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Summary  

Shelf life is one of the most important traits for the tomato industry. Two key factors, postharvest 

over-ripening and susceptibility to post-harvest pathogen infection, determine tomato shelf life.  

Anthocyanins accumulate in the skin of Aft/Aft atv/atv tomatoes, the result of introgressing alleles 

affecting anthocyanin biosynthesis in fruit from two wild relatives of tomato, which results in 

extended fruit shelf life. Compared to ordinary, anthocyanin-less tomatoes, the fruits of Aft/Aft 

atv/atv keep longer during storage and are less susceptible to Botrytis cinerea, a major tomato 

pathogen, postharvest. 

Using genetically modified tomatoes over-producing anthocyanins, we confirmed that skin-specific 

accumulation of anthocyanins in tomato is sufficient to reduce the susceptibility of fruit to 

B.cinerea. 

Our data indicate that accumulation of anthocyanins in tomato fruit, achieved either by traditional 

breeding or genetic engineering can be an effective way to extend tomato shelf life. 

Key words: anthocyanins, tomato, Aft/Aft atv/atv. Botrytis cinerea, shelf life,  1 
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1. Introduction 1 

Shelf-life is one of the most important agronomic traits for tomato and is determined by two 2 

components, fruit softening during over-ripening and susceptibility to opportunistic pathogens. 3 

Botrytis cinerea, better known as gray mold, is the second most important fungal pathogen of 4 

plants, economically (Dean et al., 2012). B. cinerea can infect vegetables (cabbage, lettuce and 5 

broccoli) and fruit crops (grape, red fruit and tomato), as well as a large number of shrubs, trees, 6 

flowers, and weeds (Williamson et al., 2007). Several different strategies have been employed to 7 

extend tomato (Solanum lycopersicum) shelf life. One major target has been cell-wall modifying 8 

enzymes, and different strategies have been developed to decrease their activity (Brummell & 9 

Harpster, 2001). Other studies have been directed at increasing the production of antioxidants such 10 

as polyamines, because their accumulation is associated with extended shelf life (Valero et al., 11 

2002).The ethylene burst is the key event signaling the onset of ripening in climacteric fruits such 12 

as tomato. Manipulation of ethylene biosynthesis and signaling has resulted in varieties with 13 

delayed ripening (Vicente et al., 2007). However, all attempts have resulted in only modest delays 14 

to the fruit softening processes and are often accompanied by reduced flavour, texture and aroma of 15 

tomato fruit (Vicente et al., 2007). Anthocyanins are a group of natural pigments, widely distributed 16 

in most vascular plants (Grotewold, 2006). They are stress responsive compounds, used for 17 

pollinator and dispersor attraction, but they are also important phytonutrients in a healthy diet, 18 

having anti-tumor, pro-apoptotic, anti-oxidative, anti-inflammatory and anti-neurodegenerative 19 

properties (Buer et al., 2010; De Pascual-Teresa et al., 2010; Spencer, 2010). Due to their dietary 20 

health benefits, anthocyanins are often targets for engineering and plant-breeding programs. Crops 21 

having sub-optimal concentration of anthocyanins, like tomato, have been genetically modified to 22 

increase their content (Butelli et al., 2008a; Gonzali et al., 2009). Several mutants of tomato, altered 23 

in their ability to synthesize anthocyanins have been described (Al-sane et al., 2011). The dominant 24 

gene Aft (Anthocyanin fruit) derived from the interspecific cross of Solanum lycopersicum (tomato) 25 

to S. chilense shows anthocyanin production in the skin of fruit (Jones et al., 2003). Aft triggers 26 

anthocyanin production and accumulation in fruits upon stimulation by high light (Mes et al., 27 

2008). Aft gene has been suggested to encode a MYB-related transcription factor (Sapir et al., 28 

2008).  A recessive gene, atv (atroviolacea), was introgressed into domesticated tomato plants 29 

following a cross between S.lycopersicum and S. cheesmaniae (L. Riley) Fosberg, and influences 30 

anthocyanin pigmentation in the entire tomato plant, particularly in stems and leaves (Mes et al., 31 

