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Abstract: 

Type 2 red-fleshed apples are attractive to consumers due to their sweet 
taste, which is not present in type 1 apples, in addition to their vivid color 
and the accumulation of health-promoting polyphenol compounds to a 
greater degree than in white apples. Although the red pigmentation of type 
2 apples is caused by the expression of MdMYB110a at coloring initiation, 
the endogenous factors that induce the expression of MdMYB110a are 
poorly understood. In this study, we investigated the effect of two 
phytohormones, ethylene and abscisic acid (ABA), on MdMYB110a 

expression and flesh pigmentation in type 2 red-fleshed apples. Although 
induction of the expression of the ethylene biosynthetic gene MdACO1 
coincided with the onset of flesh pigmentation, no obvious correlation was 
found between treatment with ethylene or its inhibitor 1-
methylcyclopropene and the expression pattern of MdMYB110a. However, 
homologues of ABA-induced genes in apple were differentially expressed 
between pigmented and nonpigmented flesh derived from a single fruit, 
and ABA treatment in type 2 red-fleshed fruits led to the upregulation of 
MdMYB110a expression and the enhancement of anthocyanin production. 
These results strongly suggest that ABA, not ethylene, induced 
upregulation of MdMYB110a, the gene responsible for the type 2 red-flesh 

trait. 
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ABSTRACT 25 

  Type 2 red-fleshed apples are attractive to consumers due to their sweet taste, which 26 

is not present in type 1 apples, in addition to their vivid color and the accumulation of 27 

health-promoting polyphenol compounds to a greater degree than in white apples. 28 

Although the red pigmentation of type 2 apples is caused by the expression of 29 

MdMYB110a at coloring initiation, the endogenous factors that induce the expression of 30 

MdMYB110a are poorly understood. In this study, we investigated the effect of two 31 

phytohormones, ethylene and abscisic acid (ABA), on MdMYB110a expression and 32 

flesh pigmentation in type 2 red-fleshed apples. Although induction of the expression of 33 

the ethylene biosynthetic gene MdACO1 coincided with the onset of flesh pigmentation, 34 

no obvious correlation was found between treatment with ethylene or its inhibitor 35 

1-methylcyclopropene and the expression pattern of MdMYB110a. However, 36 

homologues of ABA-induced genes in apple were differentially expressed between 37 

pigmented and nonpigmented flesh derived from a single fruit, and ABA treatment in 38 

type 2 red-fleshed fruits led to the upregulation of MdMYB110a expression and the 39 

enhancement of anthocyanin production. These results strongly suggest that ABA, not 40 

ethylene, induced upregulation of MdMYB110a, the gene responsible for the type 2 41 

red-flesh trait. 42 

43 
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Apple (Malus x domestica Borkh.) is one of the most widely planted fruit trees, and 44 

77,573,743 metric tons were produced worldwide in 2016–17 (USDA, 45 

http://apps.fas.usda.gov/psdonline/). Although procyanidins and other polyphenols in 46 

apple possess health benefits for chronic diseases (Eberheadt et al., 2000; Wolfe et al., 47 

2003), both growers and consumers desire new cultivars of higher quality. Red-fleshed 48 

apples may answer this demand because of their vivid new color caused by the high 49 

accumulation of the anthocyanin cyanidene-3-0-galactoside, as well as high contents of 50 

health-promoting phenolic compounds such as chlorogenic acid, phloridzin, quercetin, 51 

catechin, and epicatechin in the flesh (Sato et al., 2017). Anthocyanin possesses 52 

antioxidative activity (Butelli et al., 2008; Toufektsian et al., 2008), and is mainly 53 

present in the skin of white-fleshed apples. However, Japanese consumers peel their 54 

apples before eating. 55 

  Two types of red-fleshed apples exist: type 1 and 2. The coloring of type 1 is caused 56 

by the MdMYB10 gene located on chromosome (ch.) 9, while the coloring of type 2 is 57 

caused by the MdMYB110a gene located on ch. 17. MdMYB10 is an allele of 58 

MdMYBA/MdMYB1, which are responsible for the coloration of fruit skin (Lin-Wang et 59 

al., 2010), and possesses five tandem MdMYB10 binding sites in its promoter region. 60 

