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Anthocyanin Biosynthesis in Apple Fruit
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Anthocyanin accumulation is responsible for the red color of the skin and flesh of apple fruits (Malus × 
domestica Borkh.), and redder fruits are more marketable. Pigmentation in the skin of apple fruit varies
among different cultivars and is influenced by environmental factors, including temperature conditions and
the level of sunlight irradiation. Because warmer temperatures suppress anthocyanin synthesis in the skin of
apple fruit, there are increasing concerns that global warming may be detrimental to fruit pigmentation.
Recent molecular studies have revealed that the MdMYB1/10/110a gene, which encodes a transcription factor,
plays a critical role in regulating anthocyanin synthesis in both the skin and flesh of apple fruits. A marker-
assisted selection process has been developed to identify MdMYB1 genotypes and predict those fruits that will
develop redder skin. These apples may be better adapted to a warmer global climate. The application of
hormones can also increase the level of pigmentation in fruit skin, and plant growth regulators such as
ethylene and jasmonate are commercially available. The mechanisms that regulate anthocyanin biosynthesis in
the flesh of red-fleshed apple fruit appear to partially differ from those that function in the skin of red-skinned
fruit. In the flesh of red-fleshed fruit, the pigment accumulates under dark conditions, whereas no anthocyanin
is synthesized in the skin of bagged apple fruit. Conversely, in both red-skinned and red-fleshed apple fruits,
warmer temperatures inhibit anthocyanin accumulation. Further studies on the regulation of anthocyanin
synthesis in the flesh of red-fleshed apple fruit are necessary.
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Introduction

The red pigmentation in the skin and flesh of apple
fruits (Malus × domestica Borkh.) is due to anthocyanin
accumulation. Anthocyanins belong to a class of molec-
ules called flavonoids, and they are particularly impor-
tant for fruit quality because redder fruits have a higher
market value. Anthocyanin biosynthesis in the skin of
apple fruit is suppressed at warmer temperatures, and
poor pigmentation has already become a problem in
some regions owing to global climate change (Iglesias
et al., 2016). Recently, apples with red flesh have at-
tracted increasing attention. In Japan, new red-fleshed
apple cultivars with low acidity, including ‘Ruby
Sweet’ and ‘Rose Pearl’, have been registered (Abe
et al., 2017a, b). In addition, anthocyanins belong to a
group of phenolic compounds that have antioxidant
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properties, and both white- and red-fleshed apple fruits
are a major source of dietary antioxidants (Rupasinghe
et al., 2010; Wojdyło et al., 2008). Therefore, the mech-
anisms that regulate anthocyanin accumulation in the
fruit skin and flesh are of particular interest.

There have been a number of recent molecular biol-
ogical studies on anthocyanin biosynthesis in the apple.
In 2010, Velasco et al. published the whole genome se-
quence of the domesticated apple (‘Golden Delicious’)
and reported that the apple genome had more biosyn-
thetic genes (1246) involved in volatile, aromatic-
compound, pigment, antioxidant, and sorbitol
metabolite pathways than other higher plants (e.g.,
Arabidopsis, 719 genes; rice, 910 genes; grape, 1121
genes). Moreover, the identification of apple MYB tran-
scription factor (TF) genes that play major roles in an-
thocyanin accumulation in apple fruit has led to
significant advances in understanding the genetic basis
of pigmentation (Ban et al., 2007; Chagné et al., 2007;
Takos et al., 2006; Umemura et al., 2013). In contrast to
red-skinned apples, red-fleshed cultivars are not widely
produced, and little is known about their physiology.
The aim of this review was to provide a brief overview
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of previous and recent research on anthocyanin biosyn-
thesis in both the skin and flesh of apple fruits.

1. Biosynthetic pathways in apple fruit

1) Anthocyanin biosynthesis and pigment composition
The basic pathway for anthocyanin biosynthesis in

higher plants is the same, although modification reac-
tions that occur in some of the later steps differ among
plant species (Mazza and Miniati, 1993). The anthocya-
nin pigment composition of apples is simple compared
to that of other fruit crops (e.g., grapes and blueberries).
In apple fruit skin, cyanidin (cya) 3-galactoside (gal) is
the major pigment and it accounts for more than 85% of
the anthocyanins present. The remaining pigments in-
clude cya 3-arabinoside and cya 3-glucoside, as well as
some others. The cya 3-gal synthetic pathway is shown
in Figure 1. The anthocyanin composition of apple fruit
skin is similar among the different cultivars, although
the appearance of the skin can differ. One reason for
this is that apple skin color is also influenced by chloro-
phyll and carotenoid contents.

