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Abstract: Within the tomato MADS-box gene family, TOMATO AGAMOUS1 (TAG1) and
ARLEQUIN/TOMATO AGAMOUS LIKE1 (hereafter referred to as TAGL1) are,
respectively, members of the euAG and PLE lineages of the AGAMOUS clade. They
perform crucial functions specifying stamen and carpel development in the flower and
controlling late fruit development. To gain insight into the roles of TAG1 and TAGL1
genes and to better understand their functional redundancy and diversification, we
characterized single and double RNAi silencing lines of these genes and analyzed
expression profiles of regulatory genes involved in reproductive development. Double
RNAi lines did show cell abnormalities in stamens and carpels and produced extremely
small fruit-like organs displaying some sepaloid features. Expression analyses
indicated that TAG1 and TAGL1 act together to repress fourth whorl sepal
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development, most likely through the MACROCALYX gene. Results also proved that
TAG1 and TAGL1 have diversified their functions in fruit development: while TAG1
controls placenta and seed formation, TAGL1 participates in cuticle development and
lignin biosynthesis inhibition. It is noteworthy that both TAG1 and double RNAi plants
lacked seed development due to abnormalities in pollen formation. This seedless
phenotype was not associated with changes in the expression of B-class stamen
identity genes Tomato MADS-box 6 and Tomato PISTILLATA observed in silencing
lines, suggesting that other regulatory factors should participate in pollen formation.
Taken together, results here reported support the idea that both redundant and
divergent functions of TAG1 and TAGL1 genes are needed to control tomato
reproductive development.

Response to Reviewers: EDITOR
Plant Molecular Biology
April 7th, 2016

Dear Editor,
Please find attached a revised version of the manuscript entitled “TOMATO
AGAMOUS1 and ARLEQUIN/TOMATO AGAMOUS-LIKE1 MADS-box genes have
redundant and divergent functions required for tomato reproductive development” (ID #
PLAN-D-15-00329). We have performed minor changes suggested by reviewers. A
description of changes and our response to the Reviewer’s comments appear below.

Description of changes:
Reviewer #1: This is a much improved manuscript after revision.  My only concern is
the author's claim that the fruit of double RNAi line is sepal-like. The fruit of the double
RNAi line may have got some sepal characteristics, but the yellow, round shape fruit
with fleshy appearing looks more similar to the young WT fruit than the green sepal.
And the cellular characteristics shown in the fig 9L are also similar to those of the WT
and two single RNAi fruits shown in fig 9I-K.

We agree with reviewer that double RNAi fruits are similar to WT fruits despite showing
some sepal characteristics. Therefore, we have changed some sentences in different
sections (abstract, result and discussion) to clarify this question. On the contrary, we
think that double RNAi pericarps showed significant changes affecting tissue
architecture with respect to WT ones. While WT pericarps show a single epidermal
layer followed by two-three collenchyma layers and several parenchyma layers, double
RNAi pericarps did not develop collenchyma tissue, a developmental feature which is
also characteristic of sepals and leaves.

Other comments:
Line 151, 174: "Fig 2i, j" is not consistent the figure, the authors may mean "Fig 2j, k".

We have corrected this point.

Line 418-430: The TAG1 RNAi and double RNAi plants display no defects in
sporogenesis. The pollen abortion observed in these plants may be not due to the
dysfunction of sporogenesis regulators.

We agree that microsporogenesis is not altered in double RNAi stamen, a tissue where
TAG1 and TAGL1 are expressed. Most likely, some key factor regulating the
microgametogenesis process is affected by the lack of TAG1 and TAGL1.
Consequently, the Discussion section has been improved for a better understanding of
this idea (line 428).

Line 743: "WT (a, f, i)" should be changed to "WT (a, e, f, j)"

This item has been changed.

Reviewer #2: This manuscript describes the characterization of RNAi lines silenced for
TOMATO AGAMOUS1 (TAG1) or TOMATO AGAMOUS LIKE1 (TAGL1) as well as
lines silenced for both genes. The revisions have improved the manuscript although I
have a few additional comments.
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If the expression values in Figure 1 are all compared to wild type, shouldn't the
expression values for wild type be 1 for all stages examined?

Expression values in Figure 1 were all compared to wild type at FB0 stage in order to
check the time course of TAG1 and TAGL1 expression. However, the statistical
analysis was independently performed for each developmental stage.

I don't think the description "less cell adhesion" (Figure 2d; line 180) accurately
portrays the phenotype. The cells perhaps make less contact with their neighbors
because of their rounded shape rather than an effect on cell adhesion.

We observed less adhesion between cell walls of double RNAi stamens, although this
feature may be certainly due to changes in cell morphology observed in these floral
organs. In agreement with Reviewer’s suggestion, we have modified the corresponding
sentence (line 180).

Other items
1. Should be Fig. 2j, k on lines 151, 174.

We have corrected this mistake.

2. Are the cells shown in Figure 3j-m from the ovary? If so, change the label to ovary.

Following Reviewer’s suggestion, “carpel” has been replaced by “ovary”.

3. Figure 1 legend: text refers to FB1 and FB2 but figure shows FB0 and FB1.

Figure legend has been corrected.

We hope you will find this reviewed version suitable for publication in Plant Molecular
Biology.

Thank you for your help and amiability.

Yours sincerely,

Prof. Rafael Lozano
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Abstract 

 

Within the tomato MADS-box gene family, TOMATO AGAMOUS1 (TAG1) and ARLEQUIN/TOMATO 

AGAMOUS LIKE1 (hereafter referred to as TAGL1) are, respectively, members of the euAG and PLE 

lineages of the AGAMOUS clade. They perform crucial functions specifying stamen and carpel 

development in the flower and controlling late fruit development. To gain insight into the roles of TAG1 

and TAGL1 genes and to better understand their functional redundancy and diversification, we 

characterized single and double RNAi silencing lines of these genes and analyzed expression profiles of 

regulatory genes involved in reproductive development. Double RNAi lines did show cell abnormalities 

in stamens and carpels and produced extremely small fruit-like organs displaying some sepaloid features. 

Expression analyses indicated that TAG1 and TAGL1 act together to repress fourth whorl sepal 

development, most likely through the MACROCALYX gene. Results also proved that TAG1 and TAGL1 

have diversified their functions in fruit development: while TAG1 controls placenta and seed formation, 

TAGL1 participates in cuticle development and lignin biosynthesis inhibition. It is noteworthy that both 

TAG1 and double RNAi plants lacked seed development due to abnormalities in pollen formation. This 

seedless phenotype was not associated with changes in the expression of B-class stamen identity genes 

Tomato MADS-box 6 and Tomato PISTILLATA observed in silencing lines, suggesting that other 

regulatory factors should participate in pollen formation. Taken together, results here reported support the 

idea that both redundant and divergent functions of TAG1 and TAGL1 genes are needed to control tomato 

reproductive development.  
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Abstract 31 

 32 

Within the tomato MADS-box gene family, TOMATO AGAMOUS1 (TAG1) and ARLEQUIN/TOMATO 33 

AGAMOUS LIKE1 (hereafter referred to as TAGL1) are, respectively, members of the euAG and PLE lineages of 34 

the AGAMOUS clade. They perform crucial functions specifying stamen and carpel development in the flower 35 

and controlling late fruit development. To gain insight into the roles of TAG1 and TAGL1 genes and to better 36 

understand their functional redundancy and diversification, we characterized single and double RNAi silencing 37 

lines of these genes and analyzed expression profiles of regulatory genes involved in reproductive development. 38 

Double RNAi lines did show cell abnormalities in stamens and carpels and produced extremely small fruit-like 39 

organs displaying some sepaloid features. Expression analyses indicated that TAG1 and TAGL1 act together to 40 

repress fourth whorl sepal development, most likely through the MACROCALYX gene. Results also proved that 41 

TAG1 and TAGL1 have diversified their functions in fruit development: while TAG1 controls placenta and seed 42 

formation, TAGL1 participates in cuticle development and lignin biosynthesis inhibition. It is noteworthy that 43 

both TAG1 and double RNAi plants lacked seed development due to abnormalities in pollen formation. This 44 

seedless phenotype was not associated with changes in the expression of B-class stamen identity genes Tomato 45 

