Effect of simultaneous down-regulation of pectate lyase and endo-(-1,4-glucanase genes on strawberry fruit softening
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Abstract

Strawberry is a soft fruit with a short postharvest shelf life. The loss of fruit firmness during ripening is mainly due to the disassembly of parenchyma cell walls mediated by the expression of genes encoding enzymes acting on pectins, such as pectate lyase, or hemicellulose, e.g. endo-(-1,4-glucanase. To determine if the simultaneous down-regulation of FaplC and FaEG3 genes, encoding a pectate lyase and a endo-(-1,4-glucanase, respectively, exerted an additive effect on strawberry softening, transgenic plants expressing tandem antisense sequences of both genes under the control of the constitutive promoter CaMV35S were generated. Fifteen independent transgenic lines were obtained and fruit yields and several quality parameters of transgenic ripe fruit were recorded during two consecutive years. Fruit yield was reduced in most of the lines, especially in the first evaluation period, and 5 out of 15 lines, a 33%, did not set fruit. The expression of FaplC and FaEG3 genes was measured in ripe fruits from six selected lines showing the highest fruit yields. All selected lines showed a high level of FaplC gene silencing, ranging from 97 to 71%; however, FaEG3 gene expression was only significantly down-regulated in two lines. Fruit color and soluble solids contents were similar in control and transgenic ripe fruits, while fruit weight was slightly lower than control in some of the lines. In all lines, transgenic fruits were significantly firmer than control, with an increase on firmness ranging from 19 to 32%. The reduction of fruit softening in transgenic fruits was not correlated with the suppression of FaEG3 gene expression, and lines with the highest simultaneous down-regulation of FaplC and FaEG3 showed similar fruit firmness than lines where only FaplC was suppressed. These results indicate that pectate lyase and endo-(-1,4-glucanase do not act in an additive or synergistic way during strawberry softening, and question the role of glucanases in this process.
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Introduction

Strawberry is the most economically important soft fruit. Ripening of this non-climacteric fruit is characterized by its fast softening rate, acquiring a melting texture few days after harvest. This rapid softening, jointly with the fungal infections that are usually associated with this process, are the main factors determining the short shelf life of this commodity. In general, fruit softening is thought to occur by the reduction of cell to cell adhesion due to middle lamella dissolution, the disassembly of the cell wall and, to a lesser extent, the loss of cell turgor (Goulao and Oliveira 2008; Mercado et al. 2011). The first two processes are mediated by the action of proteins encoded by fruit specific cell wall genes. 
In strawberry fruit, the reduction of firm texture starts at the transition from the white to the red mature stage (Perkins-Veazie 1991). Main features of this softening process are the almost complete dissolution of the middle lamella, a moderate solubilization and depolymerization of pectin polymers and, depending on the cultivar, a slight depolymerization of hemicellulosic polysaccharides (Santiago-Doménech et al. 2008; Posé et al. 2011). Early works underestimated the role of pectinases in strawberry softening because of the low polygalacturonase (PG) activity detected in this fruit (Huber 1984). However, recent investigations have shown that the silencing of a PG, FaPG1, or a pectate lyase, FaplC, genes significantly reduced strawberry softening (Jiménez-Bermúdez et al. 2002; Quesada et al. 2009). In both cases, transgenic ripe fruits showed a reduction on pectin solubilization and increased levels of pectins covalently bound to the cell wall. Conversely, the results obtained with the transgenic manipulation of endo-(-1,4-glucanase or EGase genes were less conclusive. The down-regulation of either FaEG1 (Woolley et al. 2001; Palomer et al. 2006) or FaEG3 (Mercado et al. 2010), the two ripening related EGase genes cloned in strawberry fruit, did not modify either endoglucanase activity or fruit firmness. However, more recently, Lee and Kim (2011) observed an increase in fruit firmness in strawberry plants expressing an antisense FaEG1 sequence under the control of a fruit ascorbate peroxidase promoter. 
Cell wall disassembly during fruit ripening is a cooperative process involving the coordinated expression of multiple genes. This is one of the main reasons to the limited success of the previous attempts to modulate fruit softening through the manipulation of a single gene (Goulao and Oliveira 2008). It is likely that altering the expression of several cell wall modifying genes simultaneously would have a greater impact on fruit softening, especially if the products of these genes act on different polymers in muro. Along this line, the suppression of either an expansin or a PG gene alone in tomato plants, var. Ailsa Craig, did not reduce fruit softening, but fruits from plants homozygous for both transgenes, obtained by crossing these transgenic genotypes, were significantly firmer and showed a reduced susceptibility to Botrytis infection than their transgenic parental (Powell et al. 2003; Cantu et al. 2008). The role of expansin and polygalacturonase on fruit softening is well known, but the way these proteins interact to disassemble the cell wall and the impact of their simultaneous down-regulation on cell wall processing is unclear (Cantu et al. 2008). The aim of this work was to evaluate the effect of the simultaneous silencing of genes acting on hemicellulose, FaEG3, and pectin, FaplC, networks on the strawberry fruit softening process. Transgenic plants with either one of these two genes down-regulated had been previously generated (Jiménez-Bermúdez et al. 2002; Youssef et al. 2009; Mercado et al. 2010). As the cultivated strawberry, Fragaria ( ananassa, is a stabilized hybrid vegetatively propagated by runners instead of seeds, the strategy of crossing these transgenic genotypes to get a double silenced plant is not suitable in this case. Thus, we have obtained new transgenic strawberry plants harbouring antisense sequences of FaEG3 and FaplC in tandem, under the control of the constitutive promoter CaMV35S. 
Materials and Methods
Plant material and Agrobacterium-mediated transformation

