a homodimer in the regulation of fla-
vonol biosynthesis (Fig. 6c).

Discussion
Amino-acid sequence analysis of GhMYB1a revealed

the presence of the highly conserved R2R3 domain at the
N-terminus, which is characteristic of MYB transcription
factors (Fig. 1a). GhMYB1a shares high-protein sequence
similarity with GhMYB1, which was identified by Elomaa
et al.29. However, the function of GhMYB1 is also not
clear in G. hybrida. Similar to the MYB protein P from
maize and AtMYB11, AtMYB12, and AtMYB111 from
Arabidopsis, which function independently of bHLH
cofactors11,23,34, GhMYB1a does not have the conserved
motif for interacting with the bHLH protein (Fig. 1a),
suggesting that GhMYB1a functions independently from
bHLH transcription factors. GhMYB1a seems to be spe-
cific for MYB transcription factors of the flavonol clade
(Fig. 1b). In addition, motifs SG7 and SG7-2 have been
used to identify MYB transcription factors in plants,
which are thought to be involved in regulating flavonol
biosynthesis14,26 and were also found in the C-terminal
region of GhMYB1a. Subcellular localization analysis
revealed that GhMYB1a is localized in the nucleus (Fig.
1c), suggesting that GhMYB1a might function as a tran-
scription factor in the nucleus. Taken together, these
results suggest that GhMYB1a probably functions as a
transcription factor in regulating flavonol biosynthesis in
gerbera.
In gerbera cultivar Terraregina, kaempferol-type flavo-

nols are present mainly in the petals and pappi, whereas

Fig. 5 Overexpression of GhMYB1a increases flavonol accumulation. a Contents of quercetin- and kaempferol-type flavonols in gerbera petals
during different inflorescence development stages (S1–S6). The letters above the bars indicate significant differences between the respective values
(P < 0.05). Contents of quercetin and kaempferol in WT and stage 12 GhMYB1a-overexpressing tobacco flowers b and in stage 3 transient
overexpression gerbera petals, with an empty vector used as a control, in the transient assays. c At least three independent experiments were
performed for each sample, and the data are presented as the means ± SDs. *P < 0.05, **P < 0.01, one-way ANOVA
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quercetin-type flavonols are nearly undetectable in the
petals but are dominant in the pappi35. Similarly, in cul-
tivar Shenzhen No. 5, kaempferol-type flavonols also
predominantly accumulate in petals and peak at the late
stages of inflorescence development, whereas low levels of
quercetin-type flavonol are detected in the petals (Fig. 5a).
The expression pattern of GhMYB1a (Fig. 2a) and Pear-
son’s correlation analysis (Supplementary Table S1)
showed that the expression of GhMYB1a is significantly
correlated with the accumulation of kaempferol during
gerbera inflorescence development, suggesting that
GhMYB1a is possibly involved in the regulation of the
kaempferol-type flavonol biosynthetic pathway. Pheno-
typic analysis of the GhMYB1a transgenic lines further
confirmed the function of GhMYB1a in the regulation of
flavonol accumulation. Transformation of tobacco and
transient transfection of gerbera petals with the
GhMYB1a overexpression construct caused a significant
increase in flavonol production (Fig. 5b, c). It is worth
noting that there were differences in the level of accu-
mulation of the two kinds of flavonols in the transgenic
tobacco and gerbera petals. Significantly enhanced accu-
mulation of kaempferol-type flavonols was detected in the
transgenic tobacco flowers and gerbera petals, whereas the
accumulation of quercetin-type flavonols was similar to
that in the wild type (Fig. 5b, c). These results indicate
that GhMYB1a is involved in the developmental regula-
tion of kaempferol-type flavonol biosynthesis in gerbera
petals.
Interestingly, we found that the expression pattern of

GhMYB1a differed in different gerbera cultivars

(Supplementary Fig. S1), as did that of the flavonoid
biosynthetic genes (Supplementary Fig. S2). This is
probably owing to species-specific variations in the types
and accumulation levels of flavonoids in gerbera, which
show tight spatial and temporal regulation36. However,
whether GhMYB1a is also involved in flavonol biosynth-
esis in gerbera cultivars other than Shenzhen No. 5
remains unknown.
In most plant species, anthocyanins and flavonols are

synthesized within the same cell and usually accumulate
in the same subcellular location7. Thus, potential com-
petition may exist between anthocyanins and flavonols.
The overexpression of GhMYB1a resulted in an excess
accumulation of kaempferol, whereas it strongly reduced
petal pigmentation during flower development. Therefore,
we further determined the content of anthocyanin in the
transgenic lines as well as in the wild type and controls.
Compared with those of wild-type tobacco flowers, the
anthocyanin contents of the transgenic tobacco flowers
were significantly reduced during floral development (Fig.
2c). In addition, the anthocyanin content was significantly
reduced in transiently transformed gerbera petals (Fig. 2e).
The inverse correlation between anthocyanin and flavonol
levels in the GhMYB1a-overexpressing lines probably
reflects competition between these two branches of fla-
vonoid metabolites.
Heterologous expression of subgroup 7 MYB tran-

scription factors in transgenic plants can modulate the
expression of flavonoid pathway genes, in particular, by
upregulating flavonol pathway genes, resulting in
enhanced flavonol biosynthesis and in turn inhibiting the