Some apples have red-fleshed fruit, and the antho-
cyanins in the red flesh are the same as those found in
red skin (Mazza and Miniati, 1993). Cya 3-gal also pre-
dominates in the fruit flesh, but constitutes a lower pro-
portion of the total anthocyanin content: 39% cya 3-gal
in Malus niedzwetzkyana (Mazza and Velioglu, 1992)
and 68% in ‘Weirouge’ (Sadilova et al., 2006).

2) Biosynthetic genes
Many early studies that evaluated pigment accumula-

tion in the skin of apple fruit measured the activity of
enzymes of the anthocyanin biosynthetic pathway. They
found that the activities of chalcone synthase (CHS), di-
hydroflavonol 4-reductase (DFR), and UDP:flavonoid
3-O-glycosyltransferase (UFGT) in the skin increased
as anthocyanin was produced during fruit maturation
(CHS and UFGT in ‘Delicious’ and ‘Ralls’ apples, Ju
et al., 1995; DFR in ‘Delicious’ apples, Ju et al., 1997).
Honda et al. (2002) reported that the expression of the
structural genes underlying anthocyanin biosynthesis,
including CHS, flavanone 3-hydroxylase (F3H), DFR,
anthocyanidin synthase (ANS), and UFGT, was up-
regulated concomitant with increased anthocyanin ac-
cumulation in the skin of the ‘Jonathan’ and ‘Fuji’.
These five biosynthetic genes were also expressed at
low levels in the yellow/green ‘Orin’ apple. Kondo
et al. (2002) showed that in the yellow/green skin of
mature sun-exposed ‘Mutsu’ apple fruit, CHS, F3H,
and DFR were expressed, but ANS and UFGT were not.
However, after the bags used to cover the ‘Mutsu’ ap-
ples were removed and the fruits were exposed to sun-
light, the expression of the five biosynthetic genes was
induced, and the fruits turned red. The expression of an
MYB TF gene, MdMYB1, in the skin of the apple culti-
var ‘Jonathan’ also increased prior to harvest and in
parallel with pigmentation (Ban et al., 2007). Therefore,

the regulation of anthocyanin biosynthesis-related gene
expression may determine the amount of pigmentation
in the skin of apple fruit. In contrast, for apple fruit
flesh, Umemura et al. (2013) reported that an MYB TF
gene, MdMYB110a, CHS, and ANS genes reached their
maximal expression in the red flesh of ‘JPP35’ apple
fruit at approximately 40 days before harvest. Sato et al.
(2017) also demonstrated that MdMYB110a in the red
flesh of ‘Nakano Shinku’ and ‘Nakano no Kirameki’
apples reached its maximal expression at 30 days before
harvest. By this time, anthocyanin had already begun to
accumulate in ‘Nakano Shinku’, but not in ‘Nakano no
Kirameki’ apples. In addition, in the flesh of the
‘Nakano Shinku’ apple, the expression of CHS, chal-
cone isomerase (CHI), DFR, ANS, and UFGT peaked at
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Fig. 1. The anthocyanin biosynthesis pathway in apple fruits. The
synthesis of cyanidin 3-galactoside is shown. The reactions in
the pathway are catalyzed by PAL, phenylalanine ammonia
lyase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H,
flavanone 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase; DFR,
dihydroflavonol 4-reductase; ANS, anthocyanidin synthase;
and UFGT, UDP:flavonoid 3-O-glycosyltransferase. The ex-
pression of the genes encoding the underlined enzymes was
analyzed by Northern blotting, and the results are shown in
Figure 2.
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30 days before harvest, whereas in ‘Nakano no
Kirameki’ apple flesh, these genes (with the exception
of CHS) were expressed at low levels at 30 days before
harvest, but at higher levels toward maturity. These re-
sults indicate that anthocyanin accumulation and the ex-
pression of biosynthesis-related genes do not coincide
in red-fleshed ‘Nakano Shinku’ apple fruit.