To obtain the binary plasmid (pIA3) used for silencing both FaplC and FaEG3, a ~1.2 Kb fragment of FaplC in antisense orientation and the OCS terminator were amplified from plasmid pJLC32a (Jiménez-Bermúdez et al. 2002) using a proof reading Pwo polymerase. This fragment was used to replace the OCS terminator of binary vector pBIN3AS (Mercado et al. 2010) which contained a ~0.65 Kb fragment of FaEG3 in antisense orientation fused to the CaMV35S promoter. The pIA3 construct (Supplementary Figure S1) was introduced into Agrobacterium tumefaciens, LBA4404 strain, by electroporation.

Strawberry (Fragaria ( ananassa, Duch.) plants, cv. ‘Chandler’, micropropagated in a modified MS (Murashige and Skoog 1962) medium with N30K macroelements formulation and supplemented with 2.21 µM kinetin, were used as the source of explants for genetic transformation, as previously described by Barceló et al. (1998). Briefly, leaf explants were infected with a diluted A. tumefaciens overnight culture and cultivated in regeneration medium, modified MS medium with N30K macroelements formulation and supplemented with 8.88 (M BA, 2.46 (M IBA, and 25 mg l-1 kanamycin. After 32 weeks of culture, kanamycin resistant calli were transferred to MS medium with 1.1 µM NAA and 1.3 µM TDZ (Nyman and Wallin 1992) supplemented with 25 mg l-1 kanamycin. Calli were subculture into new selection medium every 4 weeks. Regenerated shoots were micropropagated and rooted under this selection pressure until acclimatization to ex vitro conditions (Barceló et al. 1998).