MADS-box 6 and Tomato PISTILLATA observed in silencing lines, suggesting that other regulatory factors 46 

should participate in pollen formation. Taken together, results here reported support the idea that both redundant 47 

and divergent functions of TAG1 and TAGL1 genes are needed to control tomato reproductive development.  48 
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Introduction 61 

 62 

The reproductive development program of higher plants comprises several processes from floral meristem 63 

determination and floral bud generation to fruit development and ripening, all of them leading to seed formation 64 

and dispersal to ensure progeny survival. Transcriptional control of reproductive development involves several 65 

gene families with the MADS-box family being one of the most important as its members are widely conserved 66 

across angiosperm species and play key roles in most reproductive developmental processes (Ng and Yanofsky 67 

2000; Gramzow and Theissen 2010). Several duplication and diversification events have affected MADS-box 68 

family during its evolutionary history. Some of these changes took place before the divergence of plants, 69 

animals, and fungi resulting in two main functional types (Alvarez-Buylla et al. 2000b). Type II MADS-box 70 

genes from land plants subsequently diverged into two other groups, MIKC* and MIKCc (Henschel et al. 2002). 71 

Extensive studies in Arabidopsis demonstrated that the MIKC* MADS-box genes have conserved partially 72 

redundant roles in the development of the male gametophyte, where they are mainly expressed (Verelst et al. 73 

2007a; Verelst et al. 2007b; Adamczyk and Fernandez 2009). However, the MIKCc MADS-box genes regulate 74 

sporophytic development and particularly floral organ identity (Becker and Theissen 2003). 75 

Floral development is regulated by gene functions acting alone or in combination so as to specify organ 76 

identity in the four floral whorls, as defined by the widely known ABC model (Bowman et al. 1991; Coen and 77 

Meyerowitz 1991). Thus, A-function genes determine sepal identity in whorl 1, combined functions A/B and 78 

B/C determine petal and stamen identities in the second and third whorl, respectively, and C-function genes 79 

regulate carpel development in the fourth whorl. The ABC model also establishes mutually antagonistic 80 

functions of A and C genes, for the proper development of the four floral organs (Bowman et al. 1991; Coen and 81 

Meyerowitz 1991). In fact, Arabidopsis mutant plants affected in the A-function gene APETALA1 lack sepal 82 

organs in the first floral whorl (Mandel et al. 1992), and mutants of the C-function gene AGAMOUS (AG) 83 

promoted homeotic conversion of carpels into sepals which in turn initiated the development of a new flower in 84 

the fourth floral whorl (Bowman et al. 1989). In addition, expression studies performed in Arabidopsis and 85 

petunia have shown that appropriate transcriptional levels of A and C class genes are required for the 86 

maintenance of B-function genes (Gomez-Mena et al. 2005; Heijmans et al. 2012).  87 

Ancestral functions of AG genes have been suggested as regulators of male and female reproductive 88 

organs (Theissen et al. 2000; Kramer et al. 2004). However, several duplication and diversification events in the 89 

AG lineage have favoured the acquisition of new roles across angiosperm evolutionary development (Ng and 90 
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Yanofsky 2000; Becker and Theissen 2003; Gramzow and Theissen 2010). For example, a recent duplication in 91 

the AG clade resulted in the euAG and PLENA (PLE) sub-lineages within the core eudicots (Kramer et al. 92 

2004), an event that has been studied in diverse species. In Antirrhinum majus, PLE is necessary for stamen and 93 

carpel development, whereas FARINELLI (euAG lineage) seems to be involved only in pollen development 94 

(Carpenter and Coen 1990; Bradley et al. 1993; Davies et al. 1999). In Arabidopsis, AG (euAG lineage) 95 

establishes stamen and carpel identities and also controls floral meristem determinacy (Yanofsky et al. 1990; 96 

Favaro et al. 2003). Two paralagous genes in Arabidopsis, SHATTERPROOF1 and SHATTERPROOF2 (SHP1 97 

and SHP2), resulting from a duplication in the PLE lineage, are required for dehiscence zone formation during 98 

late stage fruit development, indicating that novel functions have been acquired by these PLE derived genes to 99 

regulate fruit development (Liljegren et al. 2000; Pinyopich et al. 2003). In further support of an ancestral role 100 

for PLE-like genes in late fruit development, a conserved role of PLE-like genes in regulating fruit dehiscence 101 

has recently been proposed in another dry-fruited species Nicotiana benthamiana (Fourquin and Ferrándiz 102 

2012).  103 

In tomato, the floral phenotype of antisense transgenic lines suggested that the euAG gene TOMATO 104 

AGAMOUS 1 (TAG1) could be involved in specifying stamen and carpel identities, as well as in floral meristem 105 

determinacy (Pnueli et al. 1994). Recently, characterization of TAG1 RNAi silencing lines showed that 106 

alterations in carpel development only included the loss of floral meristem determinacy; neither homeotic 107 

transformations nor other cell identity changes occurred in the lines during carpel development (Pan et al. 2010). 108 

This suggests that AG genes from Arabidopsis and tomato have diverged in their carpel identity related 109 

functions. The fact that a complete loss of carpel identity has not been observed in TAG1 knock-down lines also 110 

suggested that other factors are necessary for C-function in tomato, with PLE-like genes being the first option to 111 

consider. Indeed, euAG and PLE lineage genes were found to share C-function specification in two other 112 

Solanaceae species, N. benthamiana and petunia (Kapoor et al. 2002; Fourquin and Ferrándiz 2012; Heijmans et 113 

al. 2012), and a similar role for these genes has been suggested in tomato (Vrebalov et al. 2009; Giménez et al. 114 

2010).  115 

The representative gene of PLE lineage in tomato, TOMATO AGAMOUS LIKE1 (TAGL1), has acquired 116 

novel functions with respect to its Arabidopsis SHP homologues (Vrebalov et al. 2009). Pericarp of fruit from 117 

TAGL1 silencing plants showed altered cellular and structural properties associated with the expression of genes 118 

regulating the cell cycle and lignin biosynthesis (Giménez et al. 2010), which confirmed the important role 119 

played by TAGL1 in fleshy fruit expansion (Itkin et al. 2009; Vrebalov et al. 2009). Moreover, several ripening 120 
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characteristics such as ethylene production and fruit stiffness, as well as carotenoid metabolism, also depend on 121 

the transcriptional activity of TAGL1 (Itkin el at. 2009; Vrebalov et al. 2009; Gimenez et al. 2010).  122 

The crucial role of TAGL1 in fruit ripening has been demonstrated not only in tomato but also in other 123 

fleshy fruited species such as grapevine and peach (Boss et al. 2001; Tani et al. 2007; Tadiello et al. 2009; 124 

Mellway and Lund 2013). These studies have also shown a key role for the PLE orthologs in fruit ripening, 125 

suggesting that PLE genes could have more relevant roles in this process than in reproductive organ specification 126 

or in early stages of fruit development (Tadiello et al. 2009; Mellway and Lund 2013). Likewise, recent studies 127 

in N. benthamiana, whose fruits are dry capsules, have shown that PLE lineage genes have conserved their 128 

contribution to the fruit dehiscence in addition to their roles in carpel identity. These results suggest that late 129 

processes occurring during fruit development of dry and fleshy species, i.e. dehiscence and ripening may have a 130 

common evolutionary origin (Fourquin and Ferrandiz 2012). 131 

In tomato, the lack of stable null mutants has prevented a detailed analysis of the functional interactions 132 

of TAG1 and TAGL1 genes. In this work, we performed a detailed functional analysis of the TAG1 and TAGL1 133 

tomato genes through the phenotypic and molecular characterization of single and double RNAi silencing lines. 134 

This allowed us to demonstrate cooperative functions of both genes not only in the specification of carpel 135 

identity but also in pollen maturation, thus unravelling their respective contributions to C-function in addition to 136 

their specific role in fruit development and ripening.  137 

 138 

Results 139 

 140 

TAG1 and TAGL1 MADS-box genes are, respectively, members of the euAG and PLE lineages, which resulted 141 

from the duplication of tomato AG clade (Kramer et al. 2004). Both perform important functions during flower 142 

and fruit development, as in fruit ripening of this model species (Pnueli et al. 1994; Itkin et al. 2009; Vrebalov et 143 

al. 2009; Giménez et al. 2010; Pan et al. 2010). However, the lack of stable null mutants of TAG1 and TAGL1 144 

genes and the infertility of TAG1 knock-down lines reported so far (Pnueli et al. 1994; Pan et al. 2010) have 145 

hindered the generation of double mutants, which in turn has prevented further studies of their roles during 146 

tomato reproductive development. To gain insight into the functional overlapping and divergence between both 147 

