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The shelf life of tomato (Solanum lycopersicum) fruit is determined by the processes of overripening and susceptibility to
pathogens. Postharvest shelf life is one of the most important traits for commercially grown tomatoes. We compared the
shelf life of tomato fruit that accumulate different flavonoids and found that delayed overripening is associated with
increased total antioxidant capacity caused by the accumulation of flavonoids in the fruit. However, reduced susceptibility to
Botrytis cinerea, a major postharvest fungal pathogen of tomato, is conferred by specific flavonoids only. We demonstrate an
association between flavonoid structure, selective scavenging ability for different free radicals, and reduced susceptibility to
B. cinerea. Our study provides mechanistic insight into how flavonoids influence the shelf life, information that could be used to

improve the shelf life of tomato and, potentially, other soft fruit.

Tomato (Solanum lycopersicum) is one of the most im-
portant agricultural products in the world as well as an
important model for fleshy fruit ripening due to the tools
and resources available for mechanistic investigations.
Among the biggest challenges for the tomato industry is
postharvest deterioration, which accounts for huge eco-
nomic losses averaging over 25% of fresh produce every
year. Different solutions have been employed to extend
shelf life; the easiest and most widely used is to harvest
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fruit at the mature green stage and store them at low
temperature. Subsequently, the fruit are exposed to eth-
ylene to induce ripening. This can effectively reduce
postharvest damage of the fruit during transportation.
However, because fruit are ripened artificially, they lose
much of their flavor and become tasteless (Maul et al.,
1998, 2000). A large number of ripening-related mutants
have also been used to extend shelf life (Kopeliovitch
et al., 1979), including ripening inhibitor, nonripening,
never-ripe, and alcobaca (Mutschler et al., 1992). Unfor-
tunately, the inhibition of ripening in this way also re-
sults in an accompanying loss of flavor.

Shelf life of tomato is determined by two processes: the
rate of fruit softening during overripening (which is the
stage that follows commercial maturity, when the fruit
softens and loses its organoleptic properties, including its
characteristic taste and flavor), and susceptibility to op-
portunistic pathogens such as Botrytis cinerea (Cantu
et al., 2009). B. cinerea, better known as gray mold, is the
second most important fungal pathogen of plants, eco-
nomically (Dean et al., 2012).

During the past 20 years, transgenic approaches have
also been used to improve tomato shelf life. Most strate-
gies to extend shelf life have focused on delaying over-
ripening, including silencing several target genes such as
those encoding cell well-degrading enzymes. Activation
of cell well-degrading enzymes such as polygalacturo-
nase and B-galactosidase at the climacteric is a major
cause of fruit softening, and suppression of their expres-
sion has been used to delay fruit softening (Kramer et al.,
1992; Meli et al, 2010). Another important group of
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targets are encoded by ripening-related genes. By silenc-
ing inducers of ripening or overexpressing inhibitors of
ripening, the shelf life of transgenic tomato fruit can be
extended (Centeno et al., 2011).

The accumulation of reactive oxygen species (ROS) is
associated with fruit ripening and overripening (Jimenez
et al., 2002; Mondal et al., 2004). Postharvest application
of antioxidant compounds can effectively extend tomato
shelf life (Bhagwan et al., 2000), and extending shelf life
by reducing ROS has also proved to be effective in other
crops (Zidenga et al., 2012). A successful approach to
extend shelf life has been to accumulate polyamines
(PAs) in tomatoes. PAs have been found to decrease
during fruit ripening, and increasing PA levels in fruit
can enhance shelf life. This effect is associated with the
high antioxidant capacity of PAs (Mehta et al., 2002;
Nambeesan et al., 2010).

Due to their health benefits, there has been growing
interest in the enrichment of flavonoids in crops (Muir
et al., 2001; Winkel-Shirley, 2001; Bovy et al., 2002; Butelli
et al., 2008; Luo et al., 2008; Zhang et al., 2014). The ac-
cumulation of anthocyanins in tomato fruit following
fruit-specific expression of two transcription factors,
Delila (Del) and Roseal (Rosl), from snapdragon (An-
tirrhinum majus) doubles shelf life (Zhang et al., 2013).
Both the purple Del/Ros1 tomato and the purple-skinned
Anthocyanin fruit (Aft) and atroviolacea (atv; Aft/Aft
atv/atv) tomato, produced by the introgression of Sola-
num chilense and Solanum cheesmaniae into tomato (Povero
et al., 2011), show delayed overripening and reduced
susceptibility to B. cinerea (Bassolino et al., 2013; Zhang
et al., 2013). The accumulation of anthocyanins increases
the total antioxidant capacity of tomatoes, slows the in-
crease in ROS, and so delays overripening (Zhang et al.,
2013). During infection of tomato fruit with necrotrophic
pathogens such as B. cinerea, a burst of ROS generated by
NADPH oxidases in both the host plant cells and in the
fungal pathogen is induced by infection. The ROS burst is
believed to contribute positively to the susceptibility of
plants to B. cinerea (Govrin and Levine, 2000; Glazebrook,
2005). The high scavenging ability of anthocyanins may
effectively alter ROS dynamics during B. cinerea infection
and reduce the susceptibility of tomato fruit to this
necrotrophic pathogen (Zhang et al., 2013).

High ROS-scavenging ability is a common feature of
different flavonoids and has been attributed to the high
reactivity of their hydroxyl groups to ROS (Heim et al.,
2002). In vitro analysis indicates that the number of
hydroxyl groups of flavonoids is important in deter-
mining the antioxidant capacity of flavonoids and their
effectiveness in scavenging free radicals (Rice-Evans
et al., 1996, 1997; Burda and Oleszek, 2001; Wang
et al., 2006; Markovic et al., 2014). However, decoration
(hydroxylation, methylation, glycosylation, and acyla-
tion) may affect the total antioxidant capacity of flavo-
noids and their ability to scavenge different free radical
species (superoxide, hydroxyl radicals and ions, and
hydrogen peroxide [H,0,]), and the specific scavenging
abilities of decorated flavonoids cannot be predicted
based solely on hydroxylation of the B-ring.
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Tomato lines accumulating different flavonoid com-
pounds have been produced (Butelli et al.,, 2008; Luo
et al, 2008). As different flavonoid compounds have
different antioxidant capacities and abilities to scavenge
particular free radical species, tomato fruit accumulating
different flavonoids may have different degrees of shelf
life extension, as determined by both their rate of over-
ripening and their susceptibility to B. cinerea.

To analyze the roles of different flavonoids in extend-
ing postharvest shelf life, orange flavonol-rich AtMYB12
tomato fruit (Luo et al., 2008) were compared with red
wild-type and Del/Rosl purple tomatoes using both
storage and pathogen infection tests. To screen the ac-
tivities of different flavonoids in determining tomato
shelf life, virus-induced gene silencing (VIGS) was used
to silence different biosynthetic genes to provide fruit
tissues that accumulated different flavonoids and to
test their impact on shelf life. Storage and pathogen
tests were carried out in VIGS fruit and were confirmed
using mutant lines. Our analyses showed that the
structures of the accumulated flavonoids were linked
through their abilities to scavenge total ROS to delay
overripening and their abilities to scavenge specific
ROS to reduce susceptibility to B. cinerea. Collectively,
the effects on these two processes mean that specific
flavonoids have differential effects on extending the
shelf life of tomato. Our results have significance for
breeding for extended shelf life in tomato and in many
other fleshy fruit.

RESULTS
Lines of Tomato Used in Shelf-Life Studies

The purple Del/Ros1 line N (Del/Ros1 N) tomatoes have
been described by Butelli et al. (2008) in terms of their
metabolite composition and gene expression; similarly,
the orange AtMYB12 tomatoes have been described by
Luo et al. (2008). A new line of tomato in the MicroTom
genetic background was made by crossing Del/Ros1 N
MicroTom with AtMYB12 MicroTom. The resulting line,
named Indigo, contains high amounts of both anthocy-
anins and flavonols. The flavonoid contents of red wild-
type, purple Del/Rosl, orange AtMYB12, and Indigo
tomatoes in the MicroTom genetic background are
shown in Supplemental Table S1. These values are in
accordance with the values reported previously for the
different genotypes in MicroTom and other genetic
backgrounds (Butelli et al., 2008; Luo et al., 2008). The
biosynthetic pathways for the production of flavonoids
in tomato are shown in Figure 1.

