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Abstract
Key message  Lily R3-MYB transcription factors are involved in negative regulation to limit anthocyanin accumula-
tion in lily flowers and leaves and create notable color patterns on ectopically expressed petunia flowers.
Abstract  In eudicots, both positive and negative regulators act to precisely regulate the level of anthocyanin accumulation. 
The R3-MYB transcription factor is among the main factors repressing anthocyanin biosynthesis. Although, in monocots, 
the positive regulators have been well characterized, the negative regulators have not been examined. Two R3-MYBs, 
LhR3MYB1 and LhR3MYB2, which were identified in lily transcriptomes, were characterized in this study to understand the 
regulatory mechanisms of anthocyanin biosynthesis. LhR3MYB1 and LhR3MYB2 had a C2 suppressor motif downstream 
of a single MYB repeat; the similar amino acid motif appears only in AtMYBL2 among the eudicot R3-MYB proteins. 
Stable and transient overexpression of LhR3MYB1 and LhR3MYB2 in tobacco plants showed suppression of anthocyanin 
biosynthesis by both; however, suppression by LhR3MYB2 was stronger than that by LhR3MYB1. In the lily plant, the 
LhR3MYB2 transcript was detected in leaves with light stimulus-induced anthocyanin accumulation and in pink tepals. 
Although LhR3MYB1 was expressed in some, but not all tepals, its expression was not linked to anthocyanin accumula-
tion. In addition, LhR3MYB1 expression levels in the leaves remained unchanged by the light stimulus, and LhR3MYB1 
transcripts predominantly accumulated in the ovaries, which did not accumulate anthocyanins. Thus, although LhR3MYB1 
and LhR3MYB2 have an ability to repress anthocyanin accumulation, LhR3MYB2 is more strongly involved in the nega-
tive regulation to limit the accumulation than that by LhR3MYB1. In addition, the overexpression of LhR3MYB2 generated 
notable color patterns in petunia flowers; thus, the usefulness of the LhR3MYB genes for creating unique color patterns by 
genetic engineering is discussed.
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Introduction

Anthocyanins in many flowers and fruits are helpful in 
attracting pollinators and facilitating seed dispersion (Glover 
and Martin 2012). Anthocyanins also accumulate in vegeta-
tive organs in response to environmental stresses (Cui et al. 
2014). In the vegetative organs, anthocyanins serve as a sun-
screen to protect photosynthetic cells against intense light 
(Hughes et al. 2005; Albert et al. 2009) and may also scav-
enge reactive oxygen species under the conditions of photos-
tress (Gould 2004). The anthocyanin biosynthesis pathway is 
well characterized and most of the genes encoding the antho-
cyanin biosynthesis enzymes have been isolated from many 
plant species (Tanaka and Ohmiya 2008). Anthocyanin bio-
synthesis is principally regulated at the transcriptional level 
of the biosynthesis genes and several transcription factors 
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are involved in the regulation. Regulatory complexes com-
posed of R2R3-MYB transcription factors, basic helix-loop-
helix (bHLH) transcription factors, and WD40 proteins (i.e., 
MBW complexes) predominantly regulate the biosynthesis 
pathway (Lai et al. 2013; Xu et al. 2015). R2R3-MYB tran-
scription factors are among the largest gene families specific 
to plants and are further classified into subgroups on the 
basis of the similarities and conserved motifs of amino acid 
sequences (Stracke et al. 2001). The subgroup 6 members 
of R2R3-MYB form the MBW complexes and positively 
regulate anthocyanin biosynthesis in many species (Lin-
Wang et al. 2010; Matus et al. 2017). Single plant species 
often has a couple of subgroup 6 R2R3-MYB genes: Each of 
these genes has spatially and temporally distinct expression 
and causes restricted pigment deposition, resulting in color 
pattern formation. For example, in petunias, PhAN2 paints 
the entire petal region, while DEEP_PURPLE (PhDPL) and 
PURPLE_HAZE (PhPHZ) are responsible for the vein-asso-
ciated pigmentation (venation) and light-induced pigment 
accumulation on the exposed petal surfaces (bud blush), 
respectively (Albert et al. 2011).

In eudicots, negative regulators are also involved in the 
anthocyanin biosynthesis to precisely modulate the pig-
ment levels. Some R2R3-MYB transcription factors (e.g., 
FaMYB1 in strawberry and PhMYB27 in petunias), which 
form the MBW complexes with bHLH and WD40, nega-
tively regulate the anthocyanin accumulation (Aharoni et al. 
2001; Albert et al. 2014a). These R2R3-MYBs are included 
in the C2 repressor motif clade, which is divided into a sub-
group 4 subclade and additional subclades, and share a motif 
called the C2 repressor motif or ethylene response factor-
associated amphiphilic repression (EAR) motif (Cavallini 
et al. 2015).

An increasing number of R3-MYB transcription factors 
have been identified in plants, which possess only the R3 
MYB domain. Some of R3-MYB proteins, e.g., CAPRICE 
and TRIPTYCHON in Arabidopsis, are involved in trichome 
and root hair formation (Wang and Chen 2014). Some of 
them, e.g., PhMYBx in petunias and AtMYBL2 in Arabi-
dopsis, negatively regulate the anthocyanin biosynthesis 
(Dubos et al. 2008; Matsui et al. 2008; Albert et al. 2014a). 
The R3-MYB proteins maintain an amino acid sequence 
motif required for interaction with bHLH proteins and often 
disrupt the activity of the MBW protein complex by compet-
ing with the binding of R2R3-MYB to bHLH (Albert et al. 
2014a; Wang and Chen 2014; Colanero et al. 2018). In addi-
tion, AtMYBL2 (R3-MYB) in Arabidopsis has a suppressor 
motif at the C terminal and directly represses the expression 
of anthocyanin biosynthesis genes (Matsui et al. 2008).

In eudicots, both positive and negative regulators are 
involved in anthocyanin biosynthesis and their balance 
determines the anthocyanin levels. For example, Atro-
violacea (R3-MYB) in tomato (Colanero et al. 2018) and 

IlMYBL1 (R3-MYB) in Iochroma (Gates et al. 2018) pre-
vent anthocyanin accumulation in fruits and flowers, respec-
tively, and MlROI1 (R3-MYB) determines the color inten-
sity of Mimulus flowers (Yuan et al. 2013). In monocots, 
many R2R3-MYB positive regulators have been clarified 
(Yamagishi et al. 2010b; Schwinn et al. 2016), but there is 
limited information about negative regulators; therefore, its 
evaluation will be necessary to understand the full regula-
tory mechanisms.

