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Summary statement 29 

We show here that tomato floral meristem activity and fruit development are both orchestrated by the 30 

interplay between gibberellin and the miR156-targeted SlSBPs. 31 
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ABSTRACT 33 

Many developmental processes associated with fruit development take place at the floral meristem (FM). 34 

Age-regulated microRNA156 (miR156) and gibberellins (GA) interact to control flowering time, but their 35 

interplay in subsequent stages of reproductive development is poorly understood. Here, we show that GA 36 

and miR156 function in tomato FM and fruit patterning. High GA responses or overexpression of miR156 37 

(156OE), which leads to low levels of miR156-targeted SQUAMOSA PROMOTER BINDING PROTEIN–38 

LIKE (SPL/SBP), resulted in enlarged FMs, defects in FM determinacy and fruits with increased locule 39 

number. Conversely, low GA responses reduced fruit indeterminacy and locule number, and 40 

overexpression of a miR156-resistant SlSBP15 allele (rSBP15) reduced cell number and size in the FM, 41 

as well as locule number. GA responses were partially required for the fruit defects observed in 156OE 42 

and rSBP15 plants. Transcriptome analysis and genetic interactions revealed shared and divergent 43 

functions of miR156-targeted SlSBPs, PROCERA/DELLA and the classical WUSCHEL/CLAVATA 44 

pathway, which has been previously associated with meristem size and determinacy. Our findings reveal 45 

that the miR156/SlSBP/GA regulatory module is deployed differently depending on developmental stage 46 

and create novel opportunities to genetically fine-tune aspects of fruit development that have been 47 

important for tomato domestication. 48 

 49 
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INTRODUCTION 52 

A wide variety of plant organ sizes and shapes exist in nature, and this variation can be explained in part 53 

by the control of the apical meristem activity. In maize, for instance, variation in meristem activity is 54 

responsible for differences in kernel row number between inbred lines, and high row number is a major 55 

driver of yield in cultivated hybrids (Doebley, 2004; Bommert et al., 2013). Regulation of meristem 56 

activity occurs at several levels, including identity and determinacy; for example, floral meristem (FM) 57 

identity specifies that the meristem can initiate floral organs, and in most cases the FM is determinate, i.e. 58 

it is consumed in the production of a limited number of organ primordia (Bartlett and Thompson, 2014).  59 

The determinacy and size of the FM set the number of cells available to initiate carpel primordia, and 60 

consequently carpel number and ovary size (van der Knaap et al., 2014; Heidstra and Sabatini, 2014). 61 

Thus, variation in floral meristem activity in response to hormonal and genetic pathways has had an 62 

important impact on fruit patterning and the control of seed dispersal, which have been pivotal to crop 63 

domestication and improvement (Purugganan and Fuller, 2009; Østergaard, 2009).  64 

 65 

A classic genetic pathway involved in the regulation of meristem size is based on a feedback circuit 66 

comprising the stem cell–promoting WUSCHEL (WUS) homeodomain transcription factor and CLAVATA 67 

(CLV) signaling peptides (Stahl and Simon, 2010). This circuit is conserved in diverse plants, including 68 

tomato (Solanum lycopersium). Larger meristems in tomato mutants with altered CLV-WUS activity 69 

produce fruits with a higher number of locules (the interior cavities of fruits). Importantly, natural 70 

mutations in CLV3 and WUS were essential for tomato domestication (Muños et al., 2011; Xu et al., 2015; 71 

Zsögön et al., 2018). Whilst most wild tomatoes and small-fruited cultivars have bilocular fruits, large-72 

fruited cultivars can have eight or more locules (Tanksley, 2004). Most of this variation is due to two 73 

mutations (locule number or lc and fasciated or fas) with synergistic effects on the number of locules and 74 

thus fruit size (Lippman and Tanksley, 2001; Barrero and Tanksley, 2004). The lc mutation is localized 75 

downstream of tomato WUSCHEL (SlWUS), whereas a regulatory mutation repressing SlCLV3 expression 76 

underlies the fas mutant (Muños et al., 2011; Xu et al., 2015). However, whilst the core CLV-WUS 77 

circuity is deeply conserved, recent work has shown that the pathway is modulated by diverse inputs 78 

(Rodriguez-Leal et al., 2019). Given the complexity of genetic and hormonal interactions that regulate 79 

meristem function (Lee et al., 2019), there is much potential for discovering novel molecular mechanisms 80 

that affect fruit development.  81 

 82 

Meristem activity is also regulated by the microRNA156 (miR156) and its transcription factor targets, 83 

which are members of the SQUAMOSA PROMOTER-BINDING PROTEIN LIKE (SPL/SBP) gene family. 84 