Phenotypical evaluation of transgenic plants

Primary transgenic plants were propagated by runners to obtain eight copies per line. Runners were potted individually in 1 l pots, and after 2-3 months of culture, plants were transplanted to 10 l pots containing a mixture of peat moss and perlite (3:1). Plants were evaluated during two consecutive years, after one (first year of analysis) and two (second year) cycles of runner propagation. Fruits were harvested at the stage of full ripeness, 100% surface red, from March to June, and yield estimated as total number of fruits per plant and g of fruit per plant. Fruit quality parameters were evaluated using standard shape fruits of uniform size and coloration, and with a weight larger than 5 g. Fruit color was estimated using the CTIFL (Centre Technique Interprofessionel des Fruits et Legumes, France) code, ranging the red color from 1 (light orange-red) to 8 (dark wine-red). Soluble solids were measured with a refractometer Atago N1, and firmness by using a hand-penetrometer (Effegi) with a 9.62 mm2 surface needle. A minimum of 20 fruits per line were evaluated. Fruits from non-transgenic plants, conventionally propagated by runners, and a transgenic line transformed with the plasmid p35SGUSINT (Vancanneyt et al. 1990) were used as controls. This transgenic line harbours the transgenes nptII and uidA. The experiments were carried out in a polycarbonate greenhouse for transgenic plant containment, biosafety level 1, under natural temperature and photoperiod.
Molecular analysis of transgenic plants
Genomic DNA from leaves of control and transgenic plants was extracted using QIAGEN DNeasy Plant kit. Previously, plant material was washed three times with washing buffer consisting of 100 mM sodium acetate buffer (pH 5), 20 mM EDTA, 0.2 M sorbitol, 2% PVP (mol. wt. 40,000) and 1% -mercaptoethanol (Mercado et al. 1999). The transgenic nature of plants was confirmed by PCR amplification of a 220 bp DNA fragment from the nptII gene, as described by Youssef et al. (2009). The presence of FaEG3 and FaplC sequences in antisense orientation in selected transgenic lines was confirmed by PCR amplification of a 690 bp fragment corresponding to the chimaeric gene 35S-ASFaEG3 and a 540 bp fragment from ASFaplC-OCSt. The primers used for these analyses were 5’-GGTGGCTCCTACAAATG-3’ and 5’-GGTCATGACTATGGCGCAGCT-3’ for 35S-ASFaEG3 and 5’-TTGCCATTCTCTACGGAAGC-3’ and 5’-GGCGTCTCGCATATCTCATT-3’ for ASFaplC-OCSt. The first pair of primers amplifies 254 bp from 35S promoter and 436 bp from FaEG3 gene in antisense orientation. The other set amplifies 191 bp from the antisense sequence of FaplC gene and 349 bp from the octopine synthase terminator.
For Southern blotting, 5-10 g genomic DNA were digested overnight with HindIII, fractionated in a 0.8% agarose gel and transferred to Hybond N+ membrane. The filter was hybridized at 45ºC with DIG Easy hyb buffer (Roche) containing a digoxigenin labelled probe obtained by PCR amplification of the 35S-ASFaEG3 gene from pIA3 plasmid, using the primers above described. 
Total RNA from red strawberry fruits was isolated using the protocol of Manning (1991). Prior to reverse transcription, RNA was treated with RNAse-free DNAse I (Fermentas) at 37ºC for 20 min to remove any genomic DNA contamination, and purified by a phenol:chloroform:isoamyl alcohol (25:24:1) extraction and precipitation with 3M sodium acetate and cold 100% ethanol. RNA concentration and purity were evaluated using a NanodropTM spectrophotometer ND-1000 (Thermo Scientific) and in 1% agarose gel electrophoresis. cDNAs were synthesized from 1 (g of total RNA using the iScripttm cDNA synthesis Kit (Bio-Rad) following the recommended protocol.

Quantitative real-time PCR (qRT-PCR) analysis was performed using the fluorescent intercaling dye SYBR( Green in an iQ5 detection system (Bio-Rad) as described by Benítez-Burraco et al. (2003). Polymerase chain reactions were set up in a final volume of 25 (L using the iQtm SYBR( Green Supermix (Bio-Rad). Relative quantification of the target expression level was achieved using the comparative Ct method. The interspacer 26S-18S strawberry RNA (Farib413) gene was used for normalization (Quesada et al. 2009). Specific primer sequences for amplification of FaplC were obtained from Benítez-Burraco et al. (2003). Primers for amplification of FaEG3 were designed from a fragment of the 3´UTR: F: 5´- TGGGATCTGCTTAGGCTTTT-3´and R: 5´- AAGCCACTTTTTACCCCTCAA-3´. Primer set efficiencies were estimated and optimised for each experimental set. Data of three biological replicates were analysed separately (with three technical replicates each) and media (standard deviations were represented.
Statistical analysis

Data were subjected to analysis of variance using the SPSS program (version 14). Levene’s test for homogeneity of variances was performed prior to ANOVA, and Tamhane T2 test was used to determine significant differences among means. 
Results