Lily is among the most valuable floricultural plants 
around the world. The genus Lilium consists of more than 90 
species and is further classified into seven sections (Comber 
1949). Interspecific hybridization is the principal breeding 
method in lily; Asiatic hybrid lilies (Lilium spp. division 
I, Leslie 1982) are derived from interspecific hybridization 
among species of the sections Sinomartagon and Daurolirion 
(a molecular phylogeny indicates these sections are closely 
related, Marasek-Ciolakowska et al. 2018). Species belong-
ing to sections Archelirion have been used to develop Ori-
ental hybrid lilies (Lilium spp. division VII, Leslie 1982). 
As lilies are a major floricultural crop, genetic evaluation 
of their agricultural traits is needed to improve the cultivar 
characteristics. However, lilies are non-model species and 
their genetic evaluation is not easy, because Lilium species 
have a huge genome (33–36 Gb, Bennett and Leitch 2011), 
often exhibit gametophytic self-incompatibility, and require 
3–7 years between sowing and anthesis. In addition, mutant 
and tagged lines are yet to be developed. Stable transforma-
tion also remains a challenge.

Flower color is an important characteristic that deter-
mines the commercial value of floricultural plants; thus, a 
lot of attention is paid to hues, intensity, and patterns of 
color. Color patterns include spots, stripes, venation, bud 
blush, and bicolor. Lily tepals mainly accumulate anthocya-
nins (cyanidin 3-O-rutinoside; Nørbæk and Kondo 1999) 
and carotenoids (Jeknić et al. 2012; Yamagishi et al. 2010a). 
Tepals of many Asiatic hybrid lily cultivars contain carot-
enoids and/or anthocyanins and those of Oriental hybrid lily 
cultivars mainly accumulate anthocyanins (Yamagishi 2013). 
Subgroup 6 R2R3-MYBs, in association with LhbHLH2 and 
LhWD40a, positively regulate anthocyanin pigmentation 
and color pattern development: LhMYB12 usually paints the 
entire tepal (Yamagishi et al. 2010b, 2012; Yamagishi 2011), 
while LhMYB12-Lat is responsible for splatter-type antho-
cyanin spot development (Yamagishi et al. 2014), LrMYB15 
in L. regale regulates bud blush anthocyanin pigmentation 
(Yamagishi 2016), and LhMYB18 is involved in the large 
anthocyanin spot development (Yamagishi 2018). However, 
there is limited information about transcription factors that 
negatively regulate anthocyanin biosynthesis in lilies.

Genetic engineering is among the most important tech-
niques in the breeding of floricultural plants (Azadi et al. 
2016; Noman et al. 2017). Flower color can be modified 
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by genetic engineering; e.g., flower color hues are altered 
by overexpression of flavonoid 3′,5′-hydroxylase genes and/
or other genes encoding anthocyanin-modifying enzymes 
(Katsumoto et al. 2007; Hsu et al. 2017; Noda et al. 2017). 
As transcription factors regulate temporally and spatially 
restricted anthocyanin biosynthesis positively or negatively, 
the introduction of transcription factors should change the 
space and timing of anthocyanin accumulation. This should 
likely result in the creation of varying color intensities and 
patterns. However, only the genes encoding enzymes have 
been mostly used to date.

We previously sequenced the tepal transcriptomes of Asi-
atic hybrid lily ‘Lollypop’ and Oriental hybrid lily ‘Dizzy’, 
and identified LhR3MYB1, LhR3MYB2, and LhCA-
PRICE sequences in ‘Lollypop’ (Suzuki et al. 2016), and 
LhR3MYB2 sequence in ‘Dizzy’ (Yamagishi et al. 2018). 
Although the expression of LhR3MYB1 and LhR3MYB2 is 
examined in flowers (Suzuki et al. 2016; Yamagishi et al. 
2018), their functions are not fully evaluated. In this study, 
stable and transient transformation of LhR3MYB1 and 
LhR3MYB2 in tobacco and petunia reveals their negative 
regulation of anthocyanin biosynthesis. Their expression 
profiles indicate their roles in lilies. In addition, the useful-
ness of R3-MYB genes to create unique color patterns by 
genetic engineering is discussed.

Materials and methods

Plant materials

The Asiatic hybrid lily (Lilium spp.) cultivars ‘Montreux’, 
‘Centerfold’, ‘Grand Cru’, ‘Toronto’, ‘Connecticut King’, 
‘Mirella’, ‘Navona’, ‘Gran Paradiso’, ‘Saija’, and ‘Blackout’, 
and the Oriental hybrid lily cultivars ‘Casablanca’ and ‘Sor-
bonne’ were grown in a greenhouse (unheated and natural 
photoperiod) at the experimental farm of Hokkaido Uni-
versity, Sapporo, Japan. Floral organs were collected 1 d 
before anthesis.

To analyze the effects of light exposure on the expres-
sion of the LhMYB6, R3-MYB, and anthocyanin biosynthe-
sis genes, as well as on anthocyanin accumulation in the 
leaves, bulbs of Asiatic hybrid lily ‘Toronto’ were planted 
and grown in the dark for 15 days and then further grown at 
23 °C in a 16 h light − 8 h dark photoperiod (under 35 µmol 
m−2 s−1 white light from fluorescent lamps). Leaves of light-
treated lily were collected at 0, 12, 24, and 36 h after the 
start of light exposure.

Tobacco (Nicotiana tabacum ‘Xanthi NC’) and petunia 
(Petunia × hybrida ‘V26’) wild plants and their transformed 
plants were grown in a growth chamber at 24 °C under a 16 h 
light − 8 h dark photoperiod. Genotype of petunia ‘V26’ was 
AN2, an4, DPL, PHZ, AN1, and AN11 (Albert et al. 2011).

