
ORIGINAL ARTICLE

Epigenetic regulation of MdMYB1 is associated with paper
bagging-induced red pigmentation of apples

Songling Bai1,2
• Pham Anh Tuan1

• Takanori Saito1,3
• Chikako Honda4

•

Yoshimichi Hatsuyama5
• Akiko Ito1

• Takaya Moriguchi1

Received: 15 January 2016 / Accepted: 7 April 2016 / Published online: 22 April 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract

Main conclusion Paper-bagging treatment can trans-

form non-transcribed MdMYB1-2 and MdMYB1-3 al-

leles into transcribed alleles through epigenetic

regulations, resulting in the red pigmentation of a

normally non-red apple cultivar ‘Mutsu.’

Anthocyanin biosynthesis in apples is regulated by

MdMYB1/A/10, an R2R3-Type MYB gene. ‘Mutsu,’ a tri-

ploid apple cultivar harboring non-transcribed MdMYB1-2

and MdMYB1-3 alleles, retains green skin color under field

conditions. However, it can show red/pink pigmentation

under natural or artificial ultraviolet-B (UV-B) light expo-

sure after paper-bagging and bag removal treatment. In the

present study, we found that in ‘Mutsu,’ paper bagging-in-

duced red pigmentation was due to the activation of non-

transcribed MdMYB1-2/-3 alleles, which triggered the

expression of downstream anthocyanin biosynthesis genes in

a UV-B-dependent manner. By monitoring the epigenetic

changes during UV-B-induced pigmentation, no significant

differences in DNA methylation and histone modifications in

the 50 upstream region of MdMYB1-2/-3 were recorded

between the UV-B-treated fruit skin (red) and the fruit skin

treated only by white light (green). In contrast, bag treatment

lowered the DNA methylation in this region of MdMYB1-2/-

3 alleles. Similarly, higher levels of histone H3 acetylation

and trimethylation of H3 tail at lysine 4, and lower level of

trimethylation of H3 tail at lysine 27 were observed in the 50

upstream region of MdMYB1-2/-3 in the skin of the fruit

immediately after bag removal. These results suggest that

bagging treatment can induce epigenetic changes, facilitat-

ing the binding of trans factor(s) to MdMYB1-2/-3 alleles,

resulting in the activation of these MYBs after bag removal.
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CHI Chalcone isomerase

ChIP Chromatin immunoprecipitation

CHS Chalcone synthase
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FL Fluorescent lamp

H3ac Acetylation of histone H3

H3K4me3

(H3K27me3)

Trimethylation of histone H3 at lysine

4 (at lysine 27)

SNP Single nucleotide polymorphism

UFGT UDP-glucose:flavonoid-3-O-

glycosyltransferase
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Introduction

Apple skin color, which is ascribed mainly to anthocyanin

pigments, is one of the most important factors determining

the market acceptance and value of apples. In general, red

cultivars are preferred in Japan, and within a cultivar,

better-colored fruits are favored. Two categories of genes

affect the biosynthesis of anthocyanin pigments. The first

category is structural or biosynthetic genes involving

chalcone synthase (CHS), chalcone isomerase (CHI), fla-

vanone-3b-hydroxylase (F3H), dihydroflavonol 4-reduc-

tase (DFR), anthocyanin synthase (ANS), and UDP-

glucose:flavonoid-3-O-glycosyltransferase (UFGT). The

second category includes regulatory genes encoding tran-

scription factors, which influence the intensity and pattern

of anthocyanin accumulation through the regulation of

downstream genes, including those belonging to the first

category. At least three protein families, MYB, bHLH, and

WD40, are involved in the regulation of anthocyanin

synthesis, but the specific classes and the genes involved in

the biosynthesis vary depending on the species (Broun

2005; Hichri et al. 2011).

An apple R2R3 MYB transcription factor, MdMYB1/A/

10, reported independently by three research groups (Takos

et al. 2006; Ban et al. 2007; Espley et al. 2007), is a key

regulator of fruit skin anthocyanin accumulation.

MdMYB1, MdMYBA, and MdMYB10 are all located at the

same position in the linkage group 9 (Chagné et al. 2007),

where only one complete MYB gene is present in the apple

genome assembly (Velasco et al. 2010). Therefore,

MdMYB1, MdMYBA, and MdMYB10 are considered as

alleles (Lin-Wang et al. 2010). As MdMYB1 showed 100 %

sequence identity with MdMYBA, MdMYB1 has been used

to represent both MdMYB1 and MdMYBA in the present

article. Different MdMYB1/10 alleles affect pigmentation

of different parts of the fruit. The MdMYB1/MdMYB10

(R1) allele is associated only with fruit skin color, but the

MdMYB10 (R6) allele, with six tandem repeats of a min-

isatellite in its promoter region, leads to red pigmentation

in flesh/core and leaves (Espley et al. 2009). MdMYB1 has

at least three alleles, namely MdMYB1-1, MdMYB1-2, and

MdMYB1-3, among which only MdMYB1-1 co-segregates

with red skin color phenotypes, whereas the other two

cannot regulate anthocyanin synthesis owing to their poor

expression (Takos et al. 2006). The genomic sequences of

MdMYB1-1 and MdMYB1-2 are highly similar, showing

100 % sequence identity in the open reading frames and

only a few-nucleotide variations in their promoter regions

(approximately -2000 bp from the translation initiation

codon). Compared with MdMYB1-1, MdMYB1-3 shows a

single nucleotide difference in the third exon, resulting in a

substitution of arginine with serine in the C-terminal

domain. However, this substitution has no effect on the

function of the resulting MdMYB1 protein (Takos et al.

