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Abstract The red skin color desired by most apple consumers
is not easy to achieve in warm climates, as the expression of
MYBI0, which regulates red pigmentation in apple, is influ-
enced negatively by high temperatures. We describe the de-
velopment and validation of a genetic marker for red skin
coloration that effectively predicts color in a warm summer
environment in Spain, as well as more temperate climates in
New Zealand and Italy. Following the determination of a
major-effect quantitative trait locus (QTL) controlling red skin
coloration on linkage group (LG)9, using four segregating
populations grown in New Zealand, and screened using the
IRSC apple 8-K single-nucleotide polymorphism (SNP) array,
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the most significant SNP marker (ss475879531) was trans-
formed into a marker suitable for use in a real-time PCR assay.
This marker was validated using five apple seedling popula-
tions growing in a warm summer environment in Spain, dem-
onstrating that the marker system efficiently predicts red skin
coloration and can be used for marker assisted selection, even
under conditions considered adverse for skin color
development.

Keywords MYBI10 - TagMan assay - Marker-assisted
selection - Anthocyanin - Malus x domestica

Introduction

The red fruit coloration of apple (Malus x domestica) deter-
mined by anthocyanin concentration is known to be controlled
both genetically and by environmental conditions, with the
MYBI1/MYBI0 transcription factor identified as the key regu-
lator for red pigmentation in the skin (MYBI) (Takos et al.
2006) and (MYB10) flesh (Espley et al. 2007). The homologs
MYBI and MYBI10 have been shown to be probably allelic
(Lin-Wang et al. 2011). MYBI10 activates the biosynthetic
genes from the anthocyanin pathway, acting as part of a pro-
tein complex with bHLH and WD40 (Baudry et al. 2004). The
expression of MYBI0 not only correlates with anthocyanin
accumulation in apple fruit skin but is also modulated by
temperature (Lin-Wang et al. 2011), indicating that MYB10
is central to the negative effect of warm summer conditions
on red color development. Candidate gene-based genetic map-
ping has located MYB10 and its associated control of red flesh
coloration at the bottom of linkage group (LG)9 (Chagne et al.
2007). A genome-wide association study has recently
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demonstrated that this locus is the principal control for fruit
skin coloration in wild and primitive apple collections (Kumar
et al. 2014), as was earlier indicated in a breeding population
(Lozano et al. 2014). Although a cleaved amplified polymor-
phic sequence (CAPS) marker based on a single-nucleotide
polymorphism (SNP) in the promoter of MYBI has been de-
veloped for the presence of red skin coloration (Takos et al.
2006), this marker was not completely transferable across
populations when evaluated for marker-assisted selection
(MAS) in a broader genetic background (Zhu et al. 2010).
While CAPS markers can be applied by most molecular lab-
oratories, they have a low genotyping throughput. More mod-
ern technologies such as capillary electrophoresis, real-time
PCR, and SNP arrays offer greater opportunities for
multiplexing markers and for reducing genotyping costs and
time for screening large breeding populations.

Our study had the goal of developing a new robust genetic
marker for red fruit skin color that can be applied by breeders
for selection of seedlings that will express high-red color, even
when grown under challenging conditions where summer tem-
peratures repress coloration of commonly grown red-skinned
cultivars, such as “Gala” (Iglesias et al. 2008). There has been
no previous evaluation of the efficiency of MAS for expression
of red skin color in climates with hot summer temperatures. To
achieve this, we first mapped the locus associated with red skin
color, using a large set of 994 apple seedlings from four breed-
ing populations grown in a temperate climate in Hawke’s Bay,
New Zealand. We then developed a robust allele-specific co-
dominant PCR-based marker for the locus and validated it in a
separate set of cultivars from San Michele all’Adige, Italy, and
in five breeding populations grown under warm summer con-
ditions at Gimenells, Spain.