RNA isolation and cDNA synthesis

Total RNA was extracted from each organ (approximately 
100 mg fresh weight) using NucleoSpin® RNA kit (MACH-
EREY–NAGEL GmbH & Co. KG, Düren, Germany). cDNA 
was synthesized using the PrimeScript® II 1st strand cDNA 
Synthesis Kit (Takara, Otsu, Japan) and poly (T)-adapter 
primer for sequencing, or the ReverTraAce® qPCR RT Mas-
ter mix with gDNA Remover (Toyobo, Tokyo, Japan) for 
quantitative reverse transcription (qRT)-PCR analysis.

Gene sequencing

The unigene sequence of ‘Dizzy’ R3MYB2 (hereinafter, 
LhR3MYB2-Dizzy) contained a full open-reading frame, 
but unigene sequences of R3MYB1 and R3MYB2 in ‘Lolly-
pop’ (hereinafter, LhR3MYB1-Lolly and LhR3MYB2-Lolly, 
respectively) lacked 3′ termini. Thus, 3′ rapid amplifica-
tion of cDNA end PCR (RACE-PCR) was carried out for 
LhR3MYB1-Lolly and LhR3MYB2-Lolly using two sets of 
primers. To design the gene-specific primers (GSP) for 
qRT-PCR, the partial fragments of ‘Toronto’ LhMYB6 
were amplified using primers designed from the LhMYB6 
sequence in Asiatic hybrid lily ‘Montreux’ (Yamagishi 
et al. 2010b). All PCR primers used in this study are shown 
in the Supplementary Table S1. The PCR-amplified frag-
ments were inserted in pGEM T-Easy vector (Promega, 
Tokyo, Japan) and sequenced. The amino acid sequences 
were aligned using the default parameters in Clustal Omega 
(http://www.ebi.ac.uk/Tools​/msa/clust​alo/). A neighbor-
joining tree construction and bootstrap analysis (1000 rep-
licates) were performed using the default parameters in 
CLUSTAL X version 2.1 (Larkin et al. 2007).

DDBJ accession numbers of these sequenced genes are 
LC429593 (LhR3MYB1-Lolly), LC429594 (LhR3MYB2-
Lolly), LC429595 (LhR3MYB2-Dizzy), LC429596 
(LhMYB6-1 in ‘Toronto’), and LC429597 (LhMYB6-2 in 
‘Toronto’).

Gene expression

The expression levels of the genes were investigated by 
qRT-PCR or semi-qRT-PCR. qRT-PCR was carried out 
using the THUNDERBIRD® SYBR® qPCR Mix (Toyobo). 
Signals were monitored by the CFX Connect Real-Time 
system (Bio-Rad, Tokyo, Japan). The amount of Lilium 
hybrid POLYUBIQUITIN 4 (LhUBQ4), Nicotiana taba-
cum UBIQUITIN (NtUBQ), Petunia × hybrida UBIQUI-
TIN (PhUBQ), or Renilla luciferase (Rluc) reporter gene 
(in the agroinfiltration assay) in each sample was used to 
normalize the amount of each target mRNA, using the 
formula, 2−∆Ct, where ∆Ct = Ct[target gene]–Ct[reference 
gene]. More than three biological replicates (details are 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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shown in the legend of each figure) were used to calculate 
the mean values and standard error. The statistical differ-
ences were analyzed by t test using Microsoft Excel or 
Tukey’s honestly significant difference (Tukey’s HSD) test 
using R version 3.3.1 (https​://www.R-proje​ct.org/).

For the semi-qRT-PCR, fragments of the LhR3MYB1, 
LhR3MYB2, and LhACTIN genes were amplified using 
cDNA from lily organs and electrophoresed on a 1.5% 
agarose gel.

Agroinfiltration in tobacco leaves

Full-length sequences of LhR3MYB1 and LhR3MYB2 in 
‘Lollypop’ were PCR amplified using primers contain-
ing XbaI or SacI restriction sites. Then, intron-containing 
β-glucuronidase (iGUS) reporter gene in the binary vector 
pIG121 was exchanged to LhR3MYB1 or LhR3MYB2 using 
the restriction sites. iGUS, LhR3MYB1, and LhR3MYB2 
were under the control of the constitutive cauliflower 
mosaic virus 35S promoter (35S).

An Agrobacterium-mediated transient assay (agro-
infiltration) was performed using N. tabacum leaves. 
Agrobacterium harboring the 35S::LhR3MYB1 or 
35S::LhR3MYB2 construct was infiltrated in tobacco 
leaves, together with Agrobacterium containing each of the 
35S::LrMYB15, 35S::LhbHLH2, and nopaline synthase-
promoter::Rluc–Lilium hybrid dihydroflavonol reductase 
(LhDFR)-promoter::iGUS construct (hereafter named 
LhDFRp::iGUS construct). Plasmid construction and the 
methods for agroinfiltration were described by Yamagishi 
(2016, 2018) and Suzuki et al. (2015), respectively. Three 
days after infiltration, leaf segments were harvested from 
six tobacco plants. Expression of iGUS, Rluc, N. taba-
cum DFR (NtDFR), N. tabacum anthocyanidin synthase 
(NtANS), and NtUBQ genes was evaluated by qRT-PCR.

Stable transformation of tobacco and petunia plants

Tobacco and petunia plants were transformed with the 
35S::LhR3MYB1, 35S::LhR3MYB2, or 35S::iGUS constructs 
by Agrobacterium tumefaciens (EHA105)-mediated leaf disc 
procedure (Horsch et al. 1985). Transformed plants were 
selected in Linsmaier and Skoog (LS) medium containing 
kanamycin.

To evaluate flower color phenotypes in the progeny 
plants, two regenerated plants of petunia (R3MYB2-2 and 
R3MYB2-3) were crossed with petunia V26, mainly because 
anthers in these regenerated plants did not dehisce. The 
seeds were sown in an LS solid medium containing kana-
mycin and the seedlings that survived were transplanted to 
soil for cultivation.

Anthocyanin measurement

Pigments in leaves and flowers of petunias and lilies were 
extracted using 5% formic acid and total anthocyanin con-
tents were measured by spectrophotometry (Yamagishi 
2016). Segments from three leaves or petals from different 
leaves or flowers were analyzed.