2006). Thus, it is interesting that only the MdMYB1-1 allele

can confer red pigmentation in apple skins under natural

conditions, whereas MdMYB1-2/-3 alleles cannot, despite

their high cDNA and amino acid similarities. Presently,

variations in skin color of 90 apple cultivars collected in

Japan could be explained by different combinations of

MdMYB1 alleles, except for the skin color of the cultivar,

‘Granny Smith’ (Hatsuyama, unpublished data). In addi-

tion, two types of red flesh have been identified with dif-

ferent core coloration (Chagné et al. 2013). Type 1 red

flesh has been attributed to the ectopic expression of

MdMYB10, because of the presence of R6 microsatellites in

its promoter region (Espley et al. 2009), whereas type 2 red

flesh has been attributed to the expression of a duplicated

MYB gene (MdMYB110) located on chromosome 17

(Chagné et al. 2013; Umemura et al. 2013).

In Japan, paper bagging of apple fruits during devel-

opment is a commonly used technique for enhancing the

red pigmentation of fruit skin. A commercial paper bag is

composed of two layers, an outer layer of light-blocking

paper and an inner layer of translucent paper (usually red or

blue). The fruits are covered with these bags 1 month after

full blossom. The outer bags are removed 2–3 weeks

before the expected harvest date, and the inner bags are

removed 4–7 days later. This treatment is referred to as the

‘paper-bagging treatment’ in the present report. Paper-

bagging treatment can improve pigmentation, but the

development of red color after bag removal is retarded in

the absence of ultraviolet-B (UV-B) irradiation (Peng et al.

2013), indicating that UV-B might be the key factor for

paper bagging-induced red pigmentation. Apart from color

improvement in red cultivars, paper-bagging treatment also

induces red pigmentation in the skin of yellow/green cul-

tivars, especially ‘Mutsu.’ ‘Mutsu,’ also known as ‘Cris-

pin,’ is a triploid hybrid of non-red cultivars, ‘Golden

Delicious’ and ‘Indo’ (that harbors two MdMYB1-2 and

one MdMYB1-3 non-transcribed alleles (Peng et al. 2013).

‘Mutsu’ retains green skin color when cultivated without

paper-bagging treatment, whereas red/pink color develops

after paper-bagging treatment. Although farmers in Japan

have routinely applied paper-bagging treatment to ‘Mutsu’

for the production of red/pink colored fruits (Mink 1973),

its mechanism has not been well characterized.

Several lines of evidence have suggested the importance

of UV-B irradiation in anthocyanin accumulation. Some

reports have shown elevated anthocyanin biosynthetic

enzyme activities (Arakawa et al. 1986) and induction of

their gene expression after UV-B treatment, concomitant

with anthocyanin accumulation (Ubi et al. 2006). Peng

et al. (2013) showed MdMYBA (=MdMYB1) induction after
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bag removal in ‘Mutsu.’ The present study was undertaken

to clarify this mechanism in apple skins possessing non-

transcribed MdMYB1 alleles. The results showed that

bagging treatment possibly induced epigenetic changes,

facilitating the binding of trans factor(s) to MdMYB1-2/-3

alleles, resulting in the activation of these MYBs after bag

removal. Our results provide insight into the mechanisms

underlying the regulation of MdMYB1-mediated apple skin

coloration.

Materials and methods

Plant materials

The apple cultivar, ‘Mutsu,’ was used in the present study

because it clearly showed red pigmentation after bag

removal. ‘Mutsu’ apples were cultivated in an orchard in

Aomori Prefecture, northeast Japan. Fruits were wrapped

with double-layer paper bags (inner red, outer blue)

1 month after full blossom. Paper bags (both inner and

outer papers) were removed simultaneously in late

September, approximately 1 month before the commercial

harvest day. The fruits were exposed to natural sunlight

(Fig. 1, bag removal). Some apple fruits were kept in paper

bags without removal (Fig. 1, bagged). Apple fruits with-

out paper-bagging treatment were used for comparison

with other treatments (Fig. 1, non-bagged). In late October,

skin samples from the fruits were collected in a dark room

to avoid a light-induced response during sampling; the

samples were frozen in liquid nitrogen and immediately

stored at -80 �C. To investigate the transcribed MdMYB1

allelic types in red apple skin, ‘Sekaiichi’ and ‘Sensyu’

(Suppl. Fig. S1) cultivated in an orchard in Aomori Pre-

fecture were used. These cultivars possess transcribed

MdMYB1-1 and non-transcribed MdMYB1-3 (Hatsuyama,

unpublished data), and as mentioned above, these two

alleles can be discriminated by the nucleotide 573 in the

third exon, which is A for MdMYB1-1 and T for

MdMYB1-3.

For UV-B treatments, paper-bagged fruits (bagged)

were harvested on the commercial harvest date. Half the

fruits were exposed to UV-B for 96 h at 17 �C after bag

removal in a chamber (FLI-301 N, Eyela Co. Ltd., Tokyo

Japan) equipped with one white fluorescent lamp (FL;

FL15 W, Panasonic, Osaka, Japan) and supplemented with

one UV-B lamp (FL/UV-B; G15TBE, Sankyo Denki,

Kanagawa, Japan). Some fruits were treated only with FL.

Apple skins were carefully harvested at six time points (0,

6, 12, 24, 48, and 96 h). All the skins were immediately

frozen in liquid nitrogen and stored at -80 �C until use.

Sampling of skin at 0 h was carried out in a dark room, as

mentioned earlier.

RNA extraction

Total RNA was extracted from the skins of ‘Mutsu,’

‘Sekaiichi,’ and ‘Sensyu,’ according to a slightly modi-

fied protocol of Gasic et al. (2004). In brief, the ground

fruit skins were treated with RNA extraction buffer, and

the extracted RNA was subjected to chloroform–isoamyl

alcohol (24:1, v/v) extraction twice. RNA was precipi-

tated with isopropanol and washed with 70 % ethanol.

After resuspension in 0.1 % SDS, the RNA solution was

extracted once with chloroform–isoamyl alcohol (24:1,

v/v) and precipitated with 2.5 volumes of 99 % ethanol.

