
Light-Induced Expression of a MYB Gene Regulates
Anthocyanin Biosynthesis in Red Apples1
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Anthocyanins are secondary metabolites found in higher plants that contribute to the colors of flowers and fruits. In apples
(Malus domestica Borkh.), several steps of the anthocyanin pathway are coordinately regulated, suggesting control by common
transcription factors. A gene encoding an R2R3 MYB transcription factor was isolated from apple (cv Cripps’ Pink) and
designatedMdMYB1. Analysis of the deduced amino acid sequence suggests that this gene encodes an ortholog of anthocyanin
regulators in other plants. The expression ofMdMYB1 in both Arabidopsis (Arabidopsis thaliana) plants and cultured grape cells
induced the ectopic synthesis of anthocyanin. In the grape (Vitis vinifera) cells MdMYB1 stimulated transcription from the
promoters of two apple genes encoding anthocyanin biosynthetic enzymes. In ripening apple fruit the transcription of
MdMYB1 was correlated with anthocyanin synthesis in red skin sectors of fruit. When dark-grown fruit were exposed to
sunlight, MdMYB1 transcript levels increased over several days, correlating with anthocyanin synthesis in the skin. MdMYB1
gene transcripts were more abundant in red skin apple cultivars compared to non-red skin cultivars. Several polymorphisms
were identified in the promoter of MdMYB1. A derived cleaved amplified polymorphic sequence marker designed to one
of these polymorphisms segregated with the inheritance of skin color in progeny from a cross of an unnamed red skin selection
(a sibling of Cripps’ Pink) and the non-red skin cultivar Golden Delicious. We conclude that MdMYB1 coordinately regulates
genes in the anthocyanin pathway and the expression level of this regulator is the genetic basis for apple skin color.

Anthocyanins are a class of secondary metabolites
that contribute to the red, blue, and purple colors in a
range of flowers and fruits. In flowers these pigments
attract pollinators and in fruit skin they attract animals
to aid in seed dispersal (Regan et al., 2001; Schaefer
et al., 2004). Anthocyanins are also found in leaves,
particularly during senescence (Feild et al., 2001), in
stems, roots, and occasionally in fruit flesh and seeds.

Anthocyanins, condensed tannins (CTs), and flavo-
nols are synthesized via the flavonoid pathway, a
branch of the phenylpropanoid pathway. The flavo-
noid pathway consists of a number of enzymatic steps
that each catalyzes a sequential reaction for flavonoid
synthesis, as illustrated in Figure 1. The pathway leads
to synthesis of anthocyanins with branches for syn-
thesis of flavonols (via flavonol synthase [FLS]) and
synthesis of CTs (via leucoanthocyanidin reductase
[LAR] and anthocyanidin reductase [ANR]). The ge-
netics and biochemistry of this pathway have been
characterized in petunia (Petunia hybrida), maize (Zea

mays), snapdragon (Antirrhinum majus), and Arabi-
dopsis (Arabidopsis thaliana; Winkel-Shirley, 2001). Reg-
ulation of the flavonoid pathway appears to be
primarily at the level of transcription of the structural
genes that encode the enzymes for each step of syn-
thesis (Davies and Schwinn, 2003).

Two families of regulators, the bHLH and MYB
proteins, are conserved in the regulation of the antho-
cyanin and CT pathways in all species analyzed to date
(Koes et al., 2005). The bHLH (also called MYC) pro-
teins may have overlapping regulatory targets (Zhang
et al., 2003; Zimmermann et al., 2004), but the MYB
proteins are the key components providing specificity
for the subsets of genes activated. For example,AtPAP1
and AtPAP2, which regulate anthocyanin synthesis,
and AtTT2, which regulates CT synthesis, are specific
for regulation of these branches of the flavonoid path-
way (Borevitz et al., 2000; Nesi et al., 2001).

Arabidopsis has been an excellent model for delin-
eating this fundamental basis of flavonoid synthesis
and gene regulation (Winkel-Shirley, 2001). However,
Arabidopsis produces dry fruit, similar to legumes,
which do not normally accumulate anthocyanin.
These fruit mature in a process more like senescence
and disperse seeds by dehiscence (Adams-Phillips
et al., 2004). To broaden our understanding of regula-
tion of the flavonoid pathway in horticultural crops it
will be necessary to conduct studies in plants with
fleshy fruit. Grapevine (Vitis vinifera) is probably the
best studied crop plant in terms of regulation of
anthocyanin synthesis by transcription factors in
fruit. In grapevine, two MYB genes, VvMYBA1 and
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VvMYBA2, which appear to regulate VvUFGT, contain
mutations that segregate with white berries (Kobayashi
et al., 2004; Walker et al., 2006). Other MYBs may
activate a broader range of pathways; for example,
when the grape gene VvMYB5a was expressed in
tobacco (Nicotiana tabacum) it induced biosynthesis of
anthocyanins, CTs, flavonols, and lignin (Deluc et al.,
2006). However, regulation of anthocyanin synthesis
in grapevine may be atypical in several respects com-
pared to other crops. For example in berry skin only
the VvUFGT step is differentially regulated for antho-
cyanin synthesis (Boss et al., 1996) and in some im-
portant cultivars used for winemaking, such as Shiraz,
anthocyanin synthesis in the fruit does not require
direct light (Downey et al., 2004).
In the fruit of many crops, such as apple (Malus

domestica), citrus (Citrus sinensis), peach (Prunus per-
sica), pear (Pyrus communis), strawberry (Fragaria spp.),
Vaccinium sp. such as cranberry (Vaccinium macrocar-
pon) and bilberry (Vaccinium myrtillus), eggplant (So-
lanummelongena), and lychee (Litchi chinensis), multiple
flavonoid structural genes are coregulated for antho-
cyanin synthesis or in many of these fruit anthocyanin
synthesis is enhanced by sunlight (Tyas et al., 1998;
Matsuzoe et al., 1999; Zhou and Singh, 2000; Li et al.,
2001; Jaakola et al., 2002; Kim et al., 2003; Kataoka and

Beppu, 2004; Steyn et al., 2004; Tsuda et al., 2004; Jia
et al., 2005; Lo Piero et al., 2005; Anttonen et al., 2006;
Halbwirth et al., 2006). In none of these cases has a
MYB or bHLH regulator specific for induction of
anthocyanin synthesis in fruit been isolated. It is not
known if either or both of these transcription factors
are induced by sunlight or if other transcription fac-
tors, for example a bZIP protein (Hartmann et al.,
2005) or an inhibitor protein (Hernandez et al., 2004),
mediate the response to sunlight. Aside from grape-
vine, pepper (Capsicum annuum) is the only other fruit
in which an anthocyanin MYB regulator, called CaA,
has been identified (Borovsky et al., 2004). However,
pepper is different from many other crops as antho-
cyanin is made early in fruit development and is later
replaced by carotenoid pigments at ripening. In straw-
berry a MYB regulator of anthocyanin and flavonol
pathways has been identified, called FaMYB1, but
based on expression studies in tobacco it is believed to
repress these pathways (Aharoni et al., 2001).

In horticultural plants, color is an important consid-
eration in consumer choice. In fruits such as apple,
grape, cherry (Prunus avium), strawberry, and others
there has been much interest in breeding varieties
bearing fruit with altered color, hues, patterns, or total
anthocyanin content. In apples, red skin fruit are
preferred to other fruit because consumers associate
better-colored apples with better taste, ripeness, and
flavor (King and Cliff, 2002). Color is also an obvious
characteristic that enables product discrimination. For
example, the apple cultivar Cripps’ Pink, commercially
sold as Pink Lady, has been very successful due to its
distinct pink hue (Corrigan et al., 1997). Apple skin is
also a rich source of compounds that are potent anti-
oxidants, such as anthocyanins, CTs, and flavonols,
and intake of such compounds in the human diet has
been correlated with lower incidences of cancers and
cardiac disease (Gallus et al., 2005; Liu et al., 2005;
Rasmussen et al., 2005). For this reason the antioxida-
tive potential of apple skin may become a new quality
marker for different apple cultivars (Schirrmacher and
Schempp, 2003).