Fig. 6 GhMYB1a forms a homodimer in vivo. a Yeast two-hybrid assay showing GhMYB1a autoactivation in yeast cells. Transformants were
selected on media lacking histidine (His) but including 3-AT at the indicated concentration. b Yeast two-hybrid assay showing that GhMYB1a does
not interact with GhMYC1 or GhbHLH34. Transformants were selected on media lacking histidine (His). c BiFC assay showing that GhMYB1a interacts
with itself in gerbera mesophyll protoplasts. YFP yellow fluorescent protein signal, Chlorophyll chloroplast autofluorescent signal, Bright protoplasts in
light view, Merge merged images of YFP chlorophyll, and the bright-field view. The interaction of the bHLH transcription factors AtHBI1-nYFP and
AtIBH1-cYFP was used as a positive control. A mutated version GhMYB1a-m2 was used as a negative control
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accumulation of anthocyanins26,27,37,38. Overexpression of
GhMYB1a in tobacco and gerbera petals also resulted in
increased expression of flavonol pathway genes and an
increased accumulation of flavonols (Fig. 3). Previous
studies have shown that flavonol pathway genes, including
PAL, CHS, CHI, F3H, and FLS, which lead to flavonol
biosynthesis, can be generally increased in transgenic
tobacco by overexpressing flavonol-specific MYB tran-
scription factors25,39,40. In GhMYB1a-overexpressing
transgenic tobacco lines, the expression of three genes,
NtCHS, NtF3H, and NtFLS, was more strongly upregu-
lated than most of the other upregulated genes of the
flavonoid pathway, whereas the expression of F3’H was
unchanged (Fig. 3b).
During inflorescence development in gerbera cultivar

Shenzhen No. 5, the dynamic expression of GhCHS,
GhF3H, and GhFLS was consistent with the accumulation
of flavonols, particularly kaempferol (Figs. 3a and 5a).
Moreover, the transcription activity assay showed that
GhMYB1a significantly activates the promoters of NtCHS
and NtFLS (Fig. 4a, b). The expression of two late-stage
anthocyanin biosynthetic pathway genes, DFR and ANS,
was previously reported to be not significantly modu-
lated37 or downregulated25,27,38 in transgenic tobacco
lines ectopically expressing these flavonol-specific MYB
transcription factors. However, our results showed that
the expression levels of DFR, ANS, and UFGT markedly
increased in tobacco and gerbera transgenic lines (Fig. 3b, c).
This is probably owing to the upregulation of NtAN2 in
transgenic tobacco or GhMYB10 in gerbera (Fig. 3b, c).
However, the transcription activation assay showed that
GhMYB1a cannot directly activate the promoter of
GhDFR or GhMYB10 (Fig. 4c, d), indicating that the
upregulation of late-stage genes results from indirect
regulation by the GhMYB1a transcription factor. In
addition, the expression of FNSII, the gene encoding fla-
vone synthase, was not altered between the control petals
and GhMYB1a transient overexpression petals (Supple-
mentary Fig. S3). Taken together, these results indicate
that GhMYB1a affects the accumulation of flavonols
mainly through directly regulating the expression of the
early-stage genes (CHS, F3H, FLS) of the flavonoid path-
way but not the late-stage genes (F3’H, DFR, ANS). These
results are consistent with those of previous studies of
other subgroup 7 MYB transcription factors.
These target genes for GhMYB1a regulation are indis-

pensable for flavonol biosynthesis. Blocking target genes
that encode enzymes at metabolic branch points may
allow the control of metabolic flux36. DFR is the first
enzyme in the anthocyanin branch of flavonoids and
competes with FLS for substrates41. A gerbera cultivar
with white petals, Ivory, accumulates higher kaempferol
than does its wild-type cultivar Estelle owing to a muta-
tion in DFR. The expression of DFR increased in the