MADS-box transcriptional factors, we have generated tomato lines which silenced TAG1 and TAGL1 genes 148 

simultaneously. With this aim, we selected and crossed two RNAi parent lines showing the lowest level of gene 149 

expression, i.e. TAG1 RNAi 46a and TAGL1 RNAi 12b lines (Fig. 2j, k). Double TAG1-TAGL1 RNAi lines were 150 
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further characterized together with single RNAi lines, and comparative developmental and gene expression 151 

analyses were performed.  152 

 153 

TAGL1 and TAG1 are differentially expressed during fruit development and ripening 154 

 155 

Expression studies (Fig. 1) supported the expression patterns of TAG1 and TAGL1 genes previously described 156 

during fruit development and ripening stages of wild-type (WT) plants (Giménez et al. 2010; Pan et al. 2010). In 157 

situ hybridization assays showed overlapping expression of TAG1 and TAGL1 genes in floral buds, being both 158 

early expressed in carpel and stamen primordia (Fig. 1a-d). However, time-course experiments showed 159 

differences in the expression levels of both genes throughout fruit development and ripening. While transcript 160 

levels of TAGL1 were maintained throughout fruit development, from flower anthesis day (AD) to fruit red ripe 161 

(ten days after breaker stage, BR+10) stages (Fig. 1h), TAG1 expression was detected in AD but decreased at 162 

early stage of fruit development before increasing at ripening (Fig. 1g). In the transgenic lines generated in this 163 

work, expression analyses showed that relative to WT, TAG1 was up-regulated at breaker (BR) and BR+10 164 

stages in TAGL1 RNAi plants (Fig. 1g), whereas TAGL1 expression was not affected in TAG1 RNAi plants (Fig. 165 

1h). This suggests that TAG1 may be up-regulated to compensate for the lack of TAGL1 expression. As 166 

expected, the double silencing lines showed no expression of the targeted TAG1 and TAGL1 genes (Fig. 1g, h).  167 

 168 

Double TAG1-TAGL1 silencing lines showed developmental alterations of reproductive floral organs 169 

 170 

Compared to WT plants, morphological abnormalities or homeotic alterations were not observed in floral buds 171 

or in mature floral organs of TAG RNAi and TAGL1 RNAi lines (Fig. 2a-c, e-g), even though expression levels 172 

of TAG1 and TAGL1 were significantly diminished in the respective lines (Fig. 2j, k). In accordance, scanning 173 

electron microscopy (SEM) analyses performed in flowers at AD stage did not show significant identity changes 174 

of epidermal cells covering floral organs of single RNAi plants (Fig. 3a-c, e-h, j-l). In double RNAi lines, floral 175 

organs were normal in appearance with the exception of whitish coloured stamens instead of the characteristic 176 

yellow colour (Fig. 2d, h, i). However, SEM analyses revealed some developmental alterations affecting the 177 

third (stamens) and fourth (carpels) floral whorls of double TAG1-TAGL1 RNAi plants. Epidermal cells of 178 

stamens were larger and more rounded than WT ones, and they seemed to show less cell adhesion (Fig. 3a, d), 179 

likely due to changes in cell shape. In addition, epidermal cells of the style (whorl 4) lacked the surface folds 180 
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specific to adult cells (Fig. 3f); instead, their morphology resembled cells at early stages of cell differentiation 181 

(Fig. 3e, i). These results indicated that simultaneous down-regulation of TAG1 and TAGL1 altered 182 

developmental features of reproductive floral organs.  183 

 184 

Simultaneous repression of TAG1 and TAGL1 inhibited fruit development 185 

 186 

Tomato fruit development is characterized by an active cell division phase followed by a cell growth and 187 

differentiation phase, both affecting carpel tissues. Fruits produced by tomato plants silencing TAG1 were 188 

smaller and weighed less than WT plants not only at mature green (MG) stage (Fig. 4a, b; Table 1) but at all 189 

other developmental stages. Although the expression of cell cycle genes were not altered in TAG1 RNAi 190 

pericarps (Fig. 4m), TAG1 RNAi fruits displayed a small reduction in pericarp thickness (Table 1), which may 191 

be related to their decreased size. Transverse sections of these fruits at MG stage showed a complete inhibition 192 

of seed development (Fig. 4e, f), although ovules were observed at early stages of carpel development (Fig. 7b). 193 

In addition, TAG1 repressed fruits lacked placenta development and developed thick septa separating fruit 194 

locules (Fig. 4e, f). In contrast, fruit weight and size were not altered in TAGL1 RNAi plants, placenta tissue was 195 

fully developed and fruits were completely fertile (Fig. 4, a, c, e, g; Table 1). However, a decreased thickness of 196 

fruit pericarp was observed in TAGL1 silenced plants (Fig. 4e, g; Table 1), which agreed with decreased 197 

expression of cell cycle genes Cyclin-dependent Kinase A (CDKA1) and Cyclin A (CycA1) (Fig. 4m), both 198 

involved in early development of tomato fruit (Joubes et al. 1999; Joubes et al. 2000). Furthermore, 199 

phloroglucinol staining showed that repression of TAGL1 promoted a greater deposition of lignin in fruit 200 

pericarp (Fig. 4i, k), as previously reported by Giménez et al. (2010). It is interesting to note that none of these 201 

characteristics, i.e. pericarp lignification and expression of cell cycle genes, were altered in TAG1 RNAi fruits 202 

(Fig. 4i, j, m), suggesting that TAG1 and TAGL1 regulate different aspects of fruit development in tomato.  203 

To gain insight into the functional divergence of TAG1 and TAGL1 genes during fruit development, we 204 

further characterized the fruit of the double RNAi lines silencing both genes. Dual repression of both MADS box 205 

genes led to a complete lack of fruit setting, although fruit-like organs did develop. The development of these 206 

pseudo-fruits was initiated independently of pollination occurrence and 60 days later than either WT or single 207 

RNAi fruits. In addition, fruit development in the double RNAi lines was blocked at early stages, with repression 208 

of TAG1 and TAGL1 having additive and synergistic effects. In fact, the final fruit size of double RNAi lines was 209 

significantly smaller by nearly three times than WT fruits (Table 1). They also weighed less by 22-fold than WT 210 
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fruits and 5-fold less than TAG1 RNAi fruits (Fig. 4a, d; Table 1). In addition, thickness of fruit pericarp was 211 

severely reduced and lignin deposition was highly increased as compared to WT fruits (Fig. 4h, l; Table 1). Both 212 

of these characteristics showed even stronger differences relative to WT than those observed in TAGL1 RNAi 213 

plants (Fig. 4). However, placenta tissue seemed to develop normally in double RNAi fruits as observed in 214 

TAGL1 RNAi fruits (Fig. 4g, h), although seed formation was completely avoided, as occurred in TAG1 RNAi 215 

fruits (Fig. 4f, h). Reduced pericarp thickness is consistent with the down-regulation of CDKA1 and CycA1, 216 

which is also observed in TAGL1 RNAi fruits (Fig. 4m) but not in TAG1 RNAi, indicating that additional fruit-217 

growth factors regulated by TAG1 repression should participate in fruit development.  218 

At the tissue level, dual repression of TAG1 and TAGL1 altered the cell division and growth pattern of 219 

carpel tissues, which agreed with the inhibition of fruit growth described above (Fig. 5a, b). Thus, at the floral 220 

bud stage, cells and tissues forming carpel organs showed similar morphology and layer distribution to WT ones 221 

(Fig. 5d, e). However, significant differences were observed later at AD stage: while WT carpel cells initiated 222 

growth by active cell division, double RNAi carpels were arrested in division and no evidence of growth was 223 

observed (Fig. 5g, h). This growth arrest affected mainly exocarp and endocarp tissues and was even more 224 

evident 10 days after anthesis (AD+10) (Fig. 5i, j); however, vascular tissues developed normally. At MG stage, 225 