Flavonol-Enriched Tomatoes Show Delayed Overripening

When stored in semisterile conditions, high-flavonol
AtMYB12 tomatoes showed delayed overripening com-
pared with wild-type tomatoes. Fifty percent of wild-
type fruit showed overripening symptoms after storage
for 2 weeks at 17°C. For AtMYB12 tomatoes, however,
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Figure 1. Flavonoid biosynthesis pathway in tomato. A, Basic structures of an anthocyanin and a flavonol. Common modification
positions include 3" (R1), 4’ (R2), 5’ (R3), 3 (R4), 5 (R5), and 7 (R6) of each ring. B, Schematic representation of the flavonoid
biosynthetic pathway in tomato. Compounds highlighted in purple are the major anthocyanins identified in tomato fruit, and
major flavonols are highlighted in orange. From the top, abbreviations are as follows: PAL, Phe ammonia lyase; 4CL, 4-coumarate:
CoA ligase; C4H, cinnamate 4-hydroxylase; C3H, 4-coumarate 3-hydroxylase; CHS, chalcone synthase; CHI, chalcone isom-
erase; F3'H, flavonoid-3'-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase;
3GT, flavonoid 3-O-glucosyltransferase; RT, flavonoid 3-O-glucoside-rhamnosyltransferase; AT, anthocyanin acyltransferase;
5GT, flavonoid-5-glucosyltransferase; and OMT, O-methyltransferase.

the date for a similar level of overripening was delayed to
3 to 4 weeks after the start of storage. For Del/Ros1 and
Indigo tomatoes, longer storage times (5-6 weeks) were
needed to see the same degree of overripening (Fig. 2A).
The fresh weight of the four lines showed the same rate of
reduction over the first 4 weeks of storage. However,
beyond 4 weeks, the rate of reduction in fresh weight of
AtMYB12 tomatoes increased significantly, whereas other
lines maintained the same rate of reduction (Fig. 2B).
The delayed overripening of AtMYBI12 tomatoes
compared with the wild type was also observed in fruit
left on the vine. Overripening could be seen on wild-
type fruit from 4 weeks after breaker. For AtMYB12
tomatoes, however, 6 to 8 weeks after breaker were
needed to observe the same degree of overripening.
After 8 weeks, AtMYB12 fruit overripened very rapidly.

1570

For purple Del/Rosl and Indigo tomatoes, a similar
degree of overripening was seen only at 8 to 10 weeks
after breaker (Supplemental Fig. S1).

Collectively, these data indicate that, compared with
wild-type tomatoes, high-flavonol AtMYB12 tomatoes
show delayed overripening. However, the length of the
delay was not as great as for purple Del/Ros1 or Indigo
(Del/Ros1;AtMYB12) tomatoes.

The Antioxidants in Orange AtMYB12 Fruit Are Less
Stable Than Those in Purple Del/Ros1 Tomatoes

The high antioxidant capacity of anthocyanin-enriched
tomatoes reduces oxidative damage to fruit tissues and,
consequently, delays overripening (Bassolino et al., 2013;

Plant Physiol. Vol. 169, 2015
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Figure 2. AtMYB12 tomatoes store for longer than wild-type MicroTom
but for less time than Del/Ros1 and Indigo tomatoes. Fruit were har-
vested at 14 d post breaker (OW). A, The percentages of fruit showing the
symptoms of overripening were assessed every week during storage
tests. B, Fresh weights of different fruit during storage. The total weight of
the 10 fruit in the same jar was calculated. Error bars show st (n = 3).

Zhang et al., 2013). We checked the total hydrophilic
antioxidant capacities of the four lines used in the storage
tests at different stages of overripening using the trolox
equivalent antioxidant capacity (TEAC) assay, which is
recommended for measuring the total antioxidant ca-
pacity of polyphenols (Rice-Evans et al., 1997). For all the
transgenic lines (high anthocyanin [Del/Ros1], high fla-
vonol [AtMYB12], and high anthocyanin/high flavonol
[Indigo]), the antioxidant capacity of hydrophilic com-
pounds was found to increase significantly at breaker
compared with wild-type tomatoes (Supplemental Fig.
S2A). This was due to the induction of flavonoid bio-
synthesis by the E8 promoter, which was used to drive the
expression of the different transcription factors from
breaker onward. Breaker is the point at which ethylene
starts to rise in tomato fruit and is marked by the onset of
lycopene biosynthesis and the change in fruit color. The
expression of Del, Ros1, and AtMYB12 transcription factors
enhanced the production of different flavonoids, which
increased the antioxidant capacities of the mature fruit.
During overripening, the total antioxidant capacity
of AtMYB12 tomatoes showed more rapid decline than
in Del/Ros1 and Indigo tomatoes: significant reductions
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in the antioxidant capacity of AtMYBI12 fruit came
8 weeks after breaker. However, for Del/Ros1 and Indigo
tomatoes, significant reductions in antioxidant capacity
were not seen until 10 weeks after breaker (Supplemental
Fig. S2A). The lower stability of the elevated antioxidant
capacity of AtMYBI2 tomatoes was associated with the
more rapid decline in fresh weight of these tomatoes late
in the storage tests (Fig. 2B). This suggested that the fla-
vonoids contributing to antioxidant capacity in AtMYB12
tomatoes were less stable than those in Del/Ros1 and In-
digo tomatoes.

To test this hypothesis, production of malondialde-
hyde (MDA), a by-product of lipid peroxidation that can
be used as a marker for the damage resulting from ROS
during senescence (Dhindsa et al., 1981; Zhang et al,,
2013), was measured for all the tomato lines. For
wild-type MicroTom fruit, MDA production increased
throughout the entire late ripening period. However,
for all the transgenic lines, the MDA levels remained
low up to 4 weeks after breaker. For the AtMYB12 line,
the MDA levels increased at 6 weeks after breaker, when
the total antioxidant capacity of AtMYBI2 tomatoes
began to decrease significantly. For Del/Ros1 tomatoes,
the increase in MDA levels came 8 weeks after breaker
(Supplemental Fig. S2B). This matched the delayed re-
duction of antioxidant capacity in Del/Ros1 fruit.

Accumulation of Different Flavonoids in Tomato Fruit
Using VIGS

To analyze in more detail which flavonoids contribute
directly to extending shelf life, three anthocyanin biosyn-
thetic genes (Fig. 1; FLAVANONE 3-HYDROXYLASE
[SIF3H], DIHYDROFLAVONOL 4-REDUCTASE [SIDFR],
and ANTHOCYANIDIN SYNTHASE [SIANS] from to-
mato) were silenced separately in purple tomatoes using
VIGS (Orzaez et al., 2009). VIGS works well in globe to-
matoes, so purple Del/Ros1 tomatoes in the MoneyMaker
genetic background were used (Orzaez et al., 2009; Zhang
et al., 2013). Silencing of SIF3H, SIDFR, and SIANS by
VIGS effectively blocked the production of anthocyanins
in Del/Ros1 MoneyMaker fruit. The silenced sectors accu-
mulated far fewer anthocyanins (Fig. 1; Supplemental Fig.
S3A). Reverse transcription (RT)-quantitative PCR (qQPCR)
of complementary DNA from both nonsilenced and si-
lenced sectors on the same fruit indicated that the silencing
of anthocyanin biosynthetic genes did not affect the ex-
pression of Del/Ros1. However, when SIF3H was silenced,
the expression of biosynthesis genes early in the pathway
(PHENYLALANINE AMMONIA LYASE, CHALCONE
SYNTHASE, and CHALCONE ISOMERASE) as well as
SIDFR was reduced (Supplemental Fig. S3B). When SIDFR
was silenced, there was no significant reduction in the
expression levels of any other genes (Supplemental Fig.
S3B). In VIGS-S5IANS-silenced sectors, although late an-
thocyanin biosynthetic genes (SIF3H, SIDFR, and SIANS)
were silenced, there was a substantial induction of
FLAVONOID 3'5" HYDROXYLASE (SIF3'5'H) expres-
sion (Supplemental Fig. S3B).
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F3'5'H is a P450 enzyme that catalyzes the addition
of -OH groups to the C-3" and 5’ positions on the B-ring
of flavonoids (Holton et al., 1993; Olsen et al., 2009).
When F3'5'H expression was induced, flavonoids with
three -OH groups on the B-ring were produced. Liquid
chromatography-mass spectrometry (LC-MS) data in-
dicated that very little anthocyanin was present in any
of the silenced sectors of VIGS-SIF3H, VIGS-SIDFR, and
VIGS-SIANS fruit (Supplemental Figs. S4A and S5).
However, the VIGS-SIANS-silenced sectors contained
increased amounts of myricetin (a flavonol that has
three -OH groups on its B-ring; Fig. 1) derivatives
(compound 8; Supplemental Figs. S4B and S5B), which
result from the induction of F3'5'H expression.

The Shelf Life of VIGS Fruit Is Positively Correlated with
the Total Antioxidant Capacity of the Silenced Sectors

The total antioxidant capacity of silenced sectors on
different VIGS fruit was different because these sectors
accumulated different flavonoids. Compared with wild-
type MoneyMaker fruit, the antioxidant capacity of hy-
drophilic compounds was about 3-fold higher in Del/Ros1
MoneyMaker fruit. However, in silenced sectors of dif-
ferent VIGS fruit, the total antioxidant capacities were
decreased. Silencing of Del and Rosl in purple tomato
removed most of the increase in antioxidant capacity,
and VIGS-Del/Ros1 fruit had only marginally higher
TEAC values than wild-type fruit. Silencing of SIF3H and
SIDER resulted in the absence of most of the anthocya-
nins (present in the purple, nonsilenced sectors), and the
TEAC values of the silenced sectors were only 2-fold
higher than those of wild type tomatoes. For VIGS-SIANS
fruit, although silenced sectors did not have most of the
anthocyanins that were present in purple sectors, en-
richment in myricetin derivatives compensated in part,
and the silenced VIGS-SIANS sectors had TEAC values
2.5-fold higher than those of wild-type fruit (Fig. 3A).

