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ANTHOCYANINI from Solanum chilense is more efficient
in accumulating anthocyanin metabolites than its Solanum
lycopersicum counterpart in association

with the ANTHOCYANIN FRUIT phenotype of tomato
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Abstract Anthocyanins are flavonoid metabolites con-
tributing attractive colors and antioxidant qualities to the
human diet. Accordingly, there is a growing interest in
developing crops enriched with these compounds. Fruits of
the cultivated tomato, Solanum (S.) lycopersicum, do not
normally produce high levels of anthocyanins. However,
several wild tomato species yield anthocyanin-pigmented
fruits, and this trait has been introgressed into the culti-
vated tomato. Two genes encoding homologous R2R3
MYB transcription factors, termed ANT! and AN2, were
previously genetically implicated in anthocyanin accumu-
lation in tomato fruit peels of the ANTHOCYANIN FRUIT
(AFT) genotype originating from S. chilense. Here we
compared transgenic tomato plants constitutively over-
expressing the S. [lycopersicum (35S::ANTI*) or the
S. chilense (358:.'ANT1C) allele, and show that each dis-
played variable levels of purple pigmentation in vegetative
as well as reproductive tissues. However, 35S::ANTI was
significantly more efficient in producing anthocyanin pig-
ments, attributed to its gene coding-sequence rather than to
its transcript levels. These results expand the potential of
enhancing anthocyanin levels through engineering coding-
sequence polymorphisms in addition to the transcriptional
alterations commonly used. In addition, a segregating
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population obtained from a recombinant genotype revealed
that the native ANT, and not AN2, is fully associated with
the AFT phenotype and that ANT/ alone can generate the
characteristic phenotype of anthocyanin accumulation in
AFT fruits. Our results therefore provide further support to
the hypothesis that ANTI is the gene responsible for
anthocyanin accumulation in fruits of the AFT genotype.

Introduction

Flavonoids are polyphenolic compounds occurring natu-
rally in most plants and are classified into chalcones,
flavanones, dihydroflavonols, flavonols and anthocyanins
(Bovy et al. 2002). As recently reviewed (Levin 2009;
Bovy et al. 2010), flavonoids are involved in multiple
aspects related to proper growth and development of plants.
In addition, mounting evidence suggests that flavonoids are
potentially health-protecting components in the human
diet, resulting from their antioxidant capacity, inhibitory
effect on enzymatic activities and their interaction with
genes involved in cell survival, proliferation, and apoptosis
(Bovy et al. 2010). Flavonoid compounds, in particular
anthocyanins, also provide attractive colors to leaves,
stems, roots, flowers and fruits, and to industrial food
products and beverages following their extraction from
plants as natural colors. Accordingly, there is a growing
interest in developing crops enriched with flavonoids.

The flavonoid biosynthetic pathway has been elucidated
and comprehensively reviewed; many of the genes control-
ling the pathway have been cloned and classified into struc-
tural genes, encoding enzymes that directly participate in
flavonoid formation, and regulatory genes controlling their
expression (Winkel-Shirley 2001; Levin 2009). Flavonoids
are synthesized via the phenylpropanoid pathway, starting
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with a condensation reaction, catalyzed by the enzyme
chalcone synthase (CHS), resulting in the yellow naringenin
chalcone. Naringenin chalcone is isomerized into the flava-
none naringenin either spontaneously or by the enzyme
chalcone isomerase (CHI) (Holton and Cornish 1995). Fla-
vanone 3-hydroxylase (F3H) then catalyzes the hydroxyl-
ation of flavanones to dihydroflavonols, and dihydroflavonol
reductase (DFR) catalyzes the reduction of dihydroflavonols
to leucoanthocyanidins, which are then converted to antho-
cyanidins by anthocyanidin synthase (ANS). The formation
of anthocyanins is finally catalyzed by flavonoid 3-O-glu-
cosyltransferase (3-GT) (Harborne 1994; Bohm 1998). CHS,
CHLI, and F3H are therefore early enzymes of the anthocyanin
biosynthetic pathway while DFR, ANS, and 3-GT are late
enzymes of the pathway. Genes encoding these enzymes are
known to be regulated by MYB and bHLH transcription
factors, and WDR-type proteins, which act in a combinatorial
complex to activate the pathway in tomato and other species
(Bovy etal. 2002; Butelli et al. 2008; Adato et al. 2009; Levin
2009; Mahjoub et al. 2009; Ballester et al. 2010). Interest-
ingly, a R2R3 MYB factor, termed ANTHOCYANINI
(ANT1), was also implicated in glycosylation and transport
of anthocyanin metabolites in tomato seedlings (Mathews
et al. 2003).

Fruits of the cultivated tomato, Solanum (S.) lycopersi-
cum, do not normally produce high levels of anthocyanins
or other flavonoid compounds. However, several wild
tomato species yield anthocyanin-pigmented fruits, and this
trait has been introgressed into the cultivated tomato
(Giorgiev 1972; Rick et al. 1994; Jones et al. 2003). The
ANTHOCYANIN FRUIT (AFT) genotype, originating
from the wild tomato species S. chilense, is characterized
by anthocyanin accumulation in skin and outer pericarp
tissues of its mature fruits, resulting in tomato fruits with
purple skin color, highly modulated by light (Giorgiev
1972; Mess et al. 2008). The anthocyanin accumulation in
fruit peels of the AFT genotype is controlled by a single
dominant gene (Giorgiev 1972; Jones et al. 2003).