2. Factors that influence anthocyanin synthesis in
apple fruit skin

1) Genetic factors
Apples have the complete set of genes required to

synthesize anthocyanin and its precursors. The regula-
tion of these genes determines the color of the fruit
skin. Cheng et al. (1996) identified a sequence tagged
site (STS) marker derived from the random amplified
polymorphic DNA marker that could predict fruit skin
color (red/yellow) in apples, and they advocated that
the red skin color was primarily controlled by one or
more dominant genes at a single locus, Rf. Later, genet-
ic mapping using a linkage map constructed from the
‘Delicious’ × ‘Mitsubakaido’ (Malus sieboldii) cross;
an expression analysis in the ‘Cripp’s Red’, ‘Jonathan’,
and ‘Tsugaru’; and functional characterization using

Arabidopsis thaliana, Nicotiana tabacum, and apple
cotyledons revealed that the red pigmentation of apple
fruit skin depends on the genotypes of a key R2R3
MYB gene called MdMYB1 (Ban et al., 2007; Takos
et al., 2006). MdMYB1 is located on the distal end of
chromosome 9 and is responsible for fruit skin color,
whereas MdMYB10, an allele of MdMYB1 (Lin-Wang
et al., 2010), confers red flesh, foliage, and stems, as
well as red fruit skin (Ban et al., 2007; Takos et al.,
2006). Although MdMYB10 also affects skin color, only
MdMYB1 is considered in this section. Flanking poly-
morphic markers showed that there were at least four
MdMYB1 alleles (Moriya et al., 2017; Yuan et al., 2014;
Zhu et al., 2011), three of which were sequenced
(MdMYB1-1, MdMYB1-2, and MdMYB1-3) (Takos
et al., 2006). Although the three translational products
did not differ functionally, MdMYB1-1 was the only al-
lele associated with red skin color (Table 1). The other
two alleles did not confer red skin under normal cir-
cumstances owing to their low expression (Takos et al.,
2006). Methylation in the MdMYB1 promoter region in
bud sports of ‘Gala’ and in bagged ‘Mutsu’ fruit sug-
gested that epigenetic regulation was important in the
expression of the MdMYB1 gene (Bai et al., 2016;

Table 1. Relationship between MdMYB1 genotypes and fruit skin color in major apple cultivars.

Apple cultivar Fruit skin color MdMYB1z Mdo.chr9.4y Triploid

Akane Red 1/1 R0/R0

Akibae Red 1/1 R0/R0

Braeburn Red 1/2 R0/Y−3

Cox’s Orange Pippin Red 1/2 R0/Y−3

Elstar Red 1/2 R0/Y−3

Fuji Red 1/3 R0/Y−15

Gala Red 1/2 R0/Y−3

Hokuto Red 1/2/3 R0/Y−3/Y−15 ✓

Jonagold Red 1/2/3 R0/Y−3/Y−15 ✓

Jonathan Red 1/1 R0/R0

McIntosh Red 1/2 R0/Y−3

Mutsu Red 1/2 R0/Y−3 ✓

Ralls Janet Red 1/1 R0/R0

Redgold Red 1/3 R0/Y−15

Ruby Sweet Red 1/3 R0/Y−15

Sensyu Red 1/3 R0/Y−15

Shinano Sweet Red 1/1 R0/R0

Starking Delicious Red 1/3 R0/Y−15

Tsugaru Red 1/2 R0/Y−3

Worcester Pearmain Red 1/1 R0/R0

Golden Delicious Yellow 2/3 Y−3/Y−15

Granny Smith Green 2/4 Y−3/Y−9

Indo Green 2/2 Y−3/Y−3

Orin Yellow 2/3 Y−3/Y−15

Shinano Gold Yellow 2/3 Y−3/Y−15

Rose Pearl Yellow 3/3 Y−15/Y−15

z MdMYB1 genotype estimated from Mdo.chr9.4 genotypes.
y A simple sequence repeat marker developed from MdMYB1 DNA 16 kbp downstream of the transcription start site 

(Moriya et al., 2017). Only R0 associated with MdMYB1-1 confers red fruit skin.
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El‑Sharkawy et al., 2015). Following translation, MYB
TF coordinately regulates biosynthetic gene expression
with a basic helix-loop-helix protein (bHLH) and a
WD-repeat protein (WDR; Gonzalez et al., 2008). The
genes encoding bHLH and WDR have been isolated in
the apple (An et al., 2012; Xie et al., 2012).