Results

R3‑MYB sequences in lilies

Full-length sequences of lily R3-MYB genes, which were 
initially found in the tepal transcriptomes, were deter-
mined by 3′ RACE PCR. Deduced amino acid sequence of 
LhR3MYB2-Lolly (148 amino acids) showed 73% (111/152) 
identity with that of LhR3MYB1-Lolly (152 amino acids), 
and 91% (134/148) identity with that of LhR3MYB2-Dizzy 
(148 amino acids). Amino acid sequence alignment of 
R3-MYB in lilies and other species (Fig. 1) revealed that 
a [D/E]Lx2[R/K]x3Lx6Lx3R motif was found within the R3 
MYB repeat of the all R3-MYB proteins, required for inter-
acting with R/B-like bHLH proteins (Zimmermann et al. 
2004). Moreover, two short amino-acid motifs, C1 and C2 
(or EAR), were found in some of the R3-MYB sequences, 
both of which are often observed in the C2 repressor motif 
clade R2R3-MYB sequences (Supplementary Fig. S1A). 
LhR3MYB1-Lolly, LhR3MYB2-Lolly, LhR3MYB2-Dizzy, 
and AtMYBL2 contained the C1 and C2 motifs (Matsui 
et al. 2008 indicate that AtMYBL2 has an EAR-like motif 
[DLNIGL], but this sequence is similar to the consensus 
sequence of the C2 motif [pdLNLD/ELxiG/S]), while, 
IlMYBL1, GtMYB1R1, and GtMYB1R9 included the C1 
motif only and other R3-MYB sequences contained none 
of them.

Because the amino-acid sequence lengths of the R3-MYB 
and R2R3-MYB proteins were very different, the phyloge-
netic trees of the R3-MYB and C2 repressor motif clade 
R2R3-MYB proteins were created using the amino acid 
sequences of either the whole region or the R3 repeat 
regions only (Supplementary Fig. S1 B and C). In both trees, 
LhR3MYB1-Lolly, LhR3MYB2-Lolly, and LhR3MYB2-
Dizzy formed one cluster. R3-MYB sequences not con-
taining the C1 and C2 motifs, including LhCAPRICE in 
Lollypop (Suzuki et al. 2016), formed one cluster that was 
distantly related to the lily LhR3MYB1 and LhR3MYB2 
sequences. Among the C2 repressor motif clade R2R3-MYB 
proteins, the subclade proteins of subgroup 4 formed a single 
cluster, whereas the other proteins (FaMYB1, VvMYBC2-
L1, and PhMYB27) exhibited relatively close relationship 
with the R3-MYB proteins.

https://www.R-project.org/
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Transient expression of LhR3MYB1 and LhR3MYB2 
in tobacco leaves

The function of LhR3MYB1 and LhR3MYB2 in the sup-
pression of anthocyanin biosynthesis was verified using the 
agroinfiltration method (Fig. 2). The lily DFR-promoter 
driven iGUS gene was used as a reporter gene because 

subgroup 6 R2R3-MYB proteins in lilies had been shown 
to activate the lily DFR promoter in transient assays (Lai 
et al. 2012; Yamagishi 2018). LrMYB15, a subgroup 6 
R2R3-MYB, positively regulates anthocyanin pigmentation 
(Yamagishi 2016). Overexpression of both LrMYB15 and 
LhbHLH2 stimulated the expression of lily DFR-promoter 
driven iGUS gene in tobacco leaves 3 days after infiltration, 

Fig. 1   Amino acid sequence alignment of R3-MYB transcription fac-
tors in lilies and eudicots. R3 repeat region is boxed. Letters in black 
background indicate the motif, (D/E)Lx2(K/R)x2Lx6Lx3R, required 
for binding to bHLH proteins. Residues consisting of C1, C2 (or 

EAR-like), and TLLLFR motifs are shown in red background. Gaps 
(−) are inserted to align amino acids. *Stop codon. Accession num-
bers of the sequences are shown in the legend of Supplementary Fig. 
S1. (Color figure online)
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while the individual overexpression of LrMYB15 only 
mildly activated the reporter gene expression, and that of 
LhbHLH2 failed to activate it (Fig. 2a). The concomitant 
overexpression of the LhR3MYB2 protein with LrMYB15 

and bHLH2 significantly reduced the activation of the 
LhDFR promoter by the MBW complexes; this expression 
was one-fifth of that observed in LrMYB15 and LrbHLH2 
(Fig. 2b). LhR3MYB1 overexpression did not alter the 
expression level of the reporter gene. Overexpression of both 
LrMYB15 and LrbHLH2 induced the expression of NtDFR 
and NtANS, endogenous tobacco genes involved in the fla-
vonoid biosynthetic pathway (Fig. 2c, e; Yamagishi 2016). 
Concomitant overexpression of LhR3MYB1 or LhR3MYB2, 
with LrMYB15 and bHLH2, reduced the expression lev-
els of NtDFR and NtANS, compared to those in LrMYB15 
and LrbHLH2 overexpression, but these suppression levels 
were higher in LhR3MYB2 than in LhR3MYB1 (Fig. 2d, f). 
This experiment was repeated twice and similar results were 
obtained (data not shown).

Heterologous expression of LhR3MYB1 
and LhR3MYB2 in tobacco plants

Involvement of LhR3MYB1 and LhR3MYB2 in anthocya-
nin biosynthesis was examined using stable tobacco trans-
formants (Fig. 3). Tobacco plants were transformed either 
with construct 35S::LhR3MYB1 or 35S::LhR3MYB2, and 
two regenerated plants with white flowers were selected. 
The expression levels of NtDFR and NtANS were strongly 
down-regulated in the petal limbs of transgenic tobacco 
plants compared with those in wild-type (un-transformed) 
plants, whereas there was no clear difference in the expres-
sion levels of NtAN2 (R2R3-MYB, Pattanaik et al. 2010) 
between the transgenic and wild-type plants (Supplemen-
tary Fig. S2). These results indicate that LhR3MYB1 and 
LhR3MYB2 suppress the expression of anthocyanin bio-
synthesis genes without suppressing the expression of the 
endogenous regulatory gene, resulting in the formation of 
white flowers. Morphological changes other than the flower 
color, including hair formation, were not observed in these 
transformants.

