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The color of tomato fruit is mainly determined by carotenoids and flavonoids. Phenotypic analysis of an introgression line (IL)
population derived from a cross between Solanum lycopersicum ‘Moneyberg” and the wild species Solanum chmielewskii revealed
three ILs with a pink fruit color. These lines had a homozygous S. chmielewskii introgression on the short arm of chromosome 1,
consistent with the position of the y (yellow) mutation known to result in colorless epidermis, and hence pink-colored fruit,
when combined with a red flesh. Metabolic analysis showed that pink fruit lack the ripening-dependent accumulation of the
yellow-colored flavonoid naringenin chalcone in the fruit peel, while carotenoid levels are not affected. The expression of all
genes encoding biosynthetic enzymes involved in the production of the flavonol rutin from naringenin chalcone was down-
regulated in pink fruit, suggesting that the candidate gene underlying the pink phenotype encodes a regulatory protein such as
a transcription factor rather than a biosynthetic enzyme. Of 26 MYB and basic helix-loop-helix transcription factors putatively
involved in regulating transcription of genes in the phenylpropanoid and/or flavonoid pathway, only the expression level of
the MYB12 gene correlated well with the decrease in the expression of structural flavonoid genes in peel samples of pink- and
red-fruited genotypes during ripening. Genetic mapping and segregation analysis showed that MYBI2 is located on
chromosome 1 and segregates perfectly with the characteristic pink fruit color. Virus-induced gene silencing of SIMYB12
resulted in a decrease in the accumulation of naringenin chalcone, a phenotype consistent with the pink-colored tomato fruit of
IL1b. In conclusion, biochemical and molecular data, gene mapping, segregation analysis, and virus-induced gene silencing
experiments demonstrate that the MYB12 transcription factor plays an important role in regulating the flavonoid pathway in
tomato fruit and suggest strongly that SIMYBI2 is a likely candidate for the y mutation.

Plants produce pigments to provide color to their
flowers and fruit for attracting pollinators and seed
dispersers. In crop plants, color is regarded as one of the
most important consumer traits in fruit such as tomato
(Solanum  lycopersicum), pepper (Capsicum annuum),
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apple (Malus domestica), and strawberry (Fragaria spp.).
In flowers and fruit, these colors are due mainly to
carotenoid and flavonoid pigments.

Carotenoids are lipid-soluble 40-carbon isopren-
oids, and more than 700 naturally occurring caroten-
oids have been identified (Britton et al., 2004).
Carotenoids are essential for plant life, since they
provide important photoprotective functions during
photosynthesis in chloroplasts and serve as precur-
sors for the phytohormone abscisic acid (Grotewold,
2006). Beyond their essential biological activities,
carotenoids also accumulate in chromoplasts of
flowers and fruit, where they function as yellow-
to red-colored pigments (Young and Frank, 1996;
Tanaka et al., 2008). Carotenoids play important
roles in human nutrition and health, since they are
the precursors for vitamin A, are lipophilic antiox-
idants, and have anticancer properties (Basu and
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Imrhan, 2007; Rao and Rao, 2007; Singh and Goyal,
2008).

Flavonoids are a large group of polyphenolic com-
pounds. Based on their core structure, the aglycone,
they can be grouped into different classes: chalcones,
flavanones, aurones, flavonols, and anthocyanins (Fig.
1). More than 6,000 different flavonoids have been
identified in nature (http://www.metabolome.jp/
software/FlavonoidViewer/). This diversity is due to
combinatorial modification by decorating enzymes
such as glycosyl, malonyl, acyl, and methyl transfer-
ases. Besides their role as pigments to attract pollina-
tors and seed dispersers, flavonoids are involved in
many other aspects of plant growth and development,
such as pollination, pathogen resistance, and protec-
tion against damage from ultraviolet light (Harborne,
1986; Harborne and Williams, 2000). Furthermore,
they are good hydrophilic antioxidants and are in-
creasingly recognized as health-protecting compo-
nents in the human diet (Arts and Hollman, 2005;
Hooper and Cassidy, 2006; Lotito and Frei, 2006; Fraga,
2007; Tapas et al.,, 2008). The anthocyanins are the
widely dispersed red, purple, and blue pigments in
many flowers and fruit, but several other flavonoid
classes function as yellow pigments (e.g. chalcones
and aurones) or copigments (e.g. flavonols; Davies,
2004; Tanaka et al., 2008).

The red color of ripe tomato fruit is due mainly to
the accumulation of the carotenoid all-trans-lycopene,
which is produced during fruit ripening. In addition
to lycopene, tomato fruit contain significant levels of
other carotenoids, such as [-carotene, phytoene,
violaxanthin, and lutein. Mutants in the carotenoid
pathway have an altered carotenoid composition,
resulting in different fruit colors, such as orange
(tangerine, beta) or yellow (r) fruit (Lewinsohn et al.,
2005).

Besides carotenoids, flavonoids play a role in deter-
mining the color of tomato fruit (Schijlen et al., 2008;
Bovy et al., 2010). With the exception of specific
genotypes (Willits et al., 2005), flavonoids accumulate
predominantly in the fruit peel, since the flavonoid
pathway is not active in the fruit flesh due to a lack of
expression of flavonoid biosynthetic genes in this
tissue (Muir et al., 2001; Bovy et al.,, 2002; Colliver
et al., 2002). One of the most abundant flavonoids in
tomato fruit peel is the yellow-colored naringenin
chalcone. It accumulates in the cuticle upon ripening
and is responsible for the yellow color that develops in
the peel at breaker stage, preceding the production of
lycopene (Hunt and Baker, 1980). In addition, the fla-
vonols quercetin-3-rutinoside (rutin) and kaempferol-
3-rutinoside also accumulate in the peel of ripening
tomato fruit. Up to 70 different flavonoids have been
identified in tomato fruit, mainly consisting of dif-
ferent conjugated forms (i.e. different glycosides) of
naringenin chalcone, quercetin, and kaempferol (Moco
et al., 2006; lijima et al., 2008).