GhMYB1a-overexpressing lines, whereas the expression
of F3’H was not changed. As F3’H is the key target gene
for initiating the cyanidin pathway in gerbera tissue42, a
relatively low production of F3’H creates an imbalance in
the flux through the pathway, leading to a reduction in
dihydroquercetin (DHQ), which in turn inhibits the
accumulation of quercetin as well as cyanidin. In summary,
these results suggest that the combination of the reduction
in DHQ, the accumulation of dihydrokaempferol, and the
excess amount of FLS transcripts results in the increased
accumulation of kaempferol and the reduction in antho-
cyanin in GhMYB1a-overexpressing lines.
The mechanism of R2R3-MYB transcription factors in

the regulation of anthocyanin biosynthesis has been
widely studied. Most R2R3-MYB transcription factors
depend upon cofactors, such as bHLH and/or WDR
proteins14,18,19, whereas the other R2R3-MYB transcrip-
tion factors regulating flavonol biosynthesis are bHLH
independent. In gerbera, GhMYB10, an activator of pig-
mentation accumulation in gerbera petals, strongly
interacts with GhMYC1 and enhances anthocyanin bio-
synthesis29. We used a yeast two-hybrid assay to further
investigate whether GhMYB1a affects GhMYB10 or
GhMYC1 at the protein level. The results showed that
GhMYB1a does not interact with bHLH factors such as
GhMYC1 and bHLH34 (Fig. 6b), which is probably owing
to the absence of the bHLH interaction motif in
GhMYB1a. However, GhMYB1a can form a homodimer
in gerbera protoplasts (Fig. 6c). These results suggest that
the mechanism of the flavonol-specific transcription fac-
tor GhMYB1a is different from that of the anthocyanin
regulators.
Our findings not only provide further understanding of

the regulation of the flavonol biosynthetic pathway in
gerbera but also highlight a potential regulator that could
be used for genetic manipulation to improve the accu-
mulation of pigmentation. Additional studies on how
anthocyanin pathway regulators such as GhMYB10
modulate flavonol pathway regulators such as GhMYB1a
should increase our understanding of the mechanism
underlying the regulation of anthocyanin and flavonol
accumulation.

Materials and methods
Plant materials and growth conditions
Seedlings of the gerbera cultivars Shenzhen No. 5, Da

Tou Fen, and Xiang Bin were planted in the greenhouse at
the Zengcheng (Guangzhou, Guangdong, China) Orna-
mental Center, where the temperature was 26/18 °C (day/
night) and the relative humidity was 65~80%. For in vitro
culture, as described previously32,42,43, ray floret petals (at
stage 332) were removed from the inflorescences of the
plants and then gently placed on filter paper soaked with a
1% sucrose solution.
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N. tabacum (K326) was used for the generation of
transgenic plants using the Agrobacterium-mediated leaf
disc transformation method as described previously44.
The tobacco plants were grown in a growth chamber at a
temperature of 25 °C, a light intensity of 10,000 lx and a
humidity of 65~80% and then ultimately transferred to
the greenhouse.
A. thaliana (Columbia) seeds were sterilized with 1%

NaClO3, plated on Murashige and Skoog media, chilled at
4 °C for 3 d, and transferred to the greenhouse under 24 h
of light at 22 °C.

Isolation of GhMYB1a from gerbera
Total RNA was isolated from gerbera ray florets using a

plant total RNA isolation kit (Huayueyang Biotechnology,
Beijing). The experiment was performed according to the
manufacturer’s instructions, followed by reverse tran-
scription into cDNA using a PrimeScript RT Reagent Kit
with gDNA Eraser (Takara, Japan). Amplification of full-
length GhMYB1a cDNA with gene-specific primers (for-
ward primer: 5′-AGTGTAAGTATGGGAAGAGCG-3′;
reverse primer: 5′-ATTAAGAAAGAAGCCATGCAA
CC-3′) was performed by PCR, after which the sequence
was generated. The generated sequence was checked by
BLASTX and BLASTp against GenBank, and the
sequences of the homologs were retrieved to perform an
alignment analysis.

Generation of GhMYB1a-overexpressing tobacco
A CaMV35S::GhMYB1a construct was generated by

inserting the complete open reading frame of the
GhMYB1a coding sequence into a pCanG vector, which
was then transferred into an LBA4404 Agrobacterium
strain. Agrobacterium-mediated transformation of
tobacco plants was subsequently carried out by the
method described previously44. Carbenicillin (200 mg/L)
and kanamycin (50 mg/L) were used for selecting the
transgenic tobacco lines. After rooting and acclimation,
transgenic plants were transferred to the greenhouse and
grown until flowering. RT-PCR was used to verify the
insertion of GhMYB1a in the transgenic tobacco plants.
T2 transgenic plants were used for further analysis.

Transient overexpression of GhMYB1a in gerbera petals
Transient overexpression of GhMYB1a in gerbera petals

followed the method described previously45. The
CaMV35S::GhMYB1a construct and the empty vector
without the GhMYB1a insert were transferred into A.
tumefaciens strain C58C1 harboring the Ti plasmid
pGV2260, followed by transformation of in vitro-cultured
gerbera petals (stage 3) using the vacuum penetration
method described by Tang et al. (2017). The empty vector
without the GhMYB1a insert was used as a control. In
brief, petals of ray florets were detached from

inflorescences and immersed in an A. tumefaciens strain
C58C1 culture solution, followed by vacuum penetration
for 10min. The petals were rinsed with sterile water and
then cultured in vitro at 8 °C in continuous darkness for
3 d. The petals were subsequently transferred to culture at
25 °C in the light (10,000 lx) for further analysis.