Fruits harvested from the AFT genotype are also typified
by significantly higher levels of the flavonols quercetin and
kaempferol and with transcriptional up-regulation of
structural genes, affecting early and late stages of the fla-
vonoid pathway (Sapir et al. 2008). This latter study, in
agreement with that of van Tuinen et al. (2006), also
demonstrates that the HIGH PIGMENT-1 (HP-I) gene
interacts in a synergistic manner with AFT to increase the
levels of flavonol and anthocyanin compounds in fruit
peels.

Two homologous genes encoding R2R3 MYB tran-
scription factors were implicated as candidate genes caus-
ing the AFT phenotype: ANTI, initially discovered by
Mathews et al. (2003), and AN2 (Zuluaga et al. 2008). Both
genes reside on the tomato chromosome 10 and display
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nucleotide and amino acid polymorphisms between AFT
and red-fruited genotypes that correlated with anthocyanin
accumulation. These results are in agreement with a study
associating a homologous R2R3 MYB gene with accumu-
lation of anthocyanin pigments in pepper fruits (Borovsky
et al. 2004).

Transcript levels of AN2 were correlated with anthocy-
anin accumulation in the AFT genotype (Boches 2009).
However, Sapir et al. (2008) was unable to demonstrate
increased transcript levels of ANTI in the AFT genotype,
and therefore hypothesized that if ANTI causes anthocya-
nin and flavonol accumulation in the AFT genotype,
sequence differences, and not transcriptional alterations of
the gene might underlie these phenotypes.

This study was designed to compare phenotypic, bio-
chemical and transcriptional effects resulting from over-
expression of the ANTI allele originating from S. chilense
(35S::ANTIC) to those displayed by the allele in S. lyco-
persicum (35S::ANTI%), both driven by the same consti-
tutive promoter. In addition, a study initially designed to
estimate the recombination distance between the native
ANTI and AN2 genes led to the identification of a single
recombinant AFT plant, ANTIS/ANTIC AN2/AN2". A
population derived following self-pollination of this plant
led to the conclusion that ANT/ alone can generate the
characteristic phenotype of anthocyanin accumulation in
the AFT genotype.

Our findings support the hypothesis that ANTI is the
gene responsible for anthocyanin accumulation in fruits of
the AFT genotype and that the functional difference
between the two alleles is caused by structural rather than
transcriptional alterations. This research broadens under-
standing of the regulation of flavonoid biosynthesis, aug-
menting the possibilities of enhancing flavonoid levels
through engineering of structural polymorphisms in addi-
tion to the transcriptional alterations often used.

Materials and methods
Plant material and growth conditions

Seeds from a red-fruited open-pollinated tomato (S. lyco-
persicum) cv Moneymaker were obtained as previously
described (Sapir et al. 2008). 15 independent T, Money-
maker plants, carrying 35S::ANTI and ten T, plants car-
rying 35S::ANTI", both under the control of the 35S
promoter from caulifiower mosaic virus (CaMV) for whole-
plant constitutive expression, were generated. These trans-
genic plants were identified by polymerase chain reaction
(PCR) with primers specific to the ANTI transgene,
and were each self-pollinated. Seeds acquired from each
of the self-pollinated transgenic lines were germinated,
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transplanted and grown in three seasons. In each season, 32
seedlings of each of the transgenic lines were genotyped
and seedlings carrying the transgene were selected. During
all seasons- plants were grown in a greenhouse; minimal
temperature 18°C with no supplemental light. Seasons were
as follows: (1) early summer 2008, sown on 22 May. Plants
were transplanted in a randomized block design (two blocks
with 12 plants of each line in each block). The experiment
included five T, or T, lines carrying 35S::ANTI", five T,
lines carrying 35S::ANTIC, both groups representing the
range of anthocyanin expression, and two control lines: the
wild-type Moneymaker and azygous (null) control line
(AZ), the latter derived from a T; plant not carrying the
transgene as determined by PCR analysis with primers
complementary to the CaMV 35S promoter and the ANT]
gene; (2) winter 2008, sown on 1 September. Plants were
transplanted in a randomized block design (two blocks with
three plants of each line in each block). The experiment
included eight T, or T, lines carrying 35S::ANT1", seven T,
lines carrying the 35S::ANTIC, both groups representing
the range of anthocyanin expression, and the two control
lines mentioned above; (3) spring 2009, sown on 7 April.
Plants were transplanted in randomized block design (three
blocks with three plants of each line in each block). The
experiment included a total of five stable transgenic lines,
not segregating for ANTI: two T, or Tj lines carrying
35S::ANTI", three T, lines carrying 35S::ANTIS, and the
two control lines mentioned above. The five transgenic lines
used in this season were the only stable lines obtained
despite our effort to stabilize the whole collection of
transgenic lines generated in this study.

Cotyledons were characterized during the early-summer
and spring seasons, while fruit-peel tissues were charac-
terized during winter 2008 and spring 2009. All of these
characterizations were performed in comparison to the two
control genotypes mentioned above which did not signifi-
cantly differ and were therefore pooled into a single control
group prior to the analyses.