Fruit of domesticated tomatoes do not accumulate
anthocyanins, due to a lack of expression of the genes
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required for the formation of these compounds
(Bovy et al., 2002). However, several closely related
wild species do contain anthocyanins in their fruit,
and this trait has recently been introgressed into the
cultivated tomato through interspecific crosses with
Solanum chilense and Solanum lycopersicoides. The
introgressed genes, Anthocyanin fruit (Jones et al.,
2003; Mes et al.,, 2008) and Aubergine (Mes et al,,
2008), respectively, led to stimulation of anthocyanin
pigmentation in tomato fruit peel (Gonzali et al.,
2009).

Expression analysis of genes encoding flavonoid
biosynthetic enzymes in red-fruited tomatoes
revealed that chalcone synthase (CHS), flavanone-
3-hydrolase (F3H), and flavonol synthase (FLS) tran-
script levels increase during ripening, peak at the
turning stage, and then decrease slightly at the red
stage. In contrast, the transcript levels of chalcone
isomerase (CHI) remain low and even decrease upon
ripening (Bovy et al., 2002). These expression data
suggest that CHI is a rate-determining step in the
production of flavonols in tomato and explain the
accumulation of the CHI substrate naringenin chal-
cone during fruit ripening (Bovy et al.,, 2002). In-
deed, overexpression of the petunia (Petunia hybrida)
CHI gene in tomato results in up to 70-fold increase
in flavonols in the fruit peel, together with a de-
crease in naringenin chalcone (Muir et al., 2001).
These fruit do not show the characteristic yellow
color at breaker/turning stage but rather develop a
more dull, pinkish red color during the ripening
process (Bovy et al., 2007). A similar change in fruit
color was observed in CHS RNA interference fruit,
which lack the accumulation of both naringenin
chalcone and rutin (Schijlen et al., 2007). These
results suggest that naringenin chalcone is required
to give tomato its typical orange-red color and that a
lack of naringenin chalcone leads to pink-colored
fruit.

In Asia, pink-colored tomatoes are very popular for
consumption. The pink trait was first described in 1925
in fruit with a transparent epidermis lacking a yellow
pigment (Lindstrom, 1925; Fig. 2). Genetic studies
revealed that pink fruit result from the monogenic,
recessive y (yellow) locus present on chromosome 1,
while red-colored fruit have the dominant Y allele
(Lindstrom, 1925; Rick and Butler, 1956). The Y gene
has not yet been identified or isolated, and its function
remains to be elucidated. In this paper, we show that
the development of pink tomatoes is due to a ripening-
dependent down-regulation of the flavonoid pathway,
resulting in a lack of naringenin chalcone accumula-
tion in the fruit peel. Furthermore, we demonstrate
that the MYB transcription factor SIMYB12 plays
an important role in regulating the production of
naringenin chalcone in tomato fruit and provide
strong evidence that the pink fruit phenotype is likely
caused by a mutation affecting the gene encoding
SIMYB12. Our results suggest that this gene is a likely
candidate for the Y locus.
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Figure 1. Schematic overview of the flavonoid pathway in tomato. PAL, Phe ammonia-lyase; C4H, cinnamate 4-hydroxylase;
4CL, 4-coumarate:CoA ligase; HCT, cinnamoyl-CoA shikimate/quinate transferase; C3H, p-coumaroyl ester 3-hydroxylase;
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RESULTS

Biochemical Analysis of Flavonoids and Carotenoids in
Pink Tomatoes

A phenotypic evaluation of a population of 55 intro-
gression lines (ILs) derived from a cross between S.
Lycopersicum ‘Moneyberg’ and the wild species Solanum
chmielewskii (LA1480) revealed the presence of three
lines with pink-colored fruit. These pink lines all
contained a homozygous introgression of S. chmielewskii
DNA on chromosome 1, spanning an overlapping
region of maximum 28.6 centimorgan (cM) between
18.5 and 47.1 cM (flanked by Conserved Ortholog Set I
[COSI] markers C2_At5g06370 and C2_At4g15520; Fig.
3). To get insight into the biochemical basis for the pink
fruit color and the levels and composition of flavonoids,
phenylpropanoids and carotenoids were determined in
the peel and flesh of pink fruit of TKM5U0436 (hereaf-
ter called IL1b) and red fruit of the recurrent parent cv
Moneyberg (controls) at four different ripening stages.
HPLC-photo diode array (PDA) analysis of peel ex-
tracts of red-colored ripe fruit revealed the presence of
the main tomato flavonoids naringenin chalcone and
rutin (Muir et al., 2001). In the peel of Moneyberg fruit,
naringenin chalcone levels increased upon ripening
and peaked at turning stage, reaching a maximum
concentration of approximately 850 mg kg ' fresh
weight. Rutin levels in peel remained fairly constant
during ripening or slightly decreased in control fruit.
The flesh of these fruit contained only trace amounts of
flavonoids, in agreement with earlier observations
(Bovy et al., 2002). In contrast to Moneyberg fruit,
peel extracts of the pink IL1b fruit did not show the
ripening-dependent increase in naringenin chalcone,
while levels of rutin were comparable to those observed
in Moneyberg fruit (Fig. 4).

Chlorogenic acid is the main phenylpropanoid in
tomato fruit. In both peel and flesh of Moneyberg and
IL1b fruit, chlorogenic acid levels were comparable
and showed the same developmental pattern (Fig. 4),
indicating that chlorogenic acid levels were not af-
fected in pink tomato fruit.

The predominant carotenoids in red-colored ripe
Moneyberg tomatoes were lycopene, B-carotene, and
lutein. Levels of lycopene and B-carotene increased
during ripening, while lutein levels decreased slightly.
Atlater stages of ripening, lycopene levels were approx-
imately 3.5-fold higher in peel than in flesh, while lutein
and B-carotene levels were similar in both tissues at all
developmental stages. Interestingly, peel and flesh ex-
tracts of IL1b tomatoes revealed no major differences in
the levels and distribution of these three major carote-
noids compared with the Moneyberg control (Fig. 5).
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Figure 2. Phenotypic analysis of S. lycopersicum ‘Moneyberg’ (red
tomato) and S. chmielewskii IL1b (pink tomato). Whole fruit (left and
middle) and peel (right) of red (top) and pink (bottom) ripe tomato fruit
are shown.

These results suggest that the pink phenotype is due
to the absence of ripening-induced accumulation of
the yellow-colored flavonoid naringenin chalcone in
the fruit peel rather than to a change in carotenoid
composition. This idea was confirmed by the analysis
of a collection of commercial tomato materials, con-
sisting of red and pink fruit of two segregating breed-
ing populations (Supplemental Fig. S1) and five pink
accessions (data not shown).