2008). Tomato plants homozygous for both Aft and atv alleles show intensely purple-pigmented 32 

fruits (Mes et al., 2008). Anthocyanin synthesis in Aft/Aft atv/atv is stimulated significantly by high 33 
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light and is limited to the epidermis and the pericarp of the fruit, which may have both purple and 1 

red regions, depending on exposure of the fruit to light (Fig. S1).   Recently, we reported that purple 2 

tomatoes, producing anthocyanin throughout the fruit as a result of the ectopic expression of Delila 3 

and Rosea1 transcription factors from Antirrhinum majus, have double the shelf life of controls 4 

(Zhang et al., 2013). In this study, we show that the accumulation of anthocyanins in Aft/Aft atv/atv 5 

tomatoes, which is predominantly in the skin, is also associated with extended shelf life. Our 6 

finding has important agronomic and commercial implications, since Aft/Aft atv/atv tomatoes are 7 

naturally enriched in anthocyanins and have extended shelf life.  8 

2. Materials and Methods 9 

Storage tests 10 

Near isogenic lines for either Aft/Aft or atv/atv mutations are not available, so S. lycopersicum cv. 11 

Ailsa Craig was chosen as a control tomato line for all the analyses. This choice was made because, 12 

unlike the Aft and atv mutant lines, Ailsa Craig does not produce anthocyanins in the skin of fruit 13 

although it shows the same vegetative and fruit characteristics (morphology of the plant and its fruit,  14 

size of mature tomatoes, and fruit ripening time) compared to Aft/Aft, atv/atv and Aft/Aft atv/atv 15 

fruit (Povero et al., 2011). 16 

WT (cv. Ailsa Craig) and Aft/Aft atv/atv fruit were tagged at breaker (when the color of WT fruit 17 

and the low-anthocyanin regions of Aft/Aft atv/atv fruit begin to turn yellow). To induce high 18 

anthocyanin production in Aft/Aft atv/atv fruit, tomatoes were grown with supplemented light. 19 

Aft/Aft atv/atv fruit grown under high light have strong, uniform anthocyanin accumulation in the 20 

skin (Fig. S1) (Mes et al., 2008; Povero et al., 2011). Fruit were harvested at seven days post 21 

breaker (d0=7dpb). All fruits were sterilized in 10% bleach for 10 minutes, followed by rinsing in 22 

sterilized water and air-drying. Each fruit was placed in a plastic jar and kept at 17°C or at room 23 

temperature (RT) under light. Every week, the fresh weight of each fruit was measured and visual 24 

softening and collapse of the fruit were assessed (Nambeesan et al., 2010). After measurement, fruit 25 

were transferred to a new jar. 26 

TEAC assay and anthocyanin quantification 27 

TEAC analysis of Aft/Aft atv/atv tomatoes was performed at breaker as described by (Pellegrini et 28 

al., 2003). Results were expressed as TEAC (Trolox equivalent antioxidant capacity) in mmol of 29 

Trolox per kg of fresh weight. Anthocyanin extraction from the skin of PRD tomatoes was 30 

performed as described by (Butelli et al., 2008b).  31 
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Measurements of cuticle thickness 1 

Cuticle thickness measurements were modified from the methods described by Yeats et al. (2012). 2 

Wild type (WT) Ailsa Craig, Aft/Aft atv/atv red regions and Aft/Aft atv/atv purple regions were 3 

sliced into 10-30 μm thick sections, stained with Sudan red (Fluka) (Buda et al. (2009) and 4 

thickness was determined using a Leica DM6000 microscope, taking the average of 8-10 5 

measurements. The average and standard error of the mean of three biological replicates are 6 

reported. 7 

Botrytis cinerea infection 8 

B.cinerea (B05.10) was grown and collected as described by Stefanato et al. (2009). WT (Ailsa 9 

Craig) and Aft/Aft atv/atv tomatoes were harvested 14 days after breaker and surface sterilized. 10 

Intact wild type and Aft/Aft atv/atv fruits were sprayed thoroughly with spores (2.5×10
5
 spores/mL) 11 

three times in the flow cabinet and kept at 20°C, in high humidity. Infection symptoms were 12 

observed at 4dpi. For wound inoculation, the fungal culture was diluted with medium to 5×10
4
 13 

spores/mL (for fruit in the MicroTom genetic background) or 2.5×10
5
 spores/mL (for WT Ailsa 14 