In order to perform a discriminative association analysis
between the native alleles of ANTI as well as AN2 and the
trait of anthocyanin accumulation in the AFT genotype, a
segregating F4 population resulting from self-pollination of
a single recombinant F; plant was used. This F3 plant was
obtained from the population described by Sapir et al.
(2008) and characterized as: (1) heterozygous for AN2; (2)
homozygous for ANTI; (3) homozygous for the hp-1
mutation, intensifying AFT phenotype; (4) having a
determinate (sp) growth habit and yielding uniform-ripen-
ing (u) fruits. This plant was allowed to self-pollinate,
generating F, seeds segregating for AN2" and AN2€ which
were sown on 27 July 2009 and transplanted a month later
in a randomized block design (three blocks with three
plants of each of the three AN2 genotypes in each block),

together with their control counterparts harvested from
plants resulting from self-pollination of F; hp-1/hp-1
ANTI*/ANTI" AN2"/AN2" plants.

Plasmid construction and plant transformation

The expression cassette was constructed in pMON10098
(Monsanto Co., St. Louis, MO, USA). The coding region of
each of the two ANT] alleles was reverse transcribed from
total RNA extracted from young leaves, and amplified by the
polymerase chain reaction (PCR) using the proofreading Pwo
DNA polymerase (Genaxis Biotechnology, Kronberg/Taun-
us, Germany). The ANT" allele was amplified from cDNA of
the open-pollinated tomato cv Ailsa Craig (GenBank acces-
sion EF433416.1) and was identical to the ANTI sequence
originally isolated from cv. Micro-Tom (Mathews et al. 2003).
The ANTIC allele was amplified from cDNA of the AFT
genotype LA1996, originated from S. chilense (GenBank
accession EF433417.1). ANTI and ANTI* were cloned
separately into the pCRII-TOPO (Invitrogen, Carlsbad, CA,
USA). Sequence-validated ANTI clones were inserted, fol-
lowing digestion with EcoRI, into pMON10098, forming a
transcriptional fusion between the CaMV 35S promoter and
the E9 terminator. The transgenic tomato plants were gener-
ated by Agrobacterium tumefaciens-mediated transformation
of cotyledons from 10-day-old seedlings (McCormick 1991).

Tissue sampling for biochemical and transcriptional
characterizations

Tissues were sampled for both RNA and pigment extrac-
tion in paired observations, allowing coupling between the
transcriptional and the biochemical analyses. In seedlings,
a fully-expanded cotyledon was harvested from each of six
randomly selected seedlings of each transgenic line for
transcriptional profiling while opposite cotyledons were
harvested for biochemical analyses. For analysis of fruit
peels, a total of three ripe-mature fruits were harvested
from single plants of each transgenic line in each block.
From each fruit three discs of fresh tomato peels (0.1-0.2
g) were sampled and pooled for metabolic characterization
and a pool of three squares (I cm?) were taken for tran-
scriptional profiling.

Source and design of polymerase chain reaction (PCR)
primers

All PCR primers used throughout this study were purchased
from Syntezza Bioscience Ltd. (Jerusalem, Israel).
Sequence analysis and primer design were carried out with
the DNAMAN sequence analysis software v4.1 (Lynnon
BioSoft, Pointe-Claire, Quebec, Canada). Sequences for
quantitative Real-Time PCR (qRT-PCR) analyses were
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obtained based on Bovy et al. (2002) and Sapir et al. (2008),
followed validation with current NCBI and DFCI gene
databases at http://www.ncbi.nlm.nih.gov/ and http://
compbio.dfci.harvard.edu/tgi/tgipage.html, respectively.

Transgenic characterization of plants and genotyping
ANTI and AN2

Genomic DNA was extracted from young leaves of indi-
vidual plants according to Fulton et al. (1995). To validate
the incorporation of the ANTI transgenes, DNA samples
extracted from the transgenic lines served as templates in
PCRs with primers complementary to the CaMV 35S
promoter and the ANTI gene (5'—3'). CCTTCGCAAG
ACCCTTCCTCT and GTTGCATGGGTGGTAAATTA
AG. Genotyping analyses of the native ANTI and AN2
alleles were also carried out by PCR. The primers used in
these PCRs were: ANTI (5'—3"): GGAAGGACAGCT
AACGATGTG and GTTGCATGGGTGGTAAATTAAG
(Sapir et al. 2008); AN2 (5'—3'): GCATCGTTGGGAGT
TAGGAA and AACGAGGACGAGAATGAGGA (Boches
2009).

The PCRs were performed in a T-GRADIENT thermal
cycler (Biometra, Analytik Jena, Gottingen, Germany) in a
volume of 25 pl containing 15 ng of template DNA,
10 pmol of each primer, 0.2 mM of each dNTP, 2 mM
MgCl,, 0.5 U of Taqg DNA polymerase, and 1x PCR
buffer. The PCRs consisted of an initial incubation at 94°C
for 3 min, followed by 35 cycles of denaturation at 94°C
for 30 s, and annealing at 58°C for 40 s and 72°C for 40 s.
Final elongation, at 72°C, was carried out for 5 min.

PCR products were visualized by electrophoresis in
1.0% agarose gels stained with ethidium bromide. PCR
amplification products were visualized by electrophoresis
in 1.0% agarose gels stained with ethidium bromide.

gRT-PCR analyses

Total RNA was extracted from cotyledons and fruit peels
of ripe tomato fruits using the TRIzol reagent system
(Invitrogen Corp., Carlsbad, CA, USA), and genomic DNA
contaminants were digested with TURBO DNA-free
DNAase (Ambion Inc., Austin, TX, USA). The remaining
RNA was then used as the template for cDNA synthesis
using the Masterscript cDNA synthesis kit with random
hexamer primers (KAPA Biosystems, Woburn, MA, USA.