Subcellular localization assay
The full-length cDNA sequence of GhMYB1a was

inserted into a modified pCanG vector, resulting in
CaMV35S::GFP:GhMYB1a fusion constructs, which were
subsequently inserted into A. tumefaciens GV3101 by the
electroporation method. A pCanG vector containing
CaMV35S::GFP was used as a control. Agrobacterium was
cultured on YEB agar supplemented with selection anti-
biotics and then incubated at 28 °C for 2~3 d. The con-
fluent Agrobacterium containing the target vector was
resuspended in infiltration buffer (10mM MgCl2, 10mM
MES (pH 5.6), 200 μM acetosyringone) to an OD600 of 0.4
and incubated at room temperature without shaking for
2 h before infiltration. Approximately 500 μl of the Agro-
bacterium mixture was then infiltrated into 3–4 young
leaves of each plant, with at least two points for each leaf.
The subcellular localization assay was performed 3 d after
inoculation. Confocal images were taken by using a Zeiss
LSM 710 laser scanning microscope (Zeiss, German).

Dual-luciferase reporter (DLR) assay
Transcriptional activity of the GhMYB1a transcription

factor on the promoters of flavonoid biosynthetic genes
was assessed using a DLR assay of transiently transformed
Arabidopsis protoplasts. Protoplast isolation from Arabi-
dopsis leaves and purification were performed as pre-
viously described46. The promoter sequences of GhDFR
(the 1281 bp upstream region from the ATG start site)
and GhMYB10 (the 455 bp upstream region from the
ATG start site) genes were isolated from genomic DNA of
G. hybrida by using a genome walking kit (TaKaRa,
Japan). The promoter sequences of NtCHS (the 1268 bp
upstream region from the ATG start site) and NtFLS (the
1275 bp upstream region from the ATG start site) genes
were amplified from the N. tabacum (K326) genome. All
the promoters were subcloned into a pGreenII 0800-LUC
transient expression reporter vector, which contains a
CaMV35S promoter-REN cassette and the promoterless
LUC cassette. Similarly, the coding regions of GhMYB1a,
GhMYB10, and GhMYC1 were subcloned into a pGreenII
BSK transient expression effector vector, which contains a
CaMV35S promoter-MCS-CaMV terminator cassette. All
the primers used for reporter and effector constructions
are listed in Supplementary Table S2.
All the reporter and effector constructs were trans-

formed into Arabidopsis protoplasts with the indicated
combinations, as shown in Fig. 4. In brief, 5 μg of reporter
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and 5 μg of effector plasmid DNA were combined and
mixed with 100 μl of protoplasts, followed by the addition
of an equal volume of PEG/Ca solution (40% PEG 4000,
0.2M mannitol, 0.1M CaCl2), and then incubated at
room temperature for 6 min. After 3~4 washes with
W5 solution (5 mM glucose, 1.5 mM MES (pH 5.7),
154mM NaCl, 125 mM CaCl2, 5 mM KCl), the trans-
formed protoplasts were resuspended in W5 solution at a
final concentration of 4 × 106 cells/mL and incubated for
20 h in the dark. Dual-luciferase assays of transiently
transformed Arabidopsis protoplasts was carried out by
using a dual-luciferase reporter assay system (Promega,
USA) according to the manufacturer’s instructions.
Twenty microliters of crude extract was measured in
100 μl of luciferase assay buffer. Another 100 μl of Stop
and Glow buffer was then added. Two buffers were
autoinjected for chemiluminescence measurements.
Luminescence units were measured using a Synergy
microplate reader (BioTek, USA) with a 2 s delay and a 10 s
integrated measurement. Activity data were expressed as the
ratio of LUC activity to REN activity. Blank controls were
run with only the promoter-LUC reporter construct (no
transcription factor). In some cases, positive controls were
run using GhMYB10 and GhMYC1 with known activity.

Real-time quantitative PCR (qPCR)
Total RNA was isolated from tobacco (K326) flowers at

stage 12 or different tissues of gerbera by using a plant
total RNA isolation kit (Promega, USA) according to the
manufacturer’s instructions, followed by reverse tran-
scription by using a PrimeScript RT Reagent Kit with
gDNA Eraser (Takara, Japan). SYBR Premix Ex Taq
(Japan) was used for real-time quantitative PCR accord-
ing to the manufacturer’s instructions. The amount of
starting cDNA was adjusted according to the Ct value of
the endogenous gene (18~20 cycles). Gene expression in
the gerbera samples was normalized against the expres-
sion of the GhActin (AJ763915) gene as previously
described29; for tobacco, against that of NtActin
(AB158612). The primers used are listed in Supplemen-
tary Table S2.