Craig and Aft/Aft atv/atv fruits) and incubated at RT for 1.5 h prior to inoculation. The spore 15 

innoculum (5μL) was added to each wound of both red and purple regions of Aft/Aft atv/atv fruits 16 

grown under natural light. Lesion diameter was measured 72 hours after inoculation. To quantify 17 

Botrytis growth using qPCR, 1cm samples of infected fruit tissues were harvested three days after 18 

inoculation. Seeds were removed and samples were freeze dried. Total DNA was isolated and qPCR 19 

was performed as described previously (Zhang et al., 2013). 20 

Plasmid construction and tomato transformation 21 

The light-responsive, PLI promoter which is active predominantly in fruit peel was kindly provided 22 

by Dr. Diego Orzaez (Estornell et al., 2009). Using Gateway recombination, the PLI promoter was 23 

introduced into pDONR 207 to create pENTR-PLI. The PLI promoter was then inserted into the 24 

binary vector pJAM1890 (GATEWAY:Ros1/35S:Del) (Martin et al., 2012) to create 25 

pPLI:Ros1/35S:Del (pPRD). pPRD was transferred to Agrobacterium tumefaciens strain AGL1 by 26 

triparental mating. Tomato variety MicroTom was transformed by dipping cotyledons (Fillatti et al., 27 

1987). More than 40 PRD T0 independent transgenic lines were produced. Among these, 12 stable 28 

T1 lines accumulating different amounts of anthocyanins were selected for further analysis.   29 

Staining of seed for proanthocyanidins 30 
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Tomato seed were stained for proanthocyanidins  using 4-dimethylaminocinnamaldehyde (DMACA) 1 

as described previously (Abeynayake et al., 2011). 2 

Statistics 3 

Paired or unpaired, two-tailed Student’s t-tests were used to compare group differences. p values 4 

less than 0.05 were considered significant. 5 

3. Results 6 

Aft/Aft atv/atv tomato can be stored longer 7 

To test whether softening is delayed in Aft/Aft atv/atv tomatoes, we performed storage tests under 8 

different conditions. WT (Ailsa Craig) and Aft/Aft atv/atv tomatoes (grown with supplemental light) 9 

were harvested one week after breaker. For Aft/Aft atv/atv fruit, 70 days of storage at 17°C were 10 

required to observe 100% of the fruit softened, equivalent to the level of softening observed in Ailsa 11 

Craig fruits at 42 days (Fig. 1a, c) and the proportion of fresh weight loss was higher in Ailsa Craig 12 

than in Aft/Aft atv/atv fruit (Fig. 1b).We repeated the storage test at RT and observed similar results 13 

(Fig. 1e, f). After storage for 42 days at RT, the seed in Ailsa Craig fruits showed viviparous 14 

germination, followed by complete fruit collapse while Aft/Aft atv/atv tomatoes did not (Fig. 1d). 15 

The absence of precocious germination was due to elevated anthocyanin levels in the seed of Aft/Aft 16 

atv/atv plants, rather than elevated levels of proanthocyanins (Fig. S2). The suppression of 17 

precocious germination by anthocyanins in the seed has been observed for Del/Ros1 purple 18 

tomatoes (Butelli et al., 2008b) and has been reported following studies of transparent testa mutants  19 

in Arabidopsis (Abeynayake et al., 2011) and for red wheat compared to white wheat (Flintham, 20 

2000).  21 

Because tomato is a climacteric fruit, ethylene promotes ripening. However, no difference in 22 

ethylene production or signaling were detected between high anthocyanin Del/Ros1 purple tomatoes 23 

and WT tomatoes (Zhang et al., 2013). In addition, due to the light-dependant induction of 24 

anthocyanin accumulation of Aft/Aft atv/atv fruit, tomatoes grown under natural light have both 25 

purple and red skinned regions on the same fruit  (Povero et al., 2011). The purple regions have 26 

high levels of anthocyanins in the skin, whereas the red regions have very low levels of 27 

anthocyanins. The red, low anthocyanin regions underwent normal over-ripening compared to WT 28 

Ailsa Craig fruit, and showed more rapid softening than purple regions on the same fruit (Fig. S3). 29 