The qRT-PCR analysis was performed using the KAPA
SYBER®FAST Master Mix (KAPA Biosystems, Woburn,
MA, USA): initial incubation at 95°C for 3 min, followed
by 45 cycles of denaturation at 95°C for 10 s, annealing at
60°C for 15 s, and polymerization at 72°C for 20 s. A
melting curve method was carried out by elevating the
temperature 1°C every 5 s, ranging from 72 to 99°C in
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order to corroborate acceptance of one gene product and
confirm a specific amplification. DNA sequences comple-
mentary to /8S RIBOSOMAL RNA were used as reference
and the primers designed for it, as well as for the other
genes analyzed by qRT-PCR are presented in Table S1.
The primers used for the analysis of ANTI expression were
designed to avoid sequence differences between the ANTI*
and ANTI® alleles.

Four technical replicates were performed for every
biological repeat. The qRT-PCR analyses were performed
using the Rotor-Gene Q detection system and data was
collected and analyzed with the Rotor-Gene 6000 software
version 1.7.28 (Qiagen Corbett Life Science, Duesseldorf,
Germany). The relative abundance of the examined gene
transcripts was calculated by the formula; 2~ (CT-examined
gene-CT_reference gene) g hare CT represents the fractional
cycle number at which the fluorescence crosses a fixed
threshold (usually set on 0.1).

Extraction and quantification of major flavonoids

All chemicals and solvents were purchased from Sigma
(St Louis, MO, USA). Samples were ground in liquid
nitrogen, and pigments were extracted in the dark with
2 ml of cold methanol:water:acetic acid (11:5:1; Markham
and Ofman 1993). Extracts were spun for 10 min at
20,800g (14,000 rpm), leaving the anthocyanins in the
supernatant. Anthocyanins were initially determined by
measuring the OD at 530 nm by spectrophotometer in a
UV-2401 PC (Shimadzu Co., Kyoto, Japan). Anthocyanins
were hydrolyzed in acids and the resultant anthocyanidins
were determined in high performance liquid chromatog-
raphy (HPLC). The purifications and HPLC quantification
of anthocyanidins and other major flavonoid compounds
were carried out by as previously described (Sapir et al.
2008), and expressed as total peak area per g fresh weight
(FW) (peak area/gFW). These total peak area values are
fully correlated with the quantity of these flavonoid
compounds.

Statistical analyses

The following variables were analyzed: (1) ODs30/gFW of
fruit peel, anthers, leaves and cotyledons of 11-d-old
seedlings; (2) Anthocyanidin and flavonol content in ripe-
fruit peels and cotyledons; (3) transcript levels of genes,
following transformation to their natural logarithm, in fruit
peels and cotyledons; (4) fold increase of ANT! transcript
levels in transgenic plants relative to the control genotypes;
(5) phenotype to transcript level ratios in fruit peels and
cotyledons, calculated as the average total anthocyanidin
levels obtained for each genotype divided by its average
ANT] transcript level.
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Analyses of variance (ANOVA), linear regressions and
estimation of correlations were carried out with the JMP
Statistical Discovery Software (SAS Institute Inc., Cary,
NC, USA). The ANOVA models included effects related to
block and genotype although no statistically significant
block effects were obtained in any of our experiments. Due
to heterogeneity of variances, resulting from scale effects,
data were transformed to their natural logarithm prior to the
analyses. Differences among means were calculated based
on the Tukey—Kramer honestly significant difference
(HSD) test (Kramer 1956).

Results
Phenotypes of tomato plants over-expressing ANT1

The transgenic lines displayed variable levels of purple
pigmentation in vegetative and reproductive tissues, irre-
spective of the specific ANTI allele transformed (Fig. 1).
Spectrophotometric quantification showed that 35S::ANTI¢
plants displayed higher average anthocyanin levels than
their 35S::ANTI* counterparts that were, with the
exception of fruit peels in spring 2009, also statistically
significant (Fig. 2). Noteworthy, 4 of the 15 transgenic
Ty 35S::ANTIC plants, displaying exceptionally strong
anthocyanin accumulation in fruits and leaves, were
unable to pass the transgene to their T; descendents
suggesting that 35S::ANTI may be more embryo-lethal
to tomato compared to 35S::ANTI". Furthermore, only
five stable transgenic lines were finally obtained despite
our efforts to stabilize the whole collection of transgenic
lines generated in this study. This can suggest again that
higher expression of the gene, due to higher copy number,
is also lethal.

Biochemical analysis of cotyledons

HPLC analysis of cotyledon extracts showed that total
anthocyanin levels were highly and significantly correlated
with results obtained by spectrophotometer [r = 0.72
(P=73x10" and r=088 (P=1.0 x 107"%) in
early summer 2008 and spring 2009, respectively]. The
HPLC analysis preformed in early summer 2008 showed
that the purple pigmentation observed was mainly due to
petunidin, malvidin and delphinidin, commonly accu-
mulating in vegetative tomato tissuces (Fig. 3). Over-
expression of ANTI resulted in significantly higher
levels of anthocyanins in both transgenic genotypes
compared to their control counterparts. However,
35S::ANTI€ plants accumulated significantly more antho-
cyanins than their 35S::ANTI" counterparts. The flavonols
quercetin and kaempferol showed a similar trend of

accumulation and their total level was significantly
higher in the 35S::ANTIC genotypes. The transgenic
cotyledons also had significantly higher caffeic-acid
levels, but no statistical difference was detected between
the two alleles. In spring 2009 (Fig. 3), the effect on
anthocyanin levels was in agreement with the results
obtained in early summer 2008, but the average levels
of flavonols and caffeic-acid did not differ statistically
between the two transgenic genotypes and their control
counterparts.