Genomic DNA was eliminated from the total RNA

preparation with a Turbo DNA-free Kit (Thermo Fisher

Scientific Waltham, MA, USA). cDNAs were synthe-

sized from *500–1000 ng total RNA using a

Early June Early Oct. Late Oct.

Non-bagging

Bagging

Early May

Flower

Bag removal

Fig. 1 Illustration of the

treatments used in this study.

Bag removal ‘Mutsu’ apples

were wrapped in early June; the

inner and outer paper bags were

removed simultaneously in late

September, and the fruits were

exposed to natural sun light

until harvest (late October).

Non-bagged ‘Mutsu’ apples

were cultivated without paper-

bagging treatment. Bagged

‘Mutsu’ apples were wrapped in

early June (approximately

1 month after full bloom) and

maintained until harvest
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SuperScript VILO cDNA Synthesis Kit (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s

instructions.

Quantitative reverse transcription–PCR (qRT-PCR)

cDNAs obtained from ‘Mutsu’ were used for qRT-PCR.

qRT-PCR was performed using an Applied Biosystems

7500 real-time PCR system (Applied Biosystems, Foster

City, CA, USA). cDNA corresponding to 10 ng total RNA

was used in a 20-ll reaction volume with SYBR Premix

Taq II (TaKaRa Bio, Tokyo, Japan) according to the

manufacturer’s instructions. Relative expression was

determined with the 2-DDT algorithm (Livak and Sch-

mittgen 2001) after normalizing with the SAND gene

(Cottage et al. 2001; Imai et al. 2014). The primers used for

qRT-PCR are listed in Suppl. Table S1.

Genomic DNA extraction and McrBC-qPCR

The methylation status of the upstream region of

MdMYB1-2/-3 was determined by quantitative analysis

using real-time qPCR, following the slightly modified

procedure of Saito et al. (2013). Briefly, 300 ng genomic

DNA from ‘Mutsu’ was incubated for 3 h with 10 U

McrBC (New England BioLabs, Tokyo, Japan) at 37 �C in

a 30-ll reaction mixture. Mock digestions were performed

with 1 ll 50 % glycerol. The reaction mixture (20 ll) for

qPCR contained 1.0 ll of the digested sample (equivalent

to about 10 ng of the digested or mock-digested genomic

DNA), 2.0 lM of each primer and 10 ll SYBR� Green

Premix ExTaq II (TaKaRa Bio). Target regions were

amplified using the following qPCR conditions: initial

denaturation for 3 min at 94 �C, followed by 40 cycles of

denaturation at 94 �C for 30 s, annealing at 60 �C for 30 s,

and extension for 34 s at 72 �C. The percentage of

methylation was determined according to Telias et al.

(2011). As DNA methylation is often found in inactive

transposons, digestion efficiency was evaluated by a

Copia-type retrotransposon, Ppcrt1 (GenBank: AB550651,

Kim et al. 2012), for each sample.

Direct sequencing of ‘Mutsu’ MdMYB1 alleles

Regions with single nucleotide polymorphisms (SNPs)

were amplified from either DNA or cDNA using primers

that could anneal with the three MdMYB1 alleles. To avoid

errors in PCR, high fidelity DNA polymerase KOD plus

Neo (Toyobo, Tokyo, Japan) was used. PCR products were

purified after agarose gel electrophoresis using Wizard SV

DNA purification system (Promega, Madison, WI, USA).

Ten ng of purified PCR product were used for sequencing

with BigDye� Terminator v3.1 (Applied Biosystems) and

then purified with X-terminator. Sequencing was carried

out using a 3130xl Genetic Analyzer (Applied Biosys-

tems). Reverse transcription was also performed with no

reverse transcriptase included in the reaction mixture to

confirm the complete elimination of genomic DNA.

Chromatin immunoprecipitation (ChIP) assay

For ChIP, DNA shearing was carried out by a procedure

described by Saito et al. (2015) with some modifications.

Briefly, apple skins were cross-linked in 1 % formalde-

hyde, under vacuum, for 10 min; the formaldehyde was

quenched by adding glycine to a final concentration of

0.125 M for 5 min. Cross-linked tissues were ground to a

powder in liquid nitrogen, and the nuclei were pelleted.

Pelleted chromatin was resuspended in a modified micro-

coccal nuclease (MNase) reaction buffer (20 mM Tris–

HCl, pH 8.0, 5 mM NaCl, 2.5 mM CaCl2, 0.1 % NP-40,

1 mM PMSF, and 12.5 % glycerol) and treated with

400 U/ml MNase for 10 min at 37 �C. DNA fragmentation

by MNase was stopped by adding EDTA followed by

centrifugation at 13,700g for 2 min. After centrifugation,

the nuclei pellets were resuspended in a lysis buffer and

sonicated briefly to lyse the nuclear membrane, and the

resultant clear supernatant was used for immunoprecipita-

tion. Chromatin immunoprecipitation was performed using

an EpiQuik Plant ChIP kit (Epigentek Group Inc., Farm-

ingdale, NY, USA) according to the manufacturer’s

instructions with minimal modification. Briefly, the chro-

matin lysate was precleared in Protein G-coated 8-well

assay strips for 2 h at 4 �C, and then incubated with anti-

bodies. The antibodies used were anti-trimethyl H3-K4

(Millipore, Billerica, MA, USA, product number 07-473),

anti-trimethyl H3-K27 (Millipore, product number

07-449), anti-histone H3 acetylation (Millipore, product

number 06-599B), or normal mouse IgG (NM IgG, Milli-

pore, product number 12-371). Primers used for qRT-PCR

are listed in Suppl. Table 1.

