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Abstract Since apple fruit skin reddens poorly

under warmer climates, new apple cultivars are

desired that are adapted to global warming in terms

of bearing well-reddened fruit. We developed a simple

sequence repeat marker, Mdo.chr9.4, which is suit-

able for red skin color selection. It amplified four

alleles (Mdo.chr9.4-R0, Mdo.chr9.4-Y-3, Mdo.chr9.4-

Y-9, and Mdo.chr9.4-Y-15) distinguished by length.

Mdo.chr9.4-R0 associated with MdMYB1-1 which con-

fers red fruit skin. The presence of Mdo.chr9.4-R0 was

consistent with empirical skin color in all 160 tested

accessions. Mdo.chr9.4 was identified as the only

significant marker that contributed to red skin color

intensity by a genome wide association study (GWAS),

and it accounted for 52.0% of phenotypic variation,

confirming that MdMYB1 was the major and principal

determinant of fruit skin color in apples. Individuals with

a homozygous state of Mdo.chr9.4-R0 (dose 2) were

significantly redder than those showing a heterozygote

state (dose 1) in both the accession set and full-sib

families, indicating a partially dominant effect of

MdMYB1-1. Therefore, the selection of dose 2 individ-

uals would target individuals with intensive red skin. We

applied Mdo.chr9.4 to several application populations

using a time and cost-efficient genotyping system

developed in the present study. This system, along with

Mdo.chr9.4, provide advanced marker-assisted breedingElectronic supplementary material The online version of
this article (doi:10.1007/s10681-017-1864-x) contains supple-
mentary material, which is available to authorized users.
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for intensive red skin color apples adapted to a global

warming climate.

Keywords Anthocyanin � Fruit color � Genome-

wide association study � Marker-assisted selection �
Quantitative trait

Introduction

The red skin color of apples is one of the major

determinants of consumer preference; generally, peo-

ple prefer intensive and broadly-covered red skin. Such

fruit is traded at a higher price than poor-colored fruit as

a reflection of market acceptance. Therefore, achieving

good coloration on fruit skin is a major interest for both

fruit producers and markets. However, recently, in the

context of global warming, high temperature causes

poor coloration, especially on early harvested cultivars

(Lin-Wang et al. 2011). Possible solutions may include

treatments for skin coloration (Ju et al. 1999; Iglesias

et al. 2005) and replanting orchards with new cultivars

whose fruits are intensive red under warmer climates.

Therefore, it is desirable to develop new apple cultivars

that are adapted to a warm climate in terms of bearing

fruit with an intensive red skin.

The red coloration in apple skin is mainly due to an

accumulation of anthocyanin. It is controlled by two

categories of genes, including enzymatic genes such as

structural biosynthetic genes and regulatory genes

such as transcription factors. Among them, MdMYB1/

A/10, an R2R3 MYB transcription factor, has been

reported to be a key regulator (Takos et al. 2006; Ban

et al. 2007; Espley et al. 2007). An allele specific PCR

concluded that these three genes are allelic (Lin-Wang

et al. 2010). Thus, from this point forwardMdMYB1 is

used as their representative name in this study.

There are at least four alleles in MdMYB1 (Takos

et al. 2006). Three of them (MdMYB1-1, MdMYB1-2,

andMdMYB1-3), calledR1 types, play a role in fruit skin

coloration,whereas the rest (MdMYB10), calledR6 type,

confers red flesh along with almost the entire tree, such

as fruit skin and foliage (Espley et al. 2009). Among the

R1 type alleles,MdMYB1-1 is the only allele associated

with the red skin color phenotype.MdMYB1-1 behaves

as a dominant factor for fruit skin color; thus, individuals

that are heterozygous (dose 1) or homozygous (dose 2)

ofMdMYB1-1 bear red skinned fruit, whereas those that

are a null state (dose 0) bear yellow or sometimes green

skin. Despite the fact that there are no functional

differences among the MdMYB1-1, MdMYB1-2, and

MdMYB1-3 translation products, the expressions of

MdMYB1-2 andMdMYB1-3 are so little that they confer

a yellow skin (Takos et al. 2006).