Biochemical analysis of fruit peels

Fruits of the control plants never had anthocyanin pig-
mentation while either 35S::ANTI or 35S::ANTI" plants
displayed variable levels of purple pigmentation in fruit
peels and flesh. Furthermore, several transgenic lines,
particularly those over-expressing ANTIC, displayed an
exceptionally strong purple pigmentation in their fruit flesh
(Fig. S1). We focused on fruit peel because anthocyanin
accumulation in the AFT genotype is mainly restricted to
this tissue.

HPLC analysis of the fruit peel extracts showed that
total anthocyanin levels were highly and significantly
correlated with the spectrophotomer measurements
[r=096 (P=13x 10"") and r=085 (P =12 x
107°), in winter 2008 and spring 2009, respectively]. In
winter 2008, one block consisting of all lines was subjected
to HPLC analysis (Fig. 4). As expected, tomato fruit peels
of non-transgenic lines had no measurable levels of
anthocyanins. In contrast, fruit peels of the transgenic
genotypes had high levels of anthocyanins and significantly
higher levels were obtained in 35S::ANTI€ plants. The
major anthocyanin metabolites accumulating in fruit peels,
malvidin, petunuidin and delphinidin, were identical to
those obtained in the cotyledons. Flavonols showed the
same trend of accumulation with significantly higher
average levels in the 35S::ANTI genotypes. Levels of the
flavanone naringenin in the transgenic fruit peels were not
statistically different in comparison to their control
counterparts.

In spring 2009, anthocyanin accumulation in fruit
peels was generally in agreement with the results
obtained in winter 2008; however, no statistical differ-
ence was obtained between 35S::ANTI and 35S::ANTI"
genotypes (Fig. 4). In addition, no statistically significant
differences were observed between the average levels of
flavonols accumulating in fruit peels of transgenic fruits
in comparison to the control genotypes, although
35S::ANTIC lines exhibited a quantitative advantage.
Levels of the flavanone naringenin in the transgenic fruit
peels did not differ statistically from their control
counterparts.
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Fig. 1 Phenotypes of transgenic tomato plants over-expressing ANT/
[cotyledons of azygous control (a) and transgenic (b, ¢) plants; leaves
of azygous control (right plant in d) and transgenic (left plant in d and
e) plants; anthers of azygous control (AZ in f) and transgenic

Transcript levels of the two 35S::ANT1 alleles and their
effect on flavonoid biosynthesis genes

As shown in Table 1, over-expression of either ANTI €or
ANTI" resulted in a highly significant transcript level
increase in the two tissues examined. However, no statis-
tically significant differences in the average transcript
levels of ANTI were obtained between 35S::ANTI¢ and
35S::ANTI" lines except in winter 2008, when fruit peels
of 35S::ANTI" lines displayed statistically significant
higher levels of ANTI expression (Table 1B).

@ Springer

35S::ANTI" or 35S::ANTI€ plants (ANTI® and ANTIC in f); flower
petals, anthers, sepals and ovaries of azygous (left panel in g) and
transgenic plants (right 3 panels in g); fruits of azygous control
(h) and transgenic 35S::ANTI (i) or 35S::ANTI" (j) plants]

To establish a link between the over-expression of each
of the two ANT] alleles and the flavonoid pathway, tran-
script levels of selected structural genes of the pathway
were analyzed in cotyledons and fruit peels of lines that
were subjected to biochemical analyses during spring 2009
(Table 2). In cotyledons (Table 2A), all tested genes,
except CHI, displayed higher transcript levels, which were
usually statistically significant, in plants over-expressing
ANT1, but there were no differences between lines carrying
the 35S::ANTIC or the 35S::ANTI" allele. Although no
statistical difference was obtained between the average
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ODyg;,/sFW
[ I SRV O e N e ]

Fig. 2 Spectrophotometric quantification of anthocyanin levels in
tissues harvested from lines over-expressing ANT! (black columns,
35S::ANTIC lines; grey columns, 35S::ANTI" lines; white columns,
pooled wild-type and azygous control lines; different letters above
columns indicate statistically significant differences, P < 0.05,
between genotypes within each season and for each tissue separately;
bars above columns represent the standard error, SE, of the mean)

Fig. 3 HPLC analysis of

transcript levels of CHI in cotyledons of the two groups of
transgenic lines, transcript levels of both transgenic lines
were significantly lower in comparison to their control
counterparts. In fruit peels (Table 2B), no significant up-
regulation of the early structural genes of the flavonoid
biosynthetic pathway, CHSI, CHS2 and CHI, was obtained
in the two groups of the transgenic lines. However, with the
exception of FLS, all other structural genes analyzed, in
particular those operating at the late stages of the pathway,
including F3H, DFR, ANS and 3-GT, displayed higher
average transcript levels in transgenic lines carrying the
35S::ANTIC allele than in those carrying the 35S::ANTI*
allele or in the non-transgenic counterparts. Of these four
genes, DFR, ANS and 3-GT displayed average transcript
levels that were significantly higher in the transgenic lines
carrying the 35S::ANTIC allele than in the other two
groups. Interestingly, the average transcript levels of FLS,
which participates in flavonol biosynthesis, did not differ