Because MdMYB10 (R6:MdMYB10) positively autoregulates its own transcription 61 

through this minisatellite-like structure, red coloration occurs not only in the flesh of 62 

type 1 apples but also in the fruit skin and vegetative tissues, including leaves and stems 63 

(Espley et al., 2009). However, MdMYB110a expression is observed only at the cortex, 64 

and the red coloration in type 2 apples is independent of the color of the fruit skin or 65 

vegetative tissues (Chagné et al., 2013; Umemura et al., 2013). In Japan, type 2 66 

red-fleshed apple cultivars with low acidity and high sugar contents, including ‘Irodori’ 67 
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(‘Jonathan’ x ‘Pink pearl’), ‘Enbu’ (‘Irodori’ x ‘Fuji’), ‘Nakano Shinku’ (‘Irodori’ x 68 

‘Fuji’), ‘Nakano no Kirameki’ (‘Irodori’ x ‘Orin’), ‘Moonrouge’ (‘Irodori’ x ‘Fuji’), 69 

‘Ruby Sweet’ (JP114069 x ‘Fuji’), and ‘Rose Pearl’ (‘Fuji’ x ‘Pink Pearl’), have 70 

recently been registered or submitted for registration. Type 2 apples are superior to type 71 

1 when breeding for flesh use because a quantitative trait loci for astringent taste is 72 

tightly linked with the R6:MdMYB10 locus of type 1 apples (Volz et al., 2013). 73 

  The red coloration of apple skin has been shown to be affected by sunlight irradiation. 74 

UV-B irradiation of the red-skinned cultivar ‘Tsugaru’ induced the upregulation of 75 

MdMYBA, whereas MdMYB1 protein was degraded through a ubiquitin-dependent 76 

pathway under dark conditions (Ban et al., 2007; Li et al., 2012). However, although 77 

anthocyanin biosynthesis in red-fleshed apples was inhibited by a double-layered paper 78 

bagging treatment that almost completely shielded out light, some accumulation of 79 

anthocyanin was still observed in the flesh (Umemura et al., 2011; Honda et al., 2016). 80 

These results suggest that sunlight does not trigger the initiation of anthocyanin 81 

biosynthesis in red-fleshed apples. 82 

  Phytohormones are endogenous factors that also affect fruit ripening and coloring. In 83 

general, an overall decrease in auxin, gibberellin, and cytokinin, as well as a 84 

simultaneous increase in abscisic acid (ABA) and ethylene, are observed at the 85 

maturation and ripening stages of fruits (McAtee et al., 2013). Exogenous ethylene or 86 

ABA treatment in tomato, a climacteric plant like apple, accelerates color change from 87 

green to orange or red (Su et al., 2015; Mou et al., 2016). Using the green-skinned, 88 

white-fleshed apple cultivar ‘Granny Smith’, Lara & Vendrell (2000) revealed that both 89 

ABA and the ethylene biosynthetic enzyme ACC start to accumulate around 160 days 90 

after full bloom (DAFB) in the flesh, with peaks occurring at approximately 10 days 91 
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before commercial harvest for ABA and at commercial harvest for ACC. However, 92 

whether these two phytohormones contribute to triggering the induction of 93 

MdMYB110a expression and onset of pigmentation in type 2 red-fleshed apples remains 94 

unknown. 95 

  In the present study, we revealed that ethylene does not contribute to the induction of 96 

flesh pigmentation in type 2 red-fleshed apples through treatment with ethylene and its 97 

inhibitor 1-methylcyclopropene (1-MCP). In contrast, genes induced by ABA were 98 

more highly expressed in pigmented flesh than in unpigmented flesh, and exogenous 99 

ABA treatment induced the upregulation of MdMYB110a expression and increased 100 

anthocyanin accumulation. These results suggest that ABA, not ethylene, causes the 101 

coloring of apple flesh and upregulation of MdMYB110a. 102 

 103 

MATERIALS AND METHODS 104 

Plant material 105 

  Samples of the type 2 red-fleshed cultivars ‘Nakano Shinku’ and ‘Nakano no 106 

Kirameki’ were taken from collections at the Nagano Fruit Tree Experimental Station, 107 