In apple skin, sunlight is the most important exter-
nal factor regulating anthocyanin synthesis (Saure,
1990; Lancaster, 1992). We recently demonstrated that
in the red skin cultivar Cripps’ Red, several flavonoid
genes required for anthocyanin synthesis were coor-
dinately transcribed in response to light exposure
(Takos et al., 2006a). However, the expression of the
MdLAR1 and MdANR genes, required for synthesis of
CTs, was not light regulated. The coordinated changes
in expression of several apple flavonoid genes also
have a genetic basis; at fruit ripening transcripts of
MdCHS, MdF3H, MdDFR, MdLDOX, and MdUFGT
were found to be barely detectable in the non-red skin
cultivar Orin but were abundant in the red skin
cultivars Fuji and Jonathan (Honda et al., 2002). The
data suggest that expression of these genes is con-
trolled by a common regulator that is defective in non-
red skin cultivars.

Figure 1. Diagrammatic representation of the flavonoid biosynthetic
pathway in apple. Enzymes for each step are shown in bold. Flavonoid
intermediates are boxed and principle flavonoid end products are in
gray boxes. The Phe ammonia lyase (PAL) enzyme is at a key branch
point of the phenylpropanoid pathway that can lead to many classes
of compounds. Enzymes required for flavonoid synthesis: CHS,
Chalcone synthase; CHI, chalcone isomerase; F3H, flavanone-3
b-hydroxylase; DFR, dihydroflavonol-4-reductase; LDOX, leucoantho-
cyanidin dioxygenase. Enzymes specific for various flavonoid
compounds: UFGT, UDP-glycose:flavonoid-3-O-glycosyltransferase
for anthocyanin synthesis. The unidentified enzyme encoding a glyco-
syl transferase for flavonol glycone synthesis is referred to as GT. The
flavononoid-3#-hydroxylase enzyme has been omitted for clarity but it
may hydroxylate several of the intermediates from the CHI step
onwards.
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In this study, we report the isolation of a light-
induced gene that encodes a MYB regulator of antho-
cyanin synthesis in apple fruit skin. This gene, called
MdMYB1, was characterized in terms of the correla-
tion of its expression with anthocyanin synthesis and
function in two heterologous transgene assays. A de-
rived cleavedamplifiedpolymorphic sequence (dCAPS)
marker for an allele of MdMYB1 showed segregation
with skin color. This marker will be a useful tool for
apple breeding programs. Our analysis has delineated
the regulation of anthocyanin synthesis in apple fruit
skin and will further our understanding of flavonoid
regulation in other crops.

RESULTS

Flavonoid Synthesis and Gene Expression in the Skin
of Apple Cultivars

Levels of anthocyanins, CTs, and flavonols accumu-
lated in apple fruit skin were measured in several
cultivars collected when the fruit was ripening (Fig. 2).
Skin from the fruit of the non-red skin cultivars
Golden Delicious, Granny Smith, Grandspur, Firm
Gold, Shuzaka, and Einscheimer did not contain any
detectable anthocyanins (Fig. 2A). Anthocyanin levels
ranged from approximately 15 ng mg21 to approxi-
mately 165 ng mg21 in the red skin cultivars, an
unnamed selection with red skin (US), Cripps’ Red,
Gala, Galaxy, and Hi Early. There was significant
variation in the levels of flavonols (Fig. 2B) and CTs
(Fig. 2C) among the different cultivars but no clear
correlation with color. The non-red skin cultivars
accumulated flavonols and CTs in a similar range to
that measured in the red skin cultivars.

The transcript levels of genes that encode the
enzymes of the flavonoid pathway (Fig. 1) were mea-
sured in the skin of non-red and red skin apple
cultivars by real-time PCR. Transcripts of the early
genes of the pathway, required for both anthocyanin
and CTsynthesis (MdCHS,MdF3H, andMdDFR), were
typically 5- to 20-fold higher in red skin cultivars than
non-red skin cultivars (Fig. 3A). Transcripts of the late
genes of the pathway (MdLDOX and MdUFGT), of
which the latter gene is specific for anthocyanin syn-
thesis, ranged from 25- to 180-fold higher in red skin
cultivars compared to non-red skin cultivars (Fig. 3B).
The exceptions were Granny Smith and Grandspur,
which had higher transcript levels of MdUFGT than
other non-red skin cultivars although transcript levels
were still well below that of the red skin cultivars.
Transcripts of the MdCHI gene, which is also required
for both anthocyanin and CT synthesis, did not have
the same pattern as that observed for the other genes
and its expression was at similar levels in all the cul-
tivars analyzed (Fig. 3C). Transcripts of MdFLS, which
is specific for the synthesis of flavonols, and MdLAR1
and MdANR, which are specific for the synthesis of
CTs, were at similar levels in non-red and red skin
cultivars (Fig. 3, D and E).

Figure 2. Flavonoid concentration in the skin of apple cultivars at fruit
ripening. A, Anthocyanin. B, Flavonol. C, CTs. Flavonoids were
extracted from pooled samples of peel taken from the entire surface
of six to 10 apples for each cultivar. Dashed line separates the non-red
skin and red skin cultivars. Data are means of three replicates with error
bars indicating 6SDs. US, Unnamed selection with red skin.
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Figure 3. Flavonoid structural gene expression in the skin of apple cultivars at fruit ripening. A,MdCHS,MdF3H, andMdDFR. B,
MdLDOX andMdUFGT. C,MdCHI. D, MdFLS. E,MdLAR1 andMdANR. Total RNAwas extracted from pooled samples of peel
described in Figure 2 and reverse transcribed into cDNA. Transcript levels of genes were determined by real-time PCR using
gene-specific primers and corrected to the apple UBIQUITIN (MdUBQ) gene. Transcript levels were normalized relative to the
transcript level for each gene in the cultivar Golden Delicious. Dashed line separates the non-red skin and red skin cultivars.
Data are means of three replicate PCR reactions with error bars indicating 6SDs. US, Unnamed selection with red skin.
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Isolation of MdMYB1

Anthocyanin synthesis in apple fruit skin is induced
by sunlight (Saure, 1990; Lancaster, 1992). The antho-
cyanin pathway was manipulated artificially in apples
by covering fruit on trees with bags early in the season
to exclude sunlight. When the bags were removed
during the fruit ripening phase, reexposure to sun-
light induced anthocyanin synthesis after about 2 to 3 d
in Cripps’ Red and Cripps’ Pink fruit (Takos et al.,
2006a; J.-L. Parker, S.P. Robinson, A.R. Walker, and
A.M.Takos,personal communication).Coincidingwith
the reexposure to sunlight, we found increased tran-
script levels of all the flavonoid structural genes re-
quired for anthocyanin synthesis: MdCHS, MdCHI,
MdF3H,MdDFR,MdLDOX, andMdUFGT, but synthe-
sis of flavonols and CTs was not induced (Takos et al.,
2006a).