To date, there have been several DNA markers that

discriminate MdMYB1-1 from MdMYB1-2 to

MdMYB1-3 (Takos et al. 2006; Yuan et al. 2014;

Zhang et al. 2014). However, there were inconsisten-

cies between genotype and phenotype, even in major

well-known green cultivars such as ‘Granny Smith’.

Therefore, new DNA markers that correctly distin-

guish MdMYB1 alleles are desired.

By applying the dominant model described above,

distinguishing between MdMYB1-1 dose 1 and 2

individuals from dose 0 can achieve a marker-assisted

selection (MAS) for skin color to obtain a red-skinned

apple in breeding. However, an application in a practical

breeding population found individuals that had incon-

sistent genotype and phenotype (Zhu et al. 2011).

Moreover, in addition to the selection of such individ-

uals, selection of intensive red-skinned individuals is of

interest because they are considered to adapt well to a

warm climate. While a genome wide association

(GWA) approach has already been attempted for fruit

color in apples (Kumar et al. 2013; Lozano et al. 2014;

Migicovsky et al. 2016), they did not focus on skin color

intensity in detail. Therefore, the identification of the

genetic factors that control skin color intensity is of

interest to achieve an advanced MAS for skin color.

To apply MAS in practical breeding, several trials

to optimize various protocol steps have been per-

formed, including seedling nursing, DNA extraction,

and marker detection (Baumgartner et al. 2016; Edge-

Garza et al. 2014; Chagné et al. 2016). However, the

proposed MAS protocols need transplanting before

genotyping (Baumgartner et al. 2016; Edge-Garza

et al. 2014) and use harmful reagents such as liquid

nitrogen (Edge-Garza et al. 2014). Therefore, they

should be further improved for their efficiency and be

optimized in our breeding scheme.

The aim of our study was to develop a MAS system

to select individuals that had an intensive red skin

color. We tried to identify the genetic factors that

control skin color using the GWA approach and

developed a DNA marker that could be routinely used

in MAS. Lastly, we developed a high-throughput and

cost-efficient genotyping system and applied it to our

breeding program.
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Materials and methods

Plant materials and DNA extraction

One hundred sixty apple accessions, hereafter the

accession set (AS), were used for genome wide

association study (GWAS; Table 1; Online Resource

1). Parental information of AS is available in Kunihisa

et al. (2016). Five full-sib families (FSs) composed of

218 individuals in addition to AS were used for the

dose effect validation (Table 2). Trees were planted in

the orchard of the Apple Research Station, Institute of

Fruits Tree and Tea Science, National Agriculture and

Food Research Organization, Japan and grafted on

dwarfing rootstocks e.g., JM1, JM7, JM8, M.9A, M.9

EMLA, M.26, and M.26 EMLA. They were treated

and pruned the same way as in commercial fruit

production in Japan. Genomic DNA was extracted by

a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany)

or automated DNA extraction machine PI-50a (Kur-

abo, Osaka, Japan).

Five application families (AFs) composed of 872

individuals were used for obtaining a proof of concept

of the genotyping system (Table 3). These crosses were

made in May. Obtained seeds were sown in Jiffy 7 peat

pellet (Jiffy International AS., Kristiansand, Norway) in

a greenhouse the followingMarch. They were placed in

an 8 lines 9 12 rows format in plastic trays in order to

imitate the format of a 96-well PCR plate. Genomic

DNAwas extracted from seedlings at the 1–3 leaf stage

by a simple method described by Thompson and Henry

(1995), with some modifications. Namely, approxi-

mately a 2 mm2 area of young leaf tips were collected

and placed in the corresponding wells of a 96-well PCR

plate. Collected leaves were stored at-80 �C until use.

Then, 25 ll of a template preparation solution

[100 mM Tris–HCl (pH 9.5), 1 M KCl, 10 mM EDTA

(pH 8.0)] was added to eachwell followed by heating to

95 �C for 10 min. Samples were diluted with 100 ll
distillated water and a 1 ll of diluted solution was

immediately used as PCR templates.