Expression Analysis of Phenylpropanoid and Flavonoid
Pathway Genes

To gain insight into the molecular basis underlying
the pink phenotype, the same Moneyberg and IL1b
samples used for biochemical analysis were analyzed
for expression of several structural genes involved in
phenylpropanoid and flavonoid biosynthesis by quan-
titative real-time reverse transcription-PCR (qRT-
PCR). Since the flavonoid pathway is only active in
the fruit peel, these gene expression analyses were
restricted to this tissue. In Moneyberg, transcript levels
of the major Phe ammonia-lyase (PAL) gene expressed
in tomato fruit were high and remained constant until
the turning stage but decreased in red-ripe fruit. In
contrast, PAL levels decreased strongly upon ripening
of the pink IL1b fruit (Fig. 6). The other two phenyl-
propanoid genes involved in the production of the
immediate flavonoid precursor 4-coumaroyl-CoA,

Figure 1. (Continued.)

HQT, hydroxycinnamoyl-CoA quinate transferase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone-3-
hydroxylase; F3'H, flavonoid-3’-hydroxylase; F3'5'H, flavonoid-3'5'-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol
reductase; ANS, anthocyanidin synthase; 3GT, flavonoid-3-O-glucosyltransferase; RT, flavonoid 3-O-glucoside-rhamnosyltransferase;
AAC, anthocyanin acyltransferase; 5GT, flavonoid-5-glucosyltransferase.
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Figure 3. Schematic overview of tomato chromosome 1 showing the
locations of 14 COSII markers (whose names begin with C2_At) and a
simple sequence repeat (SSR) marker. Numbers near the marker names
indicate the genetic distances in cM from the top of the chromosome,
based on the tomato-EXPEN 2000 mapping population (http://sgn.
cornell.edu/). At the right part of chromosome 1, the total genetic
length is mentioned. The S. chmielewskii IL population comprised four
lines with single homozygous introgressions on chromosome 1 (black
bars). The borders of the bars are arbitrarily drawn midway between
markers positive and negative for the introgressed S. chmielewskii
segment. The genetically mapped interval of the locus underlying the
pink fruit phenotype is indicated by inward-facing arrows.

those encoding cinnamate 4-hydroxylase (C4H) and
4-coumarate:CoA ligase (4CL), showed no differences
between Moneyberg and IL1b fruit in the four ripen-
ing stages analyzed. In addition, three genes involved
in the phenylpropanoid pathway branch leading to
chlorogenic acid were studied, those encoding cinna-
moyl CoA shikimate/quinate transferase (HCT),
p-coumaroyl ester 3-hydroxylase (C3H), and hy-
droxycinnamoyl CoA quinate transferase (HQT). In
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SIMYB12 Underlies the Pink Fruit Phenotype

Moneyberg fruit, all three genes showed a ripening-
dependent increase in expression, with a peak at
breaker/turning stage. In IL1b fruit, HCT and HQT
expression patterns were similar to those observed in
Moneyberg fruit. In contrast, C3H expression was
clearly down-regulated in IL1b.

All tested flavonoid genes, except for CHI-1, showed
the same pattern of expression in Moneyberg fruit
peel: levels of CHS1, CHS2, CHI-like, F3H, flavonoid-
3’-hydroxylase (F3'H) , FLS, and flavonoid-3-O-
glucosyltransferase (3GT) transcripts increased upon
ripening, peaked at breaker or turning stage, and then
slightly decreased in red-stage fruit. The expression of
CHI-1, the closest homolog to the functionally charac-
terized petunia CHI gene, was low and even decreased
upon ripening. Levels of the second candidate CHI
gene, a CHI-like gene, were also low compared with
those of the other flavonoid pathway genes, but this
gene clearly followed the ripening-dependent induc-
tion pattern. The very strong induction and high
expression levels of both CHS genes at breaker/turn-
ing stage compared with the relatively low levels of
both candidate CHI genes most likely lead to the
accumulation of the CHS reaction product naringenin
chalcone in the peel of the fruit. Unlike the observa-
tions in red-fruited Moneyberg tomatoes, the ripening-
dependent induction of all the above-mentioned
phenylpropanoid and flavonoid genes was absent in
the peel of the pink IL1b tomatoes (Fig. 6). This lack of
gene induction is, most likely, the cause of the low
levels of naringenin chalcone observed in the peel of
these fruit, resulting in the pink phenotype.

The MYB12 Transcription Factor Is Associated with the
Pink Phenotype

The observation that the expression of many flavo-
noid genes was affected in the pink tomato line IL1b

Figure 4. Phenylpropanoid and flavonoid contents in
peel and flesh of fruit from tomato cv Moneyberg
(black squares) and ILTb (white circles) at four differ-
ent stages of ripening. Values represent averages of
three biological replicates. FW, Fresh weight.
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Figure 5. Carotenoid contents in peel and flesh of PEEL FLESH
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suggests that the gene underlying the pink phenotype
encodes a regulatory protein of the flavonoid pathway
rather than a biosynthetic enzyme. In plants, flavonoid
biosynthesis is regulated by MYB-type transcription
factors, sometimes operating in concert with basic
helix-loop-helix (bHLH) transcription factors, and
genes encoding flavonoid-related transcription factors
have been cloned from an increasing number of plant
species such as maize (Zea mays), petunia, and Arabi-
dopsis (Arabidopsis thaliana; Schijlen et al., 2004). The
phylogenetic tree of all Arabidopsis transcription fac-
tor genes (Stracke et al, 2001) was used to select
Arabidopsis MYB transcription factors putatively in-
volved in regulating genes in the phenylpropanoid
and/or flavonoid pathway. These genes, belonging to
subgroups 1 to 12 and 15, were used to identify the
most closely related genes in tomato encoding MYB
proteins using BLAST searches in Tomato Gene Index
(http:/ /compbio.dfci.harvard.edu/tgi/) and Sol Ge-
nomics Network (www.sgn.cornell.edu) databases. In
this way, a total of 17 genes encoding R2R3MYB
transcription factor in tomato were selected as poten-
tial candidate genes for the pink phenotype (Supple-
mental Table S1). A similar approach was followed to
identify candidate bHLH-type transcription factor
genes. In this case, the phylogenetic tree of Arabidop-
sis bHLH genes (Heim et al., 2003) was used to select
Arabidopsis bHLH genes putatively involved in flavo-
noid biosynthesis (subgroup 3), and subsequently,
these genes were used to identify their most closely
related tomato homologs. In total, nine tomato bHLH
genes were selected for further analysis (Supplemental
Table S2).