Japan, and samples of ‘Ruby Sweet’ and ‘Rose Pearl’ were taken from collections at the 108 

Apple Research Center of the National Institute of Fruit Tree Science, Japan. Fruits at 109 

60, 90, 120, 133, 150, and 180 DAFB during the 2013 and 2015 growing seasons were 110 

used for expression analyses of MdMYB110a, MdACO1, and MdNECD1. For the 111 

ethylene and 1-MCP treatments, fruits of ‘Nakano Shinku’ and ‘Nakano no Kirameki’ 112 

were collected at 90, 105, and 130 DAFB at Yoshiie Orchard, Japan during the 2014 113 

growing season. ‘Nakano no Kirameki,’ which shows red and white colors on different 114 

sides, were harvested at 130 DAFB at Yoshiie Orchard, Japan during the 2014 growing 115 
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season and used for differential display analysis. For the ABA treatment, fruits of 116 

‘JPP35’ and ‘Nakano no Kirameki’ were collected at 90 DAFB at Yoshiie Orchard, 117 

Japan during the 2016 growing season. 118 

 119 

Total RNA extraction and cDNA synthesis 120 

  The cortices of peeled apple fruits were subjected to total RNA extraction, essentially 121 

as described in Chang et al. (1993). Total RNA extractions were performed on three 122 

independent apple fruits. cDNA was synthesized from 500 ng of total RNA using the 123 

PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real Time) kit (TaKaRa Bio 124 

Inc., Japan) according to the manufacturer’s protocol. Complete elimination of the 125 

genomic DNA from cDNA was confirmed by PCR using an MdActin primer pair 126 

spanning the intron sequence. 127 

 128 

Quantitative real-time PCR (qPCR) expression analyses of MdMYB110a, MdACO1, 129 

and MdNECD1 130 

  Quantitative real-time PCR (qPCR) for quantification of the transcripts for 131 

MdMYB110a, MdACO1, MdNECD1, MdMYC2, and MdJAZ2 was conducted using the 132 

SYBR Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa Bio Inc., Japan) and Thermal 133 

Cycler Dice Real Time System TP800 (TaKaRa Bio Inc., Japan). Gene expression was 134 

detected using the primers from An et al. (2015, 2016), Hamada et al. (2015), Kondo et 135 

al. (2012), and Yang et al. (2013) (described in Supplemental Table S1). qPCR 136 

conditions were as follows: preheating for 30 s at 95 
o
C, followed by 50 cycles of 5 s at 137 

95 
o
C, 10 s at 60 

o
C, and 15 s at 72 

o
C. The data were analyzed with Thermal Cycler 138 

Dice Real Time System Software Ver.3.00D (TaKaRa Bio Inc., Japan). The relative 139 
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expression of each sample was normalized to expression of the MdActin gene. qPCR 140 

expression analysis was performed on three independent fruits (three biological 141 

replicates) per stage, and data are shown as means ± SE. PCR efficiency was 142 

determined for each gene by analyzing serial dilutions of cDNA. All PCRs displayed 143 

efficiencies between 93% and 100%. 144 

 145 

Ethylene and 1-MCP treatment 146 

  Fruits of ‘Nakano Shinku’ and ‘Nakano no Kirameki’ at 90, 105, and 130 DAFB 147 

were harvested in 2013 and 2015. All of the fruits were kept for 24 hours at room 148 

temperature, except for those in the 1-MCP treatment. In the 1-MCP treatment, 149 

SmartFresh
SM

 (Rohm and Haas, Japan) was sprayed on the fruits, which were left to 150 

stand for 24 hours at room temperature under 1000 ppb 1-MCP. After 24 hours, both 151 

control and 1-MCP treatment fruits were sprayed with water and left to stand for 48 152 

hours in sealed containers at 17 
o
C under dark conditions. Fruits in the ethylene 153 

treatment were sprayed with Ethephon (Wako Pure Chemical Industries, Ltd., Japan) 154 

and left to stand for 48 hours under 1000 ppm ethylene. After each treatment, all fruits 155 

were kept at 17 
o
C under dark conditions, and flesh at 10, 25, and 40 days after 156 

treatment was analyzed. This experimental design is also summarized in Supplemental 157 