One or more transcription factors specific to the
anthocyanin pathway should be induced when bags
are removed from dark-grown fruit and anthocyanin
synthesis is induced by sunlight. To exploit this pos-
sibility we prepared cDNA from Cripps’ Pink fruit
skin in which the anthocyanin pathway had been
strongly induced by light and used it as a template for
PCR to isolate anthocyanin MYB regulators. Degener-
ate primers were designed from the conserved regions
in the R2R3 domain of MYB transcription factors from
other plant species that had been functionally charac-
terized to regulate anthocyanin synthesis. A 246 bp
cDNA was isolated that encoded a peptide with ap-
proximately 80% sequence identity to the R2R3 region
of the petunia MYB transcription factor PhAN2. The 5‘
and 3’ ends of the cDNAwere isolated by RACE PCR.
The 848 bp full-length cDNA contained a coding re-
gion for a deduced amino acid sequence of 243 resi-
dues in length and this protein was designated as
MdMYB1.

A phylogenetic analysis of the R2R3 region of this
deduced amino acid sequence places MdMYB1 in a
cluster of MYB proteins that include: Gerbera hybrida
GMYB10, snapdragon AmVENOSA, AmROSEA1, and
AmROSEA2, pepper CaA, tomato (Lycopersicon escu-
lentum) LeANT1, petunia PhAN2, grape VvMYBA1
and VvMYBA2, and Arabidopsis AtPAP1 and AtPAP2
(Fig. 4A). These MYBs have all been characterized as
anthocyanin regulators. The cluster that contains maize
ZmPL and ZmC1, which are also specific for regulation
of anthocyanin synthesis, and the Arabidopsis AtTT2,
which regulates CT synthesis, are more distantly re-
lated, as are MYBs that regulate other processes.

An alignment of the deduced amino acid sequences
of some of these proteins shows the high sequence
homology within the R2R3 domain at the amino ter-
minus (Fig. 4B). All of the proteins contain the motif
[D/E]Lx2[R/K]x3Lx6Lx3R in the R3 domain for inter-
actions with R-like bHLH proteins (Zimmermann
et al., 2004). Within the highly conserved R2 domain
it is interesting to note that MdMYB1 and the antho-
cyanin regulators (with the exception of ZmC1) have

an Arg at position 39 when a Gly residue is found at
this position in ZmC1 and AtTT2 and in 88% of
Arabidopsis R2R3 MYBs (Stracke et al., 2001). It is
not clear if this residue is critical for the specificity of
the anthocyanin MYBs; however, it may be an inter-
esting target for mutagenesis.

There is little homology in the sequence carboxyl
terminal to the R2R3 domain; an exception is the motif
KPRPR[S/T]F defined by Stracke et al. (2001) as motif
6 in AtPAP1 and PhAN2. This motif is also conserved
in CaA and is modified to [K/R]Pxxx[K/T][F/Y] in
MdMYB1, GMYB10, AmROSAEA1, LeANT1, and
VvMYBA1 but is absent in AtTT2. This motif is also
absent in ZmC1, a regulator of anthocyanin synthesis
in maize, but it is interesting to note that Baudry et al.
(2004) found that ZmC1 could activate the AtANR pro-
moter in Arabidopsis protoplasts, suggesting ZmC1
can activate transcription of at least one CT synthesis
gene. Another motif was incorrectly identified as
DExWRLxxT in ZmC1 and AtTT2 by Stracke et al.
(2001), and designated motif 5, but is actually
DEDWLRxxT. This motif is not found in the anthocy-
aninMYB regulators although there is some homology
in this region. When sequencing MdMYB1 cDNAs
an A/T polymorphism was found at nucleotide posi-
tion 573 of the coding sequence that encoded either an
Arg (allele MdMYB1-1) or Ser residue (MdMYB1-3),
respectively, at amino acid position 191 of the deduced
amino acid sequence.MdMYB1-2 is defined later in this
report.

MdMYB1 Expression Analysis

Transcript levels of MdMYB1 were determined by
real-time PCR using gene-specific primers designed to
the region encoding the carboxyl domain. When bags
were removed from dark-grown Cripps’ Red fruit and
the fruit reexposed to sunlight, MdMYB1 transcripts
increased by approximately 20-fold after 1 d and then
increased to approximately 25-fold higher after 6 d
before transcript levels declined again (Fig. 5A). This is
similar to the pattern observed forMdUFGT transcript
levels and correlates with anthocyanin synthesis when
bagged fruit were uncovered (Takos et al., 2006a). In
control fruit, which were grown under normal light
conditions, MdMYB1 transcripts were approximately
25-fold higher than in the bagged fruit and this level
did not fluctuate by more than approximately 2-fold
throughout the course of the experiment.

Transcript levels of MdMYB1 in Cripps’ Red fruit
were approximately 10-fold higher in red skin sectors
than in flesh, seeds, flower buds, or young fruit
(Fig. 5B). Skin sector samples were taken at 48 and
147 d after full bloom (DAFB), which we found in a
previous study coincided with two distinct phases of
anthocyanin synthesis in Cripps’ Red fruit (Takos et al.,
2006b). At 48 DAFB MdMYB1 transcript levels were
approximately 24-fold higher in red skin than green
skin sectors and at 147 DAFB were approximately
4.5-fold higher.

Takos et al.
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Figure 4. Comparison of MdMYB1 deduced amino acid sequence with other MYB proteins. A, Phylogenetic analysis displaying
the similarity of MdMYB1 (red box) with other MYBs that have been characterized as regulators of the anthocyanin pathway.
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Transcript levels of MdMYB1 were 15- to 50-fold
higher in red skin cultivars than in non-red skin
cultivars (Fig. 5C). This correlates with the levels
of anthocyanin measured in these cultivars (Fig. 2A)
and transcripts of the genes required for anthocyanin
synthesis (Fig. 3, A and B). The exceptions were
Granny Smith and Grandspur, which had 5-fold higher
levels of MdMYB1 transcripts than the other non-red
skin cultivars. The data shows a positive correlation
between MdMYB1 expression levels and anthocyanin
synthesis in response to light, tissue specificity, and
genetic background.

Functional Testing of MdMYB1

The function of the MdMYB1 protein was tested in
planta by introducing MdMYB1-1 cDNA under the
transcriptional control of the cauliflower mosaic virus
35S promoter into two heterologous systems: Arabi-
dopsis plants and cultured grape cells.

Arabidopsis plants, transformed with 35S:MdMYB1-1
cDNA, developed seeds with spots of red pigmentation
at the funicular end, indicating anthocyanin synthesis
(Fig. 6A). For comparison, plants were also transformed
with 35S:AtPAP1 cDNA, the endogenous Arabidopsis
MYB anthocyanin regulator. These plants developed a
stronger phenotype than for plants transformed with
35S:MdMYB1-1 cDNA as the red pigmentation in seeds
was more intense and not restricted to the funicular end
(Fig. 6B). For both constructs the phenotype was best
observed in immature seeds (less than 10 d after anthe-
sis) before cells of the seed coat die and compress (about
15 d after anthesis) and the seed coat darkens. Seeds of
the wild-type plants (ecotype Columbia) had no pig-
mentation (Fig. 6C) and no pigmentation was observed
in any other plant structures for either the wild-type or
transformed plants. The data shows that MdMYB1 can
function to induce anthocyanin synthesis inArabidopsis.

Cultured grape cells bombarded with gold particles
coated with MdMYB1-1 cDNA and the bHLH partner
AtEGL3, both driven by the cauliflower mosaic virus

35S promoter, were induced to synthesize anthocyanin
(Fig. 6D). No pigmented cells were observed when
transformedwithAtEGL3 cDNAalone.TheMdMYB1-1
and MdMYB1-3 cDNAs, which encoded either an Arg
or Ser at position 191, respectively (Fig. 4B), were
tested for their efficacy to induce expression from the
promoters of apple flavonoid structural genes in the
grape cell assay. Both these MdMYB1 cDNAs were
able to induce an approximately 25-fold and approx-
imately 10-fold increase in luciferase (LUC) enzyme
activity when cobombarded with constructs contain-
ing the MdDFR and MdUFGT promoters, respectively,
fused to the firefly LUC gene (Fig. 6E). Similar num-
bers of pigmented cells were also observed after
bombardment with both MdMYB1 cDNAs (data not
shown). These results show that MdMYB1 can activate
expression of two apple anthocyanin pathway genes
and indicate that either an Arg or a Ser at position 191
does not affect MdMYB1 function.