Determination of anthocyanin content
The total anthocyanin content was determined as

described previously47. In brief, ~50 mg of petals was cut
into pieces, followed by soaking overnight in the dark in
1 mL of 1% (v/v) HCl/methanol, after which the mixture
was centrifuged at 10,000 × g in a microcentrifuge for
8 min. Light absorption of the supernatant was measured
at 530 nm and 657 nm by using a UV-visible spectro-
photometer UV-7500 (Shimadzu, Japan). The total
anthocyanin content was calculated as described pre-
viously49. Three replications were included per sample,
and the data are shown as the means ± SDs.

Flavonoid extraction
The method of extracting flavonoids was described by

Chen et al.48,49, with some modifications. Approximately
100mg of tobacco petal powder was extracted by 1m of
0.2% formic acid-methanol. The supernatant was collected
after 15 s of vibration and then sonicated for 20min by using
a KQ-500DE ultrasonic cleaner (Jiangsu, China), after which
it was centrifuged at 12,000 rpm for 10min. The above steps
were repeated at least three times until the sediment became
transparent. All the supernatants were collected, combined
into one tube and then supplemented with up to 3m of 0.2%
formic acid-methanol. After centrifugation, the extraction
was filtered through a 0.22 μm Millipore membrane. The
clear supernatant was then analyzed by ultra performance
liquid chromatography–tandem mass spectrometer
(UPLC–MS/MS). Each sample was repeated three times.

UPLC–MS/MS system and conditions
A 10 cm × 2.1 mm Waters Acquity 1.7 μm BEH C18

column (Waters, Milford, MA, USA) was used for chro-
matographic separation. A Xevo TQ-MS triple-quadru-
pole mass spectrometer (Waters, Milford, MA, USA) and
an Acquity Ultra Performance Liquid Chromatograph
(UPLC I-CLASS, Waters) were used for UPLC–MS/MS
analysis to measure the flavonoid contents. Aqueous 10%
formic acid was used as eluent A, and absolute acetonitrile
was used as eluent B. The following gradient elution
protocol was performed as described previously49. The
system control and data processing were performed by
using analytical software (MassLynx, version 4.1).

Quantitative and qualitative analysis of flavonols
Quercetin 3-O-α-l-rhamnopyranosyl-(1→6)-β-d-glu-

copyranoside (rutin) is the standard for the semi-
quantitative analysis of flavonols. Solutions of six
different concentrations of rutin were prepared with
0.2% formic acid-methanol (v/v) and then measured
with a wavelength of 350 nm using UPLC-PDA. The
regression equation was Y= 89,961X (R2= 0.9958),
showing good linearity between the concentration and
the peak area. The relative content of total flavonols in
each sample is presented in the form of standard milli-
grams per 100 g DW.

Yeast two-hybrid assay
The full-length cDNA of GhMYB1a, GhMYC1, and

GhbHLH34 was fused to pGADT7 (AD) and pGBKT7
(Clontech). The constructs were co-transformed into
yeast strain AH109 (Clontech). Synthetic drop-out media
lacking tryptophan (SD/-Leu/-Trp) was used for selecting
the transformed yeast strains at 28 °C for 3 d, which were
then transferred and streaked onto synthetic drop-out
media lacking tryptophan and histidine (SD/-Lue/-Trp/-
His). 3-Amino-1,2,4-triazole (3-AT) (Sigma, USA) was
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added to the SD/-Lue/-Trp/-His media for the auto-
activity assay of GhMYB1a.

BiFC analysis
The full-length cDNA of GhMYB1a was fused to the N-

terminal region of the YFP-coding sequence, giving rise to
the plasmid pSAT6-n (1–174) EYFP-C1-GhMYB1a, and the
full-length cDNA of GhMYB1a was fused to the C-terminal
region of the YFP-coding sequence, giving rise to the plas-
mid pSAT6-cEYFP-GhMYB1a. The pSAT6-n (1-174) EYFP-
C1-GhMYB1a and pSAT6-cEYFP-C1-GhMYB1a plasmids
were subsequently transformed together into Arabidopsis
mesophyll protoplasts. The protoplasts were then incubated
in the dark at 23 °C for 22 h. An LSM510 Meta Confocal
Laser Scanning Microscope (Zeiss, German) was used to
detect the fluorescence signals in the transfected protoplasts.

Statistical analyses
SPSS software was used for statistical analysis. The data

are expressed as the means ± SDs. One-way analysis of
variance was used to test statistical significance.