Fig. S1. 158 

 159 

Differential display analysis 160 

  Differential display analysis was conducted using a GeneFishing
TM

 DEG Premix Kit 161 

(Seegene, Inc., Korea). A 3 µg total RNA sample from each part was mixed with 2 µl 162 

dT-ACP1 [5'CTGTGAATGCTGCGACTACGATXXXXX(T)18-3'] to a final 163 
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concentration of 2.11 µM and adjusted to 9.5 µl with RNase-free water. Each tube stood 164 

for 3 min at 80 
o
C, cooled on ice for 2 min, and was then brought to a final volume of 165 

20 µl with a final concentration of 1x RT buffer, 0.5 mM dNTP, 20 U RNaseOUT 166 

(Invitrogen, USA), 5 mM DTT, 1 µM dT-ACP1, and 200 U SuperScript○R  III Reverse 167 

Transcriptase (Invitrogen). The reaction was performed for 90 min at 42 
o
C before 168 

heating at 94 
o
C for 2 min to inactivate the reaction. First-strand cDNAs were chilled on 169 

ice for 2 min before the addition of 80 µl RNase-free water. 170 

  Second-strand cDNA synthesis was performed in a reaction mixture containing 3 µl 171 

of the first-strand cDNAs, 0.5 µM arbitrary ACP (one of the 10 arbitrary ACPs provided 172 

in the GeneFishing
TM

 kit), 0.5 µM dT-ACP2 173 

[5'CTGTGAATGCTGCGACTACGATXXXXX(T)15-3'], 1x SeeAmp
TM

ACP
TM

 Master 174 

Mix, and 4 µl of distilled water, for a final volume of 20 µl. PCR conditions were as 175 

follows: preheating at 94 
o
C for 5 min, 50 

o
C for 3 min and 72 

o
C for 1 min for a single 176 

cycle, followed by 40 cycles of 94 
o
C for 40 s, 65 

o
C for 40 s, and 72 

o
C for 40 s, after 177 

which extension was performed at 72 
o
C for 5 min.  178 

  The PCR products were then electrophoresed on 2.0% agarose gel and stained with 1 179 

µg/ml ethidium bromide. Potential differentially expressed genes (DEGs) were 180 

identified and excised from the agarose gels with a clean scalpel and purified using 181 

MagExtractor
TM

 -PCR & Gel Clean up- (TOYOBO CO., LTD., Japan). The amplified 182 

potential DEG inserts were cloned into the T-vector pMD20 (TaKaRa Bio. Inc., Japan), 183 

and their sequences were determined by performing a dideoxy chain termination with 184 

M13M4 or M13RV primer on an Applied Biosystems 3130-Avant Genetic Analyzer 185 

(Life Technologies Japan Co., Ltd., Japan) using the BigDye Terminator v3.1Cycle 186 

Sequencing Kit (Life Technologies Japan Co., Ltd.). 187 

Page 9 of 31

URL: https://mc.manuscriptcentral.com/thsb  E-mail: THSB-peerreview@journals.tandf.co.uk

The Journal of Horticultural Science & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

  9

  Clone identity was determined according to sequence homology with the National 188 

Center for Biotechnology Information (NCBI) database using the Basic Local 189 

Alignment Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/). The BLASTX 190 

algorithm was used for similarity searching against the translated amino acid sequences 191 

in the database. 192 

 193 

Expression analyses (RT-PCR) 194 

  RT-PCR was performed using Ex Taq HS (TaKaRa Bio. Inc., Japan). The primer sets 195 

for the expression analysis are listed in Table 1. MdActin was used as a housekeeping 196 

gene to calculate the relative expression. PCR conditions were as follows: initial heating 197 

at 98 
o
C for 1 min, followed by 28 cycles for MdMYB1R1, 36 cycles for MdNECD1, 30 198 

cycles for MdMYB110a, and 30 cycles for MdActin, each consisting of 98 
o
C for 10 s, 199 