Fruit color evaluation

The red skin color was evaluated for at least one and at

most 25 years depending on the genotype. For eval-

uation, two well-colored fruits per genotype were

harvested when the fruit ground color at the calyx end

turned to a yellowish-green or yellow, as described by

Kunihisa et al. (2014). Then, the fruit over color (OC)

and percent of fruit surface that was red (i.e., percent

over color; POC) were evaluated by an ordinal scale

(1–5; Online Resource 2), which gave an average

score for one genotype. The year effect was calculated

by the ‘‘effect’’ command in the R package ‘‘Effect,’’

then the adjusted mean was calculated from adjusted

yearly data. Because of this adjustment, some data

points exceeded the value 5. The overall color

intensity (OCI) assumed that the total amount of

anthocyanin in fruit skin was determined by the

following formula,

Table 1 Genotypes of the simple sequence repeat marker Mdo.chr9.4 and skin color phenotype in representative accessions

Accession Genotype of Mdo.chr9.4a Phenotypec Overcolor Percent overcolor Over color intensityb Years tested

Jonathan R0/R0 Red 4.57 4.09 18.69 9

Ralls Janet R0/R0 Red 3.18 3.60 11.43 5

Gala R0/Y-3 Red 3.30 3.27 10.77 3

Starking delicious R0/Y-15 Red 4.36 4.90 21.36 4

Fuji R0/Y-15 Red 2.95 4.20 12.37 25

Indo Y-3/Y-3 Green 1.97 1.56 3.07 7

Golden delicious Y-3/Y-15 Yellow 1.03 1.08 1.11 7

Granny Smith Y-3/Y-9 Green 1.02 0.92 0.93 5

The full list of genotypic/phenotypic data is shown in the Online Resource 1
a Observed length; Mdo.chr9.4-R0: 157 bp, Mdo.chr9.4-Y-3: 154 bp, Mdo.chr9.4-Y-9: 148 bp, Mdo.chr9.4-Y-15: 142 bp
b Over color intensity was determined by the over color score multiplied by the percent over color score
c Photographs of these cultivar phenotypes are provided in Online Resource 4
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OCIi ¼ OCi � POCi

where OCIi, OCi and POCi are fruit coloration scores

of ith genotype. We considered OCI as an index of

ability of red coloration in this study.

Development of a DNA marker flankingMdMYB1

The sequence of contig MDC013323.319 (chr9:29,465,

538.29,488,265 according to the apple genome version

1; Velasco et al. 2010) on which MdMYB1

(MDP0000259614; chr9:29,471,894.29,475,878) was

located, was downloaded from the genome database

for Rosaceae (GDR; Jung et al. 2014) and was

subjected to simple sequence repeat (SSR) search by

BatchPrimer3 (You et al. 2008). Primer sequences

were designed from the flanking sequence of

AAT7 ? AAT4 repeats located 12.3kbp downstream

from the transcription start site of MdMYB1 as

Mdo.chr9.4 (Mdo.chr9.4-F:TGTTGAGTTTATGAT-

GAATATTTTGAA, Mdo.chr9.4-R gtttcttGCTTCCA

GAAGTAAGACTTAAATCCA. Small cases indicate

a pigtail sequence). Amplification of this marker was

performed according to Moriya et al. (2012) and was

detected with an automated sequencer CEQ8000

(Beckman Coulter). Its genomic position was inves-

tigated by the linkage mapping approach using a

Table 2 Overall color intensity difference based on the dose of Mdo.chr9.4-R0 in full-sib families

Populations Dose of Mdo.chr9.4-R0 No. of plants Over color intensity

Mean Maximum Minimum

Fuji 9 Hatsuaki 0 19 3.34 aa 14.74 1.18

1 30 13.62 b 17.81 2.07

2 27 14.92 b 27.25 9.48

Fuji 9 Tsugaru 0 8 2.08 a 5.23 0.71

1 21 11.90 b 16.45 4.93

2 6 14.75 b 23.45 8.08

Fuji 9 Kotaro 1 13 13.25 a 16.92 9.48

2 6 15.95 a 21.45 13.14

Hatsuaki 9 Megumi 1 30 12.74 a 24.08 1.49

2 27 16.22 b 27.25 8.45

Sensyu 9 Kotaro 1 19 12.61 a 17.81 1.49

2 12 16.49 b 27.25 13.65

a Different letters indicate significant differences at P\ 0.05, determined by Steel–Dwass tests or Kruskal–Wallis tests

Table 3 Marker-assisted selection for skin color intensity using a simple sequence repeat marker Mdo.chr9.4