MdMYB1 Genomic Sequence Analysis

Genomic fragments encompassing approximately
6 kb of MdMYB1 and spanning from approximately
2 kb of the promoter to the stop codon were isolated
from genomic DNA of Golden Delicious and the red
skin siblings Cripps’ Pink and Cripps’ Red. These
siblings are progeny of a cross of the red skin cultivar
Lady Williams with the non-red skin cultivar Golden
Delicious. Sequence analysis revealed the presence of
three MdMYB1 alleles in these cultivars (Fig. 7A). The
MdMYB1-1 allele was inherited by both Cripps’ Pink
and Cripps’ Red but was not present in the parent
Golden Delicious. Therefore, MdMYB1-1 must have
been inherited from the red skin parent Lady Williams
and thus was an excellent candidate single dominant
gene controlling anthocyanin synthesis in apple skin.

The genomic organization of MdMYB1-1 consists of
three exons and two introns (Fig. 7B). The R2 domain
is split over exons 1 and 2, while the R3 domain is split
over exons 2 and 3. This is similar to the structure of

Figure 4. (Continued.)
Origins of the various MYBs are given a one or two letter prefix: Md is apple, G is gerbera hybrid, Vv is grapevine, At is
Arabidopsis, Ph is petunia, Ca capsicum, Le is tomato, Fa is strawberry, Zm is maize, Am is snapdragon, Dc is carrot, and Nt is
tobacco. Functions of the other MYB proteins are indicated. The tree was based on the alignment of the 104 amino acids
spanning the R2R3 domain using the CLUSTALW alignment program and default parameters of the Molecular Evolutionary
Genetics Analysis package, version 3.1. The tree was then constructed from this file using the neighbor-joining method with a
bootstrap test of phylogeny of 10,000 replications and a random seed of 64,238. Bootstrap values are shown at nodes and the
scale bar represents 0.05 substitutions per site. Accession numbers of proteins are listed in ‘‘Materials and Methods.’’ B, Protein
sequence alignment of the anthocyanin group of MYB regulators and other closely related MYBs identified by the phylogenetic
analysis. The R2 and R3 domains are underlined in gray and black, respectively. The bHLH bindingmotif is boxed in red in the R3
domain. A specific residue of interest common to anthocyanin regulators is indicated with a red arrow within the R2 domain and
the number of this residue referred to in the text is that given by Stracke et al. (2001). A red arrow from the box R/S indicates an
Arg residue in the amino acid sequence of MdMYB1-1 that is a Ser in MdMYB1-3. Motifs 5 and 6 identified by Stracke et al.
(2001) in the C-terminal domain are boxed in red. Protein sequenceswere alignedwith the CLUSTALW program at the Australian
National Genome Information Service site (http://www.angis.org.au/) and displayed using the GeneDoc Version 2.6.002
program.
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other R2R3 MYBs (Jiang et al., 2004). Intron 1 is 323 bp
in length while intron 2 is 3 kb in length. Southern
blotting under stringent conditions using a DNA probe
made to the region encoding the carboxyl-terminal
domain indicated there is a single copy ofMdMYB1 in
the genome of LadyWilliams, GoldenDelicious, Cripps’
Red, and Cripps’ Pink (data not shown). The other two
alleles of MdMYB1 have the same basic gene structure
as MdMYB1-1; one of these was designated MdMYB1-2
and the other corresponded to MdMYB1-3 that was
functional in the grape cell bombardment (Fig. 6E).

A comparison of the nucleotide sequences of the
three alleles shows that they are identical in exons 1 and
2 but in MdMYB1-1 and MdMYB1-2 there are a small
number of nucleotide differences in the promoter and
a single nucleotide difference in intron 2 (Table I). The
MdMYB1-3 allele is more different from the other al-
leles with many nucleotide differences in the promoter
and introns and a nucleotide change in exon 3 that
results in the Arg-to-Ser change at position 191 of the
deduced amino acid sequence (Fig. 4B).

MdMYB1-1 Cosegregation with Skin Color

A single nucleotide polymorphism (SNP) in the
promoter of the MdMYB1-1 allele is different from the
SNP in the MdMYB1-2 and MdMYB1-3 alleles. This
SNP was used as the basis for designing primers for a
dCAPS PCR assay to test the segregation of MdMYB1
alleles with the inheritance of fruit skin color. The
forward primer was designed with the SNP incorpo-
rated in the primer sequence and its location in the
promoter is shown in Figure 7B. After amplification,
PCR products that contained theMdMYB1-1 promoter
sequence were restricted by the enzyme BstEII to a size
of 263 bp, while products that did not contain this
sequence, such as derived from the MdMYB1-2 and
MdMYB1-3 alleles, were not digested and were 291 bp
in size.

The 263 bp PCR fragment was detected in all of the
red skin cultivars we tested, indicating they contained
the MdMYB1-1 allele (Fig. 8A). Most of these cultivars
appeared to be heterozygous for MdMYB1-1 as an
undigested PCR product of 291 bp was also detected,
indicating the presence of another allele. For two of the

Figure 5. MdMYB1 gene expression patterns. A, Transcript levels of
MdMYB1 in fruit bagging experiment. Fruit from the cultivar Cripps’
Red were grown in bags from 48 DAFB until 147 DAFB when the bags
were removed and fruit then referred to as unbagged fruit. Control fruit
were grown under normal light conditions for the entire period. Total
RNA extracted from peel taken from the entire surface of apples on the
day that bags were removed from the dark-grown fruit (day 0) and on

subsequent days after bag removal. The total RNA was reverse tran-
scribed into cDNA and transcripts were measured by real-time PCR.
Data is normalized relative to the transcript levels in the dark-grown
fruit at day 0. B, Transcript levels of MdMYB1 in various reproductive
tissues of Cripps’ Red. Tissues were collected from six to 10 samples at
the stages indicated and then pooled for total RNA extraction. The total
RNA was reversed transcribed into cDNA for real-time PCR analysis.
Data is normalized relative to the transcript levels in flower buds. C,
Transcript levels ofMdMYB1 in non-red and red skin cultivars. Samples
were as described in Figure 3 and data normalized to transcript levels in
Golden Delicious. Dashed line separates the non-red skin and red skin
cultivars. All data in A to C was corrected toMdUBQ and is the mean of
three replicate PCRs with error bars indicating 6SDs.
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red skin cultivars, Fuji and Hi Early, only the 263 bp
PCR fragment was detected, which indicates they
could be homozygous for MdMYB1-1 or that they
contain an allele whose sequence could either not be
amplified or distinguished from MdMYB1-1 by the
dCAPS assay. The latter possibility seems most likely
since Fuji is heterozygous for skin color inheritance as
when it is crossed with a non-red skin cultivar it
produces progeny with a 1:1 segregation of skin color.

Formost of the non-red skin cultivars only the 291 bp
PCR product was detected, indicating they do not
contain the MdMYB1-1 allele. In the cases of Granny
Smith and Grandspur, which are genetically related,
the dCAPS assay indicated the presence of the

MdMYB1-1 allele, yet these are non-red skin culti-
vars. Sequence analysis of this allele confirmed that,
while it had the same sequence as MdMYB1-1 in the
region where the dCAPS primers were designed, there
were numerous other differences compared to the
MdMYB1-1 promoter. Therefore these cultivars con-
tain at least one unidentified allele of MdMYB1.