Sub-cloning and sequencing of the transcribed

MdMYB1 alleles from the ‘Sekaiichi’ and ‘Sensyu’

cultivars

cDNAs obtained from the ‘Sekaiichi’ and ‘Sensyu’ culti-

vars were used for amplification of MdMYB1 alleles. PCR

was carried out in a total volume of 50 ll, which contained

125 ng cDNA, 500 lM dNTPs, 375 lM MgCl2, 3.125 lM

of each primer (Suppl. Table S1), 0.4 U KOD Plus poly-

merase and 0.1 9 KOD buffer (Toyobo). Followed by a

pre-PCR heating at 95 �C for 2 min, a cycling profile of

94 �C for 30 s, 50 �C for 30 s, 72 �C for 30 s was repeated

35 times. A final extension for 10 min at 72 �C was per-

formed. The PCR product was cloned into the pCR� 2.1-
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TOPO vector (Invitrogen). Sequencing reactions were

performed with a BigDye Terminator v3.1 Cycle

Sequencing kit (Applied Biosystems), and the products

were sequenced on an ABI PRISM 3130xl Genetic Ana-

lyzer (Applied Biosystems). After sequencing, the

MdMYB1 allelic types were confirmed based on the

nucleotides present at position 573.

Results

UV-B in the induction of MdMYB1 expression

in the fruit skin of ‘Mutsu’

We analyzed the role of UV-B in the red coloration of

‘Mutsu.’ Bagged fruits were exposed to white fluorescent

lamps, with or without UV-B treatment, for up to 96 h. The

fruit color of FL/UV-B samples gradually changed to pink

at 48 h after incubation and the color intensity increased at

96 h, concomitant with an increase in anthocyanin com-

pounds (Fig. 2a, b). In contrast, the fruit color under the FL

treatment remained white (Fig. 2a, b). The transcript levels

of the anthocyanin biosynthetic genes MdCHS, MdCHI,

MdF3H, MdDFR, MdANS, MdUFGT, and the regulatory

genes, MdMYB1 (consensus primers were used to amplify

both the MdMYB1-2/-3), MdbHLH3, and MdWD40 (that

form the MYB–bHLH–WD40 complex) were compared

(Fig. 2c). The transcript levels of the anthocyanin biosyn-

thetic genes were high in FL/UV-B fruits, correlating with

the anthocyanin levels. The expression level of these genes

remained constant in the FL samples during incubation.

Furthermore, the transcription of MdMYB1 in the fruit skin

increased substantially after 24 h FL/UV-B treatment,

whereas only a slight increase was observed in the FL

treatment after 12 and 48 h. In contrast, MdbHLH3 and

MdWD40 transcripts showed only 2- to 3-fold changes

during the light treatment and the difference was less evi-

dent between the FL and FL/UV-B treatment than that of

the other tested genes. These results indicate the pivotal

role of UV-B on the coloration of fruits in the ‘Mutsu’

cultivar.

Bagging treatment and MdMYB1 induction

in ‘Mutsu’

We determined the importance of UV-B in the paper

bagging-induced red pigmentation (Fig. 2). Although, in

the orchard, both non-bagged and bag removal ‘Mutsu’

fruits were subjected to sunlight irradiation, only the bag

removal fruits turned red, suggesting that the application of

paper-bagging treatment before light irradiation was

important for red pigmentation. We compared the

expressions of anthocyanin biosynthesis-related genes in

bagged and non-bagged fruits (Fig. 1); fruit samples from

the bag removal treatment (Fig. 1) were also included in

this analysis. As shown in Fig. 3a, skin color did not show

red pigmentation in the non-bagged fruits. In contrast, the

bag removal fruits showed red pigmentation over the entire

skin, with an increase in anthocyanin content. Bagged

fruits remained white in color with negligible anthocyanin

content (Fig. 3a). High expression of MdMYB1 and the

anthocyanin biosynthesis genes, MdCHS, MdCHI, MdF3H,

MdDFR, MdANS, and MdUFGT, were observed only in the

bag removal fruits, concomitant with the high anthocyanin

content. Expression of these genes was negligible but

similar in both the non-bagged and bagged fruits (Fig. 3a,

b). In addition, these genes showed a dramatic increase

only in the bag removal fruits even though non-bagged

fruits were exposed to the same environmental conditions,

suggesting that bagging treatment can increase the sensi-

tivity of MdMYB1 to UV-B. These results indicate that

some events induced MdMYB1 expression during paper

bagging. Since MdMYB1 was expressed (Figs. 2c, 3a), we

further intended to identify if its transcription was due to

the activation of non-transcribed MdMYB1-2 and/or

MdMYB1-3.

Pigmentation of ‘Mutsu’ related to high levels

of MdMYB1-2/-3 transcripts

To confirm the MdMYB1 genotype of ‘Mutsu,’ an SNP

located at about -1580-bp region (Fig. 4a, b) was used

(Bai et al. 2014). Direct sequencing of PCR products

amplified from the flanking region of the SNP showed the

presence of two alleles, MdMYB1-2 and MdMYB1-3

(Fig. 4c, left), indicating the presence of two copies of

MdMYB1-2 in the ‘Mutsu’ genome. Thus, the MdMYB1

genotype of ‘Mutsu’ was re-confirmed to be MdMYB1-2/-

2/-3, which was also identified using CAPS markers

(Hatsuyama et al. unpublished data). Furthermore, based

on the SNP in the third exon of MdMYB1 (Takos et al.

2006) revealed after direct sequencing, we observed that

both the alleles were transcribed (Fig. 4c, right), and the

peak corresponding to MdMYB1-2 was much higher than

that corresponding to MdMYB1-3, which was further con-

firmed by sequencing of the independent clones (among

five independent clones, four clones corresponded to

MdMYB1-2 and one to MdMYB1-3). These results indi-

cated that the non-transcribed MdMYB1 alleles, MdMYB1-

2/-3, were both actively transcribed in the red/pink fruit

skin of ‘Mutsu’ as a result of the paper-bagging treatment.