Petunidin 800 Malvidin
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in early summer 2008 and g ® 400 d b
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Fig. 4 HPLC analysis of fruit
peels of ripe tomato fruits over-
expressing ANT! in comparison
to their control lines in winter
2008 and spring 2009 [black
columns, winter 2008; white
columns, spring 2009; the
control columns represents
pooled wild-type and azygous
lines; peak area was divided by
10° prior the analyses; different
letters above columns indicate
statistically significant
differences, P < 0.05, between
genotypes for each metabolite
and season separately; bars
above columns represent the
standard error, SE, of the mean]

Peak area/gFW Peak area/gFW Peak area/gFW

Peak area/gFW

Petunidin
4,000 -
a
3,000 4
2,000
1,000 d b
ol d
0 c b
358:ANTIC 35S:ANTI! control
Delphinidin
1,000
=]
500 +
a b
da
0 c b
3558::ANTIC 35S:ANT1L control

8,000 1

Quercetin

35S:ANT1¢

35S::ANT1: control

Total flavonols

358:ANTI¢  35S8:ANTI! control

FW

S
f=3
f=3
o
1

Peak area/gFW Peak area/g

Peak area/gFW

Peak area/gFW

600 -

8

n

o

o
I

=}
i

5,000 -
3,000
2,000
1,000 4

0 -

1,500 -

1,000 4

500 4

(=
I

15,000 -

10,000

5,000 o

Malvidin

a

a
ba
B b

358:ANTIC 35S::ANTI! control

Total anthoycanidins

a
L.
i%cb

35S8:ANTIC 35S::ANT1L control
Kaempferol
a a
d
b a b
35S8::ANTIC 35S:ANTI! control

Naringenin flavanone

i A

358:ANTIC¢  35S8:ANTI: control

Table 1 Average transcript levels of ANT! in cotyledons (A) and fruit peels (B) of transgenic and non-transgenic control lines according to

season
Genotype Early summer 2008 Spring 2009
N Ln (transcript level) Fold increase N Ln (transcript level) Fold increase
A
35S::ANTIC 5 —-2.8 + 0.2 365.0 3 —-3.7*+ 0.1 54.6
35S::ANTI- 5 —24*+0.3 544.6 2 37"+ 0.2 54.6
Control 2 —87°+ 05 - 2 —77°+£02 -
P(F) 63 x 10712 1.9 x 1072
Genotype Winter 2008 Spring 2009
N Ln (transcript level) Fold increase N Ln (transcript level) Fold increase
B
358::ANTIC 7 —43" 4+ 0.17 36.6 3 —8.7°4+ 03 16.4
35S::ANTI" 8 —3.3* £ 0.25 99.5 2 —8.2* £ 0.5 27.1
Control 2 —7.9° £ 0.47 — 2 —11.5* £ 0.2
P(F) 2.1 x 107 1.6 x 107°

Average transcript levels were obtained by qRT-PCR and analyzed following transformation to their natural logarithm values; fold increase
values were calculated relative to the control genotypes; N number of independent lines; values represent mean £ SE; different lower-case
superscript letters indicate statistically significant differences, P < 0.05, between genotypes in each season separately]
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Table 3 Analysis of allele efficiencies in cotyledons (A) and fruit peels (B) of transgenic plants over-expressing ANT!

Genotype Early summer 2008 Spring 2009
Total Transcript level — Total anthocyanidins  Total Transcript level ~ Total anthocyanidins
anthocyanidins Transcript levelx10*  apthocyanidins Transcript levelx103
(Peak area/gFW) (Peak area/gFW)
A
358::ANTIC  5144* + 541 0.07* £+ 0.01 89" + 13 2103" + 244 0.03* £+ 0.00 83" + 10
35S::ANTI 2443° & 494 0.11% £ 0.03 24+ 3 1091° + 140 0.03* & 0.01 44>+ 9
P(F) 52 %1077 0.2 1.4 x 1077 79 x 107* 0.7 6.7 x 1072
Genotype Winter 2008 Spring 2009
Total Transcript level Total anthocyanidins  Total Transcript level Total anthocyanidins
anthocyanidins Transcript level anthocyanidins Transcript levelx103
(ODs30/gFW) (Peak area/gFW)
B
MM 35S::ANTIC 2.4 + 0.4 0.02° £ 0.00 249" £ 57 1245 + 439 0.0002* £ 0.0000 4773" £ 920
MM 35S::ANTIY 1.9° + 0.5 0.07* + 0.01 51° 4+ 13 509 + 240 0.0005* 4 0.0002  1227° + 467
P(F) 0.4 1.9 x 107° 26 x 1073 0.20 0.19 0.01

Average transcript levels were obtained by qRT-PCR; values are displayed as mean £ SE; peak area was divided by 10° before analyses;
different lower-case superscript letters indicate statistically significant differences, P < 0.05, between genotypes)

b value obtained for the 35S::ANTIC genotypes in fruit
peels was 21-fold higher and statistically significant
(P < 0.05) than for the 35S::ANTI" genotypes and also
much higher but generally in agreement with the results
presented in Table 3B. It is noteworthy, unlike the
35S::ANTIC genotypes, that the regression coefficient, b,
obtained between ANTI transcript and anthocyanin levels
in fruit peels of 35S::ANTI* genotypes was statistically
insignificant from 0.