The segregation ofMdMYB1-1with color inheritance
was tested in progeny from the cross of an unnamed
red skin selection (Red Selection, from a cross of Lady
Williams by Golden Delicious and a sibling of Cripps’
Pink and Cripps’ Red) and Golden Delicious. The
utility of the dCAPS assay for predicting skin color
inheritance is shown in a small number of the progeny,

Figure 6. Functional analysis of MdMYB1 in heterologous systems. Photos of developing seeds (less than 10 d after anthesis)
from Arabidopsis ecotype Columbia transformed with MdMYB1-1 cDNA (A) or AtPAP1 cDNA (B), while C is seed from
untransformed plants. Photos A and B are representative of one of six separate lines of the T2 generation and similar phenotypes
were observed in all lines. D, Photo of a cultured grape cell induced to synthesize anthocyanin by bombardment withMdMYB1-1
and AtEGL3 cDNA. E, Stimulation of LUC activity derived from MdDFR and MdUFGT promoters fused to the firefly LUC gene
and cobombarded into grape cells with either of two different MdMYB1 cDNAs; MdMYB1-1 encoding an Arg at position 191
andMdMYB1-3 encoding a Ser at position 191. Data is the mean of the ratio of P. pyralis LUC activity to R. formis LUC activity
normalized to bombardment in which the MYB cDNA was absent. Error bars are 6SDs of three bombardments from three
separate experiments.
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which is typical of the results we obtained for a total
of 136 progeny (Fig. 8B). Apples in which the 263 bp
PCR fragment was detected, indicating the presence
of MdMYB1-1, had varying levels of pigmentation
perhaps reflecting the degree of exposure to sunlight.
Apples in which only the 291 bp PCR fragment was
detected had none or very poor pigmentation. In total,
93 progeny were scored for red skin color and in all of
these theMdMYB1-1 allele was detected by the dCAPS
assay, while for the 43 progeny scored as non-red the
MdMYB1-1 allele was not detected (Table II). The
MdMYB1-1 allele shows segregation with red skin
color inheritance, indicating it is probably the color
locus for apple fruit skin in these cultivars.

DISCUSSION

Activity of the Flavonoid Pathway in Apple Cultivars

To determine the nature of the genetic basis of apple
fruit skin color we analyzed flavonoid synthesis and
structural gene transcription in several non-red and
red-skin cultivars. We found that non-red skin culti-
vars, despite being deficient in anthocyanin synthesis,
were still able to synthesize CTs and flavonols in fruit
skin to a similar level as found in red skin cultivars.
Our results are in agreement with the previous anal-
ysis of flavonoid accumulation in the fruit skin of
several apple cultivars at ripening (Lata et al., 2005;
Vanzani et al., 2005). The study by Lister et al. (1994)

Table I. Comparison of features of genomic sequence of MdMYB1 alleles

Allele
Sequence Comparison with MdMYB1-1a

Promoter Intron 1 Intron 2 Exon 3

MdMYB1-1 1,865 bp 323 bp 3,000 bp 475 bp
MdMYB1-2 Eight nucleotide

differences
Identical One nucleotide

difference
Identical

MdMYB1-3 .25 nucleotide
differences

256 bp (93.5%
homology)

2,995 bp (98.3%
homology)

A/ T (Arg/
Ser position 191)

aExons 1 and 2 are identical in the three alleles.

Figure 7. Analysis of MdMYB1 genomic DNA. A, Diagrammatic representation of the inheritance of MdMYB1 alleles in the
cross of Lady Williams with Golden Delicious as determined by sequencing. MdMYB1 alleles were sequenced in Golden
Delicious, Cripps’ Red, and Cripps’ Pink. The presence of theMdMYB1-1 allele in LadyWilliams is inferred since this allele is not
present in Golden Delicious. The identity of the other MdMYB1 allele present in Lady Williams is unknown. B, Genomic
organization ofMdMYB1-1 gene (not drawn to scale). Numbers refer to position relative to the first nucleotide of the start codon.
Coding sequence is shown in boxes and noncoding sequence is shown as black line. Location of R2 and R3 domains is indicated
by gray and black, respectively. Exons, introns, and the promoter region are labeled. Location of dCAPS forward primer binding
site is indicted in the promoter (it is this primer sequence that is restricted by BstEII in the PCR fragment derived fromMdMYB1-1).
The probe fragment used for Southern analysis is indicated by a pale gray box.
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also showed that similar composition and concentra-
tions of flavonols and CTs accumulated in the fruit
skin of the red skin cultivar Splendour and the non-
red skin cultivar Granny Smith throughout fruit mat-
uration.

Using real-time PCR we determined that transcript
levels of MdCHS, MdF3H, MdDFR, MdLDOX, and
MdUFGT genes required for anthocyanin synthesis
were lower in fruit skin of non-red than red skin
cultivars. This result is in agreement with the enzyme
activity data of Lister et al. (1996) and gene transcrip-
tion data of Honda et al. (2002) and Kondo et al. (2002)
that indicated multiple anthocyanin pathway steps
were deficient in the fruit skin of non-red skin cultivars.
Unlike the anthocyanin pathway genes, transcripts of
genes specific to the flavonol and CT pathways were at
similar levels in all the cultivars tested.

Since transcription of at least five structural flavo-
noid genes was affected, the genetic basis of apple skin
color is probably due to the activity of a common
regulator of these genes. This would be analogous to
AtPAP1, which is a specific regulator of the anthocy-
anin pathway in Arabidopsis (Borevitz et al., 2000).
Since the flavonol and CT pathways are not perturbed
in non-red apples it is likely there are separate regu-
lators for these pathways. In Arabidopsis, specific
MYB regulators of these pathways have been found,
for example AtMYB12 is a regulator of AtCHS and
AtFLS, which are required for flavonol synthesis
(Mehrtens et al., 2005), while AtTT2 regulates AtDFR,
AtLDOX, and AtANR, which are required for CT
synthesis (Nesi et al., 2001). In apple, there could be
orthologs of these MYB regulators that can stimulate
transcription from promoters of some of the early
flavonoid pathway genes so as to generate the precur-
sor compounds required for flavonol and CT synthe-
sis. These regulators would be expressed early in fruit
development when these compounds aremade, and in

particular transcripts of the genes required for flavonol
and CT synthesis are abundant (Takos et al., 2006b).

TheMdCHI gene was the only anthocyanin pathway
gene that did not seem to have reduced expression in
non-red skin apple cultivars at fruit ripening. This
suggests that MdCHI is not coregulated with the other
pathway steps. However, both Lister et al. (1996) and
Li et al. (2002) found that MdCHI enzyme activity was
much lower in non-red than red skin cultivars at fruit
ripening. We analyzed one isoform of MdCHI but
Southern analysis has indicated that there are at least
two sequences similar to MdCHI in the apple genome
(Takos et al., 2006b). It is possible that another MdCHI
gene isoform we have not analyzed is involved in
anthocyanin synthesis and so analysis of other puta-
tive MdCHI genes is needed to clarify whether this
step is coregulated.

Characterization of MdMYB1

We isolated a gene that encoded an R2R3 MYB
family transcription factor we named MdMYB1. Phy-
logenetic analysis placed MdMYB1 in a group of MYB
proteins that have been functionally characterized to
regulate anthocyanin synthesis and separate from
MYBs that regulate other processes.

Figure 8. Analysis of segregation ofMdMYB1-1 allele
by dCAPS assay. A, Fragments from dCAPS assay of
genomic DNA extracted from the leaves of non-red
and red skin cultivars. B, Photos of fruit from progeny
of the cross of a red selection with Golden Delicious
and below fragments from dCAPS assay of genomic
DNA from leaves of these progeny. PCR fragments
were digested with BstEII and separated on 3% (w/v)
NuSieve GTG Agarose gel. Migration of molecular
mass markers is not shown but the top fragment is
291 bp and the bottom fragment is 263 bp.