Cross Cross type Mdo.chr9.4-R0 Total v2a

Dose 2 Dose 1 Dose 0

Kotaro 9 Aikanokaori R0/R0 9 R0/Y-3 70 65 135 0.18

Morioka 58 9 Slim Red R0/Y-3 9 R0/Y-15 18 98 37 153 16.8***

Haruka 9 Aikanokaori Y-3/Y-15 9 R0/Y-3 102 132 234 3.85*

Shinano Gold 9 Aikanokaori Y-3/Y-15 9 R0/Y-3 114 80 194 5.96*

Aikanokaori 9 Morioka 71 R0/Y-3 9 Y-3/Y-15 82 74 156 0.41

Total 88 461 323 872

a Fitness to the theoretical segregation proportion by v2 tests

* Significant at the 0.05 probability level

*** Significant at the 0.0001 probability level
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segregating population composed of 137 F1 individ-

uals derived from ‘Orin’ 9 ‘Akane’ (Kunihisa et al.

2014).

Apple 20K array detection and GWAS

AS was genotyped using the 20K single nucleotide

polymorphism (SNP) array for apples (Bianco et al.

2014). Data trimming and imputation were per-

formed as described by Moriya et al. (2016).

Finally, a dataset of 16,010 SNPs was used for

downstream analyses. The markers were aligned

according to the apple genome version 2 available

from the array information (Bianco et al. 2014)

when we visualized the results. Markers aligned to

only ‘‘scaffold’’ in the array information and thus

lacking positional information were tentatively

placed to a fictive chromosome, named

chromosome ‘‘unanchored’’.

A linkage disequilibrium (LD) estimation was

performed as described by Moriya et al. (2016).

Calculation of r2 was performed using only those

markers that showed a minor allele frequency of more

than 0.05.

The GWA analysis was performed using a mixed

model (Yu et al. 2006) in MLMM software (Segura

et al. 2012) implemented in R (R Core Team 2016).

We included Mdo.chr9.4 into the GWAS scored as the

dose of the Mdo.chr9.4-R0 allele (see Results for allele

naming). We placed Mdo.chr9.4 at the end of unan-

chored chromosome. To investigate the appropriate

number of principal components (PCs) to include in

the GWAS in order to control the population structure,

a model selection analysis using GAPIT software

(Lipka et al. 2012) was performed. To select the best

number of SNP cofactors in the MLMM, extended

Bayesian information content (eBIC) was applied. The

proportion of variation explained by SNP, kinship, and

residual was obtained by the ‘‘mlmm’’ command in

MLMM software.

Statistics

All statistical procedures were conducted with R

version 3.3.0. For the Steel–Dwass test, we used a

publicly available function on a web page of Gunma

University, Japan (http://aoki2.si.gunma-u.ac.jp/R/

Steel–Dwass.html; accessed 2 September, 2016).

The quantitative effect of MdMYB1-1 was calcu-

lated using mean OCI of Mdo.chr9.4-R0 doses as an

index. The calculation was as follows:

A ¼ ðOCIdose2 � OCIdose1Þ=2

and

D ¼ ðOCIdose1 � OCIdose0Þ � A

then, the level of dominance was determined by

looking at D/A. D/A = 1: complete dominance,

0\D/A\ 1: incomplete dominance, D/A[ 1:

overdominance.

Results

Characteristics of Mdo.chr9.4

Mdo.chr9.4 showed polymorphism in the alleles of

‘Orin’ and was mapped at the bottom of linkage group

9 where we designed this marker (Online Resource 3).

Thus, it was confirmed that Mdo.chr9.4 amplified a

sequence close to MdMYB1. Mdo.chr9.4 amplified

four alleles distinguished by length. In major cultivars

and founders, the red skin color phenotype was only

associated with the 157 bp allele designed as

Mdo.chr9.4-R0 (Table 1; Online Resource 4). There-

fore, Mdo.chr9.4-R0 was associated with MdMYB1-1

that confers red coloration in fruit skin. We then

designated the other alleles as follows: amplified

alleles of 154, 148, and 142 bp were named

Mdo.chr9.4-Y-3, Mdo.chr9.4-Y-9, and Mdo.chr9.4-

Y-15, respectively. These three alleles were associated

with yellow skin color, and shorter by 3, 9, and 15 bp

than Mdo.chr9.4-R0, respectively. The Mdo.chr9.4-

Y-9 allele was observed only in ‘Granny Smith’. The

full list of genotypes is available in Online Resource 1.