This further raised a question as to why the non-transcribed

MdMYB1-2/-3 alleles were transcribed after the paper-

bagging treatment.
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Epigenetic status of the 50 upstream region

of MdMYB1-2/-3 during UV-B treatment after bag

removal

In our preliminary study using the ‘Sekaiichi’ and ‘Sensyu’

cultivars, whose MdMYB1 alleles consist of MdMYB1-1

and MdMYB1-3 (Hatsuyama, unpublished data) that can be

discriminated by the nucleotide at the position 573 in the

third exon (A in the case of MdMYB1-1 and T for

MdMYB1-3), we found that only MdMYB1-1 was tran-

scribed under natural conditions (Suppl. Table S2). This

result indicates that the functional difference in the

Fig. 2 UV-B-dependent pigmentation of ‘Mutsu.’ a Bagged fruits

were subjected to FL or FL/UV-B treatments at 17 �C for 96 h after

bag removal. Note that only the fruits irradiated with UV-B turned

red. b Anthocyanin extracted from the fruits of a using the method

described in Bai et al. (2014). c Anthocyanin biosynthetic and

regulatory gene expression, including MdMYB1 in apple skins

subjected to FL or FL/UV-B. Transcription levels were determined

by qRT-PCR using SAND as a reference gene. The expression levels

in c are values relative to the 0-h sample. Error bars show SE

578 Planta (2016) 244:573–586
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inductive ability of MdMYB1 allelic expression could be

ascribed to the MdMYB1 genomic structure instead of the

trans factor(s). Therefore, we assumed that some events in

the transcriptional induction of the non-transcribed

MdMYB1-2/-3 alleles would occur in the genomic structure

of these alleles after paper bagging. We further assumed

that epigenetic changes could be related to the current

unexpected induction of MdMYB1-2/-3 expression.

Therefore, we focused on the epigenetic changes in the 50

upstream region of MdMYB1-2/-3 (conserved sequences

were used for both MdMYB1-2/-3) triggered by the paper-

bagging treatment. First, we evaluated the cytosine methy-

lation level of MdMYB1 by qPCR. In our system, a highly

methylated Copia-type transposable element was used as a

positive control to evaluate the efficiency of restriction

digestion in each reaction (see the details in ‘Materials and

methods’). The nucleotide numbers were calculated based

on the 50 upstream region of MdMYB1-2; this numbering

similar in MdMYB1-3. ‘Mutsu’ fruits were used 0, 24, and

48 h after incubation under FL/UV-B or FL because the

notable color changes occurred in the skin samples after 48 h

under FL/UV-B treatment but not in those under FL treat-

ment (Fig. 2a, b). We expected lower methylation levels,

concomitant with red pigmentation in FL/UV-B treatment.

Lower methylation levels in the -2025 to -1854-bp region

at 24 and 48 h were recorded in the fruit skins under FL/UV-

B treatment; these trends were also recorded in the FL treated

skin (Fig. 5). Overall, the methylation patterns in the FL/

UV-B were similar to those in the FL treatment. These results

suggested that the 50 upstream region of the MdMYB1-2/-3

was epigenetically active, but the results from the two

treatments confounded our expectations.

Histone modifications near the transcription initiation

and/or translation initiation sites are also a key regulatory

mechanism for gene transcription (Guo et al. 2008; Char-

ron et al. 2009; Jang et al. 2011). Therefore, we investi-

gated trimethylation of histone H3 at lysine 4 (H3K4me3),

trimethylation of histone H3 at lysine 27 (H3K27me3), and

acetylation of histone H3 (H3ac) modifications within the

*700-bp region of MdMYB1-2/-3 in the skin during arti-

ficial light treatment (Fig. 2a). We first checked the

H3K4me3 status in the 50 flanking region of ELONGA-

TION FACTOR 1 (EF1) as a positive control; the EF1

locus is under the control of H3K4me3 in petunia (Shibuya

et al. 2009). Our results showed that the promoter region of

EF1 was highly marked by H3K4me3, as expected (Suppl.

Fig. S2), indicating that the chromatin immunoprecipita-

tion protocol performed efficiently. We expected higher

occupancy of H3ac and H3K4me3 and/or lower of

H3K27me3 in the FL/UV-B samples than the FL samples.

No obvious changes were observed in the H3ac and

H3K27me3 levels (Fig. 6). Interestingly, H3K4me3 levels

in all the tested regions were high at 48 h, but the changes

0 

200 

400 

CHS

0 

25 

F3H

0 

60 

120 

ANS

0 

10 

20 
UFGT

0 

10 

20 
DFR

0 

200 

400 

CHI

R
el

at
iv

e 
am

ou
nt

 o
f t

ra
ns

cr
ip

ts
 (/

M
dS

A
N

D
)

a

b

0 

50 

100 

150 

MYB1

BaggingNon-bagging Bag removal
R

el
at

iv
e 

ex
pr

es
si

on
(/M

dS
A

N
D

)

‘Mutsu’

0

5

An
th

oc
ya

nin
 co

nt
en

t (
ug

/g
 F

W
) 10

BaggingNon-
bagging

Bag 
removal

BaggingNon-
bagging

Bag
removal

Fig. 3 Effects of bagging treatments on anthocyanin accumulation and

expression of MdMYB1 and anthocyanin biosynthetic genes. a ‘Mutsu’

normally shows a green skin color (non-bagged), but the fruits turned

red after bag removal (bag removal), concomitant with high antho-

cyanin accumulation and high MdMYB1 expression. Fruits from

bagging treatments showed white color with negligible anthocyanin

concentration and MdMYB1 expression. b Expression of different

anthocyanin biosynthetic genes. Transcription levels were determined

according to the descriptions in Fig. 2. Error bars show SE

Planta (2016) 244:573–586 579

123



were not significantly different between the FL and

FL/UV-B samples (Fig. 6). MdMYB1 expression was ele-

vated for the previous 24 h due to FL/UV-B treatment

(Fig. 2c), which was earlier than the histone modifications.