Heterologous expression of LhR3MYB1 
and LhR3MYB2 in petunia plants

The effects of LhR3MYB1 and LhR3MYB2 on antho-
cyanin biosynthesis were further confirmed using petu-
nia plants. Petunia V26 plants were transformed with 
35S::LhR3MYB1, 35S::LhR3MYB2, or 35S::iGUS con-
structs. Two of the three regenerated plants (R3MYB2-2 
and R3MYB2-3) transformed with the 35S::LhR3MYB2 
construct had pale flower colors (Fig. 4). The petal limbs 
of the R3MYB2-2 plant had many fine lines in a white 
background; blue pigment accumulated along the petal 
midribs and, between the midribs, thin blue lines appeared 
along the vascular bundles. Color intensities and pat-
terns varied among flowers of a single transgenic plant 

Fig. 2   Relative transcription of iGUS, NtDFR, and NtANS in tobacco 
leaves infiltrated with Agrobacterium harboring 35S-promoter-driven 
transcription factor genes. In a, c, e, Agrobacterium harboring the 
35S::LrMYB15 or 35S::LhbHLH2 construct was solely or simulta-
neously infiltrated into tobacco leaves, together with Agrobacterium 
containing the LhDFRp::iGUS reporter gene construct. In b, d, f, 
Agrobacterium harboring 35S::LhR3MYB1 or 35S::LhR3MYB2, as 
well as Agrobacterium, respectively, containing the 35S::LrMYB15, 
35S::LhbHLH2, and LhDFRp::iGUS constructs, was infiltrated into 
tobacco leaves. The expression levels of iGUS (a, b), NtDFR (c, d), 
and NtANS (e, f) were estimated by qRT-PCR, and Rluc or NtUBQ 
was used to normalize the expression of the genes. Vertical bars indi-
cate the standard error of data from six plants. Significance was com-
pared to ‘No effector’ (a, c, e) or ‘MYB15 plus bHLH2’ (b, d, f) by 
t test. * or ** indicate significance at the 5 or 1% levels, respectively
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of R3MYB2-2; some flowers developed more blue lines 
between midribs and some flowers had fewer lines. They 
also varied within a single flower, in which distinct regions 
of the limb were distinguished with different color inten-
sities and/or irregular distribution of color pattern. In the 
R3MYB2-3 transgenic plant, blue thick lines along the 
midribs and fine lines in the vascular bundles developed 
in a blue background of limbs. Variations between flow-
ers and within a flower were relatively low compared with 
that observed in the R3MYB2-2 plant. In one transfor-
mant (R3MYB2-1), the flower color had no changes. Mor-
phological changes other than the flower color, including 

hair formation on the calyxes and flower stalks, were not 
observed in these transformants.

In petal limbs of R3MYB2-2 and R3MYB2-3, anthocya-
nin content and the expression levels of PhDFR and PhANS 
genes were significantly reduced compared with those in 
the iGUS-transformants (Fig.  4), while, in R3MYB2-1 

Fig. 3   Appearance and gene expression in flowers of tobacco plants 
transformed with 35S-driven LhR3MYB1 or LhR3MYB2 genes. The 
expression levels of transgenes (LhR3MYB1 and LhR3MYB2) and 
endogenous tobacco genes (NtDFR and NtANS) were investigated by 
qRT-PCR using cDNA from petal limbs collected at anthesis. NtUBQ 
was used to normalize the expression of the genes. WT: wild-type 
(un-transformed) tobacco plants. Vertical bars represent the standard 
error of the means of three flowers. The same letters above the col-
umns indicate that the values are not statistically significant (p < 0.05) 
as per Tukey’s HSD test. Yellow bar 1 cm. (Color figure online)

Fig. 4   Appearance and gene expression in petunia flow-
ers transformed with 35S-driven LhR3MYB2 or iGUS genes. In 
LhR3MYB2-2 and LhR3MYB2-3 plants, three flowers borne on a 
single regenerated plant are shown. Anthocyanin was extracted from 
the petal limbs. The expression levels of transgene (LhR3MYB2) and 
endogenous genes in petunia (PhDFR and PhANS) were investigated 
by qRT-PCR using cDNA from petal limbs collected at anthesis. 
PhUBQ was used to normalize the expression of the genes. Vertical 
bars represent the standard error of the means of three (anthocyanin) 
or five (genes) flowers. The same letters above the columns indicate 
that the values are not statistically significant (p < 0.05) as per Tuk-
ey’s HSD test. Yellow bar 2 cm. (Color figure online)
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transformant, the expression level of PhDFR and PhANS 
genes was similar to those in the iGUS-transformants. As 
the expression level of the LhR3MYB2 transgene was rela-
tively low in the R3MYB2-1 plant compared to those in 
R3MYB2-2 and R3MYB2-3 plants, the anthocyanin content 
and the biosynthesis gene expression levels were likely to 
be negatively correlated with the expression levels of the 
transgene. The expression level of the petunia PhAN2 gene 
did not change significantly in the transformants (Supple-
mentary Fig. S3).

Flower color appearances were further evalu-
ated in the progeny plants derived from the crosses of 
R3MYB2-2 × V26 or R3MYB2-3 × V26 (Supplementary 
Fig. S4). Altered color patterns, which were observed in 
the regenerated plants, also appeared in the crossed prog-
eny plants. However, the color of the petal background in 
the plants from the R3MYB2-2 × V26 cross was darker 
than in the regenerated plant of R3MYB2-2, most likely 
because V26 was used as a parent. The intensity and pat-
terns were not the same among the three progeny plants, 
but were similar among the three flowers in a single progeny 
plant. Thus, the variations between flowers and within single 

flowers observed in the regenerated plants of R3MYB2-2 
and R3MYB2-3 were reduced in the progenies.

Four transgenic plants expressing LhR3MYB1 transgene 
were regenerated; however, their flower color appearance did 
not change (Supplementary Fig. S5). The anthocyanin con-
tent was similar to that in the iGUS-transformants, and the 
expression levels of the PhDFR and PhANS genes were not 
significantly different from those in the iGUS transformants.