WT fruits showed clear differentiation of cell layers that form fruit pericarp (i.e. epidermis, collenchyma and 226 

parenchyma) and suppression of development of vascular bundles (Fig. 5k). It is noteworthy that none of these 227 

developmental features were observed in double RNAi fruits (Fig. 5l), confirming their inability to grow and 228 

properly develop. Indeed, double silencing of TAG1 and TAGL1 prevented differentiation of collenchyma cell 229 

layers below the external epidermis and hence, exocarp was not developed in double RNAi fruits (Fig. 5l). 230 

Moreover, the number of parenchyma cell layers was reduced by almost half (10.16±0.84) respect to the wild-231 

type (19.44±0.88), which together with the smaller size of parenchyma cells resulted in a drastic decrease of 232 

pericarp thickness of double RNAi fruits (Fig. 5l). 233 

 234 

Tomato fruits lacking TAG1 and TAGL1 expression displayed some sepal characteristics  235 

Phenotype and microscopy analyses of double RNAi fruit described above revealed a low degree of tissue 236 

differentiation as well as developmental abnormalities in cell size and tissue composition, which mainly affected 237 

collenchyma and parenchyma layers (Fig. 5k, l). Additionally, vascular tissues, which are usually scarcely 238 

developed at late stages of WT fruit development (Fig. 5k), showed a high degree of development in double 239 

RNAi fruit (Fig. 5l), suggesting that dual silencing of TAG1 and TAGL1 modifies vascular development in 240 
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tomato fruit. It is noteworthy that the cellular and tissue characteristics of double RNAi fruit were quite similar 241 

to those of WT sepals, where there are a discrete number of parenchyma cell layers (10.83±1.25), two epidermal 242 

layers, and vascular tissues (Fig. 5 f, l).  243 

In addition to cell and tissue similarities between double RNAi fruits and WT sepals, the former also 244 

displayed an external dark green line along the middle of the carpel surface (Fig. 5b), which was not observed in 245 

single RNAi or in WT fruits (Fig. 5a). Phloroglucinol staining of pericarp tissue sections showed that this 246 

external feature corresponds to a set of vascular bundles similar to those forming the central primary vein 247 

characteristic of WT leaves and sepals (Fig. 6a-c). Indeed, lignin accumulated in the vascular bundles of the 248 

primary and secondary veins ectopically developed in the pericarp of double RNAi fruits (Fig. 6c, f). These 249 

features of vascular tissue development and lignin accumulation were never observed in WT fruit (Fig. 6b, e), 250 

but they are common during WT leaf and sepal development (Fig. 6a, d). As happened in normal sepals, this 251 

primary vein was maintained during fruit development of double RNAi fruits, and it was even visible as a 252 

greenish thickening at ripening stages (Fig. 9d).  253 

Taken together, results showed that the cellular features, tissue layer distribution, and vascular pattern 254 

found during double RNAi fruit development were similar to those of WT sepals, indicating that dual repression 255 

of TAG1 and TAGL1 prevented an appropriated fruit development and conferred sepal characteristics to 256 

developing fruits. Such features of double RNAi tomato fruits could be due to changes in the expression of 257 

MACROCALYX (MC), an A-class MADS-box gene involved in sepal development (Vrebalov et al. 2002). 258 

Results showed that MC transcriptional level in single TAG1 RNAi and TAGL1 RNAi plants did not differ from 259 

the WT; in all cases, MC expression remained constant during fruit development (Fig. 6g). However, a greater 260 

increase of MC expression was detected in double RNAi plants at early stages of fruit development, reaching the 261 

maximum level at MG stage, as also happened in wild type sepals (Fig. 6g).  262 

 263 

Pollen viability is suppressed in double TAG1-TAGL1 RNAi lines  264 

 265 

One of the most remarkable effects of TAG1 silencing is the development of seedless fruits from the second and 266 

following inflorescences (Fig. 4f, 9f). However, fruit fertility is not altered in TAGL1 RNAi lines, which 267 

produced a normal or even higher number of seeds than WT plants (Fig. 4g, 9g; Table 1); contrarily, the seedless 268 

phenotype is enhanced in double RNAi plants as they completely fail to produce seeds (Fig. 4h, 9h; Table 1). 269 

SEM analyses showed that ovules of double RNAi flowers, although smaller than WT, developed normally (Fig. 270 
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7a, d), suggesting that the fruit sterility in double RNAi plants could be due to defects in pollen development. 271 

With the aim to elucidate the causes of seedless fruit formation in TAG1 RNAi and double TAG1-TAGL1 RNAi 272 

lines, pollen viability was analyzed in these transgenic lines through in vitro and in vivo assays. Results of in 273 

vitro analyses indicated that as expected, pollen viability was not affected in TAGL1 RNAi lines as pollen grains 274 

displayed similar size, morphology and staining as WT pollen (Fig. 7e, g; Table 1). However, in TAG1 RNAi 275 

flowers, the percentage of non-viable pollen significantly increased to 55.85 % (Fig. 7f; Table 1), and double 276 

RNAi flowers produced no viable pollen grains (Fig. 7h; Table 1). These results were confirmed by in vivo 277 

pollen germination assays (Fig. 7i-n), which indicated that pollen grains germinated and developed normally in 278 

self-pollinated flowers of WT and TAGL1 RNAi flowers (Fig. 7i, j), but not in TAG1 RNAi and double RNAi 279 

flowers, where the percentage of viable pollen was reduced and null, respectively. In addition, reciprocal crosses 280 

were performed to discriminate whether stigma reception or other ovary-dependent factors could affect pollen 281 

germination. Results showed that pollen from WT anthers germinated and developed normal pollen tubes on the 282 

stigma of TAG1 RNAi and double RNAi flowers (Fig. 7k, m). Moreover, when TAG1 RNAi plants were used as 283 

pollen donors, a low percentage of pollen germination was detected on the stigma of WT flowers (Fig. 7l), 284 

whereas germination of pollen grains produced by double RNAi plants was completely blocked (Fig. 7n). These 285 

results involved TAG1 and TAGL1 genes in pollen development and ruled out gynoecium-related factors as 286 

responsible for pollen defects found in TAG1 RNAi and double RNAi plants.  287 

It is known that transcriptional levels of A and C class genes are required for the maintenance of B-function 288 

genes (Gomez-Mena et al. 2005; Heijmans et al. 2012). Therefore, silencing of TAG1 and TAGL1 genes was 289 

checked so as to discern whether it could alter the expression of tomato B-class Tomato APETALA3 (TAP3) 290 

(syn. SlDEF, LeAP3, SL; Kramer et al. 1998; de Martino et al. 2006; Quinet et al. 2014), Tomato MADS box 291 

gene 6 (TM6) (syn. TDR6; Busi et al. 2003; Pnueli et al. 1991) and Tomato PISTILLATA (TPI) (syn. SlGLO2; 292 

Mazzucato et al. 2008) genes. No differences were found in TAP3 transcript accumulation in both single and 293 

double RNAi flowers with respect to WT flowers (Fig. 7o). However, TM6 expression was significantly down-294 

regulated at all developmental stages here analyzed, while TPI was up-regulated in flowers of single and double 295 

RNAi lines (Fig. 7p, q), suggesting that TM6 inhibition may be compensated by TPI expression levels in RNAi 296 

lines. To further analyze if expression changes of TM6 and TPI are associated with stamen development and 297 

pollen viability, histological analyses of single and double RNAi flowers were performed. No alterations 298 

affecting pollinic sac development, tetrad formation and tapetum degradation were found, although some pollen 299 
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grains showing a flake-like morphology and lacking the typical sculptured wall of WT pollen grains were 300 

observed at mitotic and dehiscence stages in TAG1 RNAi and double RNAi lines (Fig. 8). 301 

 302 

Effects of TAG1 and TAGL1 gene silencing on fruit ripening  303 

 304 

Previous reports have suggested a functional role of the TAG1 gene in fruit ripening since TAG1 overexpression 305 

resulted in the homeotic conversion of sepals into carpel-like organs, which showed typical ripening features 306 

such as fleshy expansion, cell wall metabolism, and carotenoid accumulation (Pnueli et al. 1994; Ishida et al. 307 