An MYB TF gene, which had an inhibitory effect on
anthocyanin biosynthesis in fruit, was isolated in the
strawberry, which belongs to the same family as the
apple (Rosaceae) (Salvatierra et al., 2013). The apple
MdMYB6 gene inhibited anthocyanin accumulation
when overexpressed in transgenic Arabidopsis (Gao
et al., 2011), but its function could not be confirmed in
the apple.

In many different apple accessions, MdMYB1-1 has a
dominant effect on fruit skin color. Apples that are het-
erozygous or homozygous for MdMYB1-1 have red-
skinned fruit, whereas those that have no MdMYB1-1
copy are yellow or green. Ban et al. (2007) suggested
that the A1 (associated with red skin color), a1 (associ-
ated with yellow skin color), and a2 (associated with
yellow skin color) alleles of the STS marker reported
by Cheng et al. (1996) correspond to MdMYB1-1,
MdMYB1-2, and MdMYB1-3, respectively, from the re-
sults of MdMYB1 mapping. An association analysis of
160 apple accessions determined that MdMYB1-1 had
an incomplete dominant effect on fruit skin color
(Fig. 2; Moriya et al., 2017). In addition, a quantitative
trait locus (QTL) analysis using an F1 population de-
rived from an ‘Orin’ × ‘Akane’ cross identified a QTL
for skin color at the MdMYB1 locus in the MdMYB1-1
homozygote ‘Akane,’ which suggests an unknown al-
lelic variation even within MdMYB1-1 (Kunihisa et al.,
2014). Other than MdMYB1, no firm QTL which con-
trols skin color has been reported.

Several DNA markers discriminate MdMYB1-1 from
others (Chagné et al., 2016; Moriya et al., 2017; Takos
et al., 2006; Yuan et al., 2014; Zhang et al., 2014). At
the moment, Mdo.chr9.4 (Moriya et al., 2017), a simple
sequence marker developed 16 kbp downstream from
the transcription start site of MdMYB1 is thought to be
the best marker to correctly distinguish MdMYB1 al-
leles.

More recently, Hu et al. (2016) demonstrated that
MdMYB1 elevated the expression of proton pump
genes encoding a vacuolar H+-ATPase (VHA) and/or
vacuolar H+-pyrophosphatase via overexpression of
MdMYB1 by agrobacterium-mediated transformation in
apple calli (‘Orin’) and also via a transient expression
of the genes in apple peel (‘Red Delicious’). They also
showed that the anthocyanin and malate contents in-
creased, but the pH decreased, in the transformed tis-
sues, which indicates that MdMYB1 may directly
regulate not only anthocyanin biosynthesis in the fruit
skin, but also vacuolar transport, thereby affecting both
the color and pH in the cells.

2) Environmental factors
Sunlight irradiation is one of the most important en-

vironmental factors that stimulates anthocyanin biosyn-
thesis in apple fruit skin (Ubi, 2004). No anthocyanin
was synthesized in the skin of apple fruits kept under
dark conditions (‘Tsugaru’, ‘Jonathan’, ‘Jonagold’, and
‘Fuji’; Arakawa, 1991). Because fruit skin shaded by
leaves produces little pigment, the leaves are removed
prior to harvesting (Iwanami et al., 2016). Ju et al.
(1999) demonstrated that covering the ground of an or-
chard with a reflective film enhanced color develop-
ment in the skin of ‘Fuji’ apple fruit. Vimolmangkang
et al. (2014) used microarray analysis to demonstrate
that ‘Red Delicious’ apple fruit exposed to sunlight had
higher levels of anthocyanin biosynthetic gene expres-
sion than those in dark-grown fruits, and that genes in
dark-grown fruits were expressed after a 14-h exposure
to daylight.

Temperature also has a significant influence on an-
thocyanin biosynthesis in apple fruit skin (Ubi, 2004).
Cooler climatic conditions stimulate anthocyanin bio-
synthesis, whereas warmer temperatures suppress pig-
ment development. Therefore, anthocyanin
accumulation in the skin of apple fruit may be affected
by increasing global warming. Iglesias et al. (2002) re-
ported that an irrigation cooling system comprising an
overtree microsprinkler improved the reddening of
‘Topred Delicious’ apple fruit. Ubi et al. (2006) showed
that a simultaneous treatment with light irradiation in
the UV-B region (wavelength from 280 to 320 nm) and
low temperature (17°C) for 5 days enhanced anthocya-
nin accumulation and the expression of biosynthetic
genes in the skin of bagged apple fruits [‘American
Summer Pearmain’ (syn. Iwai), ‘Sansa’, ‘Tsugaru’,
‘Homei-Tsugaru’, and ‘Akane’; Fig. 3]. High tempera-
ture conditions suppressed anthocyanin accumulation
and the expression of associated biosynthetic and TF
genes in the skin of apple fruits that were still on the
tree (‘Gala’; Lin-Wang et al., 2011). Honda et al. (2014)
also demonstrated that anthocyanin synthesis in the skin
of ‘Misuzu-Tsugaru’ apple fruit was suppressed when
trees were grown in a greenhouse where the tempera-
ture was increased by 4°C for the 5 months immediate-
ly prior to harvesting.