Recovery of FaplC and FaEG3 antisense-silenced transgenic plants
More than 450 leaf explants were inoculated with A. tumefaciens harbouring the pIA3 binary plasmid in two independent experiments. After 32 weeks of culture in the standard shoot regeneration medium described by Barceló et al. (1998), modified MS medium with N30K macroelements formulation with 8.8 µM BA, 2.46 µM IBA and  supplemented with 25 mg l-1 kanamycin, a 78% of explants formed a green callus, but none regenerated shoots. To induce adventitious shoot regeneration, kanamycin resistant calli were transferred to MS medium supplemented with 1.1 µM NAA and 1.3 µM TDZ, as used by Nyman and Wallin (1992) for shoot regeneration from protoplast derived calli. Fifteen independent calli formed shoots in this medium after 12 weeks of culture, yielding a final transformation rate of 3.3%. These shoots were isolated, micropropagated and rooted in the presence of 25 mg l-1 kanamycin. After acclimatization, transgenic plants were transferred to the greenhouse. Genomic DNA was extracted from leaves of plants grown in greenhouse, and used to amplify by PCR a 220 bp fragment from nptII gene. All transgenic lines showed the correct amplification band whereas no amplification signal was detected in DNA from control leaves (result not shown). 

Fruit yield 
The number of red ripe fruits, as well as fruit weight, produced by each independent transgenic line was recorded during two growing seasons (Fig. 1). Fruit yield was slightly reduced, a 15%, in plants transformed with the pGUSINT plasmid when compared with control, non-transformed plants. Five out of fifteen transgenic DC lines, a 33.3%, did not set fruits during the two years evaluation period. In the remainder transgenic lines, fruit yield was lower than in controls, especially in the case of lines DC3, 12 and 16 (Fig. 1). The reduction in fruit yield in transgenic DC lines was due to a decrease in both the number of fruit per plant and the average fruit weight. This trend was maintained during the second year of analysis, although, in general, fruit yield was slightly higher than in the first evaluation in all the lines, including control plants. According to these results, transgenic lines DC2, 4, 7, 10, 14 and 17 were selected for further research.
Molecular analysis of selected transgenic lines
The presence of the antisense FaEG3 and FaplC sequences in transgenic plants was confirmed by PCR. All transgenic lines showed a positive signal when using specific primers to amplify a T-DNA fragment belonging to the 35S promoter and the 5’ region of antisense FaEG3, as well as a fragment from the 3’ region antisense FaplC and OCS terminator, whereas no amplification was detected in control DNA (Fig. 2-A). Genomic DNA from control, non-transformed, and selected DC lines was digested with HidIII, and analyzed by Southern blot using the 35S-ASFaEG3 sequence as probe (Fig. 2-B). The digestion of control DNA with HindIII yielded a band of ca. 1.6 kb corresponding to the endogenous FaEG3, as previously observed by Mercado et al. (2010). In the transgenic lines, besides the band corresponding to the endogenous gene, several hybridization signal of higher molecular weight, corresponding to the transgene inserted, could be observed. The number of transgene insertions varied between two of line DC17 to four of lines DC2 and DC14.  
The level of FaplC and FaEG3 gene expression in ripe fruit from selected transgenic lines was measured by qRT-PCR (Fig. 3). Fruits from all transgenic lines displayed a significant down-regulation of FaplC gene expression, ranging the level of silencing from 97% to 71% in fruits from lines DC14 and DC17, respectively. Contrary to FaplC, a large variability in the level of FaEG3 expression was observed in the different transgenic lines; e.g., lines DC4, 7 and 10 showed a moderate to low FaEG3 silencing, whereas FaEG3 mRNA levels were significantly reduced, from 70 to 90%, in fruits from lines DC2, 14 and 17. Taken together, the qRT-PCR results indicated that transgenic lines DC2 and 14, and DC17 to a lesser extent, showed the highest simultaneous silencing of both genes.
Firmness and quality parameters of transgenic ripe fruit
To evaluate the effect of FaplC and FaEG3 silencing in fruit quality traits, weight, color, soluble solids and firmness, were measured in ripe fruits from selected transgenic lines. Fruit weights in all DC transgenic lines, as well as in fruits from transgenic Gus line, were slightly lower than in control, non-transformed fruits (Table 1). However, transgenic fruit weight increased in the second year evaluation. In the lines DC4, 7 and 17 the differences in fruit weight between control and transgenics were not statistically significant. Regarding color and soluble solids, fruits transformed with the pGUSINT plasmid showed lower values than control. However, minor differences in both parameters were observed between transgenic DC fruits and