1998). In agreement with this, tomato plants expressing an antisense TAG1 construct developed pseudocarpels, 308 

which were unable to ripen and displayed perianth organ identity (Pnueli et al. 1994). However, Pan et al. (2010) 309 

recently demonstrated that carpel development and fruit ripening were not affected when TAG1 is specifically 310 

silenced through an interference RNA construct, indicating that TAG1 did not perform a relevant function during 311 

fruit ripening. Such differences suggest that besides TAG1, the expression of other tomato AG-like genes, most 312 

likely TAGL1, may also be mis-regulated in the antisense TAG1 lines reported by Pnueli et al. (1994), as Pan et 313 

al. (2010) argued in their work. Our results agree with the observations of these latter authors in that we found 314 

that ethylene biosynthesis was not significantly affected in TAG1 RNAi fruits and they even showed a slightly 315 

higher hormone content than WT fruits at the BR+10 stage (Table 1). Accordingly, the average value of stiffness 316 

and pigmentation in TAG1 RNAi fruits were similar to WT and the expression levels of ripening genes such as 317 

TDR4, RIPENING-INHIBITOR (RIN), NON-RIPENING (NOR), COLOURLESS NON-RIPENING (CNR), 318 

NEVER RIPE, ACC OXIDASE 1, ACC SYNTHASE 2 (ACS2), ACS4, E4, POLYGALACTURONASE (PG), 319 

PECTIN METHYL ESTERASE (PME) and PHYTOENE SYNTHASE (PSY) were not significantly altered (Fig. 320 

9m; Table 1).  321 

Recent reports have highlighted the crucial role of TAGL1 as a master regulator of fruit ripening (Itkin 322 

et al. 2009; Vrebalov et al. 2009; Giménez et al. 2010). Accordingly, our results showed that repression of 323 

TAGL1 induced significant ripening changes, mainly decreasing the ethylene content in the fruits, which is 324 

consistent with the yellow-orange colour and higher stiffness of TAGL1 RNAi fruits (Fig. 9c; Table 1). In 325 

addition, cuticles from TAGL1 RNAi fruit showed a significant reduction of thickness (Fig. 9k), most likely due 326 

to decreased biosynthetic activity of epidermal cells (Giménez et al. 2015). In accordance, gene expression 327 

analyses revealed significantly reduced expression of the ethylene biosynthesis ACS2 gene, and low transcript 328 

levels of genes involved in lycopene biosynthesis (PSY) and cell wall degradation (PME, PG and E4) (Fig. 9m).  329 
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The difference between fleshy fruit ripening in single RNAi lines here reported suggests a functional 330 

divergence between TAG1 and TAGL1 MADS-box genes. To corroborate this hypothesis, we further 331 

characterized the phenotypic effects on fruit ripening of silencing both TAG1 and TAGL1 (Fig. 9d). Apart from 332 

the abnormalities affecting fruit development described above, double RNAi fruits exhibited comparable 333 

characteristic as TAGL1 RNAi fruit. They were unable to ripen and exhibited a yellow-orange colour, higher 334 

stiffness, and thinner cuticle, as well as lower ethylene content than WT fruits (Fig. 9d, h, l; Table 1). The 335 

expression levels of ripening genes such as ACS2, E4, PG, PME and PSY were also inhibited in double mutant 336 

pericarps (Fig. 9m). All these ripening features, although more extreme, were comparable to those observed in 337 

TAGL1 RNAi fruits, but they were never found in TAG1 RNAi fruits (Fig. 9b, f, j).  338 

 339 

Discussion 340 

 341 

TAG1 and TAGL1 cooperate in the genetic control of flower development  342 

 343 

TAG1 and TAGL1 MADS-box genes belong, respectively, to the euAG and PLE lineages resulting from the 344 

duplication of the tomato AG clade (Kramer et al. 2004; Vrebalov et al. 2009). While TAG1 has been considered 345 

a C class gene involved in the specification of tomato stamen and carpel identities (Pnueli et al. 1994), recent 346 

reports have demonstrated the crucial role of TAGL1 during flower and fruit development and fruit ripening in 347 

this model species (Itkin et al. 2009, Vrebalov et al. 2009; Giménez et al. 2010). TAG1 and TAGL1 showed 348 

similar expression patterns during flower development as their transcripts preferentially accumulate in stamens 349 

and carpels (Fig. 1; Pnueli et al. 1994; Giménez et al. 2010), suggesting that both genes are required for floral 350 

organogenesis in tomato (Giménez et al. 2010). Along with this, constitutive expression of TAGL1 promoted 351 

developmental conversion of sepals into succulent carpel-like organs and petals into staminoid organs (Vrebalov 352 

et al. 2009, Giménez et al. 2010), these homeotic changes being similar to those reported in tomato plants 353 

overexpressing TAG1 (Pnueli et al. 1994). However, homeotic changes affecting floral organ identity were not 354 

observed in transgenic lines where TAGL1 is significantly silenced (Fig. 2; Giménez et al. 2010). These results 355 

support that TAG1 and TAGL1 could act redundantly in specifying tomato stamen and carpel identities. 356 

TAG1 RNAi plants characterized in this study also showed normal development of reproductive floral organs, an 357 

unexpected result given that Pnueli et al. (1994) reported homeotic abnormalities in the third (stamens) and 358 

fourth (carpels) floral whorls of TAG1 antisense plants, and Pan et al. (2010) showed identity changes in stamens 359 
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of TAG1 RNAi plants. There are several explanations for these seemingly contradictory results. First, other 360 

tomato AG-like genes besides TAG1 could have been suppressed in the TAG1 antisense lines reported by Pnueli 361 

et al. (1994). Second, differences in the tomato genetic background could also influence reproductive 362 

development. Indeed, while cv. Moneymaker used in this work does not bear known mutations, several 363 

developmental mutations have been reported in the cv. Microtom (Meissner et al. 1997) used by Pan et al. 364 

(2010). However, we think that the most plausible explanation relies on the incomplete level of inhibition of 365 

TAG1 expression in the RNAi lines generated in our work. This hypothesis is further supported by the similarity 366 

between the phenotypes we observed and those promoted by weak mutant alleles of AG and PLE genes in 367 

Arabidopsis and Antirrhinum, respectively (Davies et al. 1999; Causier et al. 2009). Most likely a full knock-out 368 

of TAG1 and TAGL1 genes would promote more severe floral organ transformations than those found in double 369 

silencing plants. Our results also support that a threshold transcript level of TAG1 and TAGL1 may be enough to 370 

promote stamen and carpel development. This gene expression scenario would facilitate a compensatory 371 

mechanism involving TAG1 and TAGL1 since the latter can likely compensate for the loss of C function when 372 

the former is partially silenced. In agreement with this hypothesis, down-regulation of both genes led to some 373 

cell abnormalities that weakly modified the organ identity of stamens and carpels of double RNAi plants. 374 

Given that B- and C-class MADS-box transcription factors interact to regulate stamen development, down-375 

regulation of TM6 and up-regulation of TPI in double TAG1-TAGL1 RNAi plants suggest the participation of 376 

both B-class genes in stamen abnormalities. However, additional factors controlled by TAG1 and TAGL1 should 377 

be required to promote stamen development as similar modifications in the expression levels of B-class genes 378 

were detected in both single RNAi lines, and such transcriptional changes were not associated with 379 

developmental defects of stamens.  380 

In summary, results here reported indicate that TAG1 and TAGL1 act redundantly and that a balanced 381 

expression pattern of these two MADS-box genes could be required for stamen and carpel development. Such a 382 

balanced mechanism has previously been proposed during flower development of tomato, petunia and N. 383 

benthamiana (Giménez et al. 2010; Fourquin and Ferrándiz 2012; Heijmans et al. 2012), and could also operate 384 

in fruit ripening (Klee and Giovannoni 2011). 385 

 386 

TAG1 and TAGL1 play redundant roles to suppress sepal developmental program during fruit formation 387 

 388 
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We have shown that dual silencing of TAG1 and TAGL1 in tomato transgenic plants substantially prevents fruit 389 

development so that only extremely small fruit organs are formed as a result of a slow and reduced growth. 390 