Storage tests of ripe fruit showed a good correlation
between total antioxidant capacity and storage time.
VIGS-SIF3H fruit showed ripening defects (the silenced
parts showed uneven ripening and the fruit tissues
became very hard). Compared with wild-type fruit,
VIGS-SIF3H, VIGS-SIANS, and Del/Ros1 fruit showed
significant delays in overripening (Fig. 3B). However, for
VIGS-SIDER fruit sectors, as their antioxidant capacity
was significantly lower than that of untreated Del/Ros1
fruit tissue, their viable storage period was significantly
shorter than that for Del/Ros1 fruit (Fig. 3B). These data
confirmed that increased total antioxidant capacity is the
main cause of the delay in overripening in purple tomatoes.

Natural Mutants Confirm the Importance of Total
Antioxidant Activity to the Length of the
Overripening Period

To confirm the results of VIGS on overripening in
VIGS-SIDFR and VIGS-SIANS fruit, two anthocyanin
mutants in the Ailsa Craig genetic background, aw
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(LA3281) and ae (LA3612), were crossed with the Del/
Rosl tomato line, and aw ™'~ Del/Rosl and ae™’~ Del/
Ros1 lines were selected in the F2 generation. The aw
mutant is DFR deficient, and ae lacks ANS activity
(Goldsbrough et al., 1994; De Jong et al., 2004).
Compared with Del/Ros] Ailsa Craig frult aw ™™ Del/
Ros1 fruit produced no anthocyanins but were enriched
in kaempferol derivatives (Fig. 4A; Supplemental Fig.
S6). The hydrophilic antioxidant capacity was 2-fold
higher than that of wild-type Ailsa Cralg fruit (Fig. 4B).
No anthocyanins accumulated in ae™~ Del/Ros1 fruit ei-
ther, but the content of myricetin derivatives increased
(Fig. 4A; Supplemental Fig. S6), confirming the result of
ANS silencing in VIGS fruit. The TEAC value of ae /™ Del/
Ros1 fruit was about 3-fold that of the wild type (Fig. 4B).
Storage tests showed 51m11ar results to the VIGS fruit
storage tests. On average, aw ™'~ Del/Ros1 fruit stored for
longer, although the difference was not significant
compared with wild- type fruit (Fig. 4C). Compared
with wild-type fruit, ae™’~ Del/Ros1 fruit had a signifi-
cantly longer shelf life. These results matched the TEAC
values of these lines (Fig. 4B). Together, these data
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support the conclusion that the degree of delay in
overripening is dependent on the total antioxidant ca-
pacity of the tomato fruit (Fig. 5).

AtMYB12 Tomatoes Are Susceptible to the Fungal
Pathogen B. cinerea

We extended our analysis to investigate the second
facet of postharvest shelf life by examining the effects of
different flavonoids on the susceptibility of fruit to the
necrotrophic pathogen B. cinerea. Anthocyanin-enriched
Del/Ros1 tomatoes show low susceptibility to B. cinerea,
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FW, Fresh weight. C, Storage tests of different fruit. Fruit were harvested
2 weeks after breaker, and the times needed to show overripening
symptoms (visual rotting and collapse of fruit) were recorded. Error bars
show st (n=10). Different letters indicate significantly different values at
P < 0.05 (multiple pairwise comparison using x* test). WT, Wild type.
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one of the most important postharvest pathogens of to-
mato fruit (Bassolino et al., 2013; Zhang et al., 2013). To
investigate the susceptibility of high-flavonol AtMYB12
tomatoes to the pathogen, both wound-inoculated and
spray-infected fruit were tested for susceptibility to
B. cinerea.

When intact fruit were sprayed with B. cinerea spores,
the percentage of fruit showing severe symptoms was
high for both wild-type and AtMYBI12 tomatoes at
5 d post inoculation (dpi). However, very few of the
purple Del/Ros1 or Indigo fruit showed severe infection
(Fig. 6A). X analysis indicated that the distribution of
different resistance patterns was similar in AtMYB12
and wild-type fruit, which were significantly different
from Del/Ros1 and Indigo tomatoes. This suggested that
AtMYBI12 fruit are as susceptible as wild-type fruit to
B. cinerea infection by spraying.

Fruit were also wound inoculated with B. cinerea
spores. At 1 dpi, the size of the lesions was the same in
all fruit types. From 2 dpi, however, there was greater
spread of infection in wild-type and AtMYB12 fruit
than in Del/Ros1 and Indigo fruit. At 3 dpi, the average
size of the lesions in wild-type and AtMYB12 tomatoes
was significantly larger than in Del/Ros1 and Indigo
fruit, indicating that they were more susceptible to B.
cinerea infection (Fig. 6B). gPCR with DNA extracted
from infected tomatoes confirmed that there was sig-
nificantly more B. cinerea growing on wild-type and
AtMYB12 fruit than on Del/Ros1 and Indigo fruit at
3 dpi (Fig. 6C).

The susceptibility of tomato fruit to necrotrophic
pathogens increases as ripening progresses (Cantu
et al., 2008, 2009). When fruit at different stages were
infected by B. cinerea, a correlation between ripening
and increased susceptibility was seen in both wild-type
and AtMYBI2 lines. However, in Del/Ros1 and Indigo
lines, there was no significant increase in susceptibility
to B. cinerea after breaker (Fig. 6D).

AtMYB12 was also expressed in globe MoneyMaker
fruit (Luo et al., 2008). AtMYB12 MoneyMaker fruit
were very susceptible to infection by B. cinerea
(Supplemental Fig. S7). Collectively, these data sug-
gested that, unlike Del/Ros1 tomatoes, high-flavonol
AtMYB12 tomatoes are as susceptible as wild-type to-
matoes to postharvest infection by B. cinerea.

AtMYB12 Tomatoes Do Not Show Alterations in the
Dynamics of the ROS Burst during B. cinerea Infection

To investigate the high susceptibility of AtMYB12
tomatoes to B. cinerea infection, RT-qPCR was under-
taken to check the expression of important pathogen
response genes before and after inoculation. The ex-
pression of major pathogen response genes (CHITINASE,
B -1,3-GLUCANASE, METACASPASE7, PATHOGENESIS-
RELATED PROTEIN1, and HYPERSENSITIVITY-
RELATED GENE203 [SIHSR203]) was induced in both
wild-type and AtMYB12 tomatoes following inoculation
as well as in Del/Ros] purple tomatoes (Supplemental
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Figure 5. Relationship between total hydrophilic antioxidant capacity
and the shelf life of tomato fruit. Data from Figures 3 and 4, B and C,
were combined to compare the antioxidant capacity of fruit with their
shelf life. FW, Fresh weight.

Fig. S8, A-D). This indicated that normal defense re-
sponses were operational in all the lines. However,
a hypersensitive response (HR) gene, SIHSR203, was
highly expressed in wild-type and AtMYB12 tomatoes
following inoculation, while in Del/Ros1 tomatoes, in-
duction of SIHSR203 was much lower (Supplemental
Fig. S8E). HSR203 expression is associated with
HR-triggered cell death (Pontier et al., 1998; Tronchet et al.,
2001). These data suggested that the HR in AtMYB12
tomatoes is very strong following infection with
B. cinerea.
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The total antioxidant capacities of both infected and
wound-only fruit were measured. After B. cinerea in-
fection, the total antioxidant capacity of wild-type and
AtMYBI12 fruit declined compared with fruit without
infection. For Del/Ros1 tomatoes, however, the total
antioxidant capacity was stable following inoculation
with B. cinerea (Supplemental Fig. S8F).

Anthocyanins alter the dynamics of the ROS burst
during the B. cinerea infection of tomato fruit, restricting
the spread of H,0O, around the infection site and limiting
the area of dead and dying cells, thus altering the sus-
ceptibility to infection (Zhang et al., 2013). In order to
check the influence of flavonols on ROS dynamics and
pathogen susceptibility, 3,3'-diaminobenzidine staining
for H,0, in fruit was undertaken between 24 and 48 h
after B. cinerea infection. For wild-type and AtMYB12
tomatoes, the ROS burst spread widely around the in-
fection site. However, for Del/Ros1 and Indigo tomatoes,
the ROS burst was restricted to the initial inoculation sites
(Fig. 7A). Although high-flavonol AtMYB12 fruit have
high total antioxidant capacity compared with wild-type
fruit before pathogen infection and a total antioxidant
capacity equivalent to that of Del/Ros1 purple fruit (Fig.
8A; Supplemental Fig. S8F), they have reduced/no abil-
ity to alter the dynamics of the ROS burst during
B. cinerea infection compared with high-anthocyanin
Del/Ros1 tomatoes. These data showed that although
anthocyanin-enriched tomato fruit have altered ROS
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Figure 6. AtMYB12 tomatoes are susceptible to B. cinerea. A, Different degrees of susceptibility to B. cinerea were shown by
wild-type, AtMYB12, Del/Ros1, and Indigo fruit in spraying tests. Fruit were inspected at 5 dpi. Error bars represent st for three
independent assays. Green bars show the percentage of resistant fruit, yellow bars show partially susceptible fruit, and red bars
show susceptible fruit. B, Lesion development on wounded fruit infected with B. cinerea. Error bars represent st (n = 6). C, qPCR
estimating the amount of B. cinerea growing on wounded, infected fruitat 3 dpi. B. cinerea growth was calculated by comparison
of the ratio of B. cinerea DNA to tomato DNA. Error bars show st (n = 3). Asterisks indicate significant differences (P < 0.05)
compared with MicroTom. gDNA, Genomic DNA. D, Ripening-related susceptibility of tomatoes enriched with different fla-
vonoids to B. cinerea. Fruit of different flavonoids were harvested at different time points and inoculated with B. cinerea spores.
Lesion sizes were measured at 3 dpi. Error bars represent s for three independent assays.
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burst dynamics during B. cinerea infection, flavonol-
enriched (rutin and kaempferol 3-O-rutinoside [Kae-
Rut]) tomatoes do not have altered ROS burst dynamics
and are effectively as susceptible to B. cinerea infection
as wild-type fruit.