Linkage between the native ANTI and AN2 genes
and their association with anthocyanin accumulation

A total of 160 F; plants were used to analyze linkage
between the native ANTI and AN2. Among these plants, a
single recombinant AFT plant, ANTIS/ANTI® AN2/AN2"
(Fig. S2), was obtained, indicating a recombination dis-
tance of ~0.3 centiMorgan (cM) between the two genes. A
population derived following self-pollination of this plant
was confirmed to be stable for the ANTIC allele but seg-
regating for the two ANZ alleles. Visual inspection of
mature-unripe (Fig. S3) and mature-ripe fruits (not pre-
sented), showed that all fruits displayed the characteristic
phenotype of AFT, irrespective of the AN2 genotype.

Discussion
We performed a comparative transgenic analysis of two

alleles of the tomato ANTI gene. ANTI and its homolog,
AN2, were mapped to tomato chromosome 10 as candidate
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Fig. 5 Association between ANT/ transcript levels and total anthocy-
anin accumulated in cotyledons (a) and fruit peels (b) of plants over-
expressing ANT! in spring 2009 (each point in a represents an
individual seedling while each point in b represents an average of three
plants comprising a plot in a block: black squares and regression slop,
35S::ANTIC lines; grey diamonds and regression slop, 35S::ANTI*
lines; peak area was divided by 10° prior the analyses; each data points
in a is based on one biological and four technical repeats, while each
data point in b is based on three biological and four technical repeats)

genes controlling anthocyanin and flavonol accumulation
in fruit peels of the AFT genotype (Sapir et al. 2008;
Zuluaga et al. 2008). The draft tomato genome-sequence
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positions AN2 ~2.7 Kb downstream from ANTI on scaf-
fold01162 (http://solgenomics.net/).

The predicted protein sequence of ANTI1 differs from
ANTIL, but no differences were obtained in the average
transcript levels of ANT! in fruit peels of the AFT genotype
compared to red-fruited genotypes (Sapir et al. 2008).
Borovsky et al. (2004) reports an association between
anthocyanin accumulation in immature fruits of the
A genotype of pepper and ANTI homolog on chromosome
10. In pepper, this gene is transcribed throughout imma-
ture-fruit development in the purple-fruited genotype
whereas in its green-fruited counterpart it is not transcribed
at all. This transcriptional difference is attributed to the
promoter because the coding region of the gene does not
differ between these two pepper genotypes (Borovsky et al.
2004). Sapir et al. (2008) therefore hypothesizes that if
ANT]I causes the AFT phenotypes in the tomato, its effects
should be ascribed to sequence rather than transcriptional
alterations. To validate this, we compared the phenotypes
resulting from over-expression of ANTI< and ANTI*, both
driven by the same promoter. The use of the constitutive
promoter also enabled the analysis of plant tissues other
than fruit peels.

Constitutive over-expression of ANT/ led to accumula-
tion of anthocyanin pigments in vegetative and reproduc-
tive tissues. Surprisingly, significant accumulation of
anthocyanins was also observed in the entire flesh of the
transgenic fruits whereas in the AFT genotype anthocyanin
accumulation is mainly restricted to peels (Jones et al.
2003; Mes et al. 2008). Moreover, a few 35S::ANTI* lines
also displayed high levels of anthocyanins in fruit peels and
flesh in contrast to Mathews et al. (2003) where over-
expression ANTI* from cv Micro-Tom in c¢v Micro-Tom
plants resulted in scattered purple spots on fruit surface.
Sapir et al. (2008) found no sequence differences in ANTI
between cv Micro-Tom and cv Ailsa Craig. Therefore, the
much stronger anthocyanin accumulation in fruit flesh and
peels obtained in this study among 35S::ANT1" genotypes
is likely attributed to the differences in the genetic back-
grounds used for transformation.

Transcript levels of ANTI in 35S::ANTI® plants did not
usually differ significantly from their 35S::ANTI* coun-
terparts in cotyledons and fruit peels. However, anthocya-
nin levels in both tissues were usually significantly higher
in 35S::ANTIC than in 35S::ANTI" plants. These results
indicate that ANTIC can induce higher anthocyanin pig-
mentation under equivalent transcript levels. This is sup-
ported by the statistically significant higher average
anthocyanidin to transcript-level ratio obtained for
35S::ANTIC in both cotyledons and fruit peels. ANTIC is
thus more efficient than ANTI" in both tissues providing
support to the hypothesis that ANT/ is the gene controlling
anthocyanin accumulation in AFT fruits.

In cotyledons, a significant association was obtained
between anthocyanin accumulation and ANT! transcript
levels, irrespective of the specific transgenic allele exam-
ined. However, anthocyanin accumulation was signifi-
cantly more associated with transcript levels of
35S::ANTIC than with transcript levels of 35S::ANTI".
This difference was much more pronounced in fruit peels
indicating that anthocyanin accumulation in 35S::ANTI"
plants is more dependent upon other factors than in their
35S::ANTI€ counterparts particularly in fruit peels. Such
factors may include bHLH transcription factors, WDR-type
or other proteins unable to display their effects in tissues
which do not normally produce anthocyanins, such as fruit
peels of cv Moneymaker. Despite this notable difference,
both alleles similarly activated transcript levels of selected
structural genes of the flavonoid biosynthetic pathway. In
cotyledons, 35S::ANTI* and 35S::ANTIC did not signifi-
cantly differ in their effect on these genes, and over-
expression of both alleles usually induced transcript levels
of early (CHSI and CHS2) and late (DFR and 3-GT)
structural genes of the pathway, similarly to Mathews et al.
(2003). It is noteworthy that both alleles significantly
down-regulated transcript levels of CHI, suggesting a
negative transcriptional feedback of ANTI on CHI and that
CHI transcription is not limiting to anthocyanin accumu-
lation in tomato cotyledons.