To determine the possible role of these transcription
factors in regulating the production of flavonoids in
red and pink tomatoes, we analyzed their expression
in peel samples of pink- and red-fruited genotypes
from two segregating populations, harvested at three
ripening stages, using qRT-PCR (data not shown).
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Subsequently, the observed gene expression patterns
were compared with those of the structural flavonoid
genes (Supplemental Table S3). Of the 26 selected
transcription factor genes, seven did not show any
significant expression in tomato fruit. Correlation
analysis of the remaining 19 transcription factor genes
revealed that the expression of the AtMYB12 homolog
TC199266 (SIMYB12) was highly correlated with the
expression of the structural flavonoid genes tested,
suggesting that this gene is a potential regulator of
flavonol biosynthesis in tomato fruit. To confirm these
results, the expression of the MYB12 gene was ana-
lyzed in more detail in Moneyberg and IL1b fruit. As
shown in Figure 7A, MYBI12 expression levels in-
creased in Moneyberg fruit upon ripening, with a
peak at breaker/turning stage, while in IL1b fruit,
MYB12 expression was clearly down-regulated from
breaker stage onward. Correlation analysis confirmed
that the expression of the structural genes closely
followed that of MYB12 (Fig. 7B), suggesting that
MYBI12 regulates the production of flavonoids in to-
mato fruit through activation of transcription of the
genes encoding enzymes of the pathway. MYB12,
therefore, was a good candidate for the gene underly-
ing the pink phenotype of the analyzed lines.

Isolation and Mapping of the MYB12 Gene

Full-length MYB12 cDNAs were isolated from green
fruit samples of Moneyberg and IL1b, then sequenced
and compared with the published SIMYB12 sequence
(accession no. EU419748; Luo et al., 2008). As shown in
Supplemental Figure S2, the Moneyberg (accession no.
FN555126) and IL1b (accession no. FN555127) cDNA
sequences shared 97.9% identity and were highly
similar to the published SIMYBI2 sequence (100%
and 97.9%, respectively). Moneyberg and IL1b nucle-
otide sequences differed at several positions, but most
striking was a 72-bp insertion in the third exon of the

Plant Physiol. Vol. 152, 2010
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IL1b ¢cDNA sequence. To check whether these single
nucleotide polymorphisms and this insertion in the
coding region were critical determinants of the pink
phenotype, the deduced amino acid sequences of
SIMYB12, Moneyberg (accession no. CBG76063.1),
and IL1b (accession no. CBG76064.1) were compared
with the deduced amino acid sequences of four other
SIMYBI12 alleles obtained from commercial tomato
cultivars with pink-colored fruit (Fig. 8A). Compared
with the two red alleles (EU419748 and Moneyberg),
the IL1b amino acid sequence contains 11 amino acid
substitutions, one amino acid deletion, and a 23-amino
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acid insertion. Although these differences may reflect
the evolutionary distance between S. lycopersicum and
S. chmielewskii, we cannot exclude the possibility that
they may also affect the function of the MYB12 protein.
In contrast, however, the deduced amino acid se-
quence of the pink MYB12 alleles obtained from com-
mercial sources was identical to the red Moneyberg
allele, except for one amino acid substitution (L —F) in
cv TJ4. This suggested that deregulated MYBI12 gene
expression, observed in all pink genotypes tested,
rather than aberrant MYB12 function is the primary
cause of the pink phenotype.
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Figure 7. A, Relative expression of A \
MYB12 in peel and flesh of red (black s 800 |- Peel MYB12 Flesh 115 3
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toes harvested at different stages of S 400 - : S
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To analyze the genomic structure of the MYB12
gene, genomic clones were isolated from S. Iycopersi-
cum ‘Moneyberg’” and S. chmielewskii leaves using a
genome-walking strategy. The MYB12 gene consisted
of three introns (Fig. 8B). The second intron revealed
the largest variation between the two lines, including a
53-bp duplication present in the Moneyberg sequence.
This region was used to map the MYB12 gene in the S.
chmielewskii IL population, using primers surrounding
the duplication, resulting in PCR products of 338 bp
for the Moneyberg allele and of 283 bp for the S.
chmielewskii allele. As shown in Figure 9, the MYB12
gene mapped on three ILs, each carrying a homozy-
gous S. chmielewskii introgression on chromosome 1,
including IL1b, which together define an overlapping
region of maximum 28.6 cM (Fig. 3). The MYB12 gene
segregated perfectly with the characteristic pink fruit
color in the IL population and appeared to be a perfect
marker for the selection of plants with pink-colored
fruit in several segregating breeding populations from
diverse S. lycopersicum backgrounds, as demonstrated
for one F2 population in Table I.

Virus-Induced Gene Silencing of SIMYB12 Leads to Pink
Tomato Fruit Lacking Naringenin Chalcone