To confirm the role of ROS dynamics on pathogen
susceptibility, fruit from the different lines were pre-
treated with diphenyleneiodonium chloride (a ROS in-
hibitor) and Glc oxidase plus Glc (a ROS inducer; Govrin
and Levine, 2000; Zhang et al., 2013). Compared with
water-treated fruit, diphenyleneiodonium chloride-
treated wild-type and AtMYB12 fruit had smaller lesion
sizes at 3 dpi. For Del/Ros1 and Indigo tomatoes, Glc
oxidase plus Glc treatment increased their susceptibility
to B. cinerea (Fig. 7B). These data confirmed that the
ROS burst contributes positively to the susceptibility to
B. cinerea infection and that AtMYB12 tomatoes have an
appreciably lower ability to alter ROS dynamics than
Del/Ros1 purple tomatoes during pathogen infection.

Different Flavonoids Contribute Specifically to the Lower
Susceptibility of Del/Ros1 Tomatoes to B. cinerea

Although purple tomatoes showed significantly lower
susceptibility to B. cinerea, supplementation of agar with
Del/Ros1 tomato juice did not inhibit the growth of
B. cinerea on plates (Zhang et al., 2013). The total antiox-
idant capacity of AtMYBI12 tomato juice was as high as
that of juice from the Del/Ros1 and Indigo lines (Fig. 8A),
yet the different flavonoid-enriched tomato lines showed

A WT AtMYB12  Del/Ros1

B i Fedt, 3

Wound only
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different susceptibilities to B. cinerea. To test the effects of
different flavonoids on B. cinerea infection in fruit, we
developed an assay using extracts from fruit in combi-
nation with B. cinerea inoculation. Fruit juices (from wild-
type, AtMYB12, Del/Rosl, and Indigo tomatoes) were
added to B. cinerea inocula of wild-type fruit. The addi-
tion of juice from wild-type MoneyMaker, wild-type
MicroTom, and AtMYB12 tomatoes did not reduce le-
sion development significantly compared with water
control supplements following inoculation with B. cinerea
spores (Fig. 8B). However, juice from the Del/Ros1 and
Indigo lines effectively reduced the susceptibility of fruit
when supplied together with B. cinerea spores in inocu-
lations (Fig. 8B). Although all the transgenic lines had
higher total antioxidant capacities than the wild-type
line, supplementation of juices from these lines with
B. cinerea inocula had differential effects. We concluded
that specific compounds, present in Del/Ros1 (and Indigo)
tomatoes only, contributed to the reduced susceptibility
to B. cinerea of these lines.

Susceptibility of VIGS Fruit to B. cinerea Infection

To identify which flavonoids in tomato affected the
susceptibility of fruit to B. cinerea, we investigated the
infection of silenced sectors of VIGS-F3H, VIGS-DFR,
and VIGS-ANS fruit. When the silenced sectors of dif-
ferent VIGS fruit were inoculated with B. cinerea and
compared with Del/Ros]l tomatoes at 3 dpi, SIANS-
silenced fruit showed nearly the same level of resistance

Figure 7. ROS contributes positively to the sus-
ceptibility to B. cinerea of tomato fruit. A,
Wild-type (WT) and AtMYB12 tomato fruit
have lower ability to restrict the ROS burst com-
pared with Del/Ros1 and Indigo tomatoes. 3,3'-
Diaminobenzidine staining of H,O, is shown
between 24 and 36 h after inoculation of
B. cinerea on different lines. Wound-only fruit
were used as controls. Bars = 1 mm. B, B. cinerea
infection of pretreated fruit. Fruit were pretreated
with water, 50 um diphenyleneiodonium chloride

Indigo

+B.cinerea (DPI), and 100 units mL™" Glc oxidase + 1% Glc
(GO+G) before B. cinerea infection. Lesion di-
ameter was measured at 3 dpi. Error bars show st
(n=10). *, P<0.05; and **, P < 0.01 indicate
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Figure 8. Tomato juices enriched with different flavonoids have dif-
ferent effects on B. cinerea infection of tomatoes. A, Total antioxidant
capacity of different tomato juices. Error bars show st (n = 3). **, P <
0.01 compared with wild-type (WT) juice. B, Juice supplements to
B. cinerea inoculum on wild-type MoneyMaker fruit differentially affect
susceptibility. Different juices were supplied to different inoculation
sites on wild-type fruit, and lesion sizes at 3 dpi were measured. Error
bars show st (n = 12). Asterisks indicate significant differences (**, P <
0.01) compared with nonsupplemented one-quarter-strength potato
dextrose broth (PDB).

to infection as purple Del/Ros1 fruit. However, SIDFR-
silenced tomatoes lost this resistance and became as
susceptible as the red sectors of VIGS-Del/Ros1 fruit
(Fig. 9A). Silencing of SIF3H also increased suscepti-
bility to B. cinerea, although this remained lower than
that of red sectors of VIGS-SIDFR fruit (Fig. 9A). This
might be due to the impaired ripening observed in
VIGS-SIF3H fruit.

Compared with purple Del/Ros1 MoneyMaker to-
matoes, the silenced sectors of VIGS-SIDFR fruit lost
most of their anthocyanins (delphinidin derivatives and
petunidin derivatives). This indicated that delphinidin
and petunidin derivatives in purple tomatoes con-
tribute specifically to the reduced susceptibility to
B. cinerea, because the pathogen resistance of the SIDFR-
silenced sectors was abolished. In contrast, although
the silenced sectors of VIGS-SIANS fruit lost most of
their anthocyanins (Supplemental Fig. S4A), they also
accumulated increased amounts of myricetin deriva-
tives (Supplemental Fig. S4B) and still showed good
resistance to B. cinerea (Fig. 9A), suggesting that myr-
icetin derivatives in tomato also contribute to reducing
susceptibility to B. cinerea.
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Natural Mutants Confirm the Importance of Specific
Flavonoid Compounds to Susceptibility to B. cinerea

To confirm our results from B. cinerea infection of
silenced sectors of VIGS-SIDFR and VIGS-SIANS fruit,
we investigated the aw™’" Del/Ros1 and ae™’~ Del/Ros1
lines selected in the F2 generation from aw (LA3281)
and ae (LA3612) mutants crossed with the Del/Ros1 to-
mato line.

When different fruit were inoculated with B. cinerea
spores, the infection lesions on ae /™ Del/Ros1 fruit were
significantly smaller than those on wild-type and aw ™/~
Del/Ros1 fruit at 3 dpi and were of equivalent size to
those on Del/Ros1 fruit at 3 dpi. This indicated that ae™/~
Del/Ros1 fruit had low susceptibly to B. cinerea while
aw~’~ Del/Ros1 fruit lost most of their resistance com-
pared with Del/Ros1 fruit (Fig. 9B). These results, com-
bined with the results from fruit VIGS, confirmed that
silencing of DFR activity in purple tomatoes increased
susceptibility to B. cmerea whereas silencing of ANS
activity did not. The ae”’~ Del/Ros1 fruit accumulate
myricetin derivatives (Supplemental Fig. S6) and have
reduced susceptibility to B. cinerea infection. These data
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Figure 9. Blocking anthocyanin biosynthesis in Del/Ros1 tomato using
VIGS and natural mutants alters the susceptibility to B. cinerea. A,
Susceptibility of different VIGS fruit to B. cinerea infection. Fruit were
harvested at 14 d post breaker. For VIGS fruit, infection was done on
silenced sectors. Lesion diameters were measured at 3 dpi. Error bars
indicate se (n = 10). Different letters indicate significantly different le-
sion size values at P < 0.05 (one-way ANOVA, Tukey'’s posthoc test). B,
Susceptibility of different fruit to B. cinerea infection. Fruit were har-
vested at 14 d post breaker. Lesion diameters were measured at 3 dpi.
Error bars indicate st (n = 10). Different letters indicate significantly
different values at P < 0.05 (one-way ANOVA, Tukey’s posthoc test).
MM, MoneyMaker; WT, wild type.
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Figure 10. The superoxide-scavenging ability of flavonoid compounds
is associated with the number of -OH groups on the B-ring and deter-
mines the roles of flavonoids in the susceptibility of tomato fruit to
B. cinerea. A, Structures of different flavonoid compounds in tomato.
B, Effects of flavonoid supplements to B. cinerea inocula on lesion size
in wild-type tomato fruit. Purified flavonoids at different concentrations,
as well as a control treatment (0 mm compound and 1% methanol
[MeOH)]), were supplied to different B. cinerea inoculation sites on
the same fruit. Data are presented as the ratio of lesion diameter to
the average lesion diameter of normal treatments (10 uL of B05.10 at
1.25 X 10°mL™"in one-quarter-strength PDB). Error bars show st (n = 6).
Asterisks indicate significant differences between the tested concen-
tration and the PDB control (**, P < 0.01) in Student’s t test. For com-
parison, the maximum concentrations of Pet-Cou-Rut-Glc are about 0.8
and 3.4 mm in Del/RosT and Indigo tomatoes, respectively. Maximum
concentrations of Del-Cou-Rut-Glc are about 0.6 and 2.8 mm in Del/Ros1
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suggest that myricetin derivatives, as well as delphi-
nidin and petunidin derivatives, can contribute to re-
sistance to B. cinerea in tomato fruit.