Table II. Segregation of the MdMYB1-1 allele in apple progeny

Red Selection (MdMYB1-1, MdMYB1-2)a

3

Golden Delicious (MdMYB1-2, MdMYB1-3)

Scoring of Progeny Inheritance of MdMYB1-1b

Red skin 93 93/93
Non-red skin 43 0/43

aThe selection is a sibling of Cripps’ Pink and Cripps’ Red.
bPredicted by the dCAPS marker.
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Consistent with a role in regulating anthocyanin
synthesis, MdMYB1 gene transcripts increased within
1 d when bags were removed from apple fruit ex-
posing skin to sunlight. This increase in MdMYB1
transcripts was accompanied by the accumulation of
anthocyanin and flavonoid structural gene transcripts
in the skin (Takos et al., 2006a). Other anthocyanin
MYB regulators have also been shown to respond to
light; for example, in Arabidopsis anthocyanin syn-
thesis and expression of both AtPAP1 and AtPAP2 re-
spond to light under stress conditions (Vanderauwera
et al., 2005). Correlation has been found between light,
anthocyanin synthesis, and transcript levels of MYB
anthocyanin regulators in maize seed aleurone and
seedling mesocotyl and in Perilla frutescens leaves
(Procissi et al., 1997; Gong et al., 1999; Piazza et al.,
2002). However,MdMYB1 is the first MYB regulator of
the anthocyanin pathway to show light induction in
the skin of a fleshy fruit. This is different from grape-
vine (Shiraz) berries where anthocyanin synthesis is
unperturbed by bunch shading (Downey et al., 2004),
presumably indicating the VvMYBA1 and VvMYBA2
genes are regulated differently compared toMdMYB1.
There is some variability in the response of grapevine
cultivars to light. For example, compared to those
grown in full sun, Cabernet Sauvignon berries contain
less anthocyanin when shaded from sunlight; how-
ever, VvMYBA1 expression seems to be only slightly
affected (Jeong et al., 2004).
The preferential expression of MdMYB1 in red skin

sectors of apple fruit is consistent with the model of a
specific regulator of the anthocyanin branch of the
pathway. This is because CTsynthesis andMdLAR and
MdANR transcripts are distributed almost equally
between red and green skin sectors of the same fruit
(Takos et al., 2006b) and so would probably require a
regulator that is expressed in both these tissue types.
Furthermore, transcripts ofMdMYB1weremore abun-
dant in the red skin compared to the non-red skin
apple cultivars (Fig. 5C), which are still able to accu-
mulate flavonols and CTs and express the flavonoid
pathway genes specific to their synthesis. Similarly, in
grapevine (Shiraz) berries CTand flavonol synthesis is
temporally separated from anthocyanin synthesis, or
is induced by different environmental conditions, and
so these pathways are also likely to be controlled by
separate regulatory factors (Downey et al., 2003a,
2003b, 2004; Bogs et al., 2005). Specific MYB regulators
for the flavonol and CT pathways are yet to be isolated
from apple and grapevine fruit or any other fleshy
fruit.
We demonstrated that MdMYB1 can function as an

anthocyanin regulator by introducing the coding re-
gion of the cDNA into Arabidopsis plants and cul-
tured grape cells. In both these systems anthocyanin
synthesis was induced (Fig. 6, A–D). The Arabidopsis
seed coat is rich in CTs, but when the AtANR gene is
disrupted anthocyanins can accumulate (Devic et al.,
1999). The plants transformed with MdMYB1 cDNA
developed partially red seeds, suggesting this regula-

tor was able to divert some of the flux of intermediates
through the flavonoid pathway away from synthesis
of CTs and toward synthesis of anthocyanin, presum-
ably by activation of an endogenous UFGT gene (Lee
et al., 2005). The AtPAP1 cDNA produced a stronger
phenotype than MdMYB1 cDNA and this may be
because of a better interaction of AtPAP1 with other
endogenous regulatory cofactors or flavonoid struc-
tural gene promoters or because of posttranscriptional
or posttranslational regulation.

Mechanism of Light Induction of Flavonoid Structural
Genes by MdMYB1

We have shown that MdMYB1 can activate tran-
scription from the apple MdDFR and MdUFGT pro-
moters when cobombarded into grape cells (Fig. 6E).
The promoters ofMdDFR andMdUFGTcontain putative
light regulatory units, consisting of an ACGT element
and MYB-recognition element (MRE), or MRE-like
sequences, which have been identified by Hartmann
et al. (2005) to be necessary for light responsiveness of
several structural genes required for flavonol synthe-
sis in Arabidopsis. The ACGT elements are bound by
bZIP factors or bHLH factors and the MRE/MRE-like
sequence elements are bound by MYB factors. It was
proposed that a combination of a MYB and bZIP factor
conferred the light responsiveness while a MYB and
bHLH factor conferred tissue specificity. In Perilla a
model has been proposed in which a MYB factor,
MYB-P1, and two bHLH factors are required for an-
thocyanin synthesis and the genes encoding the MYB
and one of the bHLH factors, MYC-F3G1, are both
light induced (Yamazaki et al., 2003). In maize the
bHLH gene Sn and the MYB genes C1 and Pl are light
induced but it is the expression of the MYB genes that
are considered to be rate limiting for anthocyanin
synthesis (Procissi et al., 1997). We have shown in
apple that the MYB component for regulation of
anthocyanin structural genes is encoded by a light-
induced gene, MdMYB1, but the apple bHLH and/or
bZIP cofactors required for anthocyanin synthesis have
not been isolated and so their contribution to light
regulation remains to be determined.

Genetic Segregation of MdMYB1 Alleles

We isolated and sequenced three alleles ofMdMYB1
in cultivars descended from Lady Williams crossed
with Golden Delicious (Fig. 7A). Using a dCAPS PCR
assay we found that one of these alleles, MdMYB1-1,
segregated with skin color in most of the cultivars we
tested. The exceptions were the non-red skin cultivars
Granny Smith and Grandspur; however, these culti-
vars contain a different unidentified allele ofMdMYB1
that is presumably nonfunctional, probably due to low
expression (Fig. 5C). Our data is in agreement with the
random-amplified polymorphic DNA markers de-
veloped by Cheng et al. (1996), which also predict
skin color inheritance to be determined by a single
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dominant gene. The random-amplified polymorphic
DNA markers were also unable to correctly predict
color inheritance for the cultivar Granny Smith but
with our sequence data dCAPS markers could be
designed to test the segregation of MdMYB1 alleles
from this cultivar. The presence of a different allele in
Granny Smith and Grandspur correlates with the
expression ofMdMYB1 and flavonoid structural genes
that were slightly higher in these cultivars compared
to other non-red skin cultivars (Figs. 5C and 3B).

The perfect segregation of theMdMYB1-1 allele with
color in 136 progeny of Red Selection (a sibling of
Cripps’ Pink) backcrossed to Golden Delicious dem-
onstrated that this allele is tightly linked to the color
locus in these cultivars. However, the segregation ratio
of greater than 2:1 of red-skinned to green-skinned
progeny is different from the expected 1:1 ratio. There
are a number of possible reasons why this has oc-
curred. Apples have a self incompatibility system that
might reduce pollination by one allele since the par-
ents are genetically related (Schneider et al., 2005). The
population of 136 progeny is from a selection trial
where individuals have already been culled; if germi-
nation was incomplete or slow, the seedling did not
grow in a strong and characteristic fashion or if the
young tree did not survive and thrive after trans-
planting into the selection block. Only trees that have
started to bear fruit could be scored and the red-
fruited trees might establish more quickly than trees
with non-red fruit. Mutations in linked genes affecting
these processes could distort the segregation ratio.
Although this unexpected segregation ratio is inter-
esting, it does not detract from our observation that
skin color and MdMYB1-1 cosegregate.