Therefore, the increase in H3K4me3 levels at 48 h might not

be the key factor responsible for the high transcription of

MdMYB1-2/-3 in paper bagging-induced red pigmentation.

Collectively, these results suggest that UV-B is an

essential factor for paper bagging-induced red pigmenta-

tion (Fig. 2), but UV-B is not a cause for the induction of
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non-transcribed MdMYB1-2/-3 expression, which is con-

sistent with the fact that the fruits under natural conditions

do not show red pigmentation despite the presence of UV-

B (Fig. 3a). Therefore, we could assume that the paper-

bagging treatment itself might be involved in the induction

of non-transcribed MdMYB1-2/-3 expression.

Epigenetic status of the 50 upstream region

of MdMYB1-2/-3 by paper-bagging treatment

To confirm our assumption, we investigated DNA

methylation levels in MdMYB1-2/-3 by comparing the

non-bagged and bagged samples (Fig. 1). We collected

the bagged samples just after bag removal in a dark room

(see ‘Materials and methods’) along with the non-bagged

samples at the same time. In both the treatments, high

methylation level (more than 90 %) was detected in the 50

upstream region (-846 to -555 bp upstream from the

translation start codon) of MdMYB1, whereas the methy-

lation levels of other regions were around 50 % (Fig. 7).

Similar trends have been reported previously in

MdMYB10 (Telias et al. 2011). Significant differences in

the methylation levels were observed in response to dif-

ferent treatments in some regions, -846 to -651 bp and

-704 to -555 bp. We expected lower methylation levels

in the bagged fruits than in the non-bagged ones; there-

fore, the significant low methylation observed in the

bagged fruits in the -704 to -555-bp region was in

agreement with our expectation, unlike that in the -846

to -651 bp region. Thus, the results were highly valuable,

depending on the region. Nevertheless, considering pre-

vious reports (Telias et al. 2011; Xu et al. 2012), in which

small changes in lower methylation levels had a big

impact on red pigmentation, we cannot completely rule

out the possible involvement of methylation levels in

paper bagging-induced red pigmentation; however, fur-

ther studies are needed in this regard.
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Histone modifications were investigated within the

*700-bp region of MdMYB1-2/-3 in the skin of bagged

and non-bagged fruits (Fig. 7). Higher levels of H3ac and

H3K4me3 mark were recorded in response to the bagging

treatment in all the tested regions, although only the

H3K4me3 in the -704 to -555-bp region was statistically

significant (Fig. 8). In addition, higher levels of inactive

modification, H3K27me3, were detected in the -168 to

-45-bp region of non-bagged fruits (Fig. 8). These trends

were in accordance with our expectation that the higher

occupancy of H3ac and H3K4me3, which are related to

euchromatin, and lower occupancy of H3K27me3, which is

related to heterochromatin, were observed in bagged fruits

than in non-bagged ones. Thus, H3ac, H3K4me3, and

H3K27me3 in the 50 upstream region of MdMYB1-2/-3 of

the paper-bagging treatment were associated with the paper

bagging-induced red pigmentation; however, the results

were not statistically significant in all the regions. These

results suggest that different H3ac, H3K4me3, and

H3K27me3 modifications contribute to the induction of

MdMYB1-2/-3 expression.

Discussion

Paper-bagging treatment positively regulated de

novo anthocyanin synthesis in apple skin

Paper bagging-induced red pigmentation in ‘Mutsu’ has

been observed for decades and has been reported in other

yellow/green cultivars, including ‘Golden Delicious’ and

‘Granny Smith’ (Liu et al. 2013). Increased MdMYB1

levels have been observed in the colored cultivar ‘Granny

Smith’ (Wang et al. 2013a). We also observed that the

other non-red cultivars, such as ‘Orin’ and ‘Kinsei,’

showed red pigmentation after bag removal, although the

anthocyanin accumulation levels varied among the culti-

vars (data not shown). Paper bagging is also applied to red

cultivars to induce more pigmentation in their skin. This

suggests that paper bagging-induced red pigmentation is

not unique to the cultivar ‘Mutsu,’ and other red and non-

red apple cultivars could share the same mechanism.

It has been generally considered that the bright red color

of red apple cultivars after paper bagging is due to the low

chlorophyll background (green color) and not the higher

anthocyanin content (Yonemori 2009). However, this

hypothesis cannot explain the red pigmentation in non-red

cultivars such as ‘Mutsu,’ because anthocyanin concen-

trations in the fruits under paper-bagging treatment were

significantly higher than those in non-bagged fruits

(Fig. 3a), suggesting that anthocyanins were synthesized de

novo in such cultivars. In this respect, our finding that non-

transcribed MdMYB1 alleles can be transcribed after paper-

bagging treatment is fundamental for understanding paper

bagging-induced red pigmentation. The photoprotective

role of higher anthocyanin concentrations after bag

removal was physiologically important. These pigments

capture light with short wavelengths and protect the

nucleotides and proteins against damage from dramatic

changes in light exposure of bagged fruits after bag

removal (Merzlyak et al. 2008).

Factors inducing non-transcribed MdMYB1 alleles

in paper bagging-induced red pigmentation

Differential expression of MdMYB1 alleles in fruit skins

results in different colored apples. However, although non-

transcribed alleles such as MdMYB1-2 and MdMYB1-3

have been identified previously, the reasons for their poor

expressions have not been well characterized. In blood

orange, a retrotransposon element inserted in the promoter

region of Ruby, the orthologous gene of MdMYB1, resulted

in cold-dependent anthocyanin accumulation (Butelli et al.