Material and methods

Plant material

Four apple (Malus x domestica Borkh.) breeding families
(Table 1) of 944 seedlings in total, segregating for fruit skin

coloration and grown in Hawke’s Bay, New Zealand, were
used for quantitative trait locus (QTL) detection. Three of
the four segregating populations are described in Kumar
et al. (2012), and the “Royal Gala” x “Granny Smith” popu-
lation is described in Souleyre et al. (2014). Fruit were har-
vested in 2010 and 2011. Five biparental families comprising
a total of 393 seedlings (Table 2) planted at an Institut de
Recerca i Tecnologia Agroalimentaries (IRTA) orchard in
Gimenells, Spain, in February 2008 were employed to vali-
date a genetic marker for MAS. The sources of red coloration
in these families are indicated in Supplemental Table 1. The
fruit picking season spanned from 15 July to 10 September in
both years (2011 and 2012) and coincided with high summer
temperature periods, which would potentially impair skin red-
dening. Average maximum temperature was 31.0 and 31.7 °C,
and average minimum temperature was 16.1 and 15.9 °C for
2011 and 2012, respectively. Thirty-four apple cultivars
grown at the experimental station of the Research and
Innovation Centre of Fondazione Edmund Mach, San
Michele all’Adige, Italy, were used to evaluate the genetic
range for application of the marker for red skin coloration.
In all locations (New Zealand, Spain, and Italy), “Malling 9”
was used as a rootstock and trees were conducted in a central
axis system. Trees were managed according to the standard
commercial practices in the regions where they were grown.

Phenotypic evaluation of red skin coloration

Six representative fruits were harvested when they were
deemed to be mature based on the development of a green-
yellow to pale yellow background color. Fruit skin red color
was assessed immediately (Italy) or following 10 weeks of
storage at 0.5 °C (Hawke’s Bay, Gimenells) before evaluation.
Four variables were used to quantify the degree of red color-
ation of the apple skin. These phenotyping methods for each
of the families and years of assessment are presented in
Table 1. In three of the QTL detection families and in all
validation populations, the percentage of overcolor was re-
corded over 2 years by two trained assessors, using a scale
where 0 corresponds to absence of red coloration and 9

Table 1  Apple populations segregating for red skin coloration used for marker development
Family Site grown Number of  Red coloration  Percentage Anthocyanin Colorimetry (a*)  Year pheno.
seedlings intensity overcolor concentration
(09 scale)

“Royal Gala” x Havelock North, 186 X 2011
“Granny Smith” New Zealand

“PremA153” x Havelock North, 131 X 2010 and 2011
NZSelectionT51 New Zealand

“Sciros” x Havelock North, 276 X 2010 and 2011
NZSelectionT51 New Zealand

“Fuji” x Havelock North, 351 x 2010 and 2011
NZSelectionT51 New Zealand
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Table 2  Apple populations segregating for red skin coloration used for validation

Family Site grown Number of Red coloration Percentage  Anthocyanin ~ Colorimetry ~ Year of phenotypic
seedlings  intensity (0-9 scale) overcolor concentration  (a*) assessment
PMI1 Gimenells, Spain 162 X X X X 2011 and 2012
PM92 Gimenells, Spain 67 X x X X 2011 and 2012
PM9%4 Gimenells, Spain 67 X x X X 2011 and 2012
PMO95 Gimenells, Spain 5 X X X X 2011 and 2012
PM96 Gimenells, Spain, San Michele 92 X X X X 2011 and 2012
Cultivar all’Adige, Italy 34
collection

represents complete coverage of the fruit with coloration.
Colorimetric measurements (L*, a*, b*) using a chromameter
(Minolta Chroma Meter CR-400) were performed in the
Royal Gala x Granny Smith population in 1 year and in the
validation populations over 2 years (one spot measurement on
the most exposed side of each fruit where red color was visu-
ally at the highest intensity). In the validation populations, a
red skin intensity score was recorded by three trained asses-
sors, using a scale where 0 is the absence of red color and 9 is
the high-intensity red coloration. Anthocyanin concentration
in the fruit skin was measured in 2012 in the five validation
populations as described in Lozano et al. (2014). Individual
fruit data were averaged for each seedling.

Genotyping and QTL mapping

Genomic DNA was extracted as described in Chagne et al.
(2012). The four segregating populations were screened using
the apple 8-K Infinium® II SNP array (Chagne et al. 2012)
(Illumina Inc., San Diego, CA, USA). The SNP array data
were analyzed as described in Chagne et al. (2012) using the
Genotyping Module of the GenomeStudio Data Analysis soft-
ware ([llumina Inc., San Diego, CA, USA). QTL analysis for
skin coloration was performed with MapQTL® version 5
(www.kyazma.nl) using the non-parametric Kruskal-Wallis
test. A QTL was declared if more than five adjacent markers
had a significant Kruskal-Wallis K* value at p <0.01.