3) Plant hormones
Ethylene production in apple fruit increases toward

harvest and stimulates anthocyanin biosynthesis in fruit
skin. Whale and Singh (2007) reported that ethylene
production in ‘Pink Lady’ apple fruit increased as an-
thocyanin accumulated in the fruit skin. Ethephon (2-
chloroethylphophonic acid) is a growth regulator that is
converted into ethylene in the plant; it is used commer-
cially to enhance apple color (Saure, 1990).
Larrigaudiere et al. (1996) showed that applying ethe-
phon to ‘Starking Delicious’ fruit 2 weeks before com-
mercial harvest increased the concentration of
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anthocyanin in the fruit skin. Because ethylene stimu-
lates fruit ripening, ethephon treatment not only im-
proves skin color, but also softens the fruit (Wang and
Dilley, 2001). In higher plants, ethylene binds to a re-
ceptor that acts as a negative regulator of signal trans-
duction pathways controlling ripening and senescence.
Ireland et al. (2012) reported that the apple genome
contains nine ethylene receptor genes. However, it is
not known how ethylene signaling stimulates anthocya-
nin synthesis in the skin of apple fruit.

Jasmonate (JA) and its derivatives can also generate
pigmentation in the skin of apple fruit. Rudell et al.
(2005) showed that applying methyl JA to ‘Fuji’ apples
before harvest induced anthocyanin biosynthesis in the
fruit skin. Prohydrojasmon, a synthetic JA, is commer-
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cially available as a plant growth regulator (Koshiyama
et al., 2003). JAs mediate responses to wounding, and
their capacity to stimulate pigmentation may be related
to this role (Creelman and Mullet, 1997). An et al.
(2015) reported that the expression of the MYB TF
genes MdMYB9 and MdMYB11 increased significantly
compared to that of MdMYB1 in ‘Orin’ apple calli in re-
sponse to JA treatment and in ‘Gala’ leaves in response
to wounding. Subsequent functional analyses demon-
strated that these two MYB TFs bound to the promoter
regions of some flavonoid biosynthetic genes and in-
duced anthocyanin accumulation in calli in the presence
of JA.

Few reports have focused on plant hormones other
than ethylene and JA. Ben-Arie et al. (1971) showed
that applying the synthetic auxins naphthaleneacetic
acid and 2,4,5-trichrolophenoxypropionic acid at 1
month before harvest promoted anthocyanin synthesis
in the skin of apple fruits of ‘Gallia Beauty’,
‘Jonathan’, and ‘Starking Delicious’. Recently, Stern
et al. (2010) reported that the red color of ‘Cripp’s
Pink’ apples could be enhanced by applying the syn-
thetic auxin 2,4-dichrolophenoxypropionic acid (2,4-D)
to young fruitlets 60 days after full bloom. Skin color
improvement following auxin treatment is considered to
be a result of advancing maturity caused by ethylene
production because the auxins promote ethylene pro-
duction in the fruit. Iamsub et al. (2009) demonstrated
that applying abscisic acid produced a redder skin in
‘Tsugaru’ and ‘Sensyu’ apple fruits. However, there is
no consensus of opinion regarding the relationship be-
tween abscisic acid and anthocyanin synthesis in the
skin of apple fruit, and further research is required.