2012). Similarly, the increase in anthocyanin accumulation

in purple grape cultivars was due to the loss of retro-

transposons from the promoter of VvmybA1-1 (Kobayashi

et al. 2004). However, to date, no such retrotransposons

have been correlated with low expression levels of

MdMYB1-2 and MdMYB1-3 in apples. By comparing the

promoter regions of different MdMYB1 alleles, we found

an SNP that formed an intact light signal responsible G-box

only in the MdMYB1-1 allele (Bai et al. 2014), which

potentially affected the DNA-binding affinity of tran-

scriptional factors, such as apple ELONGATED
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HYPOCOTYL 5 (MdHY5) and CONSTANS-like 11

(MdCOL11). However, such an intact G-box may not be

the determinant of poor expression, because ‘Granny

Smith’ is a non-red cultivar with unknown parents despite

the presence of a transcribed MdMYB1-1 (intact G-box)

and shows coloration after bagging treatment, similarly to

other non-red cultivars (Hatsuyama, unpublished data),

such as ‘Mutsu’ and ‘Golden Delicious’ (Liu et al. 2013).

The effects of UV-B on the anthocyanin accumulation in

apples have been well characterized. Arakawa et al. (1986)

investigated the effects of light of various wavelengths on

apple coloration and found that UV-B (*320 nm) was

most effective. Ubi et al. (2006) reported that the expres-

sion of five anthocyanin biosynthetic genes was enhanced

by UV-B and low temperature treatments, concomitantly

with the accumulation of anthocyanins. Previous studies on

bagging practice of the red cultivar ‘Fuji’ also indicated

that paper bagging-induced red pigmentation occurred in a

UV-B-dependent manner, while the red color development

after bag removal was retarded in the absence of UV-B

irradiation (Fan and Mattheis 1998). The present study

showed that ‘Mutsu,’ a non-red cultivar, turned red only

under light supplemented with UV-B (Fig. 2), confirming

that the paper bagging-induced red pigmentation of non-

red cultivars was also a UV-B-dependent process, in which

the activation of the normally non-transcribed MdMYB1-

2/-3 alleles in the non-red cultivars resulted in their red

pigmentation (Fig. 2). All these reports suggested that UV-

B treatment is indispensable for anthocyanin accumulation,

but how MdMYB1/A/10 was activated by UV-B after bag

removal, especially in non-red cultivars, such as ‘Mutsu,’

remains unclear. It is worth noting that ‘Mutsu’ fruits in the

orchard (without paper-bagging treatment) did not show

red pigmentation despite the presence of UV-B in the

natural light (Fig. 3). Therefore, we suggest that the paper-

bagging treatment itself could be a primary, and UV-B, a

secondary factor, for the red pigmentation. We assumed

that the paper-bagging treatment elevated the sensitivity of

fruit skin to UV-B. To determine the cause of the elevation

of this sensitivity, we investigated the possible involvement

of epigenetic regulation in MdMYB1-2/-3 expression.

DNA methylation in the 50 upstream region

of MdMYB1-2/-3

DNA methylation has two essential roles in plants and

animals—defending the genome against transposons and

regulating gene expression. Genome-wide analysis in

Arabidopsis indicated that DNA methylation in the pro-

moter regions is often associated with transcriptional gene

silencing (Zhang et al. 2006; Zilberman et al. 2007). To

date, the pivot roles of DNA methylation on development,

stress tolerance, immune response, and local adaptation

have been confirmed by the various lines of evidence

(Chan et al. 2005; Dowen et al. 2012; Kinoshita and Seki

2014; Yang et al. 2015). In addition, DNA methylation also

controls fruit development; a natural epigenetic mutation in

an SBP-box gene resulted in its reduced expression, lead-

ing to the inhibition of tomato fruit ripening (Manning

et al. 2006). In apple, it has been known that methylation

levels regulate the expression of MdMYB1/A/10 gene,

under certain conditions. Telias et al. (2011) reported that

differences in anthocyanin levels between red and green

stripes could be attributed to differential expression of

MdMYB10, owing to variable methylation levels of

MdMYB10 in ‘Honeycrisp’ compared to ‘Royal Gala’

cultivars. DNA methylation in the promoter region of

MdMYB1 was higher in the ‘Ralls’ red apple cultivar

compared to its blushed sport (Xu et al. 2012). More recent

research showed that the alteration of DNA methylation in

the MdMYB10 promoter of a red cultivar, ‘Gala,’ resulted

in a yellow-skin somatic mutant (El-Sharkawy et al. 2015).

These reports suggest that DNA methylation influences the

color pattern of the apples through regulation of MdMYB1

expression. Wang et al. (2013b) detected higher methyla-

tion levels in the PcMYB10 promoter in the green- than the

red-skinned European pear. Moreover, artificial induction

of DNA methylation in the PcMYB10 promoter by virus-

induced gene silencing in the red cultivar represses

PcMYB10 expression, which in turn resulted in less

anthocyanin accumulation (Wang et al. 2013b). We also

focused on DNA methylation during UV-B treatment after

bag removal and in the paper-bagging treatment. The

results showed variations depending on the regions tested.

The methylation levels in the regions between the current

and previous research (Telias et al. 2011; El-Sharkawy

et al. 2015) showed variations possibly due to the different

allele types of MdMYB, but similar to the DNA methyla-

tion patterns of ‘Gala’ and ‘Honeycrisp’ (Telias et al.