Decoration of the B-Ring Affects the Ability of Flavonoids
to Scavenge Specific Free Radicals and Their Capacity to
Decrease Susceptibility to B. cinerea Infection

It has been shown that the structure of flavonoids
influences their ability to scavenge different free radi-
cals (Wang et al., 2006; Markovicet al., 2014). It has been
reported that quercetin is a better superoxide scavenger
than kaempferol, whereas the ability of kaempferol to
scavenge hydroxyl radicals is better than that of quer-
cetin (Markovic et al,, 2014). This suggests that the
number of hydroxyl groups on the B-ring differentially
affects how well flavonoids scavenge different free
radicals. Compared with kaempferol, which has only
one ~OH on the 4’ position of the B-ring, compounds
such as quercetin and its derivatives have an extra -OH
on the C-3' position of the B-ring; consequently, they
have higher scavenging ability. Among the different
positions of hydroxyl groups in flavonoids, a free -OH
on the C-3’ position of the B-ring is believed to be the
most powerful group contributing to scavenging ability
(Burda and Oleszek, 2001). Myricetin has three hy-
droxyl groups in cis on its B-ring, further increasing its
ability to act as an antioxidant (Fig. 10A). However,
most of the tests on the abilities of flavonoids to scav-
enge free radicals have been done on aglycones, and
other types of decoration (glycosylation, methylation,

and Indigo tomatoes, respectively. For myricetin derivatives, the maxi-
mum concentration found in Indigo tomatoes is about 0.6 mm. The
maximum concentrations of Kae-Rut in AtMYB12 tomatoes is about
4.8 mm, and the maximum rutin content in AtMYB12 tomatoes is about
2.4 mm. Calculations were made based on data shown in Supplemental
Table S1 (assuming that 1 g fresh weight of tomato is equivalentto 1 mL).
C, Data for superoxide scavenging by tomato flavonoids. Suppression of
the increase in fluorescence when different flavonoids were added to
the xanthine oxidase reaction was assayed. Different flavonoids purified
from tomatoes were added at 0.025 mm to the xanthine oxidase assay.
For each compound, the fluorescence increase compared with initial
fluorescence over a 15-min reaction time was calculated. Error bars
show st (n = 3). Different letters indicate significantly different values
at P < 0.05 (one-way ANOVA, Tukey’s posthoc test). D, Superoxide
scavenging by different tomato flavonoids. The superoxide-scavenging
assay was set up using the Amplex Red Xanthine/Xanthine Oxidase
Assay Kit (Life Technologies). Xanthine oxidase catalyzes the oxidation
of purine bases of xanthine to uric acid and superoxide. Superoxide
spontaneously degrades to H,0O,, which, in the presence of horseradish
peroxidase, reacts with the Amplex Red reagent to generate resorufin.
The presence of resorufin can be detected by fluorescence. Fluores-
cence was measured every 1 min for 15 min by a Varioskan Flash
Multimode Reader (Thermo Scientific) using excitation at 560 nm and
emission detection at 590 nm. For each sample, a blank control (Ctr)
without xanthine was also measured at the same time. For each time
point, background fluorescence was corrected by subtracting the value
derived from the no-xanthine control. Error bars show st (n = 6).
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and acylation) affect the abilities of flavonoids and
other antioxidants to scavenge different free radicals.

To investigate the effects of different flavonoids
in tomato on susceptibility to B. cinerea, pure rutin
(quercetin-3-O-rutinoside), one of the major flavonoids
produced in tomato fruit, was purchased. The two major
anthocyanins, delphinidin 3-O-(coumaroyl) rutinoside,
5-O-glucoside (Del-Cou-Rut-Glc) and petunidin 3-O-
(coumaroyl) rutinoside, 5-O-glucoside (Pet-Cou-Rut-
Glc), present in purple tomatoes were purified from the
Del/Ros1 purple tomatoes by HPLC purification, the
major tomato flavonol, myricetin 3-O-(coumaroyl)
rutinoside (Myr-Cou-Rut), was purified from ae™’~ Del/
Ros1 fruit, and Kae-Rut was purified from AtMYB12
tomatoes (see “Materials and Methods”; Supplemental
Fig. 59). To screen for those compounds that influence
susceptibility to B. cinerea, pure compounds at different
concentrations were supplied to inoculation sites on
wild-type tomatoes.

Supplementation with the two anthocyanins purified
from tomato, as well as with the myricetin derivative
(Myr-Cou-Rut), showed dose-dependent inhibition of
B. cinerea lesion development. For the Kae-Rut and ru-
tin supplements, no significant inhibition was seen at a
final concentration of 1 mMm (Fig. 10B). These data in-
dicate that specific anthocyanins, as well as myricetin
derivatives, can reduce the susceptibility of tomato fruit
to B. cinerea infection.

In vitro growth assays showed that supplementation
of these purified flavonoids/phenylpropanoids in me-
dium did not inhibit the normal germination or germ-
tube growth of B. cinerea on plates (Supplemental Figs.
S10 and S11). This indicated that the effects of these
compounds on B. cinerea infection were not due to the
direct inhibition of growth of the fungus.

The Differential Activities of Different Flavonoids to
Scavenge Superoxide Determines Their Ability to Reduce
Susceptibility to B. cinerea

Previous data indicated that the ROS burst contributes
negatively to the resistance to B. cinerea infection (Govrin
and Levine, 2000; Zhang et al., 2013). Flavonoid com-
pounds with -OH groups on the C-3' position of the
B-ring have been reported to have higher superoxide-
scavenging ability (Rice-Evans et al., 1996). The ROS
burst is initiated by the activity of NADPH oxidases, in
the case of B. cinerea infection provided by both the host
and the pathogen. The product of NADPH oxidase is
superoxide, which is highly reactive and converted either
spontaneously or by superoxide dismutases to H,O, As
H,0, has a significantly longer half-life than superoxide,
the spreading of the ROS burst to adjacent cells around
the infection site is likely attributable to H,O,.

We tested the capacities of different flavonoids isolated
from tomato to scavenge superoxide specifically using a
xanthine oxidase assay (see “Materials and Methods”).
Significant differences in superoxide scavenging were
observed between equimolar concentrations of the
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different flavonoids (Fig. 10, C and D). Superoxide
scavenging by kaempferol rutinoside, the predominant
flavonoid in AtMYB12 tomatoes, was not significantly
greater than the addition of no antioxidant in the xan-
thine oxidase assay. Superoxide scavenging by Myr-
Cou-Rut, Del-Cou-Rut-Glc, and Pet-Cou-Rut-Glc was
significantly greater than that for Kae-Rut (Fig. 10, C
and D). Rutin had a superoxide-scavenging ability
intermediate between Kae-Rut and Myr-Cou-Rut.
This suggested that the number of -OH groups or
methoxylated groups on the B-ring primarily deter-
mines the superoxide-scavenging ability of flavonoids,
which affects ROS dynamics during B. cinerea infection,
as shown by the loss of the spreading distribution of
ROS in infected fruit accumulating delphinidin, petu-
nidin, and myricetin derivatives but not in those accu-
mulating kaempferol derivatives (Fig. 7A). Therefore,
there is a strong association between the structure of
flavonoids, their ability to scavenge superoxide, and their
ability to inhibit B. cinerea infection of living tissues. In-
terestingly, methylation of the 3’ hydroxyl group in
petunidin 3-O-(coumaroyl) rutinoside, 5-O-glucoside
did not reduce superoxide scavenging compared with
nonmethylated Del-Cou-Rut-Glc (Fig. 10, C and D).

The presence of coumaroyl groups decorating those
anthocyanins and flavonols that decrease susceptibility
to B. cinerea might also contribute to the superoxide-
scavenging abilities of the flavonoids that accumulate
in the fruit of the different tomato lines. To identify
whether coumaroylation is a major factor determining
the effects of flavonoids on pathogen susceptibility,
we purchased myricetin-3-O-rhamnoside (Myr-Rha) to
compare with the acylated flavonoids purified from
tomato fruit. The major differences between Myr-Cou-
Rut, found in tomato fruit, and Myr-Rha are the gly-
cosylation and absence of coumaroylation on the sugar
attached to the C-ring (Supplemental Fig. S12A). There
was no significant difference between Myr-Rha and
Myr-Cou-Rut in superoxide-scavenging ability mea-
sured by the xanthine oxidase assay or on effects on
B. cinerea growth or the susceptibility of fruit to
B. cinerea infection (Supplemental Fig. S12, B-E). These
data indicate that it is the —OH groups or the
methoxylated groups on the B-ring that determine the
superoxide-scavenging ability of flavonoids as well as
their individual roles in susceptibility to B. cinerea in
tomato fruit. The presence of acyl groups on the sug-
ars attached to the C-ring appears to have little influ-
ence on the ability of flavonols to reduce susceptibility
to B. cinerea.