60 
o
C for 10 s, and 72 

o
C for 20 s. 200 

 201 

ABA treatment 202 

  Fruits of ‘JPP35’ and ‘Nakano no Kirameki’ were harvested at 90 DAFB in 2015 and 203 

2016. All of the fruits were cut into two portions: one was used as the control, and the 204 

other was used for ABA treatment. For ABA treatment, the cut surface of side was 205 

dipped into a mixture of 2.5 mM ABA (Sigma, USA) solution containing 0.6% 206 

methanol and 1% (v/v) Tween 20 and 2.5 mM fluridone containing 10% methanol and 207 

1% (v/v) Tween 20. The sample was then left to stand for 96 hours at 17 
o
C under dark 208 

conditions. A 2-mm cut of flesh from the dipped surface was removed, and a 3-mm cut 209 

of flesh from the cut section was used for analysis. 210 

 211 
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RESULTS AND DISCUSSION 212 

Ethylene and ethylene inhibitor treatment do not induce either MdMYB110a expression 213 

or flesh pigmentation in type 2 red-fleshed apples 214 

  Previously, we have clarified that pigmentation in the cortex of type 2 red-fleshed 215 

apples begins during the immature stage and increases with fruit maturity (Umemura et 216 

al., 2011). The red flesh pigmentation of type 2 apples progresses without ultraviolet 217 

rays, which are essential for the development of red skin color by upregulation of 218 

MdMYB1 (Umemura et al., 2011). Because increases in ethylene and ABA occur during 219 

fruit maturation for climacteric and non-climacteric fruit, respectively, ethylene 220 

synthesis is essential for apple fruit ripening. Therefore, we first focused on ethylene as 221 

a trigger for upregulation of MdMYB110a. 222 

  We investigated the expression pattern of MdACO1, responsible for ethylene 223 

production, and MdMYB110a to determine the correlation between ethylene production 224 

and MdMYB110a upregulation. For all of the analyzed type 2 red-fleshed apples, except 225 

for ‘Rose Pearl’, both genes expressed in the flesh at some point between 90 and 120 226 

DAFB, likely just before coloring time (Supplemental Fig. S2). In case of ‘Rose Pearl’, 227 

the expression of MdACO1 was earlier than that of MdMYB110a. To confirm the 228 

upregulation of MdMYB110a by ethylene, we conducted ethylene treatment using 229 

‘Nakano Shinku’ and ‘Nakano no Kirameki’ fruits at 90 and 105 DAFB. Both fruit 230 

pigmentation and MdMYB110a expression were not observed in fruits at 90 DAFB 231 

(results not shown). For fruits at 105 DAFB, expression of MdMYB110a associated with 232 

that of MdACO1 was observed in both the control and ethylene treatment conditions 233 

(Fig. 1 A, B and D, E), but fruit pigmentation was not observed. Moreover, expression 234 

of MdMYB110a without MdACO1 expression under the 1-MCP treatment was detected 235 

Page 11 of 31

URL: https://mc.manuscriptcentral.com/thsb  E-mail: THSB-peerreview@journals.tandf.co.uk

The Journal of Horticultural Science & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

  11

in ‘Nakano no Kirameki’ flesh at 10 days after 1-MCP treatment (Fig. 1 F), and little to 236 

no induction of MdMYB110a was observed at 40 days after 1-MCP treatment, at which 237 

point ethylene production may restart (Fig. 1 C and F). Although we analyzed the 238 

contribution of exogenous ethylene against the upregulation of MdMYB110a, the 239 

correlation between ethylene production and MdMYB110a expression was unclear. 240 

 241 

Cloning of genes using chimeric colored fruits through the differential display method 242 

  Because no pigmentation of flesh and unclear upregulation of MdMYB110a by 243 

ethylene were observed in the previous experiments, ethylene appeared not to be a clear 244 

trigger for flesh pigmentation. We then used a fruit of ‘Nakano Shinku,’ which has red 245 

and white flesh color on opposite sides, to isolate the genes responsible for 246 

pigmentation besides MdMYB110a (Fig. 2A). 247 

  As shown in Fig. 2B, the expression level of MdMYB110a in the red part was 248 

significantly higher than that in the white part. From this result, we expected that the 249 

expression level of other genes related to flesh coloring would also be upregulated, and 250 

we conducted differential display analysis to isolate the genes specifically expressed in 251 

the red part of the flesh. We succeeded in isolating four DEG bands of 250 bp, 500 bp, 252 