Development of allele-specific SNP marker suitable
for MAS

The SNP ss475879531 from the apple 8-K Infinium® I SNP
array was transformed to a probe-based real-time PCR assay
using the following primers and allele-specific probes: for-
ward TGTGATGCCAACTCCGAAC, reverse GTGGT
TGTCCTGGTGGATGATG, probel TGAAACATACC
CTATCAGT, and probe2 TGAAACATACCTTATCAGTT.
The probes were labeled with 5" FAM or Orange-560, respec-
tively, and with 3 BHQ-1 plus (Biosearch Technologies Inc.,
Petaluma, CA, USA). The PCR mix contained 1x AccuStart

Genotyping ToughMix (Quanta Biosciences, Gaithersburg,
MD, USA), with 750-nM forward and reverse primers and
250 nM for each allele probe. PCR conditions were as fol-
lows: initial denaturation of 95 °C for 4 min, followed by
45 cycles at 95 °C for 5 s and 60 °C for 45 s (with single
fluorescence acquisition), and a final cooling step at 4 °C.
PCR was performed in a LightCycler480 (Roche Life
Sciences, Basel, Switzerland), and the data were analyzed
using the EndPoint Genotyping module with default parame-
ters. The ss475879531 real-time PCR assay was evaluated
over DNA from the five validation families from Gimenells,
Spain, and 34 cultivars grown in San Michele all’ Adige, Italy.
For the Spanish families, leaf material was collected from
young expanding leaves, freeze-dried, and genomic DNA
was extracted using the automated protocol employed for ap-
ple MAS by Slipstream Automation Ltd., Palmerston North,
New Zealand. DNA from the apple cultivars grown in Italy
was extracted using the CTAB method (Doyle 1991). The
association between the ss475879531 marker and the pheno-
type for red skin coloration in the five validation families was
tested by one-way analysis of variance using the marker as a
factor using GenStat v17.0.

Results

Phenotypic variation for red skin coloration in apple
seedling populations

Four populations totaling 944 seedlings segregated for red skin
coloration (Fig. 1). The “PremA153” x NZSelectionT51 and
Royal Gala x Granny Smith populations were both derived
from crosses that had one non-red or low red and one red
parent. The PremA153 (low red) x NZSelectionT51 (high
red) had a bimodal phenotypic distribution in both 2010 and
2011 for red skin phenotyped using percentage overcolor. The
a* colorimetric measurements, where higher values indicate
greater skin redness, also showed a binomial distribution for
the Royal Gala (high red) x Granny Smith (non-red) popula-
tion. The two other populations (“Sciros” x NZSelectionT51
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and “Fuji” x NZSelectionT51) were families obtained from
crossing two red-skinned parents, and their segregation for per-
centage overcolor in 2010 and 2011 was skewed toward high
red, with only a small proportion of low-red seedlings. The
Sciros x NZSelectionT51 population contained a larger propor-
tion of seedlings with high-red fruit coverage than the Fuji x
NZSelectionT51 population, which had more intermediate in-
dividuals with percentage overcolor ranging between 30 and
60 %.

QTL mapping and haplotype segregation at target locus

The number of polymorphic markers from the apple IRSC 8-K
SNP array screen that were employed for QTL analysis is pre-
sented in Table 3 for each QTL detection family. A single
significant QTL located on LG9 was detected for percentage
overcolor for each family. The ss475879367 marker that was
significant in the Sciros x NZSelectionT51 is likely to be
misplaced in the reference apple genome of “Golden
Delicious.” Marker ss475879531 (RosBREEDSNP
~SNP_TC 31964859 Lg9 00452 MAF40 92351 exonl)
was the most significant one for the red parent of the families
obtained from non-red X red crosses (Royal Gala x Granny
Smith; PremA153 x NZSelectionT51); however, the most sig-
nificant SNP markers varied among populations and parents.
The effect of these most significant markers on the phenotype
was estimated in each detection family using analysis of vari-
ance (Table 4). The ss475879531 marker was explained be-
tween 45.3 and 75.6 % of the phenotypic variation in percent-
age overcolor (Table 4). To enable the determination of fully
informative haplotypes in the PremA153 x NZSelectionT51,
Sciros X NZSelectionT51, and Fuji x NZSelectionT51