Acknowledgements
We are grateful to professor Ling Yuan from the University of Kentucky for
providing the plasmids for the transactivation activity assay. We are grateful to
professor Liangsheng Wang from the Chinese Academy of Sciences for
measuring the flavonol content. We are grateful to Plant Editors (https://www.
planteditors.com) for editing this manuscript. This study is supported by the
Foundation of Guangzhou Science and Technology Project (201904010127 to C.
Z.), National Natural Science Foundation of China (Grants 31372099, 31601784,
and 31672188 to X.W., L.L. and Y.W., respectively), Open Project Foundation of
South China Normal University (2018KF0202 to C.Z.), and Specialized Research
Fund for Graduate Students at South China Normal University (2014ssxm26).

Author details
1College of Forestry and Landscape Architecture; Key Laboratory of Energy
Plants Resource and Utilization, Ministry of Agriculture, P.R. China, South China
Agricultural University, Guangzhou 510642, China. 2Guangdong Provincial Key
Laboratory of Biotechnology for Plant Development, School of Life Sciences,
South China Normal University, Guangzhou 510631, China. 3Key Laboratory of
Plant Resources and Beijing Botanical Garden, Institute of Botany, Chinese
Academy of Sciences, Beijing 100093, China. 4Key Laboratory of Southern
Subtropical Plant Diversity, Fairy Lake Botanical Garden, Shenzhen & Chinese
Academy of Sciences, Shenzhen, Guangdong 518004, China

Author contributions
X.W. and C.Z. designed the research. C.Z., Y.T., B.P., Y.Y., X.L., J.D. and C.F.
conducted the experiments. C.Z., S.L., B.P., Y.W., J.P. and S.S. analyzed the data.
C.Z., Y.T. and Y.Y. wrote the manuscript. X.W., S.L., C.Z., L.L. and G.R. revised the
manuscript and improved the English.

Conflict of interest
The authors declare that they have no conflict of interest.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41438-020-0296-2).

Received: 20 August 2019 Revised: 11 March 2020 Accepted: 23 March
2020

References
1. Yoshida, K., Mori, M. & Kondo, T. Blue flower color development by antho-

cyanins: from chemical structure to cell physiology. Nat. Prod. Rep. 26, 884–915
(2009).

2. Azadi, P., Bagheri, H., Nalousi, A. M., Nazari, F. & Chandler, S. F. Current status
and biotechnological advances in genetic engineering of ornamental plants.
Biotechnol. Adv. 34, 1073–1090 (2016).

3. Boutigny, A. L., Dohin, N., Pornin, D. & Rolland, M. Overview and detectability
of the genetic modifications in ornamental plants. Hortic. Res 7, 11 (2020).

4. Broun, P. Transcription factors as tools for metabolic engineering in plants.
Curr. Opin. Plant Biol. 7, 202–209 (2004).

5. Capell, T. & Christou, P. Progress in plant metabolic engineering. Curr. Opin.
Biotech. 15, 148–154 (2004).

6. Sainz, M. B., Grotewold, E. & Chandler, V. L. Evidence for direct activation of an
anthocyanin promoter by the maize C1 protein and comparison of DNA
binding by related Myb domain proteins. Plant Cell 9, 611–625 (1997).

7. Winkel-Shirley, B. Flavonoid biosynthesis. A colorful model for genetics, bio-
chemistry, cell biology, and biotechnology. Plant Physiol. 126, 485–493 (2001).

8. Gonzalez, A., Zhao, M., Leavitt, J. M. & Lloyd, A. M. Regulation of the antho-
cyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional complex
in Arabidopsis seedlings. Plant J. 53, 814–827 (2008).

9. Pattanaik, S. et al. Isolation and functional characterization of a floral tissue-
specific R2R3 MYB regulator from tobacco. Planta 231, 1061–1076 (2010).

10. Broun, P. Transcriptional control of flavonoid biosynthesis: a complex network
of conserved regulators involved in multiple aspects of differentiation in
Arabidopsis. Curr. Opin. Plant Biol. 8, 272–279 (2005).

11. Mehrtens, F., Kranz, H., Bednarek, P. & Weisshaar, B. The Arabidopsis tran-
scription factor MYB12 is a flavonol-specific regulator of phenylpropanoid
biosynthesis. Plant Physiol. 138, 1083–1096 (2005).

12. Holton, T. A. & Cornish, E. C. Genetics and biochemistry of anthocyanin bio-
synthesis. Plant Cell 7, 1071–1083 (1995).

13. Nakajima, J., Tanaka, Y., Yamazaki, M. & Saito, K. Reaction mechanism from
leucoanthocyanidin to anthocyanidin 3-glucoside, a key reaction for coloring
in anthocyanin biosynthesis. J. Biol. Chem. 276, 25797–25803 (2001).