This evolutionarily conserved pathway was initially found to regulate age-dependent processes (Morea et 85 
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al., 2016). More recently, Arabidopsis miR156-targeted SPLs/SBPs were shown to regulate the size of 86 

both root and shoot meristems (Fouracre and Poethig, 2019; Barrera-Rojas et al., 2020). Down-regulation 87 

of SPLs/SBPs in miR156-overexpressing plants (156OE) also led to abnormal fruit development in both 88 

Arabidopsis and tomato (Silva et al., 2014; Xing et al., 2013), but with distinct phenotypic consequences: 89 

whilst miR156-overexpression only reduced the size of Arabidopsis gynoecia, tomato 156OE gynoecia 90 

displayed extra carpels and fruit-like ectopic structures (Silva et al., 2014; Xing et al., 2013). Interactions 91 

with other pathways also differ between Arabidopsis, in which miR156-targeted SPL genes control 92 

gynoecium patterning through interference with auxin homeostasis and signaling, and tomato, where 93 

miR156-targeted SBPs modulate the expression of genes involved in meristem maintenance (LeT6/TKn2) 94 

and organ boundary formation (GOBLET, GOB). Thus, similar miRNA-based pathways control initial 95 

steps of gynoecium patterning but with distinct functional consequences in dry and fleshy fruit-bearing 96 

plants (Correa et al., 2018).  97 

 98 

Another molecular player in meristem and fruit patterning is the phytohormone gibberellin (GA). 99 

Gibberellin-regulated DELLA genes control shoot meristem function, modulating the size of inflorescence 100 

and floral meristems (Serrano-Mislata et al., 2017). Furthermore, the GA-deficient ga1-3 mutant displays 101 

delayed growth of all floral organs (Yu et al., 2004). GA controls fruit patterning through the interaction 102 

between DELLA and the basic helix–loop–helix (bHLH) proteins INDEHISCENT (IND) and 103 

ALCATRAZ (ALC), which specify tissues required for fruit opening. In tomato, on the other hand, 104 

scarcely any information is available of how GA modulates FM activity and fruit patterning. The loss of 105 

PROCERA (tomato DELLA gene) function in procera (pro) mutants or GA3 application led to meristic 106 

changes in the flower (increased number of all floral organs), and occasional fruits with ectopic fruit-like 107 

structures (indeterminate fruits), although the phenotypes are not as strong as in 156OE plants (Carrera et 108 

al., 2012; Silva et al., 2014).  109 

 110 

In Arabidopsis, GA signaling and miR156-targeted SPLs/SBPs interact during the floral transition: the 111 

GA-regulated DELLA protein REPRESSOR OF GA1-3 (RGA) associates with LEAFY (LFY) and the 112 

miR156-targeted SPLs/SBPs proteins to promote APETALA1 (AP1) transcription (Yamaguchi et al., 113 

2014). However, the interactions between the GA and miR156 pathways beyond the floral transition have 114 

not been reported. Given the similar phenotypic changes observed in flowers and fruits from tomato 115 

156OE plants and pro mutant (Carrera et al., 2012; Silva et al., 2014), we hypothesized that miR156-116 

targeted SlSBPs and GA signaling also interact to orchestrate tomato FM activity, early gynoecium 117 

patterning and fruit development. Here, we show that the GA and miR156 pathways regulate floral 118 

meristem size, and they partially interact at molecular and genetic levels to control fruit determinacy and 119 
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locule number, without primarily relying on modifications in the classical SlCLV3-SlWUS circuity, 120 

thereby revealing a novel mechanism in the control of tomato fruit patterning. 121 

 122 

RESULTS 123 

MiR156 and gibberellins have synergistic effects on fruit determinacy  124 

Because we showed that the miR156/SlSBP module interplayed with GA to control tomato floral 125 

transition (Silva et al., 2019), and that the rice mir156abcdfghikl mutant is hyposensitive to GA (Miao et 126 

al., 2019), we reasoned that the strong fruit indeterminacy observed in 156OE plants (Silva et al., 2014) 127 

could be associated with increased GA signaling. To initially test this conjecture, we quantified bioactive 128 

GA1 and GA4 levels in tomato floral primordia. Whilst GA1 levels were undetectable in both WT and 129 