2011), relatively high methylations in the regions of -846

to -651 and -704 to -555 were observed, whereas those

in the regions of -310 to -178 and -168 to -45 were low

(Figs. 5, 7). The changes in methylation levels in the 50

upstream region of MdMYB1-2/-3 during UV-B treatment

might not be related to the regulation of MdMYB1-2/-3

expression because of similar methylation patterns between

the FL and FL/UV-B treatments (Fig. 5). In contrast, there

were several differences in the methylation levels between

the non-bagged and bagged treatments, although they were

not significant in several regions (Fig. 7). In the present

study, the noticeable differences in methylation levels were

recorded in the -2025 to -1854 bp (not statistically sig-

nificant with an unpaired t test P = 0.07), -846 to

-651 bp and -704 to -555 bp (both statistically signifi-

cant), among which lower methylation levels in the -2025

to -1854 bp and -704 to -555 bp in the bagging

Planta (2016) 244:573–586 583

123



treatment were according to our expectation; it could be

possible that the paper-bagging treatment itself could be a

cause for the induction of MdMYB1-2/-3 transcripts. El-

Sharkawy et al. (2015) also reported in two regions (-1246

to -780 bp and -2585 to -2117 bp) the methylation

activity in three ‘Gala’ strains were clearly different, with

different fruit skin color and methylation levels in both

regions negatively correlated with anthocyanin content and

MdMYB10 expression. However, all these regions do not

include the variable G-box, which is located in the

-1580 bp. Thus, we assume that lower cytosine methyla-

tion levels caused by the paper-bagging treatment (dark-

ness) could be involved in inducing MdMYB1-2/-3

transcription.

Histone modifications in the 50 upstream region

of MdMYB1

In plants, changes in light condition induce transient

alteration of the histone modification patterns (Guo et al.

2008; Charron et al. 2009; Jang et al. 2011). De-etiolation

of Arabidopsis during the transition from dark to light has

been well characterized, in which activation of ELON-

GATED HYPOCOTYL 5 (HY5) and HY5 homologue during

de-etiolation is accompanied by a significant increase in

H3K9ac without detectable differences in the H3K27ac

levels (Charron et al. 2009). Dark activation of phyA was

also marked by an increase of H3K9ac and H3K27ac (Jang

et al. 2011). AtMYB75, the homologous gene of MdMYB1

in Arabidopsis, is marked by H3K27me3 but not by

H3K9ac, H3K27ac, or H3K9me3 in both dark conditions

and during the transition from dark to light (Guo et al.

2008). These reports indicated the possibility for histone

modifications by light treatment including UV-B. There-

fore, in the present study, we also investigated the histone

modifications both during the UV-B treatment after bag

removal and in the paper-bagging treatment. During UV-B

treatment, we observed the enrichment of H3K4me3 after

48 h light treatment in both the FL and FL/UV-B treat-

ments (Fig. 6), but such modification was not accompanied

by MdMYB1 expression, which peaked 24 h after the light

exposure (Fig. 2). Regarding the paper-bagging treatment,

the ChIP assay revealed high H3ac and H3K4me3 occu-

pancy in the 50 upstream region of MdMYB1 in the dark

condition, although only H3K4me3 was statistically sig-

nificant in the -704-bp to -555-bp region (Fig. 8). In

contrast, we did not observe general changes in the

H3K27me3 level in the 50 upstream region of MdMYB1,

while lower occupancy of H3K27me3 was detected in the

-168-bp to -45-bp region in the bagged fruits (Fig. 8).

Although the role of H3K4me3 modification during the

bagging treatment needs to be studied further, our results

suggested the possible involvement of H3K4me3 during

the bagging treatment. According to these results, we

propose that bagging itself (darkness) could modify histone

conformation toward activation with high occupancy of

H3K4me3 and low occupancy of H3K27me3, facilitating

the binding of trans factor(s) to the MdMYB1-2/-3 alleles,

and the consequent increase in the transcripts of MdMYB1-

2/-3 could activate the downstream anthocyanin biosyn-

thetic genes. The role of such small epigenetic changes, as

observed in the present study, in changing the histone

modification status might be subject to skepticism. How-

ever, previous reports have shown that small changes in

histone modifications of upstream regions of a given gene

could have a large impact on endodormancy phase transi-

tion in peaches and pears (Leida et al. 2012; Saito et al.

2015). A plausible assumption could be that the observed

tendencies of enrichment of both the active H3ac and

H3K4me3 marks and a decrease of H3K27me3 in the

bagged fruits enhanced the transcriptional activity of

MdMYB1, resulting in a higher expression level during the

ensuing light exposure.

During the life cycle of plants, continuous darkness only

occurs during germination before the seedling protrudes

from the soil. Therefore, most of the studies focused on the

light responses in early seedling development (Deng et al.

1991; Oyama et al. 1997; Kami et al. 2010; Lau and Deng

2010; Chaves et al. 2011; Rizzini et al. 2011; Wang et al.

2012). In contrast, the effects of continuous darkness on

other biological processes remain elusive. In the present

study, we provided evidence that continuous darkness

(artificial bagging treatment) increased the transcriptional

potency of a central anthocyanin biosynthesis regulatory

gene, MdMYB1, via epigenetic regulation, which in turn

lead to the coloration of the non-red apple cultivar ‘Mutsu.’

However, ‘Mutsu’ fruits were kept in paper bags for more

than 4 months and a difference in the degree of DNA

methylation levels and some histone modifications between

the non-bagged and bagged samples were detected at the

end of the treatment. The timing of such epigenetic mod-

ifications during the paper-bagging treatment is not clear at

present and would need further studies.

In summary, the present study suggests that the paper-

bagging treatment is an important factor for inducing red

pigmentation, which regulates DNA methylation and his-

tone modifications in the 50 upstream region of MdMYB1-

2/-3 alleles in the ‘Mutsu’ cultivar. Thus, our results indi-

cate novel findings because paper-bagging treatment can

transform non-transcribed MdMYB1-2 and MdMYB1-3

alleles to transcribed alleles, possibly through epigenetic

regulation. Due to the technical limitation, the genetical

confirmation of the effects of chromatin modification is

currently impossible in fruit trees. Therefore, it is difficult

to clarify the effects of the observed weak significance.

However, our work provided a possible explanation for
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paper bagging-induced red pigmentation of apples, which

will open a new avenue for uncovering this interesting

phenomenon in the future.
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