This showed that the rate of fruit softening was a localized function associated with anthocyanin 30 

production, and therefore not caused by differences in production of the volatile, ethylene. Taken 31 
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together these results suggest that the accumulation of anthocyanins in the peel of tomato fruits is 1 

sufficient to delay postharvest over-ripening and extend shelf life, although the extension of shelf 2 

life was not as great as the doubling observed between purple Del/Ros1 tomatoes and their WT 3 

controls (Zhang et al., 2013).  4 

Susceptibility to the necrotrophic pathogen Botrytis cinerea 5 

The susceptibility of Aft/Aft atv/atv fruit to B. cinerea was investigated by infecting wounded or 6 

intact tomato fruits with fungal spore suspensions. To compare better susceptibility to B.cinerea 7 

with anthocyanin pigmentation, both purple regions and red regions of fruit grown under natural 8 

light were tested. Each Aft/Aft atv/atv fruit was sprayed on both purple and red regions or wounded 9 

and inoculated with spore cultures of B. cinerea strain B05.10. At three days post inoculation (dpi) 10 

the proportion of fruits showing symptoms of infection in the purple regions was significantly 11 

smaller than for the red regions (Fig. 2a, b). Fungal growth was significantly reduced in Aft/Aft 12 

atv/atv purple regions compared to growth in the red regions and to growth in the WT line (Ailsa 13 

Craig) (Fig. 2c, d). Together, these data demonstrate that resistance was a consequence of 14 

anthocyanin accumulation in the purple regions and that anthocyanin pigmentation limited to fruit 15 

skin is sufficient to reduce susceptibility to this important necrotrophic pathogen. Botrytis cinerea 16 

infection induces an oxidative burst by generating reactive oxygen species necessary for pathogen 17 

infection (Govrin & Levine, 2000). The reduced susceptibility of anthocyanin-enriched Aft/Aft 18 

atv/atv fruits could be due to their antioxidant activity, which might counterbalance the oxidative 19 

burst induced by the fungus, so limiting pathogen growth (Zhang et al., 2013). Anthocyanin levels 20 

are high in Aft/Aft atv/atv tomatoes (Mes et al., 2008; Povero et al., 2011) and their prescence in 21 

anthocyanin-enriched tomato regions correlates with the antioxidant capacity of those regions. 22 

Those Aft/Aft atv/atv purple fruits that accumulated the highest concentrations of anthocyanins, as a 23 

result of greater exposure to light, had the highest antioxidant capacities (Fig. 3a).  Increased cuticle 24 

thickness has been reported to be associated with longer shelf life (Yeats et al., 2012), but we 25 

observed no significant differences in this trait between Aft/Aft atv/atv and Ailsa Craig tomatoes 26 

(Fig. 3b). These data suggest that the reduced susceptibility to B. cinerea in anthocyanin-enriched 27 

fruit is due to their antioxidant content rather than to differences in cuticle thickness.  28 

Accumulation of anthocyanins in tomato fruit skin by genetic modification can extend shelf life. 29 

To confirm that the enhanced pathogen resistance observed in Aft/Aft atv/atv fruit was due to 30 

anthocyanin accumulation and not to another, unknown, trait linked to or associated with either Aft 31 

or atv, we generated tomato lines which accumulated anthocyanins predominantly in skin by 32 
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genetic modification. Because the Aft gene is induced by light, anthocyanins accumulate 1 

predominantly in the skin of Aft/Aft atv/atv fruit (Fig. S4A) (Jones et al., 2003; Mes et al., 2008; 2 

Povero et al., 2011). We used the promoter of the PLI gene, which is induced by light and  is active 3 

mainly in tomato skin (Estornell et al., 2009), to drive the expression of the MYB transcriptional 4 

factor Rosea 1. (Martin et al., 2012) We expressed PLI:Ros1 together with 35S:Del in tomato using 5 

a binary vector that carried both gene constructs (Martin et al., 2012). The new PLI:Ros1/35S:Del 6 

(PRD) lines accumulated high levels of anthocyanins in fruit skin, with much less anthocyanin in 7 

the fruit flesh compared to previously reported E8:Del/Ros1 lines (Butelli et al., 2008b). From 8 

among more than 40 independent transgenic lines, two lines, PRD8-2 and PRD17-2, which 9 

differentially accumulated anthocyanin in the fruit skin, were selected (Fig 4a, b). Although both 10 

lines accumulated low levels of anthocyanins in flesh, the anthocyanin contents of the flesh of the 11 