Over-expression of the two ANTI alleles in fruit peels
did not yield significantly higher transcript levels of the
early structural genes (CHSI, CHS2 and CHI) while the
late structural genes analyzed displayed higher transcript
levels in both transgenic genotypes. However, only in
35S::ANTIC genotypes was this increase statistically sig-
nificant. These differences between the two types of
transgenic genotypes are intriguing because they raise the
question of how anthocyanin metabolites can be signifi-
cantly accumulating in fruit peels of the 35S::ANTI"
genotypes without a significant collateral effect on tran-
script levels of the structural genes of the pathway. This
discrepancy could be explained by possible effects of
ANTI on genes controlling the fate of anthocyanins, par-
ticularly those implicated in their glycosylation and trans-
port (Mathews et al. 2003), and possibly others related to
their degradation and sequestration.

We have previously shown that fruit peels of the AFT
genotype and its descendants carrying the native ANTIC
allele are also typified by significantly higher levels of the
flavonols quercetin and kaempferol than in control geno-
types (Sapir et al. 2008). A similar effect was obtained in
transgenic plants carrying the 35S::ANTIC allele in the
winter and spring. However, only in spring this increase
was statistically significant. This difference, observed to a
lesser extent in cotyledons, may represent seasonal fluc-
tuations in metabolite flux through the flavonoid pathway
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or its redirection. Indeed, flavonol synthesis is a side
branch of anthocyanin biosynthesis. Therefore, a stronger
flux towards anthocyanin biosynthesis due to over-
expression of ANTI may lower flavonol levels resulting in
stronger seasonal differences. This variation in flavonol
accumulation may also imply that an additional transcrip-
tion factor genetically linked to ANTI, such as AN2
(Boches 2009) or a 3’ truncated ANTI-homolog which
maps ~6 Kb upstream of ANTI on scaffold01162, may
participate in the control of flavonol synthesis in the AFT
genotype. This latter explanation is consistent with species
variation noted in the control of the early and late phases of
the flavonoid pathway (Schijlen et al. 2004). Therefore,
ANT1 activity in fruit peels may be restricted to later
phases of the flavonoid pathway and a different MYB may
regulate its early phases. It is noteworthy that transcrip-
tional analysis of the AFT genotype (Sapir et al. 2008)
agrees with Borovsky et al. (2004) and shows that in this
genotype the early CHSI and CHS2 genes, as well as the
late gene, DFR, are transcriptionally up-regulated in fruit
peels. In fruit peels of the transgenic lines of this study,
CHS1 and CHS2 were not transcriptionally up-regulated
and only genes representing the late stages of the pathway
were up-regulated in agreement with the analysis of the
AFT genotype by Boches (2009). The differences between
Sapir et al. (2008) and Boches (2009) can be attributed to
the different non-isogenic control lines used in these two
studies and thus reinforce the inconsistent effect of the
gene controlling the AFT phenotype on the early genes of
anthocyanin biosynthesis pathway in fruit peels. Alterna-
tively, this may imply that in the AFT genotype different,
genetically linked, MYB genes control the early and the
late genes of the pathway.

A recombination distance of 0.3 cM was obtained
between the native ANTI and AN2 in our linkage analysis.
A segregating population obtained from the recombinant
genotype ANTIC/ANTIC AN2/AN2€, showed that ANTI
alone can generate the characteristic phenotype of antho-
cyanin accumulation in AFT fruits, strongly implicating
ANTI as the determinant of the AFT phenotype. Never-
theless, we cannot completely rule out that AN2 has an
effect on other components of the flavonoid biosynthesis
pathway or that it may exert a non-additive effect on
anthocyanin accumulation, similar to ANTI.

Most studies designed to genetically engineer MYB
genes in tomato fruits resulted in increased flavonols levels,
while anthocyanin pigmentation was unchanged or
restricted to peel tissues (Goldsbrough et al. 1996; Math-
ews et al. 2003; Schijlen 2007; Luo et al. 2008; Adato et al.
2009). A recent study (Butelli et al. 2008), however,
demonstrated a strong anthocyanin accumulation in fruit
peel and flesh of Micro-Tom tomato plants following over-
expression of two transcription factors from snapdragon,

@ Springer

ROSEAL1 and DELILA (MYB and bHLH, respectively). In
our study, strong anthocyanin accumulation was obtained
in fruit peels and flesh by over-expression of a single
endogenous MYB. This research therefore augments the
possibilities of enhancing flavonoid levels in tomato fruits.

Finally, Sapir et al. (2008) proposes that coding-
sequence differences of ANTI are causing anthocyanin
accumulation in the AFT genotype in contrast to the dogma
stating that regulatory genes controlling the flavonoid
pathway exert their effect through transcription. Our results
support this proposition and thus expand the potential of
enhancing flavonoid levels through engineering coding-
sequence polymorphisms in addition to the transcriptional
alterations.
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