DISCUSSION
AtMYB12 Tomato Fruit Show Delayed Overripening

Tomato fruit with higher antioxidant capacities show
slower overripening (Bassolino et al., 2013; Zhang et al.,
2013). AtMYB12 tomatoes have increased levels of fla-
vonols, and their antioxidant capacity is about 3 times
higher than that of wild-type tomatoes (Luo et al,
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2008). At the beginning of overripening, AtMYB12 to-
matoes show slower overripening than wild-type fruit
(Fig. 2). This is tightly correlated to their higher total
antioxidant capacity as measured by the TEAC assay.
However, the effect of flavonols in orange AtMYB12
fruit was not as durable as the effect of anthocyanins in
purple Del/Ros1 tomatoes. After 3 to 4 weeks of storage
(6 weeks after breaker), there were significant reduc-
tions in hydrophilic antioxidant capacity and in-
creased production of MDA in AtMYBI12 tomato fruit
(Supplemental Fig. S2). The high-anthocyanin/high-
flavonol Indigo fruit had a longer, durable shelf life,
indicating that durability is a dominant attribute con-
ferred by anthocyanins, rather than the rapid softening
of fruit, late in overripening, being a dominant trait
conferred by flavonols. The reasons for the rapid loss of
hydrophilic antioxidant capacity late in ripening in
orange AfMYBI12 tomatoes need to be investigated
further.

High Hydrophilic Antioxidant Capacity Is the Factor
Determining Delayed Overripening

In both VIGS fruit and storage tests of natural mu-
tants, a strong correlation was found between the
length of overripening and the total antioxidant ca-
pacity of fruit (Fig. 5). When compared within the same
genetic background, fruit with higher total antioxidant
capacity could be stored longer than those with lower
antioxidant capacities (Figs. 3-5).

We suggest that oxidative stress is a key factor in de-
termining the rate of overripening of tomato fruit. During
normal fruit ripening, the levels of ROS increase as fruit
undergo different metabolic and physiological changes.
Once oxidative stress reaches a certain level, at which
point the scavenging systems can no longer work effec-
tively, oxidative damage will begin. As oxidative damage
reaches this critical point, it can directly cause cell dam-
age and leakage and accompanying fruit softening (via
lipid peroxidation and membrane damage) or indirectly
(via ROS signaling) trigger downstream pathways that
accelerate overripening (Zhang et al., 2013). For fruit with
low antioxidant capacity, free radicals accumulate rap-
idly postbreaker (Supplemental Fig. S2; Mondal et al,,
2004); thus, overripening proceeds strongly and quickly.
Fruit with higher hydrophilic antioxidant capacity have a
greater ability to scavenge free radicals and to reduce
oxidative stress. Therefore, in these fruit, oxidative
damage accumulates more slowly and overripening is
delayed and weaker (Fig. 5).

AtMYB12 Fruit Show Low or No Capacity to Alter ROS
Dynamics during B. cinerea Infection

Despite showing slower overripening than control
tomatoes, AtMYB12 tomatoes showed no reduced
susceptibility to infection by B. cinerea. RT-qPCR results
indicated that there was no significant difference in
the expression of pathogen response genes between
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wild-type and AtMYB12 tomato fruit. The expression of
the HR response gene SIHSR203 was highly induced in
wild-type and AtMYB12 tomatoes after B. cinerea in-
oculation (Supplemental Fig. S8). Activation of HSR203
is correlated with programmed cell death triggered by
the HR (Pontier et al., 1998). Our data suggested that
AtMYB12 tomatoes have a stronger HR response to
B. cinerea infection than anthocyanin-enriched Del/Ros1
tomatoes. 3,3'-Diaminobenzidine staining confirmed
that AtMYBI12 tomatoes showed no alterations in ROS
dynamics compared with wild-type tomatoes, while
Del/Ros1 and Indigo tomatoes showed restricted, non-
spreading ROS induction around infection sites. In
addition, pretreatment with a ROS inhibitor could re-
duce the susceptibility of AtMYBI12 fruit to B. cinerea.
Treatment with a ROS inducer increased fruit suscep-
tibility to B. cinerea (Fig. 7B). These data imply an im-
portant role for ROS dynamics in the infection of ripe
fruit by B. cinerea.

The ROS burst contributes positively to susceptibility
to B. cinerea (Govrin and Levine, 2000). HR responses
triggered by the ROS burst provide an efficient way for
plants to resist biotrophic pathogens, but necrotrophic
pathogens such as B. cinerea benefit from the death
of host cells (Glazebrook, 2005). During infection,
necrotrophic pathogens can even produce effectors to
activate the ROS burst to promote pathogenesis (Kim
et al., 2008; Alkan et al., 2009), and B. cinerea carries its
own genes encoding NADPH oxidase whose activity is
necessary for infection (Segmiiller et al., 2008). Previous
data showed that tomato fruit that have high antho-
cyanin contents can alter ROS dynamics by limiting the
spread of ROS between cells during B. cinerea infection,
thus suppressing lesion development (Zhang et al.,
2013). For AtMYB12, although the total hydrophilic
antioxidant capacity of the fruit is high, the ability of the
specific flavonols that accumulate to quench any spread
of the ROS burst is low (Fig. 7A). This indicates that,
unlike the delay in overripening, the impact of flavo-
noids on the ROS burst during pathogen infection is not
determined by their total antioxidant capacity but, in-
stead, by the specific scavenging activity of the different
flavonoids.

Decoration of the B-Ring of Flavonoids Is Linked to the
Susceptibility of Fruit to B. cinerea

Using VIGS and natural mutants, we have shown
that silencing of DFR and ANS has different effects on
susceptibility to B. cinerea in Del/Ros1 tomatoes (Fig. 9).
Silencing of SIANS in Del/Ros1 tomatoes reduced the
production of anthocyanins in silenced sectors but also
showed low susceptibility to B. cinerea. LC-MS data
indicated that myricetin derivatives, a group of flavo-
nols that have three -OH groups on the B-ring, accu-
mulated in VIGS-SIANS tomatoes, due to the induction
of SIF3'5'H expression in VIGS-SIANS fruit.

Purple tomato fruit are enriched with delphinidin 3-O-
(coumaroyl)-rutinoside, 5-O-glucoside and petunidin
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3-O-(coumaroyl)-rutinoside, 5-O-glucoside (delphinidin
has three -OH groups on its B-ring and petunidin has two
-OH groups and one methoxylated group on its B-ring).
Inaw /™ Del/Ros1 fruit, kaempferol derivatives (with just
one -OH group on the B-ring and no coumaroyl group)
are enriched (Supplemental Fig. S4). In the ae ™/~ Del/Ros1
mutant, although anthocyanins are missing, the content
of myricetin derivatives (three -OHs on the B-ring) is in-
creased as a result of the induction of F3'5"H expression
(Supplemental Figs. S3 and S6). Like the VIGS fruit, aw ™/~
Del/Ros1 Aﬂsa Craig fruit are susceptible to B. cinerea,
while ae™™ Del/Ros1 fruit show reduced susceptibility.
Consequently, the number of -OH groups, or methoxy-
lated groups, on the B-rings of the flavonoids that accu-
mulate is associated with susceptibility to B. cinerea.
Flavonoids have been shown to differ with respect to their
ability to scavenge different free radical species, depen-
dent on their structure. Markovic et al. (2014) showed that
quercetin  scavenges superoxide radicals better than
kaempferol, although Wang et al. (2006) showed the re-
verse capabilities, with myricetin poorer at scavenging
superoxide than kaempferol. However, Wang et al. (2006)
also found myricetin and quercetin more effective than
kaempferol in quenching the ROS burst in human poly-
morphonuclear neutrophils. Both these studies used pure
flavonol aglycones, which are present in only trace
amounts in most plant tissues.

The ROS burst in both plants and animals is generated
by the activity of the NADPH oxidase complex, which
forms superoxide that subsequently may be dismuted
either spontaneously or catalytically, by superoxide dis-
mutase, to form H,O,. Our data from direct assays of
superoxide scavenging by the differentially decorated
flavonoids that accumulate in different tomato lines (for
which susceptibility to B. cinerea has been measured) show
that flavonoids from tomato with more -OH groups on
their B-ring have superior superoxide-scavenging abilities
(Fig. 10, C and D). Interestingly, substitution of one hy-
droxyl group on the B-ring with a methyl group in Pet-
Cou-Rut-Gle did not reduce superoxide-scavenging
ability compared with the nonmethylated Del-Cou-
Rut-Glc (Fig. 10, C and D), suggesting that decoration of
the 3’ position, rather than the chemical identity of the
group at this position, is important for scavenging
superoxide.

In tomato, reduced susceptibility to B. cinerea appears to
involve specific flavonoid compounds. The accumulation
of flavonoid compounds with three -OH groups (or two
and one methoxylated group) on their B-ring decreases
the susceptibility of tomato to B. cinerea by suppressing
the spread of the ROS burst following infection. This
probably involves the flavonoids quenching the super-
oxide produced by the NADPH oxidase effectively, pre-
venting the production of longer lived H,O, that can kill
the surrounding cells, allowing B. cinerea to invade.

CONCLUSION

The general antioxidant capacity of fleshy fruit can
be enhanced by different breeding or bioengineering

1580

strategies (Rousseaux et al., 2005; Nambeesan et al,,
2010; Minas et al., 2012; Zidenga et al., 2012; Zhang
et al., 2013). Our results show that increasing the total
antioxidant capacity of tomato is an efficient way to
delay the overripening of fruit. Therefore, breeding and
bioengineering strategies targeting general antioxidant
capacity could offer effective approaches to improve
the shelf life of fleshy fruit in general.