Phenotypic assessment

The mean tested years for one genotype was 7.14 in

AS (Online Resource 1), whereas it was 1.34 in FS

(data not shown). The distribution of OCIs in the two

datasets showed two peaks, one corresponding to non-

red fruit-skinned individuals and the other to red fruit-

skinned individuals (Fig. 1; Online Resource 1). The

first peak consisted of individuals with dose 0 of

Mdo.chr9.4-R0, whereas the other consisted of those

Euphytica (2017) 213:78 Page 5 of 13 78
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with dose 1 and 2 (Fig. 1). The OC and POC scores

were significantly correlated (P\ 2.2 9 10-16); i.e.,

r = 0.85 and 0.75 in AS and FSs, respectively

(Fig. 2).

GWAS for color traits

The LD decay in AS (Online Resource 5) suggested

that our diversity panel had a similar LD pattern to that

of Moriya et al. (2016). All accessions used in Moriya

et al. (2016) were common to the present study. To

clarify the genomic regions that affected red skin color

intensity and estimate their contribution, we per-

formed a GWAS for OCI. The model selection

analysis based on the Bayesian information criterion

(BIC) calculated using GAPIT software revealed that

including no PC in the analysis model was the best.

Thus, we performed GWA without PCs but under the

control of familial relatedness by kinship matrix as

was seen in Kumar et al. (2013) who suggests

relatedness was sufficient to account for population

structure in apple. At first, the SNP RosBREEDSN

P_SNP_GT_33056483_Lg9_01200_MAF50_MDP00

00254312_exon19 (rs267612505, at chr9:29,696kbp,

according to the apple genome version 1) was identi-

fied as the most significant marker (data not shown).

However, this SNP showed only two classes, i.e., only

AA and AB genotypes existed. The comparison of

genotypes between this SNP and Mdo.chr9.4 revealed

that AA genotypes comprised the Mdo.chr9.4-R0 dose

0 accessions, and AB genotypes comprised those of

dose 1 and 2, suggesting that the association was

overestimated for this SNP, since it neglected the

allelic composition nature of MdMYB1. Thus, we

excluded this SNP from the dataset and analyzed GWA

again. A revised GWA analysis identified one associ-

ation on unanchored chromosome (Fig. 3). The most

significant marker was Mdo.chr9.4, scored as the dose

of Mdo.chr9.4-R0. Mdo.chr9.4 explained 52.0% of the

phenotypic variation. To elucidate the dose effect of

Mdo.chr9.4-R0, the relationship of the dose of

Mdo.chr9.4-R0 and OCI was investigated using both
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AS and FSs. Significant differences in OCI were

identified in all dose pairs (0–1, 0–2, and 1–2) in the

two datasets (Fig. 1). The comparisons within FS

found that the dose 0–1 and 0–2 differences were

always significant, whereas the dose 1–2 differences

were significant in two (‘Hatsuaki’ 9 ‘Megumi’ and

‘Sensyu’ 9 ‘Kotaro’) out of the five FSs (Table 2).

However, average, minimum, and maximum OCIs

were all higher in dose 2 subgroups than in dose 1 in all

the FSs. Quantitative effect calculation resulted in

detection of semidominant effect of MdMYB1-1 for

OCI in both AS and FSs, i.e., D/Awere 0.74 and 0.56 in

AS and FSs, respectively.

The GWAS for OC and POC identified one associ-

ation for each (Online Resource 6). Mdo.chr9.4

explained 55.1% of the phenotypic variation and

SNP_FB_0819307 (rs796058851, at MDC004836.412

chr9:30,440,192.30,463,669) explained 51.6% of the

phenotypic variation and were the most significant for

OC and POC, respectively. For the POC analysis step

0 that did not take account of the SNP cofactor in the

model, Mdo.chr9.4 was the second most significant

(data not shown). The r2 between those markers was

0.84, and the physical distance was approximately

500 kb, according to the apple genome version 1.