Our results thus far suggested that the pink fruit
color is due to a developmentally regulated suppres-
sion of SIMYB12 gene expression. To demonstrate the
direct involvement of SIMYB12 in the establishment of
the pink phenotype, we used virus-induced gene
silencing (VIGS) to down-regulate SIMYBI12 gene ex-
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pression in tomato fruit by Agrobacterium tumefaciens-
mediated infiltration of S. lycopersicum ‘Moneymaker’
fruit with recombinant virus containing either a por-
tion of the SIMYB12 gene or an empty vector (Orzaez
et al., 2006). Fruit infiltrated with the control vector
turned completely red, similar to the untreated Mon-
eymaker fruit, while fruit infiltrated with the SIMYB12
VIGS construct developed pink-colored sectors in the
peel regions where the infection of Agrobacterium
suspension occurred. Visual inspection of the fruit
epidermis revealed that these sectors were transparent
and clearly lacked the accumulation of naringenin
chalcone (Fig. 10, A and B). Quantification of phenyl-
propanoid and flavonoid levels in these silenced sec-
tors, however, was difficult, since it was hard to
separate the irregular silenced sectors from nonsi-
lenced sectors in the same fruit, based on the subtle
change in color from red to pink. Nevertheless, bio-
chemical analysis of these sectors revealed a clear
decrease in the levels of both naringenin chalcone and
rutin in silenced compared with nonsilenced sectors.
However, no changes in the concentration of chloro-
genic acid were observed between these sectors (Fig.
10C). To gain more contrast between silenced and
nonsilenced sectors, the same VIGS experiment was
carried out in purple Delila and Roseal (Del/Ros1)
S. lycopersicum ‘MicroTom’ fruit (Butelli et al., 2008;
Orzaez et al.,, 2009), with silencing vectors that in-
cluded either Del/Ros1 plus SIMYB12 or Del/Ros1 only
(as a control; Supplemental Fig. S3). The phenotypic
and biochemical analysis showed that pink-colored
Del/Ros1-SIMYB12-silenced peel sectors contained
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T T T T T T T T
A 10 20 30 40 50 60 70 80
1 1 1 1 1 1 1 1
EU419748 MGRTPCCEKVGI KRGRWTAEEDQI LTNYI | SNGEGSWRSLPKNAGLLRCGKSCRLRW NYLRSDLKRGNI TSQEEDI I |1 K 80
Moneyberg MGRTPCCEKVGI KRGRWTAEEDQI LTNY! | SNGEGSWRSLPKNAGLLRCGKSCRLRW NYLRSDLKRGNI TSQEEDI I | K 80
IL1b MGRTPCCEKVGI KRGRWTAEEDQI LTNYI | SNGEGSWRSLPKNAGLLRCGKSCRLRW NYLRSDLKRGNI TSQEEDI I | K 80
TJ1 MGRTPCCEKVGI KRGRWTAEEDQI LTNY! | SNGEGSWRSLPKNAGLLRCGKSCRLRW NYLRSDLKRGNI TSQEEDI I |1 K 80
TJ2 MGRTPCCEKVGI KRGRWTAEEDQI LTNY! | SNGEGSWRSLPKNAGLLRCGKSCRLRW NYLRSDLKRGNI TSQEEDI I | K 80
TJ3 MGRTPCCEKVGI KRGRWTAEEDQI LTNYI | SNGEGSWRSLPKNAGLLRCGKSCRLRW NYLRSDLKRGNI TSQEEDI |1 K 80
TJ4 MGRTPCCEKVGI KRGRWTAEEDQI LTNYI | SNGEGSWRSFPKNAGLLRCGKSCRLRW NYLRSDLKRGNI TSQEEDI I | K 80
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TJ3 LHATLGNRWSL| AEHLSGRTDNEI KNYWNSHLSRKVDSLRI PSDEKLPKAVVDLAKKGI PKPI KKSSI SRPKNKKSNL- - 158
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Moneyberg PDVVI DDEDKNTNFI LNCFREEVTSNNVGNSYSCI EEGNKKI SSDDEKI KLLMDWQDNDELVWPTLPWELETDI VPSWPQ 297
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Figure 8. A, Alignment of deduced amino acid sequences of SIMYB12 alleles, including sequences of tomato cv Moneyberg
(accession no. CBG76063.1), IL1b (accession no. CBG76064.1), the published sequence EU419748, and four pink tomato
cultivars (TJ1, TJ2, TJ3, and TJ4). Amino acids different in one of the three sequences are boxed in gray. B, Schematic overview of
the genomic structures of the SIMYB12 gene in Moneyberg (MB) and S. chmielewskii (Sc). The MYB12 gene consists of three
exons (large boxes, light gray) and three introns (small boxes, dark gray). The duplicated sequence (53 bp) in the second intron is
shown as a hatched box. The yellow box represents the additional 72 nucleotides detected in the S. chmielewskii sequence.
Primers used to map the gene are indicated as i628F and i909R.
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Figure 9. Mapping of the MYB12 gene in the IL population derived
from a cross between cultivated tomato S. lycopersicum ‘Moneyberg’
(MB) and the wild species S. chmielewskii (Sc). Ch., Chromosome. M,
S. lycopersicum ‘Moneymaker’. Asterisks indicate pink tomatoes.

significantly less naringenin chalcone and rutin than
red-colored Del/Ros1-silenced peel sectors, in full
agreement with the results obtained in the Money-
maker background. These results lead to the conclusion
that silencing of the tomato SIMYB12 gene phenocopies
the pink phenotype.

DISCUSSION

We have analyzed the biochemical and molecular
bases underlying the pink tomato fruit color. Analysis
of fruit obtained from various tomato backgrounds
segregating for pink and red fruit revealed that pink
fruit lack the ripening-dependent accumulation of the
yellow-colored naringenin chalcone, one of the major
flavonoids in tomato fruit peel. This leads to transpar-
ent peel and pink fruit color, a phenotype described in
1925 by Lindstrom, caused by the y mutation. Levels of
the most abundant tomato phenylpropanoid, chloro-
genic acid, and the main tomato carotenoids, lycopene,
B-carotene, and lutein, were unaffected in the pink
fruit analyzed, in peel or in flesh, suggesting that the
gene responsible for the pink phenotype, and very
likely for the known y mutation, only affects the
flavonoid pathway.

In peel of red fruit, all genes in the flavonoid
pathway leading to the flavonol rutin, except CHI-1,
were strongly induced upon ripening. The accumula-
tion of naringenin chalcone in peel of red-colored
tomato fruit is most likely the result of the ripening-
dependent increase in CHS expression, in combination
with a concomitant decrease in CHI-1 expression. This
creates an imbalance in the flux through the pathway,
leading to the accumulation of the CHS product
naringenin chalcone, due to a rate-limiting amount
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of CHI enzyme. Indeed, overexpression of the petunia
CHI gene, the closest homolog of the tomato CHI-1
gene, in tomato fruit resulted in a significant increase
in the flux through the pathway, with a concomitant
decrease in naringenin chalcone (Muir et al., 2001) and
a pink-colored phenotype (Colliver et al., 2002). In peel
of pink fruit, however, the expression of all tested
flavonoid genes remains low throughout fruit ripen-
ing; as a result, naringenin chalcone does not accumu-
late. The observation that all flavonoid biosynthetic
genes in the pathway, except CHI-1, were affected in
the pink line IL1b and all other pink genotypes tested
(data not shown) suggests that the candidate gene for
the pink phenotype encodes a flavonoid regulator
rather than a biosynthetic enzyme.