Expression of the LhR3MYB1 and LhR3MYB2 in lily 
organs

Expression of LhR3MYB1 and LhR3MYB2 in lily organs was 
verified using semi-quantitative RT-PCR (Fig. 5a–e). Tepals 
of ‘Montreux’ and ‘Toronto’ were fully pigmented, while 
‘Centerfold’ and ‘Grand Cru’ developed a brush mark pattern 
and large anthocyanin spots, respectively, at the basal tepal 
region (the latter two cultivars had no anthocyanin accumu-
lation in the upper tepal region). ‘Casablanca’ is a white-
tepal cultivar. Relatively, high expression of LhR3MYB1 was 
detected in the ovaries of ‘Montreux’, ‘Centerfold’, ‘Grand 
Cru’, ‘Toronto’, and ‘Casablanca’. The ovary color was green 

Fig. 5   Expression of 
LhR3MYB1, LhR3MYB2, and 
LhACTIN genes in organs of 
Asiatic hybrid lily cultivars 
‘Montreux’ (a), ‘Centerfold’ 
(b), ‘Grand Cru’ (c), ‘Toronto’ 
(d), an Oriental hybrid lily culti-
var ‘Casablanca’ (e), and in the 
tepals (f) of Asiatic hybrid lily 
cultivars ‘Connecticut King’, 
‘Mirella’, ‘Navona’, ‘Gran Para-
diso’, ‘Saija’, ‘Blackout’, and 
an Oriental hybrid lily cultivar 
‘Sorbonne’. The number of PCR 
cycles is shown in parentheses. 
Note that ‘Montreux’, ‘Gran 
Paradiso’, ‘Saija’, ‘Blackout’, 
and ‘Sorbonne’ accumulate 
anthocyanins in their entire 
tepal region. ‘Centerfold’ and 
‘Grand Cru’ developed color 
patterns and accumulated 
anthocyanin at the basal region 
of tepals. ‘Casablanca’, ‘Con-
necticut King’, ‘Mirella’, and 
‘Navona’ did not accumulate 
anthocyanin pigments
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and did not accumulate anthocyanin pigments at this stage 
(1 d before anthesis). Weak LhR3MYB1 signals appeared 
in the tepals and leaves of ‘Montreux’ and the filaments of 
‘Casablanca’. The LhR3MYB2 signal was detected in the 
tepals of ‘Montreux’ and ‘Toronto’, and only in the basal 
tepal region of ‘Centerfold’ and ‘Grand Cru’, but not in the 
white ‘Casablanca’ tepals. The major signal of LhR3MYB2 
was not detected in any of the organs other than the tepals.

Correlation of LhR3MYB1 and LhR3MYB2 expression 
with tepal color was further verified using seven lily culti-
vars (Fig. 5f). ‘Gran Paradiso’, ‘Saija’, ‘Blackout’, and ‘Sor-
bonne’ accumulated anthocyanins in their tepals, but ‘Con-
necticut King’, ‘Mirella’, and ‘Navona’ did not. LhR3MYB2 
expression was detected in ‘Gran Paradiso’, ‘Saija’, ‘Black-
out’, and ‘Sorbonne’, indicating that LhR3MYB2 expresses 
only in the anthocyanin-pigmented tepals. While LhR3MYB1 
expression was detected in ‘Connecticut King’, ‘Navona’, 
‘Gran Paradiso’, ‘Saija’, and ‘Blackout’, indicating that its 
expression in tepals was independent of the presence or 
absence of anthocyanins.

Light induced expression of the LhR3MYB1 
and LhR3MYB2 in leaves

When etiolated lily shoots are exposed to light, they rapidly 
accumulate anthocyanins (Nakatsuka et al. 2009) for protect-
ing photosynthetic cells against light. Thus, the effects of 
light exposure on LhR3MYB1 and LhR3MYB2 expression 
were investigated using young etiolated leaves of ‘Toronto’ 
(Fig. 6). During 36 h of light treatment, anthocyanin content 
increased rapidly. The expression of LhMYB6, a subgroup 6 
R2R3-MYB positively regulating anthocyanin biosynthesis 
in vegetative organs (Yamagishi et al. 2010b), and of antho-
cyanin biosynthesis genes of LhDFR and LhANS increased 
and peaked at 24 h after light exposure. A similar expression 
change occurred for LhR3MYB2; with its expression being 
highest at 24 h after light exposure. However, LhR3MYB1 
expression remained unchanged during the 36 h of light 
treatment. These indicate that LhR3MYB2 is among the main 
factors regulating anthocyanin levels in the leaves.

Discussion

LhR3MYB1 and LhR3MYB2 suppress anthocyanin 
biosynthesis

MYB transcription factors consist of a very large family in 
plants and are classified into four major groups according 
to the number of MYB repeats: 4R-MYB, 3R-MYB, R2R3-
MYB, and MYB-related. The protein members of the MYB-
related group possess either a single or a partial MYB repeat 
and are further classified into several subgroups, including 

R3-MYB (Dubos et al. 2010). Functions of R3-MYB pro-
teins have been well studied in eudicots, but R3-MYBs that 
repress anthocyanin biosynthesis have not yet been demon-
strated outside of the eudicots (Albert et al. 2014b). In the 
present study, we evaluated R3-MYB proteins in monocot lil-
ies. The sequences of three R3-MYB proteins, LhR3MYB1-
Lolly, LhR3MYB2-Lolly, and LhR3MYB2-Dizzy, were 
compared: On the basis of the same length and high identity 
(91%) in the amino acid sequences of LhR3MYB2-Lolly and 

Fig. 6   Effect of light on leaf appearance, anthocyanin accumula-
tion, and expression of LhMYB6, LhR3MYB1, LhR3MYB2, LhDFR, 
and LhANS genes in leaves of ‘Toronto’. Etiolated lily shoots were 
exposed to light, and changes in color, anthocyanin content, and gene 
expression in leaves were evaluated at 0, 12, 24, and 36 h after the 
start of light exposure. Vertical bars represent the standard error of 
the means of four leaves. The same letters above the columns indi-
cate that the values are not statistically significant (p < 0.05) as per 
Tukey’s HSD test. White bar 1 cm
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LhR3MYB2-Dizzy, they were considered as orthologous 
proteins. In the stable tobacco transformants, overexpres-
sion of LhR3MYB1-Lolly and LhR3MYB2-Lolly gener-
ated flower phenotypes that were deficient in anthocyanin. 
LhR3MYB2 led to a pale colored anthocyanin of petunia 
flowers. In addition, LhR3MYB1-Lolly and LhR3MYB2-
Lolly suppressed the expression of endogenous anthocya-
nin biosynthesis genes NtDFR and NtANS in transient and 
stable expression assays using tobacco plants. These results 
strongly support that lily R3MYB1 and R3MYB2 act as 
functional anthocyanin repressors. The roles similar to lily 
R3-MYB have been reported in AtMYBL2 (Dubos et al. 
2008; Matsui et al. 2008) and AtCAPRICE (Nemie-Feyissa 
et al. 2014) in Arabidopsis, MlROI1 in Mimulus (Yuan et al. 
2013), GtMYB1R1 and GtMYB1R9 in gentian (Nakatsuka 
et al. 2013), PhMYBx in petunia (Albert et al. 2014a), and 
IlMYBL1 in Iochroma (Gates et al. 2018).