w
S

Fig. 1 Phenotypic distribution
for red coloration in four apple
mapping populations. Red
coloration of the fruit skin was
recorded by trained assessors
using a 0 (no red coloration) to 9 0 25
(high-red intensity) scale for three ‘PremA153’
segregating populations in 2010
and 2011. In the “Royal Gala” x
“Granny Smith” population,
colorimetric measurement was
performed using a Minolta
Chroma Meter. The a* axis of
colorimetry ranges from green
(low values) to red (high values)
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populations, a second marker located close to ss475879531
(GDsnp00659) was selected based on its linkage phase calcu-
lated during the mapping analysis with JoinMap. GDsnp00659
explained less phenotypic variation than ss475879531, except
for in the PremA 153 x NZSelectionT51 population, where the
markers co-segregated and explained the same amount of
variance.

A schematic for the haplotype segregation in three families
is shown in Fig. 2, illustrating the two, three, and four haplo-
types observed for the PremA 153 x NZSelectionT51, Sciros x
NZSelectionT51, and Fuji x NZSelectionT51 populations, re-
spectively. SNP marker ss475879531 is located at position 31,
964,859 bp on LG9, while GDsnp00659 is at position 32,332,
810 bp, suggesting that the haplotype developed from these
two SNPs spans 368 kb. The MYB10 gene starts and ends at
positions 32,851,966 and 32,847,982, respectively, indicating
that the haplotype fragment is located 515 kb downstream of
MYBI0. The haplotype carrying the A allele for both markers
(yellow haplotype in Fig. 2) is associated with low-red skin
coloration, as illustrated by an average percentage overcolor
ranging from 20 to 25 % in both 2010 and 2011, and in both
PremA153 x NZSelectionT51 and Sciros x NZSelectionT51
populations. Conversely, three haplotypes carrying at least
one G allele from either of the two markers (green, red, and
blue haplotypes in Fig. 2) had an average percentage
overcolor greater than 59 % across years and populations. In
the Fuji x NZSelectionT51 population, a combination of the
yellow and green haplotypes was observed and had a lower
average percentage overcolor than the other haplotype combi-
nation, which indicates that the green haplotype may be less
efficient at producing red coloration than the other two. When
the haplotypes derived from both ss475879531 and
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Table 3  Quantitative trait locus analysis for red coloration in four apple mapping populations

Linkage group Position on genome

Kruskal-Wallis test
significance (K*)

Informative parent

Most significant marker

Number of markers

Number of individuals

Population

assembly (bp)

analyzed for QTL mapping

31,964,859
33,439,813

66.324%*
36.979%**
72.145%*
15.477**
123.320%*

Royal Gala

ss475879531

2810
826
888
799
582
771

186
351

“Royal Gala” x “Granny Smith”
“Fuji” x NZSelectionT51
Fuji x NZSelectionT51

NZSelectionT51

Fuji

ss475876197

33,182,405
7,597,169

53475879566
ss475879367

351
276
276

1

NZSelectionT51

Sciros

“Sciros” x NZSelectionT51
Sciros x NZSelectionT51

33,056,483
35,857,597
31,964,859

$s475879559

14.286*

PremA153

ss475879577

31

“PremA153” x NZSelectionT51
PremA153 x NZSelectionT51

58.813**

NZSelectionT51

88475879531

1005

131

Kruskal-Wallis significance *p <0.0005, **p <0.00001

GDsnp00659 markers were subjected to an analysis of vari-
ance, between 49.4 and 77.9 % of the phenotypic variation
was explained (Table 4). The difference in explained pheno-
typic variation between a single marker and the haplotyped
markers was smaller than the difference between populations.
The percentage of explained variation was consistent between
years and within populations for all two markers.