4) Nutrition
An adequate supply of nitrogen (N) is essential for

high yields of good-quality apple fruit. However, apply-
ing excessive amounts of N to apple trees suppresses
anthocyanin accumulation in fruit skin. Boynton and
Burrell (1944) demonstrated that supplying an excess of
N increased yields, but generated a softer ‘McIntosh’
apple fruit with a poor color. More than half a century
later, a fertigation experiment by Neilsen et al. (2009)

using five apple cultivars (‘Ambrosia’, ‘Cameo’, ‘Fuji’,
‘Gala’, and ‘Silken’) during the first six fruiting seasons
demonstrated that high N treatment decreased red color
quality at a high crop load, but not the cumulative yield.
Wang and Cheng (2011) reported that an excess of N
decreased anthocyanin biosynthesis and chlorophyll
degradation in the skin of ‘Gala’ apple fruit and sug-
gested that increased N treatment may promote more
vigorous shoot growth and thereby reduce anthocyanin
biosynthesis by decreasing exposure to light.

3. Factors that influence anthocyanin biosynthesis
in apple fruit flesh

1) Genetic factors
MYB TFs MdMYB10 and MdMYB110a play impor-

tant roles in generating red flesh in apple fruit (Chagné
et al., 2007, 2013; Umemura et al., 2013; Volz et al.,
2013). MdMYB10, an allele of MdMYB1 (Lin-Wang
et al., 2010), is located on chromosome 9 and generates
red flesh, designated as type 1. MdMYB110a is located
on chromosome 17 and generates red flesh, designated
as type 2. The chromosomal locations of these genes
suggest that they originated from an ancient duplication
event during the evolution of the Maloideae subfamily
(Chagné et al., 2013). The two genes share approxi-
mately 66% identity at the amino acid level (Umemura
et al., 2013). In type 1 red flesh apples, MdMYB10 con-
fers extensive anthocyanin accumulation throughout the
plant, including fruit flesh and skin, flowers, leaves, and
stems. In type 2 apples, only the flesh is red, and other
organs are the same color as those of common apple
trees that bear white-fleshed fruit. Therefore, fruits with
yellow skin and red flesh are only associated with the
MdMYB110a genotype (Table 2). MdMYB10 and
MdMYB110a are expressed early and late in the fruit
maturation process, respectively (Hamada et al., 2015).

The promoter region of MdMYB10 has six MYB
binding motifs in tandem, whereas other MdMYB1 al-
leles have a single MYB binding motif at the promoter
(Espley et al., 2009). Therefore, MdMYB10 and other
MdMYB1 alleles are known as R6 and R1 MYBs, re-
spectively. The tandem motif in MdMYB10 positively
regulates its own expression, which results in an abun-

Table 2. MYB genes responsible for red flesh in apples.

Apple accession Gene responsible for red fleshz Fruit skin color Reference

Malus niedzwetzkyana MdMYB10 Red Espley et al. (2009)

Geneva MdMYB10 Red Espley et al. (2009)

Maypole MdMYB10 Red Ban et al. (2007)

Red Field MdMYB10 Red Espley et al. (2009)

Pink Pearl MdMYB110a Yellow Chagné et al. (2013)
Rose Pearl MdMYB110a Yellow Abe et al. (2017)

Ruby Sweet MdMYB110a Red Abe et al. (2018)

JPP35 MdMYB110a Red Umemura et al. (2013)
z Red flesh is caused by MdMYB10 (type 1) and MdMYB110a (type 2).

Table 2.  MYB genes responsible for red flesh in apples.
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dance of MdMYB10 and anthocyanin accumulation in
many different organs. In contrast, the molecular mech-
anisms that regulate MdMYB110a expression are un-
clear. The presence of both MdMYB10 and
MdMYB110a in any single plant proved difficult to con-
firm, and an attempt to generate a new red-fleshed culti-
var containing both genes by crossing ‘Geneva’ (type 1)
and ‘Pink Pearl’ (type 2) failed, leading Hamada et al.
(2015) to suggest that breeding depression had occur-
red.

A DNA marker to detect the unique R6 minisatellite
sequence was developed for the MdMYB10 gene
(Espley et al., 2009). For MdMYB110a, two independ-
ent single nucleotide polymorphisms in the exon 2 were
subjected to a detection system employing either a
high-resolution melting-based marker or a derived
cleaved amplified polymorphic sequence marker
(Chagné et al., 2013; Sato et al., 2017). These DNA
markers could be useful for the efficient breeding of
red-fleshed apple cultivars.

2) Environmental factors
Sunlight irradiation is not crucial for anthocyanin

biosynthesis in the red flesh of some apple cultivars, in
contrast to fruit skin. For example, bagged fruits of
‘Geneva’ and ‘Pink Pearl’ accumulated approximately
70% of the total anthocyanin content found in fruits of
the same cultivars exposed to sunlight (Honda et al.,
2017). However, sunlight irradiation is required to max-
imize anthocyanin accumulation in the flesh of fruits
from both cultivars.