PRD lines were much lower than in E8:Del/Ros1 lines (Fig 4a, b and Fig. S4b) When fruit were 12 

inoculated with B.cinerea culture, both E8:Del/Ros1 and PRD lines showed smaller lesion size at 13 

3dpi compared to WT fruits (Fig 4c). Similar results were observed by spraying intact fruit with 14 

B.cinerea spores. The proportion of fruit showing severe infection was always lower for the 15 

transgenic lines compared to WT fruits (Fig 4d). In both cases, susceptibility was inversely 16 

correlated with anthocyanin content; E8:Del/Ros1 N and PRD8-2 tomatoes, which had the highest 17 

concentration of anthocyanins, were less susceptible to B.cinerea than PRD17-2 and other 18 

transgenic lines. These results showed that accumulation of anthocyanins in tomato skin is 19 

sufficient to reduce the susceptibility of fruit to B.cinerea. 20 

4. Discussion 21 

One of the biggest challenges for the tomato industry is to reduce post-harvest losses resulting from 22 

fruit softening and post-harvest infection by several pathogens. So far, biotechnological strategies 23 

have been adopted to extend the shelf-life of tomatoes, often at the expense of flavour, aroma, and 24 

texture (Baldwin et al., 2011). Anthocyanins, induced by gamma irradiation, have been suggested to 25 

prolong the shelf life of grape pomace (Ayed et al., 1999). Recently, we have shown that 26 

genetically modified tomatoes accumulating high levels of anthocyanins in fruit have an extended 27 

shelf life compared to controls (Zhang et al., 2013). Here, we show that Aft/Aft atv/atv tomato fruit 28 

accumulating anthocyanins in the skin have an extended shelf life compared to WT tomatoes. The 29 

anthocyanin-enriched sectors of Aft/Aft atv/atv tomatoes are less susceptible to B. cinerea infection 30 

in both wound and spray tests (Fig. 2a,b) and this is correlated to the higher antioxidant capacity of 31 

purple tomatoes compared to WT (Fig. 3a). Furthermore, the Aft/Aft atv/atv tomatoes showed 32 

delayed over-ripening (Fig. 1a, b). Fifty percent softening of Aft/Aft atv/atv fruits occurred between 33 
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1-2 weeks later than for WT (Ailsa Craig) tomatoes (Fig. 1c, d) demonstrating an extended shelf life 1 

both at 17°C and at room temperature. Additionally, susceptibility to infection by opportunistic 2 

pathogens during storage was higher for red fruit than for purple ones, seeds from Aft/Aft atv/atv 3 

fruit are not viviparous compared to seed from wild type fruit (due to anthocyanin accumulation in 4 

Aft/Aft atv/atv seed), and Aft/Aft atv/atv tomatoes can be stored longer at RT which could reduce the 5 

cost of shipping and storage.  Taken together, these data show that Aft/Aft atv/atv tomatoes have 6 

enhanced shelf life due to delayed over-ripening and reduced susceptibility to Botrytis. The increase 7 

in shelf life correlated with the prescence of anthocyanins and the antioxidant activity of these 8 

anthocyanins could also explain the lower susceptibility to B. cinerea (Fig. 3b) (Zhang et al., 2013). 9 

To confirm that skin-specific accumulation of anthocyanins in tomato is sufficient to reduce the 10 

susceptibility to B.cinerea and extend shelf life, we also produced tomatoes which accumulated 11 

anthocyanins predominantly in their skin (PDR lines). PDR fruits, either sprayed or wounded, 12 

showed a reduced susceptibility to B. cinerea infection (Fig. 4) and susceptibility was inversely 13 

correlated with anthocyanin levels. These data strongly support our observations of the extended 14 

shelf life of Aft/Aft atv/atv tomatoes. This study demonstrates clearly that anthocyanin accumulation 15 

in skin is sufficient to reduce susceptibility to B. cinerea in tomato fruit. The ability to synthesize 16 

anthocyanins in the fruit skin in Aft/Aft atv/atv tomatoes could be exploited by breeders to obtain 17 

new tomato varieties with both extended shelf life and reduced susceptibility to B.cinerea.  18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 