The two other alleles sequenced, MdMYB1-2 and
MdMYB1-3, encode, respectively, an identical protein
to MdMYB1-1 and a protein with an Arg-to-Ser ex-
change in the C-terminal domain (Fig. 4B), but this
change does not perturb functional activity of the
MdMYB1 cDNA in the grape cell assay (Fig. 6E).
Therefore it seems likely these alleles are deficient in
regulating anthocyanin synthesis due to altered gene
regulation, as evidenced by the poor expression in
non-red skin cultivars (Fig. 5C). This would explain
why non-red skin cultivars can still develop a faint
blush under high light (Reay, 1999; Kondo et al., 2002).
Presumably these conditions increase the levels of a reg-
ulatory factor of MdMYB1 or activate alternate regu-
latory pathways to induce some MdMYB1 expression.

The MdMYB1-1 dCAPS marker could be a useful
tool for apple breeding programs as it would allow the
prediction of fruit skin color formation long before
immature trees are able to bare fruit. This would be of
even greater significance if MdMYB1 also controls
later steps of pigment formation that could affect
skin hue. For example, overexpression of the MYBs
LeANT1 and AtPAP1 in tomato and Arabidopsis,
respectively, induces genes involved in flavonoid
modification and transport into vacuoles (Mathews
et al., 2003; Tohge et al., 2005). In Arabidopsis, novel

anthocyanins were produced. If MdMYB1 has a sim-
ilar spectrum of action, then alleles that control fine
differences in color intensity or shading could be
identified and used for breeding.

There has been extensive testing of growth condi-
tions to improve anthocyanin synthesis in orchard-
grown apples, including chemical sprays and plant
hormones, the use of reflecting films on the canopy
floor to alter light conditions and manipulation of the
crop load, the canopy, and temperature conditions
(Arakawa, 1988; Reay et al., 1998; Ju et al., 1999; Reay,
1999; Awad et al., 2001a, 2001b; Kondo et al., 2001;
Reay and Lancaster, 2001; Iglesias et al., 2002; Layne
et al., 2002; Embree and Nichols, 2005). The identifi-
cation of an anthocyanin regulatory gene MdMYB1
provides a molecular tool to study the impact of these
processes and conditions on anthocyanin synthesis
and may provide a genetic solution to improving the
consistency of color in apples.

CONCLUSION

In apple fruit the flavonoid pathway is spatially and
temporally regulated but it is also responsive to light.
We have identified a MYB regulatory gene, MdMYB1,
that has an expression pattern correlating with that of
the structural genes during fruit development and in
response to light and coincides with anthocyanin
synthesis. The MYB regulator can activate the pro-
moters of two of these structural genes in a transient
assay and one allele of this gene segregates with skin
color in progeny of a cross of two apples with different-
colored skins. This suggests that MdMYB1 regulates
structural genes across the flavonoid pathway in apple
fruit, determining skin color and providing the poten-
tial to modulate fruit color by altering expression of this
regulatory gene. It will be of great interest to determine
how the response to light is also mediated through this
key regulator in apple fruit.

MATERIALS AND METHODS

Apple Fruit Samples

Samples of fruit skin, flesh, seeds, and early fruit development stages of

apple (Malus domestica Borkh. cv Cripps’ Red) were collected at the Primary

Industries and Resources South Australia Site at Lenswood in the Adelaide

Hills, South Australia from November, 2002 until April, 2003 as described by

Takos et al. (2006b). Fruit bagging experiments were conducted on cultivars

Cripps’ Red in April, 2003 and Cripps’ Pink in April, 2004 at the Lenswood

site as described by Takos et al. (2006a). All other apple samples were collected

at Manjimup, western Australia, including fruit skin samples from various

cultivars collected in the mid to late stages of ripening in 2003. Samples were

pooled from six to 10 individual fruit. Young leaves for genomic DNA

extraction from a red-skinned selection (Red Selection, from a cross between

Lady Williams and Golden Delicious) 3 Golden Delicious progeny were

collected in 2003 and 2005. All samples were immediately frozen in liquid

nitrogen and stored at 280�C.

Flavonoid Analysis

Anthocyanins and flavonols were extracted from 0.1 g of finely ground

plant material in 1 mL 1% (v/v) HCL-methanol for 1 h at room temperature on

Takos et al.
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a rotating wheel in darkness. Samples were clarified by centrifugation at

13,000g for 15 min at room temperature and 10 mL of supernatant was ana-

lyzed by HPLC, as described by Takos et al. (2006a).

CTs were extracted from 0.1 g of finely ground plant material in 1 mL 70%

(v/v) acetone. The extract was processed in a tannin-protein binding assay as

according to Downey and Adams (2005).

Preparation of Nucleic Acids and cDNA Synthesis

Total RNAwas isolated from 1 g apple tissue by a hot borate method (Wan

and Wilkins, 1994). Genomic DNA was isolated from 20 mg of young leaf

material using a DNeasy plant mini kit (QIAGEN).

First-strand cDNA was synthesized from 4 mg total RNA except for flesh

samples where 2 mg was used due to an inhibition of synthesis at higher

concentrations. The reaction was primed by oligo dT(18) and synthesis of cDNA

catalyzed by SuperScriptIII RNase H-Reverse Transcriptase with RNAseOUT

(Invitrogen) included in the reaction to inhibit RNA degradation.

Expression Analysis

For real-time PCR, cDNAwas diluted 1:20 with water and 5 mL placed into

a reaction containing 266 nM of each primer and Absolute QPCR SYBR Green

buffer (ABgene). Primers for flavonoid structural genes and thermocycling

conditions are described in Takos et al. (2006b). Primers forMdMYB1 real-time

PCR were: forward, 5#-AGACCAATGTGATAAGACCTCAG-3# and reverse,

5#-AACCAAAAACTTGTGAAGAGTTC-3#, and reaction conditions were as

described for flavonoid structural genes. The PCR reactions were carried out

in a RotorGene2000 real-time PCR instrument (Corbett Research). The relative

gene copy number for each cDNA was calculated against standards of

purified PCR fragments from each gene as described in Takos et al. (2006b).

For all analysis the signal obtained for a gene of interest was normalized

against the signal obtained for the apple UBIQUITIN (MdUBQ) gene.

Isolation of MdMYB1 cDNA

First-strand cDNA was synthesized as described above from 4 mg total

RNA extracted from dark-grown Cripps’ Pink fruit that had been exposed to

sunlight for 2 d. Degenerate PCR primers for isolation of MYB genes were:

forward, 5#-TGYATHRAYAARTAYGGIGARGGIAARTGG-3# and reverse,

5#-GTRTTCCARTARTTYTTIACRTCRTTNGC-3#. Standard PCR conditions

were used for Platinum Taq DNA Polymerase (Invitrogen) with the addition

of betaine to 1 M. Thermocycling conditions were: initial denaturation of 94�C

for 2 min; 35 cycles of 94�C for 30 s, 45�C for 30 s, 72�C for 1 min; and final

extension of 72�C for 5 min. A single 246 bp PCR product was ligated to

pDrive (QIAGEN) and several clones sequenced. A single sequence was ob-

tained and designated MdMYB1. Nested primers were designed for 3# and 5#

RACE PCR. The cDNA template primedwith oligo dT(18) described above was

used for the 3# RACE PCR while for 5# RACE PCR fresh first-strand cDNA

was made from the Cripps’ Pink total RNA sample above using a GeneRacer

kit (Invitrogen). Using the sequence information obtained by RACE PCR

primers were designed to amplify a PCR fragment containing the full-length

coding sequence of MdMYB1 and were: forward, 5#-GCGGTACCGGTAG-

CAGGCAAAAGAATAGCTAAGC-3# and reverse, 5#-GCGGATCCCACATT-

TACAAGCAAGGAAAATA-3#. An 848 bp PCR fragment was obtained from

the Cripps’ Pink cDNA template used above in a reaction catalyzed by

PfuTurbo (Stratagene) following the manufacturer’s reaction conditions. The

PCR fragment was tailed with dATP using a QIAGEN A-Addition kit and

was ligated to pDrive (QIAGEN). Several clones were sequenced and two

MdMYB1 cDNAs, which differed in nucleotide 573 of the coding sequence

resulting in an Arg (MdMYB1-1) or Ser (MdMYB1-3) in position 191 of the

deduced amino acid sequence, were identified.