Lily R3-MYB proteins were somewhat different from 
those of eudicots from a sequence point of view. LhR3MYB1 
and LhR3MYB2 in lilies and the R3-MYB proteins in eud-
icots possess a conserved six-amino-acid motif required for 
interactions with R-like bHLH proteins (Zimmermann et al. 
2004) in the R3 repeat and, thus, are likely to bind with the 
bHLH transcription factors. This motif strongly suggests 
that LhR3MYB1 and LhR3MYB2 proteins are capable 
of repressing anthocyanin gene expression by competing 
with R2R3-MYB proteins that positively regulate antho-
cyanin biosynthesis for interactions with bHLH proteins, 
as postulated from studies on AtCAPRICE and PhMYBx 
(Simon et al. 2007; Albert et al. 2014a). In the tobacco and 
petunia transformants, expression of the biosynthesis genes 
was suppressed without affecting the AN2 expression lev-
els. These results are consistent with that the LhR3MYB1 
and LhR3MYB2 proteins should compete with the bind-
ing of R2R3-MYB to bHLH. In addition, LhR3MYB1 and 
LhR3MYB2 had a conserved C2 motif; the similar amino 
acid motif (EAR-like motif) appears only in AtMYBL2 
among the eudicot R3-MYB proteins. The C2 repressor 
motif in the C2 repressor motif clade R2R3-MYBs directly 
represses the expression of target genes (Jin et al. 2000; 
Albert et al. 2014a; Cavallini et al. 2015). It is possible that 
LhR3MYB1 and LhR3MYB2 actively repress anthocyanin 
biosynthesis. Additional studies are needed to confirm the 
functions of the C2 motif in lily R3-MYB, because the C2 
(EAR-like) motif in AtMYBL2 is not involved in the sup-
pression of anthocyanin biosynthesis. Instead, a TLLLFR 
motif in AtMYBL2 is responsible for the repressive activity 
(Matsui et al. 2008). The TLLLFR motif is not found in 
other R3-MYB proteins including in lilies.

The C1 motif was found in LhR3MYB1 and LhR3MYB2. 
Function of the C1 motif is unknown but it often appears in 
the R2R3-MYB proteins regulating benzenoid/phenylpro-
panoid biosynthesis (Colquhoun et al. 2011; Cavallini et al. 

2015), including ODORANT1 in petunia and lily that regu-
lates benzenoid volatile production (Verdonk et al. 2005; 
Yoshida et al. 2018). R3-MYBs of AtMYBL2, IlMYBL1, 
GtMYB1R1, and GtMYB1R9, repressing anthocyanin bio-
synthesis in eudicots, also possess the C1 motif.

When LhR3MYB1 and LhR3MYB2 were ectopically 
expressed in tobacco leaves concomitantly with LrMYB15 
and LrbHLH2, these R3-MYB genes reduced the expression 
levels of endogenous anthocyanin genes, although their 
suppression was higher by LhR3MYB2 than by LhR3MYB1. 
In the same transient assay, LhR3MYB2 suppressed the 
expression level of the lily DFR promoter-driven iGUS gene 
but LhR3MYB1 could not. In addition, overexpression of 
LhR3MYB2 altered the color phenotype in petunia plants but 
that of LhR3MYB1 did not. Thus, it is likely that the magni-
tude suppression of gene expression is higher in LhR3MYB2 
than in LhR3MYB1. The strength of suppression also varied 
among the R3-MYB proteins in eudicots: Atroviolacea in 
tomato (Colanero et al. 2018) and IlMYBL1 in Iochroma 
(Gates et al. 2018) strongly suppressed anthocyanin accumu-
lation resulting in anthocyanin deficient fruits and flowers, 
respectively, although other R3-MYB proteins in eudicots 
cannot create anthocyaninless phenotypes.

The overexpression of LhR3MYB1 led to an anthocyanin 
deficient phenotype in tobacco plants but did not alter the 
anthocyanin color in petunia flowers, indicating that the for-
mation of white flowers by suppressing anthocyanin biosyn-
thesis is likely to be difficult in petunia compared to tobacco 
plants. Petunia V26 develops deep purple flowers that accu-
mulate large amounts of pigments and the expression levels 
of the biosynthesis genes should be high. Thus, LhR3MYB1 
with relatively weak suppression activity is unable to sup-
press the anthocyanin accumulation in petunia flowers.

Roles of R3‑MYB in lily plants

Expression of LhR3MYB2 gene in lily tepals has been 
analysed previously. Asiatic hybrid lily ‘Lollypop’ devel-
ops bicolor tepals with a pink upper half and white lower 
half. The expression levels of LhR3MYB2-Lolly (shown as 
c24227_g2 in Suzuki et al. 2016) in ‘Lollypop’ are tenfold 
higher in the red-pigmented region than in the white region, 
and the change in expression during tepal development 
is similar to those of the anthocyanin biosynthesis genes 
(Suzuki et al. 2016). Oriental hybrid lily ‘Dizzy’ forms red 
stripes along the tepal midribs in white background, and 
the expression signal (fragments per kilobase of exon per 
million mapped fragments [FPKM] values) of LhR3MYB2-
Dizzy is detected only in the red stripe region (Yamagishi 
et al. 2018). In the present study, LhR3MYB2 expressed 
dominantly in the anthocyanin-pigmented tepals and tepal 
regions. So, LhR3MYB2 is likely to provide negative regula-
tion to limit the accumulation of anthocyanins in lily flowers, 
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as seen with GtMYB1R1 and GtMYB1R9 in gentian (Nakat-
suka et al. 2013), MlROI1 in Mimulus (Yuan et al. 2013), 
and PhMYBx in petunia (Albert et al. 2011). Expression of 
PhMYBx is under the control of the MBW complex and, 
thus, its expression is high when R2R3-MYB positive regu-
lators are expressed (Albert et al. 2014a).