10 
 

References 1 

Abeynayake SW, Panter S, Mouradov A, Spangenberg G. 2011. A high-resolution method for the 2 
localization of proanthocyanidins in plant tissues. Plant Methods 7(1): 13. 3 

Al-sane KO, Povero G, Perata P. 2011. Anthocyanin tomato mutants: Overview and characterization of an 4 
anthocyanin-less somaclonal mutant. Plant Biosystems 145(2): 436-444. 5 

Ayed N, Yu HL, Lacroix M. 1999. Improvement of anthocyanin yield and shelf-life extension of grape 6 
pomace by gamma irradiation. Food Research International 32(8): 539-543. 7 

Baldwin E, Plotto A, Narciso J, Bai J. 2011. Effect of 1-methylcyclopropene on tomato flavour components, 8 
shelf life and decay as influenced by harvest maturity and storage temperature. J Sci Food Agric 9 
91(6): 969-980. 10 

Brummell D, Harpster M. 2001. Cell wall metabolism in fruit softening and quality and its manipulation in 11 
transgenic plants. Plant Mol Biol 47(1-2): 311-339. 12 

Buda GJ, Isaacson T, Matas AJ, Paolillo DJ, Rose JKC. 2009. Three-dimensional imaging of plant cuticle 13 
architecture using confocal scanning laser microscopy. The Plant Journal 60(2): 378-385. 14 

Buer CS, Imin N, Djordjevic MA. 2010. Flavonoids: New Roles for Old Molecules. Journal of Integrative 15 
Plant Biology 52(1): 98-111. 16 

Butelli E, Titta L, Giorgio M, Mock HP, Matros A, Peterek S, Schijlen EG, Hall RD, Bovy AG, Luo J, Martin C. 17 
2008a. Enrichment of tomato fruit with health-promoting anthocyanins by expression of select 18 
transcription factors. Nat Biotechnol 26(11): 1301-1308. 19 

Butelli E, Titta L, Giorgio M, Mock HP, Matros A, Peterek S, Schijlen EG, Hall RD, Bovy AG, Luo J, Martin C. 20 
2008b. Enrichment of tomato fruit with health-promoting anthocyanins by expression of select 21 
transcription factors. Nature Biotechnology 26(11): 1301-1308. 22 

De Pascual-Teresa S, Moreno DA, García-Viguera C. 2010. Flavanols and Anthocyanins in Cardiovascular 23 
Health: A Review of Current Evidence. International Journal of Molecular Sciences 11(4): 1679-24 
1703. 25 

Dean R, Van Kan JAL, Pretorius ZA, Hammond-Kosack KE, Di Pietro A, Spanu PD, Rudd JJ, Dickman M, 26 
Kahmann R, Ellis J, Foster GD. 2012. The Top 10 fungal pathogens in molecular plant pathology. 27 
MOLECULAR PLANT PATHOLOGY 13(4): 414-430. 28 

Estornell LH, Orzáez D, López-Peña L, Pineda B, Antón M, Moreno V, Granell A. 2009. A multisite gateway-29 
based toolkit for targeted gene expression and hairpin RNA silencing in tomato fruits. Plant 30 
Biotechnology Journal 7(3): 298-309. 31 

Fillatti JJ, Kiser J, Rose R, Comai L. 1987. Efficient Transfer of a Glyphosate Tolerance Gene into Tomato 32 
Using a Binary Agrobacterium Tumefaciens Vector. Nature Biotechnology 5(7): 726-730. 33 

Flintham J. 2000. Different genetic components control coat-imposed and embryo-imposeddormancy in 34 
wheat. Seed Science Research 10(01): 43-50. 35 

Gonzali S, Mazzucato A, Perata P. 2009. Purple as a tomato: towards high anthocyanin tomatoes. Trends 36 
Plant Sci 14(5): 237-241. 37 

Govrin EM, Levine A. 2000. The hypersensitive response facilitates plant infection by the necrotrophic 38 
pathogen Botrytis cinerea. Curr Biol 10(13): 751-757. 39 

Grotewold E. 2006. The genetics and biochemistry of floral pigments. Annu Rev Plant Biol 57: 761-780. 40 
Jones CM, Mes P, Myers JR. 2003. Characterization and Inheritance of the Anthocyanin fruit (Aft) Tomato. 41 