14. Stracke, R., Werber, M. & Weisshaar, B. The R2R3-MYB gene family in Arabidopsis
thaliana. Curr. Opin. Plant Biol. 4, 447–456 (2001).

15. Marles, M. A., Ray, H. & Gruber, M. Y. New perspectives on proanthocyanidin
biochemistry and molecular regulation. Phytochemistry 64, 367–383 (2003).

16. Lesnick, M. L. & Chandler, V. L. Activation of the maize anthocyanin gene a2 is
mediated by an element conserved in many anthocyanin promoters. Plant
Physiol. 117, 437–445 (1998).

17. Spelt, C., Quattrocchio, F., Mol, J. & Koes, R. ANTHOCYANIN1 of petunia con-
trols pigment synthesis, vacuolar pH, and seed coat development by
genetically distinct mechanisms. Plant Cell 14, 2121–2135 (2002).

18. Grotewold, E. et al. Engineering secondary metabolism in maize cells by
ectopic expression of transcription factors. Plant Cell 10, 721–740 (1998).

19. Grotewold, E. et al. Identification of the residues in the Myb domain of maize
C1 that specify the interaction with the bHLH cofactor R. Proc. Natl Acad. Sci.
USA 97, 13579–13584 (2000).

20. Ramsay, N. A. & Glover, B. J. MYB-bHLH-WD40 protein complex and the
evolution of cellular diversity. Trends Plant Sci. 10, 63–70 (2005).

21. Xu, W., Dubos, C. & Lepiniec, L. Transcriptional control of flavonoid bio-
synthesis by MYB-bHLH-WDR complexes. Trends Plant Sci. 20, 176–185 (2015).

22. Zhang, P., Chopra, S. & Peterson, T. A segmental gene duplication generated
differentially expressed myb-homologous genes in maize. Plant Cell 12,
2311–2322 (2000).

23. Stracke, R. et al. Differential regulation of closely related R2R3-MYB transcrip-
tion factors controls flavonol accumulation in different parts of the Arabidopsis
thaliana seedling. Plant J. 50, 660–677 (2007).

24. Fernandez-Moreno, J. P. et al. Characterization of a new pink-fruited tomato
mutant results in the identification of a null allele of the SlMYB12 transcription
factor. Plant Physiol. 171, 1821–1836 (2016).

25. Huang, W. et al. A R2R3-MYB transcription factor regulates the flavonol bio-
synthetic pathway in a traditional Chinese medicinal plant, Epimedium sagit-
tatum. Front. Plant Sci. 7, 1089 (2016).

26. Czemmel, S. et al. The grapevine R2R3-MYB transcription factor VvMYBF1
regulates flavonol synthesis in developing grape berries. Plant Physiol. 151,
1513–1530 (2009).

Zhong et al. Horticulture Research            (2020) 7:78 Page 12 of 13

https://www.planteditors.com
https://www.planteditors.com
https://doi.org/10.1038/s41438-020-0296-2
https://doi.org/10.1038/s41438-020-0296-2


27. Nakatsuka, T. et al. Isolation and characterization of GtMYBP3 and GtMYBP4,
orthologues of R2R3-MYB transcription factors that regulate early flavonoid
biosynthesis, in gentian flowers. J. Exp. Bot. 63, 6505–6517 (2012).

28. Laitinen, R. A. E., Ainasoja, M., Broholm, S. K., Teeri, T. H. & Elomaa, P. Identifi-
cation of target genes for a MYB-type anthocyanin regulator in Gerbera
hybrida. J. Exp. Bot. 59, 3691–3703 (2008).

29. Elomaa, P. et al. Activation of anthocyanin biosynthesis in Gerbera hybrida
(Asteraceae) suggests conserved protein-protein and protein-promoter inter-
actions between the anciently diverged monocots and eudicots. Plant Physiol.
133, 1831–1842 (2003).

30. Kuang, Q., Li, L., Peng, J., Sun, S. & Wang, X. Transcriptome analysis of Gerbera
hybrida ray florets: putative genes associated with gibberellin metabolism and
signal transduction. PLoS ONE 8, e57715 (2013).

31. Zimmermann, I. M., Heim, M. A., Weisshaar, B. & Uhrig, J. F. Comprehensive
identification of Arabidopsis thaliana MYB transcription factors interacting with
R/B-like BHLH proteins. Plant J. 40, 22–34 (2004).

32. Meng, X. C. & Wang, X. J. Regulation of flower development and anthocyanin
accumulation in Gerbera hybrida. J. Hortic. Sci. Biotech. 79, 131–137 (2004).

33. Koltunow, A. M., Truettner, J., Cox, K. H., Wallroth, M. & Goldberg, R. B. Different
temporal and spatial gene expression patterns occur during anther devel-
opment. Plant Cell 2, 1201–1224 (1990).