Validation of new allele-specific marker for red skin
coloration

The ss475879531 marker was transformed into a real-time
gPCR assay and screened over 34 cultivars grown in San
Michele all’Adige. An example of the real-time qPCR assay
output for the allele-specific ss475879531 SNP marker is giv-
en in Fig. 3, illustrating the clarity of the haplotype scoring for
the two homozygotes and heterozygote. The 34 cultivars
grown in San Michele all’Adige had good concordance be-
tween the marker genotype and red skin phenotype (Table 5
and Fig. 3).

Among the 393 seedlings of the five biparental valida-
tion populations grown in Spain and genotyped with the
new marker, there were only seven unknown genotypes
and three failed reactions. The marker was polymorphic
in four of the five validation families (Fig. 4), and one
family was monomorphic (PM92). Of the five validation
populations, total of 336 and 241 seedlings had both geno-
type and phenotype information in 2011 and 2012, respec-
tively. With only five seedlings, population PM95 was too
small for differentiation between the AG and GG genotype
effects; however, all five individuals carried at least one
red G allele and exhibited high-red coloration
(Supplemental Figure 1). Population PM92 was monomor-
phic for the red allele (GG), except for three seedlings
which may be pollen contaminants, and all individuals ex-
hibited high-red coloration in both years. In the PM91 and
PM94 populations, the GG genotype had higher average
percentage overcolor than the AG genotype (p <0.001 in
both 2011 and 2012). In the PM96 population, the AA
genotype had lower average percentage overcolor than
the AG genotype (p <0.001 in both 2011 and 2012). In
the PM94 population, only two and three individuals in
2011 and 2012, respectively, had the AA genotype and
were probable pollen contaminants, with these individuals
exhibiting average percentage overcolor coverage less than
40 %. The concordance between the marker and the red
phenotype measured using anthocyanin concentration (in
2012) and red intensity (in 2011 and 2012) was consistent
(Supplemental Figure 1), where overall, the individuals
with the AA genotype had a lower concentration of skin
anthocyanin (p <0.001 in 2012) and lower intensity (p <
0.001 in both 2011 and 2012) than both the AG and GG
genotypes.
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Table 4  Percentage of variance of red skin coloration in four segregating mapping populations explained by single-nucleotide polymorphism (SNP)

markers from apple linkage group (LG)9

Year of phenotype 2011 2010 2011 2010 2011 2010 2011
SNP “Royal Gala” x “Granny Smith” “PremA153” NZSelectionT51 “Sciros” NZSelectionT51 “Fuji” NZSelectionT51
55475879531 55.9 58.5 60.7 75.6 74.1 453 463
$s475876197 56.5 304 28.5 713 68.3 14.1 118
55475879566 n.i. n.s. n.s. 63.6 66.1 31.1 302
55475879367 n.i. ns. ns. 8.7 9.8 ns. ns.
55475879559 n.i. ns. n.s. 63.3 66.1 254  26.0
ss475879577 n.i. 29.2 26.9 n.i. n.i. n.i. n.i.
GDsnp00659 55.9 50.4 51.6 8.6 9.0 173 19.8
$s475879531 + 55.9 59.9 65.0 77.9 77.1 494 493
GDsnp0659

The percentage of variance was calculated as the ratio of sum of squares estimated by the marker effect over the total sum of squares. The markers were
chosen as they were the most significant by QTL analysis in the four segregating populations (Table 3). Genotypes of markers GDsnp00659 and
$s475879531 were combined to estimate their effect. Haplotypes of these two markers are depicted in Fig. 2

n.i. marker not informative in this family, 7n.s. not significant

Discussion

This study has taken advantage of biparental populations from
breeding programs with orchards located in very different cli-
mates in New Zealand and Spain to develop new information
concerning the genetic control of red skin coloration.
Furthermore, we have demonstrated that a novel allele-
specific genetic marker developed in cool New Zealand sum-
mer climates using biparental QTL mapping is also predictive
of skin color in a warm summer climate in Spain, where color
development is repressed in cultivars that exhibit a high de-
gree of coloration in summer-cool environments.