600 bp, and 500 bp, which corresponded to transcription factor MYB1R1-like 253 

(XM_008362597), protein MIZU-KUSSEI 1-like (XM 008353781), vacuolar protein 254 

sorting-associated protein 2 homolog 1 (XM 008390315), and 255 

enoyl-[acyl-carrier-protein] reductase [NADH], chloroplastic-like (XM 008352051), 256 

respectively. We investigated the relationships of the expression pattern of MdMYB1R1 257 

with those of the gene for 9-cis-epoxycarotenoid dioxygenase (MdNECD1) responsible 258 

for ABA biosynthesis, and MdMYB110a, because the genes of MYB1R1-like and 259 
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protein MIZU-KUSSEI 1-like are known to be induced by ABA (Shin et al., 2011; 260 

Miyazawa et al., 2012). As shown in Fig. 3, expression of all genes was detected only in 261 

the red part of the fruits. Moreover, we found an ABRE motif, an ABA responsive 262 

element, at 1.4 kbp upstream, likely in the promoter region of MdMYB110a (Table 1). 263 

Based on these results, we investigated the degree of upregulation of MdMYB110a by 264 

ABA treatment. 265 

 266 

Change of color and RNA expression levels of MdMYB110a and biosynthetic genes 267 

responsible for phenolic compounds in the cortex of type 2 red-fleshed apples by ABA 268 

treatment 269 

  After we succeeded in isolating ABA response genes using the differential display 270 

method, we focused on ABA as a trigger of pigmentation. As shown in Fig. 4, 271 

upregulation of MdMYB110a occurred in the flesh of ABA treatment fruits, and 272 

anthocyanin accumulation was higher than in the control, suggesting that ABA may 273 

induce MdMYB110a expression. The elevated expression pattern of NCED1, which 274 

catalyzes the first step in the ABA biosynthesis pathway, from 90 to 120 DAFB in the 275 

flesh of ‘Nakano Shinku’ and ‘Nakano no Kirameki’ fruits was in accordance with that 276 

of MdMYB110a (Fig. 5). ABA is responsible for the ripening and/or pigmentation of 277 

both non-climacteric and climacteric fruits, such as tomato and peach (Sun et al., 2012a, 278 

b; Zhang et al., 2009a). However, its role in apple is unclear, despite the ABA 279 

accumulation in white-fleshed apples that occurs from late maturity to harvesting time 280 

(Vendrell & Buesa, 1989; Lara & Vendrell, 2000). In the case of type 2 red-fleshed 281 

apples, our experimental data suggest that expression of MdMYB110a may be induced 282 

by ABA; previous research has found that the expression of PacMYB10 and LcMYB, 283 
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responsible for the pigmentation of cherry flesh and lychee skin, respectively, is 284 

induced by ABA (Lai et al., 2014; Shen et al., 2014). 285 

  In the climacteric fruits tomato and banana, ABA has been shown to increase before 286 

the increase of ethylene, and exogenous application of ABA has been shown to induce 287 

ethylene through the biosynthesis genes (Jiang et al., 2000; Zhang et al., 2009b). 288 

However, because no upregulation by ethylene treatment was observed in red-fleshed 289 

apples, MdMYB110a upregulation induced by ABA may not occur through the ethylene 290 

pathway. Instead, jasmonic acid (JA) may be related to anthocyanin accumulation 291 

through the upregulation of MdMYB110a. Previous research has shown that ABA 292 

treatment of discs from the pulp of ‘Tsugaru’ apples at the climacteric stage results in 293 

increased JA concentration (Kondo et al., 2001). In addition to the ABA motif, the JA 294 

response motif was also found in the 5ʹ upstream region of MdMYB110a (Table 1), and 295 

we observed increased and decreased expression levels of MdMYC2 and MdJAZ2, 296 

respectively, after ABA treatment of the flesh of ‘Nakano no Kirameki’ (Fig. 6). The 297 

results seemed to reflect JA accumulation by ABA in type 2 flesh because MdMYC2 298 

transcripts, which act as a master regulator of JA signaling, have been shown to be 299 

induced by methyl jasmonate treatment, and MdJAZ2 protein acts as a repressor protein 300 

in the JA signaling pathway (Kondo et al., 2001; An et al., 2016). To prove that 301 