34. Grotewold, E., Drummond, B. J., Bowen, B. & Peterson, T. The myb-
homologous P gene controls phlobaphene pigmentation in maize floral
organs by directly activating a flavonoid biosynthetic gene subset. Cell 76,
543–553 (1994).

35. Deng, X. B. et al. Functional diversification of duplicated chalcone synthase
genes in anthocyanin biosynthesis of Gerbera hybrida. N. Phytol. 201,
1469–1483 (2014).

36. Bashandy, H. et al. Anthocyanin biosynthesis in gerbera cultivar ‘Estelle' and its
acyanic sport ‘Ivory'. Planta 242, 601–611 (2015).

37. Pandey, A., Misra, P., Bhambhani, S., Bhatia, C. & Trivedi, P. K. Expression of
Arabidopsis MYB transcription factor, AtMYB111, in tobacco requires light to
modulate flavonol content. Sci. Rep. 4, 5018 (2014).

38. Blanco, E. et al. Isolation and characterization of the flavonol regulator
CcMYB12 from the globe artichoke [Cynara cardunculus var. scolymus (L.)
Fiori]. Front. Plant Sci. 9, 941 (2018).

39. Misra, P. et al. Modulation of transcriptome and metabolome of tobacco by
Arabidopsis transcription factor, AtMYB12, leads to insect resistance. Plant
Physiol. 152, 2258–2268 (2010).

40. Pandey, A. et al. AtMYB12 expression in tomato leads to large scale differential
modulation in transcriptome and flavonoid content in leaf and fruit tissues.
Sci. Rep. 5, 12412 (2015).

41. Davies, K. M. et al. Enhancing anthocyanin production by altering competition
for substrate between flavonol synthase and dihydroflavonol 4-reductase.
Euphytica 131, 259–268 (2003).

42. Huang, Z., Liang, M., Peng, J., Xing, T. & Wang, X. Exogenous ammonium
inhibits petal pigmentation and expansion in Gerbera hybrida. Physiol. Plant
133, 254–265 (2008).

43. Li, L. et al. Transcriptomic insights into antagonistic effects of gibberellin and
abscisic acid on petal growth in Gerbera hybrida. Front.Plant Sci. 6, 168 (2015).

44. Horsch, R. B. et al. A simple and general method for transferring genes into
plants. Science 227, 1229–1231 (1985).

45. Tang, Y., Li, L. F. & Wang, X. J. Establishment of transient gene expression and
virus-induced gene silencing (VIGS) system in Gerbera hybrida petals. Plant
Physiol. J. 53, 505–512 (2017).

46. Yoo, S. D., Cho, Y. H. & Sheen, J. Arabidopsis mesophyll protoplasts: a versatile cell
system for transient gene expression analysis. Nat. Protoc. 2, 1565–1572 (2007).

47. Weiss, D. & Halevy, A. H. Stamens and gibberellin in the regulation of corolla
pigmentation and growth in Petunia hybrida. Planta 179, 89–96 (1989).

48. Chen, S. et al. Simultaneous qualitative assessment and quantitative analysis of
flavonoids in various tissues of lotus (Nelumbo nucifera) using high perfor-
mance liquid chromatography coupled with triple quad mass spectrometry.
Anal. Chim. Acta 724, 127–135 (2012).

49. Feng, C. Y. et al. Rapid determination of flavonoids in plumules of sacred lotus
cultivars and assessment of their antioxidant activities. Ind. Crop Prod. 87,
96–104 (2016).

Zhong et al. Horticulture Research            (2020) 7:78 Page 13 of 13


	The R2R3-MYB transcription factor GhMYB1a regulates flavonol and anthocyanin accumulation in Gerbera hybrida
	Introduction
	Results
	Isolation and characterization of the MYB transcription factor GhMYB1a
	Overexpression of GhMYB1a in tobacco and Gerbera suppresses anthocyanin accumulation in petals
	Overexpression of GhMYB1a has different effects on the expression of the structural genes involved in anthocyanin biosynthesis
	GhMYB1a activates the promoters of flavonol pathway genes
	Overexpression of GhMYB1a accelerates the accumulation of flavonols in tobacco and gerbera petals
	Self-interaction of GhMYB1a in�vivo

	Discussion
	Materials and methods
	Plant materials and growth conditions
	Isolation of GhMYB1a from gerbera
	Generation of GhMYB1a-overexpressing tobacco
	Transient overexpression of GhMYB1a in gerbera petals
	Subcellular localization assay
	Dual-luciferase reporter (DLR) assay
	Real-time quantitative PCR (qPCR)
	Determination of anthocyanin content
	Flavonoid extraction
	UPLC&#x02013;nobreakMS/MS system and conditions
	Quantitative and qualitative analysis of flavonols
	Yeast two-hybrid assay
	BiFC analysis
	Statistical analyses

	Acknowledgements