Fig. 2 Schematic showing ‘PremA153’ | NZSelectionT51
distribution of haplotypes
influencing red coloration
observed for 2 years in three apple X
mapping populations. Haplotypes
were determined using SNP

markers ss475879531 and

GDsnp00659. The total number 2010 2011

of seedlings in each progeny (N)

that carry each combination of AJlA N 73 N 71

haplotypes are presented, with the ATA Ave%0 25  Ave%0 21

average percentage overcolor sd 13 sd 11

(Ave%0) and the standard

deviation (SD) of the seedlings

carrying tl(lat gaplotype ¢ 1 N5 N4

Ave%0 63 Ave%0 59

A sd 17 sd 16

@ Springer

Toward understanding the genetic control of red
coloration in apple

The MYBI locus controlling red skin color in apple was pre-
viously assumed to be the same as the MYB/0 red flesh locus
on LGY based on circumstantial evidence and association
mapping studies. MYB10 regulates the activity of the genes
from the anthocyanin pathway, and an allele of MYB1/MYB10
was demonstrated to modulate red skin coloration and antho-
cyanin concentration (Takos et al. 2006; Espley et al. 2007).
MYBI and MYB10 were earlier demonstrated as highly likely
to be allelic (Lin-Wang et al. 2011) and will from here on be
‘Sciros’

NZSelectionT51 ‘Fuji’ NZSelectionT51

2010 2011 2010 2011
AllA N 77 N 77 Alle] N 95 N 95
Ave%0 21 Ave%0 20 Ave%0 35 Ave%0 33
Alla sd 16 sd 16 AA] sd 18 sd 16
AlG] N 33 N 33 N 72 N 72
Ave%0 63 Ave%0 60 Ave%0 63 Ave%0 62
Alg] sd 20 sd 17 sd 16 sd 15
N 51 N 51 N 50 N 50
Ave%0O 79 Ave%0O 77 Ave%0 70 Ave%0 67
sd 4 sd 13 sd 10 sd 12
AllA N 92 N 92 AlA N 86 N 86
Ave%O 77 Ave%0 76 Ave%0 67 Ave%0 67
Alg] sd 12 sd 10 Alg] sd 12 sd 12
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Fig. 3 Example of a real-time PCR assay output for apple SNP marker
$s475879531. Fluorescence intensity at 523—-568 and 483-533 nm was
acquired as an endpoint measurement after the PCR amplification using
fluorescently labeled probes for alleles A and G, respectively.
Homozygous 44 and GG genotypes fluoresce only at 523-568 and
483-533 nm, respectively. Heterozygous 4G genotype fluoresces at
both ranges of wavelength. Ungrouped genotypes with intensity values
outside genotypic clusters are scored as “unknown,” while samples with
no fluorescence intensity for both probes indicate failed reactions
(negative). Examples of apple phenotypes from the IASMA germplasm
collection are shown for each genotype, a “Ingrid Marie,” b “Red Free,”
¢ “Sansa,” d Coop-9, e “Renoire,” f “Mclntosh,” g “Pinova,” h “Cox’s
Orange Pippin,” i “Newton Pippin,” j “Granny Smith,” k “Prime Gold,”
and 1 “Ananas Reinette”

referred to as MYBI0 for simplicity. In addition, the associa-
tion of the MYB10 locus with red skin color has been indicated
by association mapping (Kumar et al. 2014; Lozano et al.
2014). We have used QTL mapping to locate a large-effect
QTL for apple red skin color on LG9, using four biparental
segregating populations involving five breeding parents that
exhibit red skin color. This QTL controlling skin color co-
locates with the MYB10 candidate gene, as does the red flesh
trait (Chagne et al. 2007). Further studies will be required to
elucidate the controls determining tissue specificity of red
coloration.

Development of red skin color is repressed in some culti-
vars when fruit ripen under warm conditions, and this effect
has been demonstrated to be also under the control of MYB10
(Lin-Wang et al. 2011). The marker we developed from the
SNP marker most significantly associated with red skin color,
and MYBI10 in populations grown under cooler summer tem-
peratures was also effective in predicting skin coloration in a
warm climate. In red-fleshed apples, it is likely that other
transcription factors may activate MYBI0 in response to envi-
ronmental cues, and the same situation may also apply to