Thus, we considered that this SNP reflected the

association of MdMYB1 and skin color. However,

SNP_FB_0819307 showed critical inconsistencies

between genotype and phenotype in two accessions,

i.e., ‘Hida’, a red cultivar, showed a null state of the

red coloration allele and ‘Gold Rush’, a yellow

cultivar, showed a heterozygous state of the red

coloration allele. These inconsistencies could have

been caused by a recombination between MdMYB1

and SNP_FB_0819307 during meiosis. OC and POC

differences for all Mdo.chr9.4-R0 dose pairs were

significant in the two datasets, except for the dose 1–2

difference for POC in AS (P = 0.53; Fig. 2).

Validation for a marker detection system

in the breeding program

We performed genotyping for Mdo.chr9.4 on AFs in

order to demonstrate the validity of our marker

detection system for breeding use (Table 3; Online

Resource 7). The system comprised formatted nursing

and crude DNA extraction from very young seedlings

that resulted in an efficient and successful discrimi-

nation of the Mdo.chr9.4-R0 dose. In two of the five

FSs, segregation distortion from the expected propor-

tion was observed (Table 3).

Discussion

Allelic composition of Mdo.chr9.4 is associated

with red skin color intensity

In the present study, we developed Mdo.chr9.4, which

succeeded in MdMYB1 allele discrimination

(Table 1). We identified the only association at the

bottom of chromosome 9 on which MdMYB1 was

located (Fig. 3), confirming the role of MdMYB1 for

apple fruit skin coloration. Moreover, we also
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developed an efficient genotyping system to apply on

seedlings in breeding toward intensive red skin color

(Tables 2, 3).

In previous studies, the DNA markers available for

skin color selection showed inconsistencies between

the phenotype and genotype, even in major cultivars,

suggesting that they do not sufficiently capture allelic

variations of MdMYB1 and were insufficient to

distinguish the polymorphism or to be used in practical

breeding. On the other hand, Mdo.chr9.4 captured

allelic variations at least whether an allele has

reddening ability, although it is also incomplete

inventory of the MdMYB1 alleles. For example, a

derived cleaved amplified polymorphic sequence

(dCAPs) marker developed from the SNP located

-1664 bp from the transcription start site ofMdMYB1

identified the allele associated with MdMYB1-1 in

‘Granny Smith,’ a green skinned cultivar (Takos et al.

2006; Zhu et al. 2011). In order to solve this

inconsistency, Zhu et al. (2011) proposed that the

MdMYB1-4 dCAPS allele amplified the equivalent

length to MdMYB1-1 but did not confer anthocyanin

accumulation. We identified Mdo.chr9.4-Y-9 from

‘Granny Smith’ that can be differentiated from

reddening allele and may be associated with

MdMYB1-4 (Tables 1, 4). Additionally, genotypes of

‘Cripps’ Pink’ (MdMYB1-1/MdMYB1-3; Mdo.chr9.

4-R0/Mdo.chr9.4-Y-15) and ‘Golden Delicious’

(MdMYB1-2/MdMYB1-3; Mdo.chr9.4-Y-3/Mdo.chr9.

4-Y-15) allow us to infer that MdMYB1-2 and

MdMYB1-3 are associated with Mdo.chr9.4-Y-3 and

Mdo.chr9.4-Y-15, respectively. Another example is

that sequencing of 700 bp promoter region around

-1600 bp of MdMYB1 (Yuan et al. 2014) identified

MdMYB1-1 in ‘Indo,’ which bears green with slightly

red brushed fruit (Table 4; Supplementary Fig. S2).

On the other hand, Mdo.chr9.4 identified homozygous

state of Mdo.chr9.4-Y-3 in ‘Indo,’ being consistent

with its skin color. This fact, additionally, also

suggested that Mdo.chr9.4-Y-3 associated with sev-

eral MdMYB1 alleles. Detailed association between

MdMYB1 and Mdo.chr9.4 should be confirmed by

following study.

Chagné et al. (2016) proposed the SNP

ss475879531 as a selective marker for MdMYB1;

however, it is located 878 kb upstream of MdMYB1

according to the Apple genome version 1. A certain

physical distance between the marker and gene of

interest could raise a recombination between them, as

we observed at SNP_FB_0819307. On the other hand,

Mdo.chr9.4 was located only 8.3 kb away from

MdMYB1, suggesting less risk of recombination than

ss475879531 SNP. Consequently, Mdo.chr9.4 could

currently be the best DNA marker to distinguish

MdMYB1 polymorphism.