Further characterization of double RNAi plants also showed alterations to the fruit developmental process. As 391 

result, tomato fruit display some features typical of sepals, the most remarkable ones being decreased cell 392 

division and tissue differentiation, which makes that the cell layer number and distribution of double mutant 393 

fruits were comparable to WT sepals. Such developmental changes lead to a significant reduction in pericarp 394 

growth, a lack of seed formation, and the development of vascular tissues accompanied by lignin biosynthesis in 395 

double RNA fruit. These characteristics are observed in sepal development and are the opposite of what occurs 396 

during fruit development. Taken together, these data indicate that TAG1 and TAGL1 cooperate to suppress the 397 

sepal developmental program, thereby promoting carpel and fruit development and maintaining proper organ 398 

identity.  399 

The appearance of distinctive features of sepal in double RNAi fruit is most likely due to the increased 400 

expression of MC, which reaches the messenger level characteristic of sepals, suggesting that a transcriptional 401 

control of MC by TAG1 and TAGL1 is required for the proper development of tomato fruit. It is known that MC 402 

interacts with TAG1 and TAGL1; moreover MC and TAGL1 have been reported to form protein complexes with 403 

TAG1 through the SEPALLATA (SEP) member TM5 (Leserberg et al. 2008). These data corroborate a role for 404 

all three of these MADS-box factors in the regulation of carpel and fruit development. MADS-box genes of PLE 405 

lineage have been linked to fruit development and ripening program in species such as Arabidopsis, grapevine, 406 

peach, N. Benthamiana and tomato (Boss et al. 2001; Pinyopich et al. 2003; Tadiello et al. 2009; Giménez et al. 407 

2010; Fourquin and Ferrándiz 2012), despite the fact that the PLE gene was initially described as a floral identity 408 

gene in Antirrhinum (Bradley et al. 1993). In summary, our results dissecting the functional redundancy of TAG1 409 

and TAGL1 during flower and fruit development suggest that TAGL1 has retained stamen and carpel identity 410 

functions, which are characteristic of PLE-like genes from Antirrhinum and euAG genes from Arabidopsis, apart 411 

from maintaining its SHP-like function in the fruit ripening program. This dual function for PLE genes like 412 

TAGL1 may be characteristic of the Solanaceae family, as it has only been reported in N. benthamiana 413 

(Fourquin and Ferrandiz 2012) and tomato thus far. 414 

 415 

TAG1 and TAGL1 are redundantly involved in pollen development 416 

 417 
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The lack of seed development is one of the major developmental defects observed in both the TAG1 RNAi and 418 

double TAG1-TAGL1 RNAi lines. Histological analyses and pollen viability assays indicated that seedless fruit 419 

development is likely caused by abnormalities in pollen formation and maturation, and that silencing of both 420 

TAG1 and TAGL1 has a synergistic effect on pollen formation as double RNAi plants were completely unable to 421 

develop viable pollen. In addition, both TAG1 and TAGL1 are expressed in stamens (Fig. 1, Pnueli et al. 1994; 422 

Giménez et al. 2010), which together indicate that these two genes have redundant functions in pollen formation 423 

like also occurs with their homologues in Arabidopsis. In Arabidopsis, AG appears to induce microsporogenesis 424 

through the activation of the SPOROCYTELESS (SPL) gene (Ito et al. 2004). In addition, constitutive expression 425 

of Arabidopsis SHP2, a TAGL1 homologue, was sufficient to rescue stamen development in ag mutants although 426 

SHP2 was not expressed in stamens, suggesting that SHP genes have retained the stamen related AG activity 427 

(Pinyopich et al. 2003). Microsporogenesis is not altered in double RNAi lines (Fig. 8), suggesting that some 428 

other factors regulating microgametogenesis process should be affected in these lines. Most likely, such factors 429 

might collaborate with TAG1 and TAGL1 to promote pollen formation in tomato in a similar way than SPL in 430 

Arabidopsis. 431 

Changes in pollen formation and viability found in TAG1 RNAi and double RNAi lines could be 432 

mediated by expression changes of B-function genes TM6 and TPI. However, changes in TM6 and TPI 433 

expression levels were also observed in TAGL1 RNAi plants despite the fact that alterations in the pollen 434 

viability were not observed in this line. These results indicated that additional factors regulated by both MADS-435 

box factors should participate in pollen development. In Arabidopsis, other AGAMOUS-like genes (AGL) such as 436 

AGL18, AGL29, AGL30, AGL65, AGL66, AGL94, AGL104 have been involved in pollen development (Pina et 437 

al. 2005; Verelst et al. 2007a, 2007b; Adamczyk and Fernández 2009). However, the functional role of these 438 

MADS-box genes has not been studied in tomato so far. In conclusion, results here reported provide evidence for 439 

the implication TAG1 and TAGL1 in pollen formation of tomato as an integrated part of the reproductive 440 

developmental program of this model plant.  441 

 442 

Functional diversification of TAG1 and TAGL1 is required for the genetic control of fruit development 443 

and ripening 444 

 445 

Phenotypic characterization of single and double RNAi lines have shown that both TAGL1 and TAG1 genes are 446 

involved in fruit development, although they affect different aspects of this complex process. While TAGL1 447 
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promotes fleshy pericarp development through the control of cell division and lignin biosynthesis, TAG1 is 448 

involved in seed and placenta development. Moreover, silencing of TAG1 showed an epistatic effect on TAGL1 449 

inhibition regarding seed formation, whereas TAGL1 repression was epistatic to TAG1 silencing with respect to 450 

placenta development. Therefore, our results provide new evidence that TAG1 and TAGL1 have diverged in their 451 

functions to control different features of fruit development. In N. benthamiana, although fruit formation is fully 452 

blocked when NbAG, the orthologous gene to Arabidopsis AG and tomato TAG1 (Fourquin and Ferrándiz 2012), 453 

is silenced, the repression of NbSHP (orthologous to SHP and TAGL1) did not affect fruit formation in this dry-454 

fruited species, even though it prevented fruit dehiscence. Taken together, these results suggest that functional 455 

diversification of euAG and PLE lineage genes has followed different pathways in dry and fleshy fruited species 456 

of the Solanaceous family and that the SHP-like genes of both species have retained their functions in late stages 457 

of fruit development, i.e. dehiscence and ripening.  458 

TAGL1 gene has been reported as a major regulator of fruit ripening through the control of the ethylene 459 

pathway and the interaction with other ripening transcriptional factors as RIN, NOR and CNR (reviewed in 460 

Seymour et al. 2013). Our study strongly supports the functional role of TAGL1 as regulator of several 461 

developmental processes related to fruit formation and ripening such as cuticle generation, pericarp 462 

development, and lignin biosynthesis, in agreement with previous reports (Vrebalov et al. 2009; Giménez et al. 463 

2010; Giménez et al. 2015). Regarding the function of TAG1, tomato fruits developed by TAG1 RNAi lines 464 

previously reported by Pan et al. (2010) and those characterized here did not show defects in fruit ripening. They 465 

showed normal ethylene production, similar colour and stiffness features to wild-type fruits, as well as a correct 466 

cuticle formation, and therefore, these data do not support a role for TAG1 in the ripening process. In addition, an 467 

epistatic effect of TAGL1 silencing over TAG1 repression was found in such a way that double RNAi fruits 468 

showed similar ripening features to single TAGL1 RNAi ones. Taken together, these results indicate that TAGL1 469 

but not TAG1 plays essential functions in the fruit ripening process, and provide novel insights about the 470 

functional diversification of these MADS-box factors.  471 

 472 

Materials and Methods 473 

 474 

Plant material 475 

 476 
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Tomato seeds (Solanum lycopersicum L. cv. Moneymaker) were provided by C.M. Rick Tomato Genetics 477 

Resource Center (http://tgrc.ucdavis.edu/). Plants were grown under natural greenhouse conditions using 478 

standard crop management practices. 479 

 480 

Generation of single and double RNAi tomato lines 481 

 482 

The couples of primers RNAiTAGL1F (5´-TCTAGACTCGAGTACCCAATCTTTGCTATATCGCC-3´) and 483 