Journal of Heredity 94(6): 449-456. 42 
Martin C, Zhang Y, Tomlinson L, Kallam K, Luo J, Jones JDG, Granell A, Orzaez D, Butelli E 2012. Colouring 43 

up Plant Biotechnology. Recent Advances in Polyphenol Research, 131-142. 44 
Mes PJ, Boches P, Myers JR, Durst R. 2008. Characterization of Tomatoes Expressing Anthocyanin in the 45 

Fruit. Journal of the American Society for Horticultural Science 133(2): 262-269. 46 
Nambeesan S, Datsenka T, Ferruzzi MG, Malladi A, Mattoo AK, Handa AK. 2010. Overexpression of yeast 47 

spermidine synthase impacts ripening, senescence and decay symptoms in tomato. Plant J. 48 
Pellegrini N, Del Rio D, Colombi B, Bianchi M, Brighenti F. 2003. Application of the 2,2'-azinobis(3-49 

ethylbenzothiazoline-6-sulfonic acid) radical cation assay to a flow injection system for the 50 



11 
 

evaluation of antioxidant activity of some pure compounds and beverages. J Agric Food Chem 1 
51(1): 260-264. 2 

Povero G, Gonzali S, Bassolino L, Mazzucato A, Perata P. 2011. Transcriptional analysis in high-anthocyanin 3 
tomatoes reveals synergistic effect of Aft and atv genes. Journal of Plant Physiology 168(3): 270-4 
279. 5 

Sapir M, Oren-Shamir M, Ovadia R, Reuveni M, Evenor D, Tadmor Y, Nahon S, Shlomo H, Chen L, Meir A, 6 
Levin I. 2008. Molecular aspects of Anthocyanin fruit tomato in relation to high pigment-1. J Hered 7 
99(3): 292-303. 8 

Spencer JP. 2010. The impact of fruit flavonoids on memory and cognition. Br J Nutr 104 Suppl 3: S40-47. 9 
Stefanato FL, Abou-Mansour E, Buchala A, Kretschmer M, Mosbach A, Hahn M, Bochet CG, Metraux JP, 10 

Schoonbeek HJ. 2009. The ABC transporter BcatrB from Botrytis cinerea exports camalexin and is a 11 
virulence factor on Arabidopsis thaliana. Plant J 58(3): 499-510. 12 

Valero D, Martnez-Romero DMR, Serrano MS. 2002. The role of polyamines in the improvement of the 13 
shelf life of fruit. Trends in Food Science and Technology 13(6): 228-234. 14 

Vicente AR, Saladie M, Rose JKC, Labavitch JM. 2007. The linkage between cell wall metabolism and fruit 15 
softening: looking to the future. Journal of the Science of Food and Agriculture 87(8): 1435-1448. 16 

Williamson B, Tudzynski B, Tudzynski P, Van Kan JAL. 2007. Botrytis cinerea: the cause of grey mould 17 
disease. MOLECULAR PLANT PATHOLOGY 8(5): 561-580. 18 

Yeats TH, Buda GJ, Wang Z, Chehanovsky N, Moyle LC, Jetter R, Schaffer AA, Rose JK. 2012. The fruit 19 
cuticles of wild tomato species exhibit architectural and chemical diversity, providing a new model 20 
for studying the evolution of cuticle function. The Plant Journal 69(4): 655-666. 21 

Zhang Y, Butelli E, De Stefano R, Schoonbeek H-j, Magusin A, Pagliarani C, Wellner N, Hill L, Orzaez D, 22 
Granell A, Jones Jonathan DG, Martin C. 2013. Anthocyanins Double the Shelf Life of Tomatoes by 23 
Delaying Overripening and Reducing Susceptibility to Gray Mold. Current Biology 23(12): 1094-24 
1100. 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 



12 
 

Figure Legends 1 

Figure 1. Accumulation of anthocyanins in Aft/Aft atv/atv tomatoes delays late ripening  2 