It is noteworthy that theOCI of dose 2 individuals was

significantly greater than that of dose 1 individuals,

which was however closer from dose 2 individuals than

from dose 0 individuals, indicating a partially dominant

effect of MdMYB1-1 (Fig. 1). These results indicated

thatMdMYB1was themajor and principal genetic factor,

not only as a red skin color determinant, but also of the

red intensity variation in apples. Thus, the selection of

Mdo.chr9.4-R0 dose 2 individuals was expected to result

in the selection of individuals with an intense red

coloration. This finding is consistent with the observation

ofChagné et al. (2016). To the best of our knowledge, the

quantitative effect of the MdMYB1-1 allele on red skin

color intensity was surely clarified for the first time. The

quantitative effect ofMYB-related genes on anthocyanin

accumulation was also reported in the berry skin color of

grapevine (Azuma et al. 2008, 2011). Although a wide

range of skin color was investigated, the expression level

of MdMYB1 and skin color are positively correlated

(Takos et al. 2006; Ban et al. 2007; Espley et al. 2007),

suggesting that the different expression level among

doses contribute to skin color intensity formation. To

understand the common genetic and environmental

control in anthocyanin accumulation in fruit, the mech-

anism behind these quantitative effects needs to be

clarified.

Although fruit color is generally recognized as

qualitative and dominantly inherited trait (Brown

2012), the OCI in our FSs was distributed continu-

ously (Fig. 1b). Zhu et al. (2011) also observed a

continuous distribution of skin color and incongru-

ences of skin color and marker genotype in several

individuals in two breeding populations. These obser-

vations match to breeder’s insight that apple skin color

is rather quantitative trait than qualitative. Because of

a large contribution of MdMYB1 to phenotypic

variation, simplified binary phenotyping approach

taken in previous studies (Cheng et al. 1996; Takos

et al. 2006) may have worked well. Continuous

distribution of skin color may be originated from the

accumulation of small-effect genetic factors which

affect skin color even though a certain dose of

Mdo.chr9.4 exists. These small-effect genetic factors
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are also likely to contribute to the OCI distribution

within the same dose groups of Mdo.chr9.4-R0.

However, it could be obvious that these small-effect

genetic factors did not severely affect the fruit color

because the proportion of individuals that showed an

inconsistency was small (Fig. 1). The non-significant

difference for OCI between dose 1 and 2 individuals in

the three FSs may have been caused by the small

number of investigated individuals and unprecise

estimation of genotypic value due to the lower number

of replications in the phenotypic assessment. Conse-

quently, in the context of breeding, the selection of

individuals with one or two doses of Mdo.chr9.4-R0,

which was associated with the MdMYB1-1 allele

coffering red skin coloration in fruits, allows us to

choose those bearing red-skinned fruit. To obtain

individuals with an intensive red skin color, it could be

effective to select dose 2 individuals. Taken together,

codominant marker, Mdo.chr9.4, along with AS and

FSs enabled further discrimination of skin color within

red skinned individuals, identifying that MdMYB1-1

dosage drives overall skin color intensity.

The high correlations between OC and POC

(Fig. 2) suggested that the more intensive the red

fruit, the broader the red-covered fruit surface while

both traits were mainly controlled by MdMYB1.

Additionally, individuals bearing well-colored fruit

could be obtained even from the dose 1 subgroup by

phenotypic selection. The non-significant difference

for the POC between Mdo.chr9.4-R0 dose 1 and 2

individuals in AS was probably explained by the

influence of selection for skin color in the breeding

process. Our AS mainly consisted of modern Japanese

elite apple cultivars that have been intensively selected

for their red skin. The selection resulted in the

elimination of apples showing moderate coloration

in terms of POC, causing a different distribution

compared to non-selected FSs (Fig. 1). Concerning

the FS dataset that was not selected for skin color, the

existence of low POC individuals in the dose 1 and 2

subgroups and the significant difference of POC

between the dose 1 and 2 subgroups supported this

hypothesis. These results suggested that, in addition to

individuals with dose 2, individuals with dose 1 could

be favorable to breed new cultivars showing a high

adaptability to a global warming climate in terms of

red skin coloration.