156OE, GA4 levels were significantly higher in 156OE primordia compared with WT (Fig. S1A). This 130 

finding is consistent with the lower levels of several bioactive GAs (including GA4) found in the 131 

mir156abcdfghikl mutant (Miao et al., 2019). Next, we treated WT and 156OE plants with commercial 132 

gibberellic acid (GA3). Unlike Carrera et al. (2012), we did not observe indeterminate or malformed fruits 133 

in GA3-treated WT plants (Fig. S1B). This divergence may be a result of the differences in the GA3 134 

treatment (Carrera et al., 2012; Silva et al., 2019). Nonetheless, externally applied GA3 led to a 40% 135 

increase in indeterminate fruits in 156OE plants compared with mock-treated 156OE plants, suggesting 136 

that in addition to higher GA levels, 156OE plants were more sensitive to gibberellin compared with WT 137 

(Fig. S1B). Conversely, treatment of 156OE plants with PAC (a GA biosynthesis inhibitor; Jung et al., 138 

2012) resulted in ~2-fold more normal fruits than Mock-treated 156OE plants, and almost no 139 

indeterminate fruits (Fig. S1C). 140 

 141 

To evaluate in more detail how gibberellins modulate fruit development in the miR156-overexpressing 142 

plants, we inspected ovaries at anthesis and fruits from the hypomorphic pro mutant (pro harbours a 143 

mutation in the PROCERA/DELLA gene that lessens protein activity; Carrera et al., 2012; Livne et al., 144 

2015), GA20ox-overexpressing plants (GA20oxOE, which show high levels of bioactive GAs; García-145 

Hurtado et al., 2012), and 156OE plants. Neither pro nor GA20oxOE plants showed obvious 146 

modifications in the ovaries, although 156OE ovaries displayed partially fused extra carpels, as 147 

previously described (Fig. 1A-D; Silva et al., 2014). Around 3% of pro and 20% of 156OE fruits showed 148 

some degree of indeterminacy, as indicated by the development of one or more additional fruit-like 149 

structures at the style end of the fruit. On the other hand, GA20oxOE plants did not produce any 150 

malformed or indeterminate fruits (Fig. 1I, J). Based on these observations, we hypothesized that high 151 
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levels/responses of GA can generate strong fruit indeterminacy when SPLs/SBPs are lowly expressed in 152 

reproductive primordia, as shown in GA3-treated 156OE fruits (Fig. S1).  153 

 154 

To genetically confirm the results obtained with GA3 treatment, we evaluated ovary growth and fruit 155 

patterning in 156OE;GA20oxOE and 156OE;pro plants. Strikingly, both 156OE;GA20oxOE and 156 

156OE;pro plants showed 100% of fruits with strong indeterminacy (Fig. 1E-J). 156OE;GA20oxOE and 157 

156OE;pro flowers display gynoecia formed by supernumerary, partially fused carpels and ectopic pistil-158 

like structures, which did not generated any noticeable locule-like structures (Fig. 1E-H). As a result, the 159 

156OE;GA20oxOE and 156OE;pro amorphous fruits were seedless (Fig. 1I). Notably, all these gynoecia 160 

and fruits phenotypes were reminiscent of strong miR156-overexpressing tomato lines, which also 161 

produced amorphous, seedless fruits (Silva et al., 2014). Collectively, our results indicate that the 162 

indeterminate fruit phenotypes observed in 156OE;GA20oxOE and 156OE;pro plants are at least in part a 163 

result of the synergistic effects of GA and the miR156/SBP module converging on the regulation of 164 

meristem determinacy and floral organ identity. 165 

 166 

Gibberellins and miR156-targeted SPLs/SBPs control locule development and floral meristem size  167 

Recent evidence indicates that exogenous gibberellin treatment enhances locule number in tomato fruits 168 

(Li et al., 2019; 2020). Considering that increased locule number may result from extranumerary carpels 169 

due to a mild increase in FM indeterminacy, we checked how the interaction between GA and the 170 

miR156/SlSBP module affects locule number. In line with the link between indeterminacy and increased 171 

locule number, pro, GA20oxOE, and 156OE fruits all displayed more locules than WT. Whilst most WT 172 

fruits displayed two to three locules, the majority of pro and GA20oxOE fruits showed three to five 173 

locules (Fig. 2A, B). GA20oxOE and pro fruits displayed comparable number of locules, indicating that 174 

modifications in either GA levels or responses similarly affect locule development. Consistently, PAC-175 

treated WT plants produced almost 60% of fruits with only two locules and 21% of fruits with three 176 

locules (Fig. 2C). The increasing in locule number of pro and GA20oxOE was comparable, but not as 177 

severe as in 156OE plants, in which most fruits exhibited four to six locules (Fig. 2A, B; Silva et al., 178 