RNAiTAGL1R (5´- ATCGATGGTACCAACTGAGAAGACGACTCATCGAC-3´), and RNAiTAGF (5’-484 

TCTAGACTCGAGTAATCCACAAAAGAAGACTG-3’) and RNAiTAGR (5’-ATCGATGGTACCACAC 485 

CAAGCAAAAAAAATA-3’) were used to amplify a 298 bp fragment from the TAGL1 5´-non-coding region 486 

and a 170 bp fragment of the TAG1 3’-untranslated region respectively. Such fragments were cloned following 487 

the same experimental procedure described by Giménez et al. (2010) to generate the binary plasmids and tomato 488 

interference RNA silencing lines (TAG1 RNAi and TAGL1 RNAi). 489 

Sixty seven independent TAG1 RNAi lines and seventy seven independent TAGL1 RNAi lines were 490 

obtained in the cv. Moneymaker; they were subsequently verified for the presence of the transgen. Expression 491 

levels of TAG1 and TAGL1 were determined by real-time quantitative PCR (RT-qPCR), using gene specific 492 

primers indicated in Online Resource 1. 493 

With the aim to obtain double RNAi lines, TAG1 RNAi and TAGL1 RNAi lines showing the most 494 

severe phenotype and a significant silencing level were selected and crossed, i.e. 46a and 12b lines, respectively. 495 

Presence of transgenes in double RNAi lines were verified by standard PCR techniques, and simultaneous 496 

silencing of TAGL1 and TAG1 gene expression was confirmed by RT-qPCR assays. 497 

 Expression analyses of other MADS-box genes, such as TM5 and TM29, were carried out in TAG1 498 

RNAi, TAGL1 RNAi and double RNAi lines in order to verify that silencing by the interference RNA method 499 

was specific for TAG1 and TAGL1 genes (Online Resource 2). 500 

 501 

RNA preparation and gene expression analyses 502 

 503 

Total RNA was extracted from 100 mg of flowers and fruits from WT, TAG1 RNAi, TAGL1 RNAi and double 504 

RNAi plants at several stages of reproductive development: 0-3 mm floral buds (FB0), 4-7 mm floral buds 505 

(FB1), pre-anthesis flowers (PA, 7-10 mm), flowers at two days before anthesis (AD-2), flowers at anthesis day 506 

http://tgrc.ucdavis.edu/
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(AD, opening day flower), 1 cm-wide fruits (1cm), 3 cm-wide fruits (3 cm), and fruits at mature green (MG, 507 

green fruits that have reached their maximum size), breaker (BR, green fruits that begin to change their shade to 508 

orange-yellow) and ten days after breaker (BR+10, red ripe fruits for immediate consumption) stages. RNA 509 

preparation and gene expression studies were performed from three biological replicates and two technical 510 

copies according to procedures described by Giménez et al. (2010). Primer combinations used to detect gene-511 

specific amplicons are indicated in Online Resource 1. The Ubiquitine3 gene (Hoffman et al. 1991) was used as 512 

control and the absence of genomic DNA contamination was checked using a TAGL1 promoter specific 513 

amplicon (TAGL1pro) as negative control. In situ hybridization experiments were carried out in floral buds at 514 

stage 8, according to Brukhin et al. (2003), as previously described by Giménez et al. (2010). 515 

 516 

Scanning-electron microscopy (SEM) 517 

 518 

SEM studies were performed as previously described by Lozano et al. (1998). Flowers at AD and 5 days before 519 

AD stages were fixed in FAEG, dehydrated, critical point dried in a drier Bal Tec (Liechtenstein) CPD 030, and 520 

gold-coated in a Sputter Coater (Bal-Tec SCD005). Then, samples were visualized with a Hitachi (Tokyo, Japan) 521 

S-3500N scanning electron microscope at 10 kV. 522 

 523 

Ethylene production  524 

 525 

Ethylene production from 8 red ripe fruits of each genotype was estimated using a gas chromatograph (Varian 526 

3900, Palo Alto, CA, USA) fitted with a Porapak Q column and a flame ionization detector, and the protocol 527 

previously described by Giménez et al. (2010).  528 

 529 

Phenotype and structural analyses of tomato flowers and fruits 530 

 531 

Fifteen to twenty fruits were collected from the second and third inflorescence and used to determine weight, 532 

size, pericarp thickness, seed number and firmness. Fruit firmness was analyzed with Digital Firmness Tester 533 

(Durofel DFT 100) using a 5.64 mm diameter tip.  534 

For structural analyses, flowers, pericarps and sepals were fixed in FAE, dehydrated, embedded in 535 

paraffin and cut using a Leica RM2035 microtome. 8 µm transversal sections were stained for 2 min in a 1% 536 
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Toluidine Blue in distilled water solution to analyze cellular distribution using an optical microscope (Nikon, 537 

Optiphot-2). Cuticle and lignin staining were performed with Sudan III and phloroglucinol solutions, 538 

respectively, as previously described by Giménez et al. (2010).  539 

 540 

Pollen viability assays 541 

 542 

In vitro pollen viability assays were performed by means of stain of pollen grains from 10 control and transgenic 543 

flowers with 0.5% 2, 3, 5-triphenil tetrazolium chloride (TTC) (w/v) in 0.5 M sucrose for 2h at 50ºC in a humid 544 

box in darkness and then visualized with an OPTIPHOT-2 (Nikon) optical microscopy. At least two hundred 545 

pollen grains were scored taking into account their color intensity and external morphology. 546 

In vivo pollen viability was also evaluated. For this purpose, fifteen flowers self-pollinated and 547 

reciprocal crossed were recollected two days after pollination, fixed in FAE (Formaldehyde: Acetic acid: 70% 548 

ethanol/ 1:2:17) for at least 24 hours, washed in tap water over night at 4ºC, softened with NaOH 0.8N during 6h 549 

and washed again in tap water over night at 4ºC, to stain the pollen tubes with 0.1% aniline blue (w/v) in K3PO4 550 

0.1N for 2h in darkness and to visualize the fluorescence with an Optiphot-2 (Nikon) optical microscopy 551 

associated to HB-10101AF Mercury Lamp (Nikon).  552 

 553 

Statistics 554 

 555 

Mean comparison (Fisher´s Least Significant Difference test, LSD) was used to determine significant differences 556 

in gene expression levels and agronomic traits. Analyses were performed using the Statgraphics Centurion XVI 557 

software package and data presented as means ± standard error. 558 
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Tables 715 

Table 1. Characteristics of red ripe fruits and percentage of non-viable pollen (under in vitro conditions) of wild-716 

type and RNAi plants. Values are means ± SE. Values followed by the same letter (a, b, c, d) are not statistically 717 

significant (P<0.01). 718 

 719 

720 

 Wild-type TAG1 RNAi  TAGL1 RNAi  Double RNAi  

Weight (g) 85.62±17.95a 19.16±4.95b 80.25±18.44a 3.85±1.3c 

Size (cm) 5.57±0.46a 3.63±0.55b 5.65±0.53a 2.07±0.24c 

Pericarp thickness (cm) 0.69±0.08a 0.56±0.07b 0.54±0.05b 0.26±0.07c 

Seed number 57.14±47.88a 0.067±0.26b 73.15±27.63a 0±0b 

Non-viable pollen (%)  22.70±11.40a 55.85±13.41b 35.06±10.95a 100±0c 

Bottom stiffness (%) 73.92±6.17a 75.8±6.09a 82.31±9.84b 99.78±0.85c 

Medium stiffness (%) 73.71±8.63a 77.33±6.16a 97.46±3.47b 99.78±1.04b 

Top stiffness (%) 69.14±9.76a 80.73±9.95b 95.85±3.89c 99.22±2.15c 

Ethylene (nl/g.h) 8.8±0.24a 27.6±0.19b 1.32±0.33c 0±0d 
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Figure Legends 721 

 722 

Fig. 1 Expression analyses of TAG1 and TAGL1 genes. (a-f) Tissue sections of WT floral buds (cv. 723 

Moneymaker, MM) were hybridized with TAG1 antisense (a), TAGL1 antisense (c) and TAGL1 sense (e) probes. 724 

Details of stamens from (a), (c) and (e) are shown in (b), (d) and (f) respectively. Scale bars represent 500 μm in 725 