In contrast, the structure of specific flavonoids is
important in determining the susceptibility of fruit to
B. cinerea infection, which is an important component of
the shelf-life quality trait. The number of horticultural
crops synthesizing flavonoids with three -OH groups
on the B-ring is relatively small (grape [Vitis vinifera],
eggplant [Solanum melongena], and black currant [Ribes
nigrum] are examples) and dependent on the activity
of F3'5'H, which is absent from many plant species
(Nielsen et al., 2003; Sadilova et al., 2006; He et al.,
2010). However, the information we have derived from
investigating the effects of specific flavonoids on sus-
ceptibility to B. cinerea in the model fleshy fruit tomato
could be applied in selecting lower susceptibility vari-
eties of grape, which are well characterized for their
contents of myricetin, quercetin, kaempferol, cyanidin,
delphinidin, petunidin, malvidin, and peonidin deriv-
atives (Mattivi et al., 2006). For species that lack the
gene encoding F3'5'H activity, such as strawberry
(Fragaria spp. [and other Rosaceae]; Wessinger and
Rausher, 2012), genetic modification strategies could be
considered as a means to reduce the susceptibility of
fruit to B. cinerea. Our findings provide mechanistic
insight for new strategies to improve the shelf life of
tomato as well as other fleshy fruit.

MATERIALS AND METHODS
Plant Materials

The AtMYB12 tomato (Solanum lycopersicum), in which the expression of the
MYBI12 transcription factor from Arabidopsis (Arabidopsis thaliana) is driven
fruit specifically from breaker onward by the E8 promoter (Deikman et al.,
1992), has been described by Luo et al. (2008). A new line of tomato in the
MicroTom genetic background was made by crossing Del/Ros1 N MicroTom
(Butelli et al., 2008) with AtMYB12 MicroTom. The resulting line, named Indigo,
contains high amounts of both anthocyanins and flavonols. Two natural mu-
tants of tomato, aw (LA3736) and ae (LA3612), in the Ailsa Craig genetic
background were obtained from the Tomato Genetic Resource Center (http://
tgrc.ucdavis.edu/). The aw mutant lacks DFR activity (Goldsbrough et al.,
1994), while the e mutant is deficient in ANS activity (Tanksley et al., 1992; De
Jong et al.,, 2004). Both aw and ae mutants were crossed with Del/Ros1 N
MicroTom tomato (Butelli et al., 2008). The aw /™ Del/Ros1 and ae™/~ Del/Ros1
lines were selected from a segregating F2 population. Controls (with functional Aw
and Ae genes) carrying Del/Ros1 were also selected from these F2 populations.

Storage Tests

Storage tests for tomatoes in the MicroTom genetic background were un-
dertaken as described previously (Zhang et al., 2013) following a protocol used
extensively to measure shelf life in the tomato industry. Red wild-type, purple
Del/Ros1, orange AtMYB12, and Indigo (Del/Ros1;AtMYB12) tomatoes were
tagged at breaker and harvested 2 weeks after breaker. Fruit were washed with
water and sterilized with 10% (v/v) bleach for 20 min. After surface steriliza-
tion, fruit were rinsed three times with sterilized water and air dried in a clean
flow cabinet. Ten fruit from the same line were placed in one clean Phytatray II
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(Sigma-Aldrich) and stored in the dark at 17°C. Each week, the proportion of
fruit showing the symptoms of overripening (visual softening and collapse of
the surface) was calculated for each box, and the fresh weight was measured.
After inspection, the fruit were transferred to a new Phytatray.

TEAC Assay

The TEAC assay for fruit antioxidant capacity was performed as described
previously (Butelli et al., 2008). For juice antioxidant activity tests, tomato fruit
were harvested at 2 weeks after breaker. Fruit were blended in a metal blender.
After centrifugation, supernatants were taken for TEAC measurement.

Xanthine Oxidase Assay of Superoxide Scavenging

The superoxide-scavenging assay was set up using the Amplex Red
Xanthine/Xanthine Oxidase Assay Kit (Life Technologies). Xanthine oxidase
catalyzes the oxidation of purine bases of xanthine to uric acid and superoxide.
Superoxide spontaneously degrades to H,O,, which, in the presence of horse-
radish peroxidase, reacts with the Amplex Red reagent to generate resorufin.
The presence of resorufin can be detected by fluorescence. To test the scav-
enging ability of different flavonoids, purified compounds were added at
0.025 mm to 100-uL reactions (50 um Amplex Red, 0.2 units mL " horseradish per-
oxidase, 100 um xanthine, and 200 microunits of xanthine oxidase) on 96-well
plates. The reactions were maintained at 37°C. Fluorescence was measured
every 1 min for 15 min by a Varioskan Flash Multimode Reader (Thermo Sci-
entific) using excitation at 560 nm and emission detection at 590 nm. For each
sample, a blank control without xanthine was also measured at the same time.
For each time point, background fluorescence was corrected by subtracting the
value derived from the no-xanthine control.

MDA Measurements

Tomato fruit at different ripening stages were harvested and washed. Seeds
were removed from tomato fruit, and 2.5 g of fruit at the same stage of ripeness
were ground in 10 mL of 10 mm sodium phosphate buffer, pH 7.2 (adding acid-
purified sand to assist homogenization). MDA measurement was done as de-
scribed previously (Tamagnone et al., 1998; Zhang et al., 2013).

Botrytis cinerea Growth and Inoculation

The B. cinerea strain B05.10 was used for all in planta studies and in vitro
assays for growth on agar plates and germination. The B05.10-derived strain
OliCBcGFP constitutively expresses BcGFP1, a synthetic variant of enhanced
GFP with codon usage optimized for B. cinerea (Leroch et al., 2011), was kindly
provided by M. Leroch and M. Hahn (University of Kaiserslautern) and has
been used for in vitro growth assays in liquid medium.

Culture of B. cinerea and collection of spores were done as described pre-
viously (Stefanato et al., 2009; Zhang et al., 2013); inoculum was prepared in
one-quarter-strength PDB (6 g L™"). For spray inoculation, tomato fruit were
harvested 14 d after breaker and surface sterilized. Intact fruit were sprayed
thoroughly with spores (2.5 X 10° spores mL ") three times and kept at 20°C in
high humidity. Infection symptoms were monitored at 3, 4, and 5 dpi.

For wound inoculation, surface-sterilized fruit were wounded by 200-uL
Eppendorf tips. The fungal culture was diluted with one-quarter-strength PDB
to 5 X 10* spores mL™" (for MicroTom fruit) or 1 X 10° spores mL ' (for
MoneyMaker fruit) and inoculated for 1.5 h to stimulate germination. The spore
inoculum (5 nL) was added to each wound. Lesion diameter was measured 24,
48, and 72 h after inoculation.

Plate Assay for Growth of B. cinerea

The direct effect of purified compounds on the germination and growth of
B. cinerea was tested in a 96-well assay adapted from Schoonbeek et al. (2001).
For germination assays, B05.10 was distributed over a 96-well plate (Greiner) at
a concentration of 5 X 10° spores per well in 100 uL of one-quarter-strength PDB
supplemented with the test compound and a final concentration of 1% (v/v)
MeOH. Spores were incubated for 16 h at 21°C and photographed using an
inverted microscope (Zeiss Axiovert25, with a Canon EOS D30 camera). For
growth assays, OliCBcGFP spores were placed on a 96-well plate (Greiner) at a
concentration of 1.5 X 10* spores per well in 100 4L of one-half-strength PDB
supplemented with the test compound and a final concentration of 1% MeOH
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and incubated at 21°C. Fluorescence was measured at 535 nm after excitation at
485 nm on a plate reader (Varioskan; Thermo Scientific). Growth was deter-
mined as fold increase of the GFP fluorescence between 1 and 24 h post inoc-
ulation, representative of the increase of living B. cinerea tissue.

VIGS

The Gateway destination vector pTRV2-GW was kindly provided by Dr. Diego
Orzaez (Orzaez et al., 2009). Fragments of target genes (200-300 bp of the com-
plementary DNA; for primers, see Supplemental Table S1) were amplified with
Gateway-compatible primers and recombined into pDONR207 by the BP reaction to
generate an entry clone. The entry vector was then recombined with the pTRV2-GW
destination vector using an LR reaction to make VIGS clones pTRV2-SIF3H,
PTRV2-SIDFR, and pTRV2-SIANS. The sequenced VIGS vectors were then trans-
ferred into Agrobacterium tumefaciens strain GV3101:pMP90 by electroporation.

Agroinfiltration was performed as described previously (Orzaez et al., 2009;
Zhang et al., 2013). Agroinfiltrated fruit were marked at the breaker stage, and
samples were collected at 2 weeks after breaker. Primers for qPCR check are
shown in Supplemental Table S2.

Supplementation of Tomato Juice with Different
Flavonoids during Inoculation of B. cinerea

For juice supplementation, B. cinerea spores were first diluted to 1.25 X 10°
spores mL ™ in one-quarter-strength PDB and incubated at room temperature
for 2 h. One volume of this initial culture was mixed with 9 volumes of juice
prepared from wild-type, AtMYB12, Del/Ros1, and Indigo tomatoes (to make
the final concentration to 1.25 X 10° spores mLfl). As a control, 1 volume of the
initial culture was mixed with 9 volumes of one-quarter-strength PDB. Six
wound sites were made on each wild-type MoneyMaker fruit, and each site was
inoculated with 10 uL of juice plus B. cinerea culture. Inoculated fruit were
stored in boxes with high humidity. Every 24 h, 10 uL of juice (or water for
controls) was added to the inoculation site. Lesion sizes were assessed at 3 dpi.