Generation of MdMYB1 Transgenic Arabidopsis Plants

The full-length coding region sequence MdMYB1-1 or AtPAP1 was

ligated to the binary vector pART27 or pBART27, a derivative of pART27,

respectively (Gleave, 1992), and used to transform Agrobacterium tumefaciens

Agl1. Arabidopsis (Arabidopsis thaliana) plants, ecotype Columbia, were

transformed with the Agrobacterium by the floral dipping method (Clough

and Bent, 1998). T1 MdMYB1 transgenic plants were selected on one-half-

strength Murashige and Skoog media containing 8 g/L agar and 350 mg/L

kanamycin. Kanamycin-resistant T1 seedlings were transferred to soil and

grown at 20�C in a growth chamber (Phoenix Biosystems) with a 16 h day

length and a light intensity of 150 mmol m22 s22. Plants transformed with

AtPAP1 were grown on soil and selected by resistance to basta. Seeds of

individual self-fertilized T2 lines were collected and single-copy insertion lines

were selected based on a Mendelian segregation ratio.

Functional Assay Using Grape Cells

Two MdMYB1 ORFs, MdMYB1-1 and MdMYB1-3, were ligated to the

pART7 vector (Gleave, 1992). Fragments containing promoters ofMdDFR and

MdUFGT genes, which were approximately 2 kb and approximately 1.8 kb in

size, respectively, were isolated with a Universal GenomeWalker kit (BD Bio-

sciences CLONTECH) following the manufacturer’s instructions and using

Cripps’ Pink genomic DNA as a template. These fragments were ligated to the

vector pLuc containing the Photinus pyralis LUC gene (Horstmann et al., 2004).

Gold particles were coated by the method in Ramsay et al. (2003) with a

mixture of 150 ng each of the constructs;MdMYB1 in pART7,AtEGL3 in pFF19

(Ramsay et al., 2003), eitherMdDFR orMdUFGT promoter fragments in pLuc,

and 3 ng of the Renilla reniformis LUC plasmid pRluc (Horstmann et al., 2004).

A suspension culture of grapevine (Vitis vinifera) Chardonnay petiole callus

was grown in Grape Cormier medium (Do and Cormier, 1991) to a log phase

and filtered onto sterile Whatman1 discs (5.5 cm) on the surface of Grape

Cormier-agar plates. The Chardonnay cells were bombarded with DNA-

coated gold particles at 350 kPa helium in a vacuum of 75 kPa and a distance of

14 cm as described by Torregrosa et al. (2002). Cells were harvested 48 h after

transfection and lysed by grinding on ice in 150 mL of Passive Lysis buffer

(Promega). Lysates were clarified by centrifugation for 2 min at 500g and the

activity of P. pyralis and R. reniformis LUC enzymes determined using the

Dual-Luciferase Reporter Assay system (Promega). Light emission was mea-

sured using a TD-20/20 Luminometer (Turner Biosystems).

Cloning of MdMYB1 Genomic Sequence

Primers for the PCR of the full-length MdMYB1 cDNA (above) were also

used to amplify the full-length genomic sequence from Cripps Pink, Cripps’

Red, and Golden Delicious genomic DNA templates. Fragments, approxi-

mately 4 kb in length, were amplified using Platinum Taq DNA Polymerase

High Fidelity (Invitrogen) following the manufacturer’s recommended reac-

tion conditions. The PCR products were ligated to pDrive (QIAGEN) and

several clones sequenced for each reaction.

An approximately 2 kB fragment of the promoter sequence of MdMYB1

was isolated with a Universal GenomeWalker kit (BD Biosciences) as de-

scribed above. Primers specific to each MdMYB1 allele, based upon differ-

ences in intron 1, were then used to amplify the promoter sequence that

corresponded to each allele of MdMYB1 with Platinum Taq DNA Polymerase

High Fidelity (Invitrogen) following the manufacturer’s conditions. The PCR

products were ligated to pDrive (QIAGEN) and several clones sequenced for

each reaction.

MdMYB1-1 dCAPS Assay

Primers for dCAPS PCR were: forward, 5#-CCTGAACACGTGG-

GAACCGGCCCGTTGGTAAC-3# and reverse, 5#-GTGAAGGTTGTCTTTAT-

TAGTGACGTG-3#. The approximately 250 bp PCR product was amplified

with Platinum Taq DNA Polymerase (Invitrogen) following the manufac-

turer’s conditions in a reaction of 50 mL. Thermocycling conditions were:

initial denaturation of 94�C for 2 min; 35 cycles of 94�C for 30 s, 55�C for 30 s,

72�C for 30 s; and final extension of 72�C for 5 min. After PCR, 15 mL of the

reaction was digested with 10 units of BstEII (Promega) at 65�C for 4 h.

Digested DNA fragments were resolved on a 3% (w/v) NuSieve GTGAgarose

gel (FMC BioProducts).

Accession Numbers of Sequences

Sequences referred to in this article are deposited at the National Center for

Biotechnology Information under the following accession numbers: apple,

MdMYB1-1 (DQ886414), MdMYB1-2 (DQ886415), MdMYB1-3 (DQ886416),

promoter of MdDFR (DQ886412), promoter of MdUFGT (DQ886413); gerbera

hybrid, GMYB10 (CAD87010); tomato (Lycopersicon esculentum), LeANT1

(AAQ55181); petunia (Petunia hybrida), PhAN2 (AAF66727), PhPH4

(AAY52377), and PhODO1 (AAV98200); capsicum (Capsicum annuum) CaA
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(CAE75745); Arabidopsis, AtPAP1 (ABB03879), AtTT2 (Q9FJA2), AtMYB12

(ABB03913), AtWER (AAF18939), and AtGL1 (AAC97387); strawberry (Fragaria

spp.), FaMYB1 (AAK84064); grapevine, VvMYBA1 (BAD18977), VvMYBA2

(AB097924), and VvMYB5a (AAS68190); maize (Zea mays), ZmC1 (AAA33482)

andZmPl (AAA19821); snapdragon (Antirrhinummajus),AmMIXTA (CAA55725),

AmROSEA1 (ABB83826), AmROSEA2 (ABB83827), andAmVENOSA (ABB83828);

carrot (Daucus carota), DcMYB1 (BAE54312); and tobacco (Nicotiana tabacum),

NtMYB2 (BAA88222).

Note Added in Proof

A similar gene, MdMYB10 (DQ267896–DQ267898), has been isolated from

apple and shown to regulate anthocyanin production (Espley RV, Hellens RP,

Putterill J, Stevenson DE, Kutty-Amma S, Allan AC [2006] Red colouration

in apple fruit is due to the activity of MYB transcription factor, MdMYB10.

Plant J [in press]).
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