control, non-transformed fruits. Only fruits from line DC7 displayed a lower value of soluble solids in the first evaluation, although this parameter was similar to control in the second year (Table 1). Firmness of ripe fruits in control and transgenic plants is shown in Figure 4. In both years, fruit firmness in Gus line was similar to control, non-transformed plants. By contrast, all transgenic lines yielded fruits significantly firmer than controls, ranging the average increment on fruit firmness from 19% in line DC7 to 32% in DC10 and DC14 fruits. Fruit firmness in lines DC2, 14, and 17, which showed the highest simultaneous silencing of EGase and pectate lyase genes, was similar to those of DC4, 7 and 10, which were highly suppressed for FaplC but not for FaEG3. Interestingly, the average fruit firmness was significantly correlated with the level of FaplC gene silencing (Pearson coefficient of 0.927, significant at P=0.01), but not with the expression of FaEG3 (Pearson coefficient of 0.733, no significant at P=0.05).
Discussion
In a previous study, Barceló et al. (1998) described a reliable method for regeneration and transformation of strawberry cv. ‘Chandler’. This protocol was successfully used to obtain transgenic plants with either a pectate lyase, FaplC, or an endo-β-1,4-glucanase, FaEG3, genes suppressed by antisense transformation (Jiménez-Bemúdez et al. 2002; Mercado et al. 2010). Although the suppression of FaEG3 alone did not modify strawberry fruit firmness, its silencing had a minor effect on xyloglucan extractability and molecular size (Mercado et al. 2010), and therefore, this gene was selected for this study instead of FaEG1. However, the generation of transgenic plants with the pIA3 vector, containing antisense sequences of both genes in tandem, was difficult using this standard protocol. Although kanamycin resistant calli were obtained in the medium of Barceló et al. (1998), none were able to regenerate shoots. The culturing of these calli in a medium supplemented with TDZ, a potent growth regulator mimicking the in vitro morphogenetic effects of auxin and cytokinin (Murthy et al. 1999), allowed the development of transgenic shoots. 
All selected transgenic lines showed a high level of FaplC silencing in ripe fruit, whereas only two of them were significant down-regulated for the endo-β-1,4-glucanase FaEG3 gene. Apparently, the low silencing of FaEG3 was not related to the number of transgene copies inserted. Differences in size between antisense FaplC, 1.2 Kb, and antisense FaEG3, 0.65 Kb, could affect the down-regulation of endogenous genes. However, other authors have found difficulties when trying to get strawberry plants with endoglucanase genes silenced, even when using the full length cDNA of FaEG3; e.g., the maximum down-regulation of FaEG3 obtained by Palomer et al. (2006) in ripe fruits from antisense FaEG3 plants, cv. ‘Calypso’, was of 48%. As this gene is also expressed in green fruit and young vegetative tissue (Spolaore et al. 2003), Palomer et al. (2006) suggested that FaEG3 could play a key role during fruit development prior to ripening, which could difficult the generation of plants with a high suppression of FaEG3 expression. Similarly, Lee and Kim (2011) were unable to regenerate transgenic strawberry or tobacco plants containing an antisense FaEG1 cDNA under the control of the constitutive promoter CaMV35S. However, strawberry plants expressing a sense or antisense FaEG1 sequence with a fruit ascorbate peroxidase promoter were successfully obtained, probably due to the ripening regulated expression and lower strength of this promoter in comparison with the CaMV35S. The large multigene family formed by plant endo-β-1,4-glucanases have been divided into three structural subclasses, comprising members which have a transmembrane domain, class A, those that are secreted, class B, and those that are secreted and contain a carbohydrate binding module, class C (Urbanowicz et al. 2007a). These last EGases might play multiple physiological functions, since they have been involved in both cell wall degrading processes, such as fruit softening, but also in cell elongation (Urbanowicz et al. 2007b). Strawberry FaEG3 belongs to the class C, and present a putative cellulose binding domain which would anchor the protein to its substrate (Trainotti et al. 1999). The problems found in the regeneration of shoots containing the pIA3 plasmid and the low number of transgenic lines with a significant silencing of FaEG3 indicate that the lack of endo-β-1,4-glucanases might interfere with the regeneration process in strawberry, as suggested by Lee and Kim (2011). Other strategies should be explored to get a stronger FaEG3 silencing in strawberry fruits, such as RNAi, but in that case, the constitutive promoter 35S should be substituted by a ripening specific promoter to avoid interferences in the regeneration process.