Flavonoid pathways are regulated by a class of
transcription factors belonging to the R2ZR3MYB fam-
ily in plants. Some of these R2R3MYB transcription
factors act in a complex composed of MYB, bHLH, and
WD40 repeat proteins (Ramsay and Glover, 2005). We
used a bioinformatic approach to select candidate
MYB and bHLH transcription factor genes that might
be involved in regulating the flavonoid pathway in
tomato (Stracke et al., 2001; Heim et al., 2003). A total
of 26 candidate genes encoding R2ZR3MYB and bHLH
transcription factors were selected, and their expres-
sion in peel of ripening red and pink genotypes was
determined using qRT-PCR. Expression of one tran-
scription factor gene, MYB12, was correlated strongly
with the expression of all biosynthetic flavonoid genes
in red- and pink-colored tomato fruit, suggesting that
this gene may be the direct regulator of the flavonoid
pathway in tomato fruit peel.

SIMYBI12 is the closest homolog of the Arabidopsis
MYB12 gene (80% amino acid sequence identity),
which regulates the production of flavonols in Arabi-
dopsis seedlings (Mehrtens et al., 2005). Similarly, the
MYBI12 ortholog from grape (Vitis vinifera) is involved
in regulating flavonol biosynthesis, since its reduced
expression has been related to a drastically reduced
flavonol content in grape fruit after shading and leaf-
removal treatments (Matus et al.,, 2009). AtMYB12
does not need a bHLH partner to activate its target
genes and lacks the conserved amino acid signatures
for interaction with bHLH proteins (Zimmermann
et al., 2004; Mehrtens et al., 2005). Indeed, these motifs
are absent in SIMYB12 as well (data not shown). In
addition to AtMYBI12, two other MYB transcription
factor genes (AtMYB11 and AtMYB111) are involved in
regulating flavonol biosynthesis in Arabidopsis.

Table 1. Segregation of SIMYB12 in an F2 population segregating
for red and pink fruit color

Values represent the number of individuals with the respective
genotype.

Phenotype  Homozygous Pink  Heterozygous ~ Homozygous Red
Red 0 33 16
Pink 18 0 0
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Figure 10. SIMYB12 gene silencing in
the cultivated tomato Moneymaker (M).
A, Peel sections of fruit agroinjected
with pTRV1 + pTRV2-SIMYB12 (right)
or pTRV1 alone as control (left). M_S,
Silenced sectors showing a colorless
phenotype; M_NS, nonsilenced sec-
tors. B, Peel of fruit agroinjected with
pTRV1 + pTRV2-SIMYB12, showing
the colorless silenced sectors and the
colored nonsilenced sectors (control).

400 - Naringenin chalcone [ Rutin

o0l Al

Concentration o
w
S
S

(mg Kg™1 Fw)
- N
o o
o o

pTRV2-SIMYB12
Colourless

pTRV2-SIMYB12

Control
Colourless

Control

Through differential expression, each of these genes
regulates flavonol production in different parts of the
Arabidopsis seedling (Stracke et al., 2007). In addition
to MYB12, we identified a MYB111 (accession no.
Al771790) homolog in tomato as well. This EST
showed no significant expression in tomato fruit (Sup-
plemental Table S3) and may be involved in control-
ling flavonol production in other parts of the tomato
lant.
F Three strategies were employed to determine
whether MYB12 is the gene underlying the pink phe-
notype. First, the segregation of the MYB12 gene was
followed in the S. chmielewskii IL population and in
several commercial breeding populations segregating
for pink fruit color. The SIMYB12 marker appeared to
segregate perfectly with the pink fruit color in all
populations tested, suggesting that SIMYBI12 is the
gene underlying the pink phenotype or lies very close
to the pink locus. Second, we mapped the genetic
position of MYB12 to a region of maximum 28.6 cM on
the short arm of chromosome 1, flanked by COSII
markers C2_At5g06370 (at 18.5 cM) and C2_At4g15520
(at 47.1 cM). Although the segregation and mapping
results suggest that all pink lines analyzed originate
from the same genetic locus, most likely Y, allelism
tests should provide more conclusive data showing
that the pink lines tested in this study are allelic to the
original y mutant. Third, the pink fruit color was
phenocopied by transient VIGS-mediated silencing of
SIMYB12 gene expression. In the Moneymaker back-
ground, silenced sectors in ripe fruit displayed the
typical pink color and had a transparent peel. Bio-
chemical analysis of flavonoids revealed that both
naringenin chalcone and rutin levels were signifi-
cantly lower in silenced sectors of the fruit peel than
in nonsilenced sectors. In parallel, VIGS experiments
were carried out in a purple transgenic Microtom
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background, in which the Antirrhinum anthocyanin
regulators Del and Rosl were expressed in the fruit
under control of the E§ promoter, leading to accumu-
lation of high levels of purple anthocyanins (Butelli
et al., 2008). These plants improve the efficiency and
visual monitoring of VIGS experiments (Orzaez et al.,
2009), since silencing of the Del/Ros1 transgenes leads
to easily recognizable red-colored cosilenced sectors
within the purple background. VIGS of Del/Ros1 (con-
trol) or SIMYB12 in combination with Del/Ros1 resulted
in fruit with red (control) or pink (SIMYB12) silenced
sectors. Biochemical analysis revealed that pink sec-
tors showed significantly decreased levels of naringe-
nin chalcone and rutin compared with red sectors.
Since the Del/Rosl and SIMYB12 transcription factors
to a large extent activate the same genes in the flavo-
noid pathway, we could not exclude the possibility
that silencing of Del/Ros1 influences the silencing effect
of SIMYB12. However, it appeared to be very easy to
use this system to monitor the effects of even a
flavonoid-related transcription factor, since the results
of the Moneymaker and Microtom VIGS experiments
were comparable.