MdMYB110a is upregulated by JA, an experiment with JA treatment is necessary. 302 

   303 
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Figure legends 450 

 451 

FIG. 1 Expression profiles of MdMYB110a and MdACO1 on ‘Nakano Shinku’ (A, B, C) 452 

and ‘Nakano no Kirameki’ (D, E, F) flesh after ethylene (B, E) and 1-MCP (C, F) 453 

treatment. Control of no treatment was shown on A and D. DAT, days after 454 

treatment. 455 

FIG. 2 A: Fruits of ‘Nakano Shinku’ used for differential display analysis. B: 456 

Expression level of MdMYB110a at red and white parts of ‘Nakano Shinku’. Error 457 

bars indicate the standard deviations (n = 3). 458 

FIG. 3 Expression analyses of MdMYBR1, MdNECD1 and MdMYB110a at red and 459 

white parts of ‘Nakano Shinku’ flesh. MdActin was used as control. 460 

FIG. 4 Corelation between antyocyanin accumulation and MdMYB110a expression by 461 

ABA treatment. Flesh of ‘JPP35’ (A) and ‘Nakano no Kirameki’ (B) were kept 96 462 

hours at 17
o
C with (circle) or without (square) ABA treatment. 463 

FIG. 5 Expression profile of MdNECD1 and MdMYB110a on flesh of ‘Nakano Shinku’ 464 

and ‘Nakano no Kirameki’ at 90, 120, 150 and 180 DAFB. 465 

FIG. 6 Expression of MdMYC2 and MdJAZ2 on ‘Nakano no Kirameki’ after ABA 466 

treatment. Flesh of ‘Nakano no Kirameki’ was kept 96 hours at 17
o
C with (ABA 467 

treatment) or without (control) ABA treatment. 468 

 469 

 470 
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Kirameki’ (D, E, F) flesh after ethylene (B, E) and 1-MCP (C, F) treatment. Control of no treatment was 

shown on A and D. DAT, days after treatment.  
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Fig. 2. Fruits of ‘Nakano Shinku’ used for differential display analysis. B: Expression level of MdMYB110a at 
red and white parts of ‘Nakano Shinku’. Error bars indicate the standard deviations (n = 3).  
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FIG. 3. Expression analyses of MdMYBR1, MdNECD1 and MdMYB110a at red and white parts of ‘Nakano 

Shinku’ flesh. MdActin was used as control.  
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FIG. 4. Corelation between antyocyanin accumulation and MdMYB110a expression by ABA treatment. Flesh 

of ‘JPP35’ (A) and ‘Nakano no Kirameki’ (B) were kept 96 hours at 17°C with (circle) or without (square) 

ABA treatment.  
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FIG. 5. Expression profile of MdNECD1 and MdMYB110a on flesh of ‘Nakano Shinku’ and ‘Nakano no 

Kirameki’ at 90, 120, 150 and 180 DAFB.  
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FIG. 6. Expression of MdMYC2 and MdJAZ2 on ‘Nakano no Kirameki’ after ABA treatment. Flesh of ‘Nakano 

no Kirameki’ was kept 96 hours at 17°C with (ABA treatment) or without (control) ABA treatment.  
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SUPPLE Figure legends 

 

SUPPLE FIG. S1 Experimental design for the ethylene and 1-MCP treatment. 

SUPPLE FIG. S2 Expression profile of MdMYB110a and MdACO1 on flesh of ‘Nakano 

Shinku’ (A), ‘Nakano no Kirameki (B), ‘Ruby Sweet’ (C) and ‘Rose Pearl’ (D) at 

(60), 90, 120, 150 and 180 DAFB. 
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