Most transgenic DC lines produced a low number of fruits when compared with controls, and a high percentage of lines did not set fruits. This effect could be related to variations induced by the in vitro regeneration phase, and disappeared to some extent after runner propagation. Thus, fruit yield slightly increased during the second year evaluation, after two cycles of runner propagation, in most of the lines. The down-regulation of FaplC in DC transgenic lines could also contribute to the reduced yield. Many pectate lyase genes have been isolated from mature pollen grains, where this activity could be important for the emergence of pollen tube and/or the growth of the pollen tube down the style (Marín-Rodríguez et al. 2002). FaplC down-regulation might therefore cause a poor pollination.
 All selected transgenic lines yielded fruits significantly firmer than controls, ranging the increment on firmness between 19 to 32%. Although fruit weight was slightly lower in transgenic fruits, other ripening parameters, such as color and soluble solid content, were not affected by the genetic modification. Apparently, the increase in firmness in transgenic fruit was related to the reduction of pectate lyase transcript levels, but not to the silencing of FaEG3; e.g., lines DC2 and DC14, with the highest down-regulation of FaEG3, showed fruit firmness similar to the rest of the lines with low FaEG3 suppression. Moreover, the enhancement on fruit firmness obtained in the double silenced lines was similar to the one obtained when only the gene FaplC had been suppressed (Jiménez-Bermúdez et al. 2002; Youssef et al. 2009). These results do not support any additive or synergistic effect of endoglucanase and pectate lyase gene suppression on strawberry softening. By contrast, these effects have been reported for other genes. Brummell et al. (1999) found that the silencing of an expansin gene resulted in a moderate enhancement of tomato fruit firmness, and this effect was related to a lower depolymerization of pectins. Expansins promote cell wall loosening supposedly due to the disruption of noncovalent interactions between hemicelluloses and cellulose microfibrills (McQueen-Mason and Cosgrove 1994). It was suggested that the silencing of the expansin gene in tomato reduced the access of polygalacturonase to its substrate, leading to a reduced pectin depolymerization and increased fruit firmness (Brummell et al. 1999). In this scenario, the simultaneous silencing of expansin and PG genes would have a synergistic effect, as was demonstrated by the reduced softening on tomato fruits obtained by crossing plants suppressed by either expansin or PG genes alone (Powell et al. 2003; Cantu et al. 2008). As another example of the complex interactions between proteins modifying pectin and xyloglucan polymers, Vicente et al. (2007) observed an increased depolymerization of hemicelluloses in fruit of the tomato mutant rin over-expressing a PG gene. In strawberry, previous results with antisense suppressed FaplC fruits suggest a high degree of interactions between the major wall polysaccharide networks. Thus, although the most prominent modification in the cell wall from antisense FaplC fruits was the reduced solubilization of carbonate soluble pectins, the analysis of the xyloglucan wall fraction revealed the presence of a small amount of high molecular weight pectins not found in control fruits, and, unexpectedly, a slight reduction in the average molecular weight of carbohydrates present in this fraction (Santiago-Doménech et al. 2008). In the other hand, contrary to FaEG1, the inhibition of FaEG3 slightly modified hemicellulose extractability and polymer size in strawberry fruit (Palomer et al. 2006; Mercado et al. 2010). It was therefore conceivable that, as observed in tomato, the simultaneous silencing of FaplC and FaEG3 genes could have a synergistic or additive effect on strawberry softening. The lack of this expected phenotype could indicate that the dismantling of matrix glycan and pectin networks mediated by these enzymes are independent events, as has been suggested in peach by Brummell et al. (2004). Alternatively, endo-β-1,4-glucanases could be related to other aspects of the physiology of fruits rather than to cell wall disassembly, such as pathogen response (Flors et al. 2007).
In summary, we have obtained transgenic strawberry plants with a reduced rate of fruit softening through the simultaneous silencing of endo-β-1,4-glucanase and pectate lyase genes. However, the higher firmness in transgenic fruits at the ripe stage could be more related to the suppression of the pectinase gene rather than to the down-regulation of the endoglucanase. 
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Table 1 Characteristics of red ripe fruits in controls, non-transformed plants (Control) and transgenic plants transformed with the pGUSINT plasmid (Gus), and transgenic DC lines transformed with the plasmid pIA3 harbouring antisense sequences of FaEG3 and FaplC genes. 
	