It has been shown recently that overexpression of
the AtMYB12 gene in tomato fruit leads to a strong
induction of flavonoid and phenylpropanoid gene
expression and highly increased levels of flavonols
and hydroxycinnamic acids, in particular chlorogenic
acid, in both fruit peel and flesh (Luo et al., 2008). In
contrast, chlorogenic acid levels were unaffected in
peel and flesh of pink IL1b fruit compared with
Moneyberg or in VIGS-silenced SIMYB12 fruit. Gene
expression analysis of IL1b and Moneyberg fruit
revealed that, except for C3H, the genes required for
the synthesis of chlorogenic acid (HCT and HQT) are
not primary targets of SIMYBI12 regulation, suggesting
that the activation of the pathway to chlorogenic acid
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in fruit overexpressing AtMYB12 most likely reflects a
dosage effect of the AtMYB12 protein, through recruit-
ment of new targets, probably through lower affinity
binding sites in the promoters of the HCT and HQT
genes. A similar dose-dependent response of target
genes has been described for AtMYB4 in Arabidopsis
(Jin et al., 2000) and for c-MYB activity in human
(Andersson et al., 1999). Interestingly, of all target
genes tested, those showing lower responses to
AtMYB12 overexpression in tomato (C4H and 4CL)
were unaffected in their expression levels in the pink
tomatoes, supporting the idea that these and the HCT
and HQT genes represent lower affinity targets for
regulation than the core genes of flavonol synthesis
(PAL, CHS, CHI, F3H, and FLS).

Comparison of the deduced amino acid sequences
encoded by the MYB12 genes from EU419748, Money-
berg, and IL1b tomato lines revealed high homology
(97.9%) between the sequences, although the encoded
proteins differed at several positions. The differences
between the predicted proteins of the EU419748/
Moneyberg and IL1b lines all reside in the region
encoding the hypervariable C-terminal domain of
R2R3MYB proteins, all maintain the open reading
frame of the encoded protein, and all are consistent
with the levels of sequence variation found between
orthologous R2R3MYB proteins from different species
found by others (Di Stilio et al., 2009). No differences
were found in the deduced amino acid sequences of
three SIMYBI12 alleles obtained from independent
pink S. Iycopersicum cultivars and the SIMYBI12 se-
quence in Moneyberg and EU419748, suggesting that
deregulated MYB12 gene expression, rather than ab-
errant MYBI12 function, is the primary cause of the
pink phenotype. Several examples of cis-acting muta-
tions leading to deregulated expression of Myb tran-
scription factor genes have been reported. In white
grape cultivars, expression of the grape VoumybAla
gene is abolished due to a retrotransposon insertion in
the promoter region, leading to a loss of anthocyanin
pigmentation (Kobayashi et al., 2004). In contrast, a
rearrangement in the upstream region of the apple
MYBI10 gene led to high and deregulated MYB10
expression and concomitant induction of the anthocy-
anin pathway, resulting in apple fruit with red fruit
flesh (Espley et al., 2009).

In conclusion we have shown that the pink fruit
color of all the lines analyzed in this study is due to the
absence of the yellow-colored flavonoid naringenin
chalcone. This is caused by a deregulated expression
of MYB12, a transcription factor gene regulating the
flavonoid pathway leading to flavonols such as rutin.
Genetic mapping, segregation analysis, and VIGS re-
sults suggest strongly that the MYB12 gene is a likely
candidate of the locus leading to pink fruit, probably
the Y locus. Complementation of pink genotypes by a
wild-type MYB12 allele, however, should provide final
proof for this hypothesis. Since MYB12 gene expres-
sion is affected in pink genotypes, it is tempting to
speculate that this is due to a mutation in a cis-element
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affecting gene expression rather than gene function.
Indeed, sequence analysis of the MYB12 gene did not
reveal any mutations in the coding sequences of three
independent pink alleles of MYB12 in the S. Iycopersi-
cum background. Although several single nucleotide
polymorphisms and insertions/deletions specific for
the pink allele were found in introns and the promoter
region of the MYB12 gene in IL1b compared with the
sequence in the Moneyberg background, we were
unable to pinpoint the causative mutation. This issue
will be addressed in future experiments. From an
applied perspective, it is clear that MYB12 is located at
or near the locus underlying the pink fruit phenotype
and can be used as an efficient genetic marker to select
for the pink phenotype in future breeding programs.

MATERIALS AND METHODS
Plant Material

A population of 55 ILs derived from a cross between the cultivated tomato
Solanum lycopersicum ‘Moneyberg’ and the wild species Solanum chmielewskii
(LA1840) was grown to maturity in a greenhouse, and fruit were analyzed
phenotypically. Fruit of IL1b (TKM5U0436), containing a homozygous intro-
gression of the S. chmielewskii genome on chromosome 1 in the Moneyberg
background, showed a characteristic pink color compared with the red
commercial tomato fruit. Six plants of IL1b and Moneyberg were subse-
quently grown to maturity under greenhouse conditions in Wageningen, The
Netherlands. Fruit were harvested at four stages of ripening, and the fruit peel
was carefully separated from the rest of the fruit (the flesh tissue) using a
scalpel. Both tissues were immediately frozen in liquid nitrogen, ground to a
fine frozen powder using an analytical electric mill, and stored at —80°C until
use. Each replicate consisted of at least six fruit of the same ripening stage
obtained from two different plants.

For biochemical and molecular analyses, Enza Zaden Research and De-
velopment provided fruit obtained from individual genotypes of two breed-
ing populations segregating for the pink phenotype (population 35025, two
pink- and one red-fruited genotype; population 35037, one pink- and one red-
fruited genotype) and from an additional set of five pink varieties. Samples
consisted of a pool of at least six fruit per genotype, collected at three stages of
ripening. Samples were separated into peel and flesh tissues, immediately
frozen in liquid nitrogen, ground, and stored at —80°C until analysis.

The sequences of different MYB12 alleles were determined from tomato cv
Moneyberg, IL1b, and four different pink S. Iycopersicum cultivars (TJ1, T]2,
TJ3, and TJ4).

For segregation analysis, an F2 population consisting of 67 plants segre-
gating for the pink and red fruit color was analyzed with a MYBI12-specific
marker.

Flavonoid and Carotenoid Extraction and HPLC Analysis

Flavonoid extraction and HPLC-PDA and liquid chromatography-
quadrupole time of flight-mass spectrometry analyses were carried out
according to Bino et al. (2005). The detected flavonoid compounds were
identified using authentic standards and accurate mass liquid chromatography-
mass spectrometry analysis (Moco et al., 2006).