The temperature during fruit ripening is an important
factor in anthocyanin synthesis in apple fruit flesh, as is
the case in the fruit skin. In Japan, the early-ripening
‘Pink Pearl’ apple is usually harvested at Suzaka in late
August (mean annual air temperature, 11.9°C) and at
Morioka in early September (mean annual air tempera-
ture, 10.2°C). In 2014 and 2015, anthocyanin concen-
trations in the flesh of ‘Pink Pearl’ apples harvested at
Morioka were more than 10-fold higher than those in
apples harvested at Suzaka (Fig. 4; Honda et al., 2017).
The anthocyanin concentrations in the flesh of mature
‘Pink Pearl’ fruit harvested at Morioka in 2016 were
considerably lower than those measured in the average
year (10.3 μg·cm−3 compared to approximately
50 μg·cm−3), probably because of the high temperatures
recorded during late August in 2016 (Honda et al., un-
published data). As is the case for common apples with
red skin and white flesh, growth under full sunlight
conditions and cool temperatures may be required to
maximize anthocyanin content in red-fleshed apple
fruit.

3) Other factors
There have been few studies on the effects of plant

hormones on anthocyanin accumulation in the flesh of
red-fleshed apple fruit. Ji et al. (2015) investigated the

effects of auxin treatment on anthocyanin biosynthesis
in calli derived from leaves of the red-fleshed apple
M. niedzwetzkyana (type 1). They found that adding 1-
naphthalene acetic acid and 2,4-D to the growth media
inhibited anthocyanin production and downregulated
the expression of anthocyanin biosynthetic and related
TF genes in the calli. In contrast, Ben-Arie et al. (1971)
and Stern et al. (2010) found that auxin stimulated
anthocyanin production in the apple fruit skin. Sub-
sequently, Sun et al. (2017) demonstrated that methyl
JA treatment enhanced anthocyanin synthesis in calli,
whereas anthocyanin accumulation was inhibited by
adding abscisic acid. The inductive effect of methyl JA
in calli is consistent with that observed in previous
studies on fruit skin (Rudell et al., 2005), whereas the
effects of abscisic acid treatment on calli and fruit skin
may differ (Iamsub et al., 2009). These results indicate
that anthocyanin biosynthesis in apple tissues is regu-
lated in different ways by MdMYB10 and MdMYB1.
Future research on the effects of plant hormones on
anthocyanin biosynthesis in the flesh of red-fleshed
apple fruit is required.

Conclusions and Perspectives

Recent research has indicated that the orthologs of
molecular components identified in other higher plants
may function in the anthocyanin biosynthetic pathway
in the skin of apple fruit in addition to MYB-bHLH-
WDR complexes. MdHY5 and MdCOL11 were shown
to be involved in regulating anthocyanin biosynthesis in
apple fruit skin in response to light and/or low tempera-
ture (An et al., 2017; Bai et al., 2014; Peng et al., 2013).
Li et al. (2012) demonstrated that MdCOP1 negatively
regulated anthocyanin biosynthesis in the skin of apple
fruit by modulating the degradation of MdMYB1,
whereas Peng et al. (2013) reported that MdCOP1 acti-
vated MdHY5 signaling, which stimulated pigment for-
mation in the fruit skin. MdJAZ2 and MdMYC2 were
shown to be involved in mediating JA-stimulated an-
thocyanin biosynthesis in the skin of apple fruit (An
et al., 2015, 2016). However, how these signaling com-
ponents coordinately regulate the level of anthocyanin
accumulation in the skin of apple fruit and how they
generate differences in skin color among the different
apple cultivars remain unclear. A marker-assisted selec-
tion procedure that enables breeders to effectively
screen individuals for apples with redder skin using
MdMYB1 genotypes has been developed (Moriya et al.,
2017), and this procedure will facilitate the develop-
ment of new apple cultivars with redder skin that may
be better adapted to a warmer global climate. Concur-
rently, breeding programs for red-fleshed apple culti-
vars with good eating quality are underway worldwide
(Abe et al., 2017a, b; Volz et al., 2009). Therefore,
future studies should focus on the physiology and culti-
vation of apples with red flesh.
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