	First year evaluation
	Second year evaluation

	
	Fresh weight (g)
	Color
	Soluble Solids (ºBrix)
	Fresh weight (g)
	Color
	Soluble 

Solids (ºBrix)

	Control
	10.7(3.7a
	5.9(0.2a
	8.3(1.2ab
	10.9(2.7a
	5.6(1.4a
	8.6(1.1ab

	Gus
	8.9±2.2ab
	5.0±0.2b
	7.7±0.8b
	9.5±2.6b
	4.9±1.1b
	8.2±1.2b

	DC2
	8.5(2.1b
	5.9(0.3a
	8.5(1.1ab
	8.8(1.3b
	5.9(0.2ab
	9.2(1.0a

	DC4
	8.2(2.0b
	5.9(0.2a
	8.7(0.9a
	9.7(3.0ab
	5.5(1.3ab
	9.1(1.2a

	DC7
	8.6(2.6b
	5.9(0.2a
	7.7(1.2b
	9.7(2.4ab
	5.3(1.9ab
	8.6(0.9ab

	DC10
	7.8(1.6b
	5.9(0.3a
	8.2(0.9ab
	8.2(2.0b
	5.3(1.8ab
	8.4(1.0ab

	DC14
	8.9(3.0ab
	6.0(0.1a
	8.2(0.9ab
	9.5(1.9b
	5.4(1.6ab
	8.5(1.3ab

	DC17
	8.6(3.0ab
	6.0(0.2a
	8.3(1.0ab
	9.7(1.9ab
	5.8(0.9a
	9.0(1.7ab


Data correspond to mean(SD of a minimum of 20 fruits per line. Mean separation was performed by Tamhane T2 test at P=0.05.

Figure legends:
Fig 1 Fruit yield, estimated as g of fruit per plant, in controls, non-transformed plants (Control) and transgenic plants transformed with the pGUSINT plasmid (Gus), and transgenic DC lines transformed with the plasmid pIA3 harbouring antisense sequences of FaEG3 and FaplC genes. Data represents mean±SD of 8 plants per line.

Fig 2 Molecular analysis of plants transformed with the plasmid pIA3. (A) PCR amplification of 669bp and 540 bp DNA fragments corresponding to the sequences 35S-antiseseFaEG3 (upper picture) and antisenseFaplC-OCSt (lower picture), respectively. MW: DNA ladder molecular weight 2000-100 bp; P: plasmid pIA3; C: control DNA; each lane corresponds to an independent transgenic line. (B) Southern blot analysis of DNA from control, C, and plants transformed with the plasmid pIA3. DNA was digested with HidIII and the filter was hybridized with a digoxigenin labelled probe obtained by PCR amplification of the 35S-ASFaEG3 sequence from pIA3 plasmid. Each lane corresponds to an independent transgenic line. Arrowhead indicates the 1.6 Kb hybridization signal corresponding to the endogenous FaEG3 gene. 
Fig 3 Relative FaplC and FaEG3 transcript accumulation in red ripe fruits from control and transgenic DC lines, estimated by qRT-PCR analysis. Data represent mean±SD of three independent biological replicas.
Fig 4 Firmness of ripe fruits in controls, non-transformed plants (Control) and transgenic plants transformed with the pGUSINT plasmid (Gus), and transgenic DC lines transformed with the plasmid pIA3 harbouring antisense sequences of FaEG3 and FaplC genes. Data are mean(SD of a minimum of 20 fruit per line. Mean separation was performed by Tamhane T2 test at P = 0.05.
Supplementary Figure S1 Schematic representation of pIA3 binary plasmid used for generation of transgenic plants down-regulated by FaplC and FaEG3 genes.
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