Table 5 Real-time PCR marker screening of 34 apple cultivars

Cultivar $s475879531 real-time Skin phenotype
PCR assay genotype

“Ananas Reinette” AA Low red
Coop-16 AA Low red
“Delblush” AA Low red
“Early Smith” AA Low red
“Gelber Bellefleur” AA Low red
“Golden Delicious” AA Low red
“Goldrush” AA Low red
“Granny Smith” AA Low red
“Kinsei” AA Low red
“Newton Pippin” AA Low red
“Prime Gold” AA Low red
“Renetta Champagne” AA Low red
“Alkmene” AB Medium red
“Ambrosia” AB Medium red
“Cox’s Orange Pippin” AB Medium red
“Cripps Pink” AB Medium red
“Delprim” AB Medium red
“Elstar” AB Medium red
“Haralson” AB Medium red
“Mclntosh” AB Medium red
“Melba” AB Medium red
“Pinova” AB Medium red
“Renoire” AB Medium red
“Coop-9” BB High red
“Empire” BB High red
“Ingrid Marie” BB High red
“Jonared” BB High red
“Jonathan” BB High red
“Liberty” BB High red
“Macoun” BB High red
“Piros” BB High red
“Redfree” BB High red
“Sansa” BB High red
“Worcester Pearmain” BB High red

temperature-sensitive control of red skin color. Locating the
DNA variations in regulatory motifs upstream of MYB0 that
might modify its activity and consequently the downstream
activity of the anthocyanin biosynthesis genes is one of the
next challenges for apple geneticists. Some evidence of cyto-
sine methylation in the 2.5-kb promoter region upstream of
MYBI0 has been demonstrated in striped “Honeycrisp” ap-
ples (Telias et al. 2011) and may indicate that the causative
mutation is in the MYB10 regulatory region. The functional
alleles of MYB10 might be identified, for example, by evalu-
ating the efficiency of the different haplotypes for anthocyanin
gene activation, activation of MYBI0 itself, and as a target of
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Fig. 4 Performance of the red skin marker in four apple breeding
populations grown under warm summer temperatures. The red skin
phenotype is represented by the percentage of overcolor (% overcolor)
measured in 2011 and 2012. The three genotypes of marker ss475879531
(44, AG, and GG) are presented. N4 no amplification (negative), NC no
call (unknown genotype). The PM95 validation population is not
presented as it had only five seedlings

transcription factors regulating MYBI0. Furthermore, DNA
polymorphisms in the proximity of MYB10 should be deter-
mined in a wide range of apple germplasm exhibiting a range
of skin color responses to warm temperature.

Prospects for using the ss475879531 real-time assay
for MAS in apple

The development of a robust allele-specific marker validated
both across biparental populations and a genetically diverse
cultivar collection for linkage to a QTL explaining most of the
phenotypic variation for apple red skin coloration has opened

@ Springer

the prospect of using a marker derived from ss475879531 to
enhance the efficiency of apple breeding, by employing MAS
to identify the seedlings with genetic potential to exhibit red
skin.

Our results indicate that although a single marker would
not explain all the phenotypic variability that a haplotype-
based marker would, a single-marker system would not be
greatly outperformed by a system using haplotypes. Use of a
single marker for MAS is more practical than a suite of
markers on the basis of cost. After testing the hypothesis that
marker ss475879531 alone would be efficient for selection,
we transformed it into a real-time allele-specific qPCR assay,
which is an attractively inexpensive and rapid method for
genotyping. The use of a real-time PCR system with labeled
probes present in the reaction mix enables the assay to be run
in a closed tube, without the requirement to separate the PCR
products using electrophoresis, hence greatly speeding up the
screening process and reducing the potential human errors
during gel loading or data analysis. Most modern research
laboratories have access to a real-time PCR machine capable
of fluorescence detection.

We used a population of five segregating families with
fruit maturing during the warm summer period in northern
Spain to validate the ss475879531 real-time PCR assay. The
temperatures during the last stages of fruit development were
sufficiently high to inhibit reddening of the fruit skin. We
demonstrated that our marker efficiently predicts red skin
coloration, even under challenging summer conditions. The
individuals from the segregating populations that were ho-
mozygous for the red allele (GG) using the ss475879531
real-time PCR assay consistently bore fruit with high-red
intensity, high-percentage overcolor, and high-anthocyanin
concentration. We recommend the use of the ss475879531
real-time marker assay to breeders who have the goal of
developing new apple cultivars with red skin that is attrac-
tive and develops consistently over a range of summer
temperatures.
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