It has recently been revealed that epigenetic

regulation affects the expression of MdMYB1 and

alters anthocyanin accumulation. Methylation in the

MdMYB1 promoter region induced the yellow skinned

bud sport in ‘Gala’ (El-Sharkawy et al. 2015).

Demethylation also enhanced the expression of

MdMYB1-2 and MdMYB1-3 and induced anthocyanin

accumulation in ‘Mutsu,’ which was originally a

yellow/green skinned cultivar (Bai et al. 2016). These

results suggest that a causal mutation of skin redden-

ing differences inMdMYB1 could underlie expression

regulatorymechanisms located in the promoter region.

A quantitative trait locus (QTL) for skin reddening

located in the MdMYB1 region in ‘Akane’ (Kunihisa

et al. 2014), an MdMYB1-1 and Mdo.chr9.4-R0

Table 4 Relationship between MdMYB1 genotypes and Mdo.chr9.4 alleles in several accessions

Accession Gene/marker Alleles Polymorphism(s) used for

allele discriminationa
Reference

Cripps’ Pink MdMYB1 1 3 -2000 to ?4000 Takos et al. (2006)

Mdo.chr9.4 R0 Y-15 ?12363 Present study

Golden Delicious MdMYB1 2 3 -2000 to ?4000 Takos et al. (2006)

Mdo.chr9.4 Y-3 Y-15 ?12363 Present study

Granny Smith MdMYB1 2/3b 4ac -1661 Zhu et al. (2011)

Mdo.chr9.4 Y-3 Y-9 ?12363 Present study

Indo MdMYB1 1 4b -1400 to -700 Yuan et al. (2014)

Mdo.chr9.4 Y-3 Y-3 ?12363 Present study

a Nucleotide position counted from the transcription start site of MdMYB1
b Undetermined by Zhu et al. (2011) but probably MdMYB1-2
c Zhu et al. (2011) and Yuan et al. (2014) gave identical name to suspicious different alleles, thus they are suffixed with the intent of

better discrimination
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homozygous red skinned cultivar, suggests the exis-

tence of an unknown allelic variation, even in

MdMYB1-1 from natural resources. These results

imply the difficulty for developing a definitive DNA

marker that can discriminate the variation of red

intensity in detail without considering epigenetic

aspects. It could be a future challenge to identify the

causal polymorphism of MdMYB1 and to develop

definitive marker(s) for red skin color selection.

Marker detection system for use in breeding

Our marker detection system successfully distin-

guished doses of Mdo.chr9.4-R0 within five FSs,

despite the fact that two of them showed a distorted

segregation (Table 3). This system was considered to

be applicable to breeding for at least three reasons. The

first is that our seedling nursing format which imitates

a 96-well PCR plate can be adapted by most DNA

marker detection methods, such as thermal cycler,

automated DNA sequencer, and real-time PCR sys-

tem. The second is that our assessment using early

stage seedling saved time and space. It also allowed

for an easy and intact replacement of Jiffy pots in order

to remove unfavorable genotypes and seeds that did

not germinate. The third is that our DNA extraction

requires a single plate during PCR template prepara-

tion and the use of harmful chemicals such as liquid

nitrogen and chloroform is unnecessary, thanks to the

simple and crude extraction method developed by

Thompson and Henry (1995). Using only single plates

allows us to avoid any sample transfer from plate to

plate that can cause cross-contamination. Moreover, it

is cost-effective since the procedure does not need a kit

provided by a commercial company. From our

empirical view, the leaf tip collection from 96

individuals took 20 min at most and the subsequent

steps took an additional 20 min. It seems plausible that

our template preparation procedure is easier than

outsourcing (Baumgartner et al. 2016) and extraction

using silica beads (Edge-Garza et al. 2014). We

confirmed that genomic DNA prepared by our method

could be used as the template for multiplex PCR

(Moriya, unpublished), providing more value to the

system when applied to MAS for multiple traits.

However, we have not yet obtained firm result on how

long the extracted DNAmaintains its activity as a PCR

template. Thus, at the moment, we recommend that it

is used immediately after extraction. We believe that

our system currently allows the earliest and most

efficient MAS in apple breeding programs.
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