Carotenoids were extracted as described previously by Lépez-Raez et al.
(2008) and analyzed by HPLC-PDA according to Bino et al. (2005).

RNA Isolation and qRT-PCR Gene Expression Analysis

Total RNA was isolated from 150 mg of peel or flesh of tomato fruit using
1.5 mL of Trizol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Before cDNA synthesis, total RNA was treated with DNase-I Amplifi-
cation Grade (Invitrogen) and purified with an RNeasy Mini Kit (Qiagen). An
aliquot of 1 ug of total RNA was used for cDNA synthesis using the iScript
cDNA synthesis kit (Bio-Rad Laboratories) in a 20-uL final volume according
to the manufacturer. Expression levels of each gene were measured in
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duplicate reactions, performed with the same cDNA pool, in the presence of
fluorescent dye (iQ SYBR Green Supermix) using an iCycler iQ instrument
(Bio-Rad Laboratories) with specific primer pairs (Supplemental Tables S1,
S2, and S4). The constitutively expressed mRNAs encoding ubiquitin or
glyceraldehyde 3-phosphate dehydrogenase were used as internal references
in case of Moneyberg and IL1b or segregating breeding populations, respec-
tively. Expression levels were determined relative to the internal reference and
multiplied by a factor of 1,000. Calculations of each sample were carried out
according to the comparative Ct (threshold cycle) method.

DNA Markers and Assays

A set of PCR-based markers consisting of 130 COSII markers (Wu et al.,
2006) and three simple sequence repeats (Frary et al., 2005), previously
mapped in the tomato genome and covering all 12 tomato chromosomes, were
used to genotype the population of 55 ILs (Prudent et al., 2009). Sequences of
the primers are available on the Sol Genomics Network Web site (http://
www.sgn.cornell.edu).

For the COSII markers, amplicon size differences between the two parents
were detected in 12% of the cases and were used to genotype the IL population
directly; in the other cases, the amplicons were digested with different
restriction enzymes (Taql, Hinfl, Alul, Dral, Rsal, and Msel) to identify
polymorphisms. Where no polymorphisms were detected, single-band am-
plicons were purified and sequenced. Amplicon sequences were aligned and
examined for polymorphisms using the program CAPSdesigner (http://
www.sgn.cornell.edu/tools/caps_designer/caps_input.pl). Thereafter, the IL
population was genotyped via cleaved-amplified polymorphic sequence
assays (Konieczny and Ausubel, 1993).

Cloning, Sequencing, Mapping, and Segregation
Analysis of the MYB12 Transcription Factor

MYB12 full-length cDNA sequences were amplified from green-stage fruit
peel of Moneyberg and IL1b tomatoes using the SMART RACE cDNA
amplification kit (Clontech Laboratories). MYB12 genomic DNA was ampli-
fied using the GenomeWalker kit (Clontech Laboratories). The amplified
sequences of MYBI2 full-length cDNA and genomic DNA were cloned into
pGEM-T-Easy vector (Promega) and sequenced.

The MYB12 gene was mapped using the S. chmielewskii IL population, with
a PCR-based marker, using primers i628F (forward; 5'-CACAATAATTT-
GGTGCTCCGATCTAAC-3") and i909R (reverse; 5'-ATATTAAATTTATCA-
CACGAACAACAGC-3') in the second intron of the MYB12 gene.

VIGS of the SIMYB12 Gene

Wild-type S. lycopersicum “Moneymaker’ and transgenic tomato plants
accumulating high levels of anthocyanins in the fruit (Butelli et al., 2008) were
used for VIGS of the SIMYB12 gene (Orzaez et al., 2006, 2009).

Two vectors for VIGS of SIMYBI2 were produced: one designed for
cosilencing of both the color-monitoring Del /Ros1 module and SIMYB12, to be
used in the Del/Ros1 background, and the other containing only the SIMYB12
module, to be used in the Moneymaker background (Orzaez et al., 2009). To do
this, a 234-bp SIMYB12 fragment between oligonucleotides PO7DEC04MYBF2
(5'-CCTAAAGCCGTAGTTGATTTGGC-3") and PO7DEC03MYBR2 (5'-CTG-
AACTAAGGGCTTCCCTTGGC-3') was first cloned into pCR8/GW-TOPO
and subsequently transferred by LR recombination into the pTRV2-Del/
Ros1-GW destination vector to produce pTRV2-Del/Ros1-SIMYB12 or into
pTRV2-GW (Liu et al., 2002) to produce pTRV2-SIMYB12.

All plant inoculations were performed using Agrobacterium tumefaciens
strain C58 cultures harboring the different pTRV constructs. Coinfiltration
experiments were carried out as described previously by Orzaez et al.
(2009). When the Del/Ros1 background was used, anthocyanin-depleted
samples, corresponding to Del/Ros1 silencing, were collected from pTRV2-
Del/Ros1-SIMYB12- or pTRV2-Del/Rosl-agroinjected fruit. Peel sectors
from different fruit were pooled and frozen in liquid nitrogen. When the
Moneymaker background was used, SIMYB12-silenced sectors were sepa-
rated from nonsilenced ones on the basis of the pink phenotype of the
silenced sectors.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers FN555126, FN555127, CBG76063.1, and
CBG76064.1.
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Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Concentration of flavonoids and carotenoids in
peel of two F2 populations segregating for pink and red tomato fruit.

Supplemental Figure S2. Sequence alignment of tomato MYBI12 genes.

Supplemental Figure S3. SIMYBI12 gene silencing in purple transgenic
Microtom tomatoes expressing the Del/Ros1 genes.

Supplemental Table S1. Overview of MYB transcription factor genes
analyzed for expression in red and pink tomato fruit.

Supplemental Table S2. Overview of bHLH transcription factor genes
analyzed for expression in red and pink tomato fruit.

Supplemental Table S3. Correlation analysis of expression levels of MYB
and bHLH transcription factor and flavonoid genes in several S.
lycopersicum breeding populations segregating for pink and red fruit.

Supplemental Table S4. Oligonucleotides of phenylpropanoid and flavo-
noid genes used for SYBR Green RT-PCR analysis.
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