Ailsa Craig red, and Aft/Aft atv/atv, purple tomato fruits were stored at 17°C (a, b, c) and at room 3 

temperature (d, e, f). At 42 days of storage the WT fruit showed severe over-ripening symptoms 4 

while the Aft/Aft atv/atv fruit were still firm (a, d). Aft/Aft atv/atv fruits showed slower decrease in 5 

fresh weight (FW) compared to red, Ailsa Craig tomatoes (b, e) and slower over-ripening as 6 

determined by the percentage of firm fruit (c, f). Fruits were harvested at 7 days post breaker 7 

(d0=7dpb). Fresh weight reduction is presented using the percentage of the initial weight. Error bars 8 

show the standard error of the mean (n≥8). Percentages of fruit showing over ripening symptoms 9 

(softening and shriveling) were assessed visually every week during storage tests.  10 

Figure 2. Accumulation of anthocyanins in Aft/Aft atv/atv tomatoes reduces susceptibility to B. 11 

cinerea 12 

(a) and (b) Symptoms of either wounded or sprayed purple and red regions of Aft/Aft atv/atv 13 

tomatoes fruits after inoculation with B. cinerea B05.10. (c) Quantitative PCR revealed more 14 

Botrytis growing on the red regions of Aft/Aft atv/atv fruits than on purple regions at 3dpi. Botrytis 15 

growth was calculated by comparing the ratio of Botrytis DNA to tomato DNA. Error bars show the 16 

standard error of the mean (n=3). * (p<0.05) compared to control red regions. (d) The ripening-17 

related increase in susceptibility to Botrytis did not occur in Aft/Aft atv/atv purple regions. Lesion 18 

diameter was measured 3dpi. Error bars show the standard error of the mean (n ≥ 3). * (p<0.05) and 19 

** (p<0.01) for values for purple regions compared to red regions of Aft/Aft atv/atv fruits grown 20 

under natural light at the same stage of ripening. Ailsa Craig, which does not synthesize 21 

anthocyanins in its fruit, was used as control for B. cinerea infection. 22 

Figure 3. Delayed over-ripening and reduced pathogen susceptibility are associated with the 23 

increased antioxidant capacity due to increased anthocyanin levels in Aft/Aft atv/atv tomatoes. 24 

(a) Trolox equivalent total antioxidant capacity (TEAC) of water and acetone extracts from purple, 25 

medium and red regions of Aft/Aft atv/atv tomatoes during ripening. Error bars show the standard 26 

error of the mean (n=3). * (p<0.05) values for purple regions compared to red regions at the same 27 

stage. (b) Cuticle thickness of purple and red regions. Measurements were made above the centre of 28 

each epidermal cell. Error bars show the standard error of the mean (n ≥ 3).  29 

Figure 4. PRD tomatoes show reduced B. cinerea susceptibility  30 
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(a) Pictures of different anthocyanin enriched lines: E8:Del/Ros1 N and C, PRD 8-2 and 17-2 1 

tomatoes  were taken at the red stage and whole fruit, peeled fruit and skin are shown compared to 2 

the wild type Microtom. (b) Anthocyanin levels for all the transgenic tomato lines, error bars show 3 

SEM (n=3). (c) All transgenic lines showed less susceptibility to B.cinerea in wound infection tests. 4 

Lesion diameter was measured 3dpi. Error bars show SEM (n ≥ 3). * (p<0.05) and ** (p<0.01) for 5 

values of anthocyanin-enriched tomatoes compared to red Microtom fruit at the same stage. (d) In 6 

spray tests the proportion of susceptible tomatoes was low in the anthocyanin-enriched lines, in 7 

particular in E8:Del/Ros1 N and PRD 8-2, and was inversely correlated with anthocyanin 8 

concentration.  9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 



14 
 

Acknowledgments 1 

Yang Zhang is supported by a Rotation PhD studentship from the John Innes Foundation. CM was 2 

supported by the core strategic grant of the Biological and Biotechnological Science Research 3 

Council (BBSRC) to the John Innes Centre, and CM and YZ are currently supported by the Institute 4 

Strategic Program Understanding and Exploiting Plant and Microbial Secondary Metabolism 5 

(BB/J004596/1) from the BBSRC. H-JS was supported by grant BB/G042960/1 from BBSRC and 6 

the John Innes Foundation. This work benefited from the networking activities within the European-7 

funded COST ACTION FA1106 QualityFruit. 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 