(a, c, e) and 100 μm in (b, d, f). Sp: sporogenous tissue. (g-h) Relative expression of TAG1 (g) and TAGL1 (h) 726 

genes in flowers and fruits from WT, TAG1 RNAi, TAGL1 RNAi and double RNAi plants at several stages of 727 

reproductive development: flowers at floral bud 0 (FB0), floral bud 1 (FB1), pre-anthesis (PA), two days before 728 

anthesis day (AD-2); anthesis day (AD), 1 cm-wide fruits (1cm), 3 cm-wide fruits (3 cm), and fruits at mature 729 

green (MG), breaker (BR) and ten days after breaker (BR+10) stages. Data are means of three biological 730 

replicates ± standard error of the mean. Statistical analysis was performed by comparing data from floral tissues 731 

at the same developmental stage. Values followed by the same letter (a, b, c) are not statistically significant 732 

(P<0.01). 733 

 734 

Fig. 2 Flower development and gene expression analyses in TAG1, TAGL1 and double TAG1-TAGL1 silencing 735 

lines. (a- h) Inflorescence architecture (a-d) and flower morphology at anthesis day stage (e-h) of WT (a, e), 736 

TAG1 RNAi (b, f), TAGL1 RNAi (c, g) and double silencing (d, h) plants. (i) Isolated staminal cone from WT 737 

and double RNAi flowers in order to observe colour changes of double RNAi stamens. Scale bars in (a-i) = 1 738 

cm. (j) Relative expression of TAG1 in flowers at anthesis day stage from WT (white bar) and several TAG1 739 

silencing lines (grey bars). (k) Relative expression of TAGL1 in flowers at anthesis day stage from WT (white 740 

bar) and several TAGL1 RNAi lines (grey bars). Data are means of three biological replicates ± standard error of 741 

the mean.  742 

 743 

Fig. 3 Epidermal cell morphology of floral organs from tomato flowers. (a-m) Epidermal cells of stamens (a-d), 744 

styles (e-i) and carpels (j-m) from WT (a, e, f, j), TAG1 RNAi (b, g, k), TAGL1 RNAi (c, h, l) and double RNAi 745 

(d, i, m) tomato flowers at anthesis day (AD) stage. Epidermal cells of WT style from young flowers (5 days 746 

before AD) are shown in panel E. Scale bars represent 50 μm in (a-d) and 20 μm in (e-m). 747 

 748 

Fig. 4 Fruit development and gene expression analyses in TAG1, TAGL1 and double TAG1-TAGL1 silencing 749 

lines. (a-l) External morphology (a-d) and equatorial sections (e-h) of tomato fruits at mature green (MG) stage 750 
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from WT (a, e), TAG1 RNAi (b, f), TAGL1 RNAi (c, g) and double RNAi lines (d, h). Phloroglucinol staining of 751 

lignin in transversal sections of tomato fruit pericarps from WT (i), TAG1 RNAi (j), TAGL1 RNAi (k) and 752 

double RNAi (l) plants. Arrows point to vascular bundles and arrowhead to ectopic primary vein. Scale bars 753 

represent 1 cm in (a-h) and 5 mm in (i-l). Pc, pericarp; Pla, placenta; S, seeds. (m) Schematic representation of 754 

expression analyses of CDKA1 and CycA genes in fruits from single and double RNAi lines. Downward arrows 755 

indicate down-regulation. Changes of gene expression were indicated by one (2- to 10-fold) or two (10- to 50-756 

fold) arrows. Similar expression levels were indicated by ~ symbol. AD, anthesis day; IG, immature green; MG, 757 

mature green.  758 

 759 

Fig. 5 Histological features of tomato sepals and fruits of double TAG1-TAGL1 RNAi lines. (a-l) External 760 

appearance of WT (a) and double RNAi (b) fruits at immature green stage, and of a WT sepal (c). Arrows 761 

indicate an external dark green line along the middle of the fruit surface (b) similar to the central primary vein of 762 

wild type sepal (c). Toluidine blue staining of transversal sections of sepals developed by WT flowers at anthesis 763 

day (AD) (f), as compared with carpels of floral buds (d-e), AD flowers (g-h), flowers ten days after anthesis (i-764 

j) and mature green fruits (k-l) developed by WT (d, g, i, k) and double RNAi (e, h, j, l) plants. Scale bars 765 

represent 1 cm in (a-c), 100 µm in (d-j), 1 mm in (k), 500 µm in (l). Vb, vascular bundles; Ov, ovules; Ep: 766 

epidermis, Co: collenchyma, Pa: parenchyma.  767 

 768 

Fig. 6 Sepal-like tissue features of fruit pericarp promoted by dual repression of TAG1 and TAGL1 genes. (a-f) 769 

Phloroglucinol staining of lignin in thick (a-c) and in 8µm (d-f) transversal sections of WT sepals (anthesis day 770 

stage, AD) (a, d), and fruit pericarp from WT (b, e) and double RNAi (c, f) plants, the two latter at breaker stage. 771 

Scale bars represent 1 mm in (a-c), 100 µm in (d), and 500 µm in (e, f). pv, primary vein; Xm, xylem; Ph, 772 

phloem; bs, bundle sheaths. (g) Relative expression of MC gene in sepals and flowers at anthesis day (AD), 1 773 

cm-wide fruits (1cm), 3 cm-wide fruits (3 cm), and fruits at mature green (MG) stages from WT, TAG1 RNAi, 774 

TAGL1 RNAi and double RNAi plants. Data are means of three biological replicates ± standard error of the 775 

mean. Values followed by the same letter (a, b) are not statistically significant (P<0.01).  776 

 777 

Fig. 7 Pollen viability in TAG1, TAGL1 and double TAG1-TAGL1 silencing lines. (a-h) Morphological features 778 

of ovules (a-d) and in vitro assays of pollen viability (e-h) from WT (a, e), TAG1 RNAi (b, f), TAGL1 RNAi (c, 779 

g) and double RNAi (d, h) flowers at anthesis day stage. (i-n) In vivo assays of pollen viability performed in self-780 
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pollinated flowers of WT (i) and TAGL1 RNAi (j) plants, and in flowers from the backcrosses TAG1 RNAi x 781 

WT (k), WT x TAG1 RNAi (l), double RNAi x WT (m) and WT x double RNAi (n). Scale bars represent 100 782 

µm in (a-n). (o-q) Relative expression of TAP3 (o), TM6 (p) and TPI (q) genes in flower buds at two 783 

developmental stages (FB0 and FB1), and flowers at pre-anthesis (PA) and anthesis day (AD) stages from WT, 784 

TAG1 RNAi, TAGL1 RNAi and double RNAi plants. Data are means of three biological replicates ± standard 785 

error of the mean. Values followed by the same letter (a, b, c) are not statistically significant (P<0.01).  786 

 787 

Fig. 8 Anther and pollen development of TAG1 RNAi, TAGL1 RNAi and double RNAi flowers. Several 788 

developmental stages were considered: microsporocyte, meiosis, tetrad, mitotic and dehiscence phase. Scale bars 789 

represent 100 µm. T: Tapetum; ML: middel cell layer; En: endothecium; Ep: epidermis; PMC: Pollen Mother 790 

Cell; Tds: Tetrads; dT: degenerated tapetum; Msp: microspore. 791 

 792 

Fig. 9 Ripening characteristics of TAG1, TAGL1 and double TAG1-TAGL1 silencing fruits. (a-l) External 793 

morphology (a-d), equatorial sections (e-h) and Sudan III staining of cuticle (i-l) of tomato fruits at BR+8 stage 794 

from WT (a, e, i), TAG1 RNAi (b, f, j), TAGL1 RNAi (c, g, k) plants and double RNAi plants (d, h, l). Scale bars 795 

represent 1 cm in (a-h) and 50 µm in (i-l). Pc, pericarp; Pla, placenta; S, seeds. (m) Schematic representation of 796 

gene expression analyses performed in TAG1 RNAi, TAGL1 RNAi and double RNAi fruits, as compared to WT 797 

fruits. Upward and downward arrows indicate up- and down-regulation, respectively. Changes of gene 798 

expression respect to WT were indicated by one (2- to 10-fold), two (10- to 50-fold) or three (higher than 50-799 

fold) arrows. Similar expression levels were indicated by ~ symbol. AD, anthesis day; MG, mature green; RR, 800 

red ripe.  801 
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