In many lily cultivars, sprouting shoots often accumulate 
anthocyanins, visible as dark red color. The anthocyanin pig-
ments gradually disappear as the shoots grow resulting in 
green shoots (Nakatsuka et al. 2009). Anthocyanin in the 
sprouting shoots would protect photosynthetic cells against 
sunlight until sufficient amounts of photosynthetic pigments 
accumulate. The accumulation of anthocyanin for photopro-
tection is usually balanced against light-harvesting require-
ments for photosynthesis (Albert et al. 2009). In this study, 
etiolated ‘Toronto’ shoots were exposed to light to mimic the 
event occurred in the sprouting shoots, and changes related 
to anthocyanin biosynthesis were monitored. These shoots 
accumulated anthocyanins rapidly, and the changes in the 
expression of LhMYB6, LhDFR, LhANS, and LhR3MYB2 
were well correlated with the increase in anthocyanin levels. 
Thus, LhR3MYB2 may be involved in fine tuning the antho-
cyanin levels in leaves and balancing the inductive effects 
of LhMYB6. A similar function in vegetative tissues has 
been reported in petunia PhMYBx, the expression of which 
increases under high light conditions (Albert et al. 2011, 
2014a).

Expression profile of LhR3MYB1 was different from 
that of LhR3MYB2. In our previous study, the expression 
level of LhR3MYB1 (shown as c24227_g1 in Suzuki et al. 
2016) in ‘Lollypop’ was higher in the pigmented region 
than in the white region, but the difference was relatively 
small compared to that of LhR3MYB2 (Suzuki et al. 2016). 
In ‘Dizzy’, LhR3MYB1 sequence was not identified in the 
tepal transcriptome (Yamagishi et al. 2018), suggesting 
that LhR3MYB1 expression level may be very low in Dizzy 
tepals. In this study, LhR3MYB1 expression was detected 
in tepals of some lily cultivars but was not correlated to 
the presence or absence of anthocyanins. In addition, 
LhR3MYB1 expression in the sprouting buds remained 
unchanged during the 36 h of light treatment. Thus, expres-
sion of LhR3MYB1 was not linked to the anthocyanin 
accumulation. Compared with LhR3MYB2, contribution of 
LhR3MYB1 to the negative regulation of anthocyanin bio-
synthesis is not high, although the color change in tobacco 
transformants indicates that LhR3MYB1 has the ability to 
suppress anthocyanin biosynthesis.

The highest expression of LhR3MYB1 was found in the 
ovaries of all cultivars: Expression profiles of LhR3MYB1 
and LhR3MYB2 differed in the various lily organs. In eud-
icots, expression sites of R3-MYB proteins are diverse; 
AtMYBL2 expresses mainly in the vegetative organs (Dubos 
et  al. 2008), while MlROI1, GtMYB1R1, GtMYB1R9, 

IlMYBL1 are expressed in the flowers (Nakatsuka et al. 
2013; Yuan et al. 2013; Gates et al. 2018), and Atroviola-
cea in fruits (Colanero et al. 2018). As LhR3MYB1 is pre-
dominantly expressed in the ovaries (which do not accumu-
late anthocyanin), it is presumed that LhR3MYB1 has an 
unknown role in the ovaries, in addition to the suppression 
of anthocyanin biosynthesis. R3-MYB proteins in eudicots 
are often multifunctional (Wang and Chen 2014), e.g., 
AtCAPRICE in Arabidopsis is involved in the regulation 
of epidermal cell patterning and in the down-regulation of 
anthocyanin synthesis (Wang et al. 2008; Nemie-Feyissa 
et al. 2014).

The roles of the R3-MYB proteins in lily floral and veg-
etative tissues are summarized as follows. LhR3MYB1 
and LhR3MYB2 are involved in the negative regulation 
to limit the production of anthocyanins once activated by 
endogenous or exogenous stimuli through the expression 
of the R2R3-MYB positive regulators. Thus, the features 
of R3-MYB proteins involved in the regulatory network 
of anthocyanin biosynthesis are similar in both monocots 
and eudicots and are thus likely to be widespread in higher 
plants.

Pattern development in petunia V26 flowers

Creating new flower color patterns is valuable for practi-
cal reasons because modified color patterns in the floral 
organs increase their commercial value (Nakayama 2014). 
In the present study, petunia V26 plants transformed with 
LhR3MYB2 had notable flower color phenotypes: Dark 
pigmentation appeared along the petal midribs and vascular 
bundles in white or pale blue backgrounds. The color pat-
tern in the transformants is somewhat similar to a venation 
pattern in petunia but not the same; pigmented lines on vas-
cular bundles seem clearer in the venation, while many small 
and slimly fragmented lines were observed in the flowers of 
transformed plants.

A range of distinct phenotypes and color patterns were 
observed among the flowers of a single transgenic line and 
within single flowers as well. Such a variation in flower col-
oration is often observed in petunia transformants (Chu et al. 
2014; Cavallini et al. 2015), due to epigenetic effects such as 
DNA methylation of transgenes (Elomaa et al. 1995; Meyer 
et al. 1992). These variations gradually diminish in selfed 
and crossed progenies (Meyer et al. 1992; Oud et al. 1995). 
In this study, the level of the variation was reduced in the 
first crossed progeny plants.

Petunia flowers develop a variety of anthocyanin color 
patterns, which are mainly caused by the insertion of trans-
posable elements (Spelt et al. 2000; Quattrocchio et al. 
2006), post-transcriptional gene silencing of the chalcone 
synthase gene (Koseki et  al. 2005; Morita et  al. 2012), 
and spatially distinct expression of R2R3MYB positive 
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regulators (e.g., DPL and PHZ, Albert et al. 2011). In addi-
tion, the suppression of endogenous flavonoid biosynthesis 
genes and the expression of heterologous flavonoid biosyn-
thesis genes alter color intensities and patterns of petunia 
flowers (Meyer et al. 1992; Tsuda et al. 2004). In the present 
study, LhR3MYB2 overexpression created the tiny stripe 
color pattern in petunia flowers; to the best of our knowl-
edge, such a phenotype has not been reported previously. 
As genetic engineering is one of the important methods to 
modify flower colors in floricultural plants (Zhang et al. 
2014), LhR3MYB2 is a strong candidate for altering color 
intensities and creating novel floral color patterns.
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