For supplementation with specific compounds, the B. cinerea culture was
diluted to 1.25 X 10° spores mL ™' in one-quarter-strength PDB supplemented
with purified compounds to different final concentrations (for the control,
5% (v/v) ethanol was added to one-quarter-strength PDB). Culture (10 uL) was
inoculated onto each site. Solutions of compounds in water (10 #L) were sup-
plied to the inoculation sites every 24 h. Lesion sizes were assessed at 3 dpi.

Isolation of Phenolic Compounds and Analysis by LC-MS

Sectors of VIGS fruit or mutants were ground into fine powder in liquid nitrogen.
To isolate phenolic compounds, 1 g of ground tissue was extracted in 10 mL of
50% (v/v) MeOH (containing 2% [v/v] formic acid) in the dark, at 4°C, overnight with
gentle agitation (30 rpm). Samples were then centrifuged for 10 min at 4,000 rpm
at 4°C. Supernatants were collected and then cleared by filtration through a
0.22-um membrane filter (Millipore). Anthocyanins and flavonoids were analyzed
on an Agilent Technologies 1100 HPLC device attached to a single-quadrupole
mass spectrometer. Separation was on a 100- X 2.1- mm 2.6y Kinetex XB-C18 col-
umn (Phenomenex) using the following gradient of acetonitrile (ACN; solvent B)
versus 0.1% (v/v) formic acid in water (solvent A), run at 300 wL min " and 25°C: 0
to 1 min, 2% B; 6 min, 10% B; 26 min, 30% B; 36.5 min, 90% B; 37.5 min, 90% B;
38 min, 2% B; and 45 min, 2% B. Peaks were detected by UV /visible light absor-
bance, collecting chromatograms at 280, 320, 370, and 525 nm. Peaks were also
detected by positive electrospray mass spectrometry, collecting spectra from mass-
to-charge ratio (111/z) 100 to 1,200 with ramped fragmentor voltage. Spray chamber
conditions were 11.5 L min™' drying gas at 350°C, 25 p.s.i. nebulizer pressure, and a
spray voltage of 4,000 V. To confirm the identity of peaks, samples were also run on
a Surveyor HPLC device equipped with a Deca XPplus ion-trap mass spectrometer,
using the same column, solvent system, and gradient. The mass spectrometer was
set up to collect positive electrospray mass spectrometry spectra from n1/z 100 to
2,000 and data-dependent tandem mass spectrometry spectra of the most abundant
ions at an isolation width of m/z 4 and 35% collision energy. Spray chamber con-
ditions were 350°C capillary temperature, 50 units of sheath gas, 5 units of auxiliary
gas, and a spray voltage of 3.8 kV.

Purification of Flavonoid Compounds from Tomato Fruit

To purify major anthocyanins from Del/Ros1 tomato, 1 g of freeze-dried fruit
powder was extracted with 20 mL of 2% formic acid in 50% (v/v) MeOH. After
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filtrating through Whatman No. 1 paper, polyphenol extracts were transferred
to a rotary evaporator to remove all MeOH for subsequent transfer to a solid-
phase 5,000-mg Chromabond C18 column (Macherey-Nagel). Flavonols were
eluted with 60 mL of 2% formic acid in 60% (v/v) MeOH, followed by the
elution of anthocyanins with 10 mL of 2% formic acid in 100% MeOH. An-
thocyanin extracts were transferred to a rotary evaporator to remove all MeOH.
The water solution was then frozen in liquid N, and freeze dried. The freeze-
dried powder was weighed, and a sample (10 mg) was dissolved with 200 uL of
80% MeOH.

Anthocyanin extracts were run on a 250- X 30-mm i.d. Phenomenex 5 um
Gemini NX-C18 110 A column using a Varian ProStar 210 preparative HPLC
device (Agilent Technologies) connected to a Varian ProStar 410 AutoSampler
(Agilent Technologies). Separation was achieved using a linear gradient of
ACN versus 1.9% formic acid and 0.1% ammonium formate in water, run at
10 mL min ™" and 25°C: 0 min, 3% ACN; 8.5 min, 3% ACN; 100 min, 20% ACN;
133.5 min, 30% ACN; 150 min, 30% ACN; 153 min, 97% ACN; 165 min, 97%
ACN; 167 min, 3% ACN; and 170 min, 3% ACN. The elution products were
monitored with a photo diode array detector over the range of 200 to 600 nm.
Anthocyanins or flavonoids were detected by light absorbance using collecting
channels at 535 or 280 nm, respectively. The anthocyanins eluted after 50 min,
and 10-mL fractions were collected every 1 min between 50 and 120 min.

Anthocyanin fractions obtained by Varian ProStar 210 preparative HPLC were
further purified using a small-scale preparative HPLC device equipped with a
smaller C18 column to achieve better separation. Samples were run on a 19- X
150-mm i.d. Waters 5-um XBridge BEH C18 prep column (130A) connected to a
Prep 2000 HPLC system (Waters) with a UV /visible light detector (Waters). Sepa-
ration was achieved using a linear gradient of ACN versus 1.9% formic acid and
0.1% ammonium formate in water, run at 4 mL min~' and 25°C: 0 min, 3% ACN
5 min, 3% ACN; 60 min, 20% ACN; 80 min, 30% ACN; 90 min, 30% ACN; 92 min,
97% ACN; 99 min, 97% ACN; and 100 min, 3% ACN. The elution products were
monitored with a photo diode array detector over the range of 200 to 600 nm. An-
thocyanins were detected by light absorbance using the collecting channel at 535 nm.
The purified anthocyanins were concentrated using a nitrogen evaporator and
resuspended in 50% (v/v) MeOH at 200 um and stored at —80°C until further use.

Rutin (quercetin 3-O-rutinoside) was purchased from Sigma-Aldrich. To
purify Kae-Rut and myricetin 3-O-(coumaroyl)-rutinoside, AtMYB12 fruit and
ae™’™ Del/Ros1 fruit were used, respectively. Preseparation was done as de-
scribed for anthocyanins. The crude material was purified by HPLC on a
Dionex Ultimate 3000 instrument equipped with a variable wavelength de-
tector and a fraction collector using a C18 reverse-phase semipreparative col-
umn (Grace Vydac C18 Monomeric; 120 A, particle size of 5 um, 250 X 10 mm).
Separation was achieved using a linear gradient of ACN (solvent B) against
1.9% formic acid and 0.1% ammonium formate in water (solvent A), run at a
flow rate 10 mL min ™! and 25°C: 0 min, 3% ACN; 2 min, 3% ACN; 18 min, 20%
ACN; 20 min, 30% ACN; 22 min, 30% ACN; 25 min, 97% ACN; 27 min, 97%
ACN; 29 min, 3% ACN; and 31 min, 3% ACN. The flavonoids were detected at
280 nm. Fractions were collected between 10 and 25 min only.

After purification, compounds were analyzed on a Surveyor HPLC system
attached to a DecaXPplus ion-trap mass spectrometer (both Thermo Scientific) as
described above, using 10-uL injections.

Statistics

For comparison of individual treatments with their relevant controls, unpaired
two-tailed Student’s ¢ tests were used, and P < 0.05 was considered significant. To
compare measurements of multiple treatments with each other and the control, we
performed univariate ANOVA followed by the posthoc Tukey’s test of multiple
pairwise comparisons to determine group differences using Genstat version 16
(http:/ /www.vsni.co.uk/). The X test was used to determine the effect of various
treatments on the distribution of observations over different classes (e.g. suscep-
tibility level; Fig. 2) and the proportion of ripe versus overripe fruit (Figs. 5B and
6B). Whenever counts in any of the classes in any of the treatments were zero,
counts in every class were adjusted by adding a 1% value of total counts correction.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phenotypes of tomato fruit on the vine at differ-
ent stages.

Supplemental Figure S2. The high antioxidant capacity of AtMYBI2 to-
matoes is not stable.

1582

Supplemental Figure S3. VIGS of anthocyanin biosynthetic genes in
Del/Ros1 tomatoes.

Supplemental Figure S4. VIGS fruit accumulate different flavonoid
compounds.

Supplemental Figure S5. Compounds identified by LC-MS.

Supplemental Figure S6. HPLC profile of natural mutants crossed with
Del/Ros1 tomato.

Supplemental Figure S7. AtMYB12 MoneyMaker tomatoes are susceptible
to B. cinerea.

Supplemental Figure S8. Expression of pathogen response genes follow-
ing B. cinerea inoculation.

Supplemental Figure S9. Preparative HPLC to purify anthocyanins from
Del/Ros1 tomato fruit.

Supplemental Figure S10. Effects of flavonoid derivatives on the growth
of B. cinerea.

Supplemental Figure S11. Effects of flavonoid derivatives on the germi-
nation of B. cinerea.

Supplemental Figure S12. B-ring structure determines the scavenging abil-
ity of flavonoids.

Supplemental Table S1. Levels of major phenylpropanoids in the fruit of
different tomato lines.

Supplemental Table S2. Primers used in this research.
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