2014). We next inspected locule number in fruits from Mock- and PAC-treated 156OE plants. PAC-179 

treated 156OE plants showed a modest reduction in the number of fruits exhibiting five to seven locules 180 

(Fig. 2D), suggesting that miR156-targeted SlSBPs and GA control tomato locule number through 181 

partially independent mechanisms. 182 

 183 
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Meristem determinacy and size are tightly correlated with the rate of organ initiation, as larger meristems 184 

produce more organs per unit time, including carpels (Xu et al., 2015; Je et al., 2016; Serrano-Mislata et 185 

al., 2017). Because pro and 156OE plants displayed variable degrees of fruit indeterminacy and locule 186 

number (Fig. 1, 2), we compared floral meristem size in WT, pro and 156OE plants. To precisely measure 187 

FM size, we first established in tomato the modified pseudo-Schiff propidium iodide (mpSPI) and 188 

imaging methodology described for Arabidopsis inflorescence meristems (Bencivenga et al., 2016; 189 

Serrano-Mislata et al., 2017) (Fig. S2). To compare this parameter among different genotypes, we 190 

harvested tomato floral primordia with FMs displaying emergence of sepal primordia in a helical pattern 191 

(At 1-2 dpi; Xiao et al., 2009). After segmenting and identifying FM cells in 3D, we used the combined 192 

volume of cells in the L1 layer of the meristem dome as a proxy for meristem size (Fig. 3A). 156OE 193 

exhibited slightly larger meristems than pro, and both FMs were significantly larger than WT FMs (Fig. 194 

3B). Importantly, these results correlate FM volume and the number of locules among these genotypes 195 

(Fig. 2, 3). To identify the cellular basis for the differences in meristem size, we analysed the cell number 196 

and cell volume in the L1 of tomato floral meristems. The mean number of cells in 156OE FMs was 197 

significantly greater than WT and pro. The cell number of pro meristems was intermediate between that 198 

of WT and 156OE meristems (Fig. 3C). In addition, the enlargement in floral meristems of 156OE and 199 

pro (Fig. 3B) was associated with increase cell volumes, although 156OE and pro were comparable (Fig. 200 

3D). Our findings indicated that reduced DELLA/PRO and SlSBP activities enlarged tomato FM by 201 

increasing both cell size and number.  202 

 203 

Transcriptional reprogramming of 156OE floral primordia 204 

We have previously shown that some SlSBPs and genes associated with boundary establishment (i.e, 205 

GOBLET) were mis-expressed in 156OE developing ovaries (Silva et al., 2014). To better understand the 206 

molecular mechanisms by which the miR156-targeted SlSBPs interact with GA responses and how they 207 

modulate meristem activity and fruit patterning, we used RNA-seq to monitor changes in gene expression 208 

in the 156OE floral primordia. RNA-seq experiments were conducted at 1-2 dpi (which comprise 209 

inflorescence meristems and FMs displaying emergence of sepal primordia; Xiao et al., 2009). At these 210 

developmental stages in WT plants, miR156 mature transcripts were weakly localized in the flanks of 211 

floral meristems, and they were barely detected in the inflorescence meristem (Fig. S3C). In contrast, 212 

mature miR156 transcripts were readily detected in the dome of early and late vegetative meristems, as 213 

well as in leaf primordia (Fig. S3A, B), consistent with the miR156 role as a master regulator of the 214 

vegetative phase (Hyun et al., 2016).  215 

 216 
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The RNA-seq analysis detected 240 differentially expressed genes (DEGs) between 156OE and WT floral 217 

primordia (Table S1). As expected, the DEGs included miR156-targeted SlSBPs, which were down-218 

regulated in 156OE primordia. Two strongly repressed SlSBPs (3 to 4-fold) were SlSBP3 219 

(Solyc10g009080) and SlSBP15 (Solyc10g078700), which are representatives of the two main SPL/SBP 220 

clades (Table S1; Fig. 4A; Morea et al., 2016). SlSBP3 and SlSBP15 are expressed during S. 221 

pimpinellifolium early floral development, but with distinct expression profiles (Fig. 4B; 222 

http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi; Wang et al., 2019). Based on the fruit tissue 223 

specific expression atlas (https://tea.solgenomics.net/), SlSBP3 and SlSBP15 are preferentially expressed 224 

in the pericarp and septum of 0-DPA (days post-anthesis) tomato fruits (Fig. 4C), which may suggest that 225 

these SlSBPs have roles in orchestrating the patterning of these tissues.  226 

 227 

We identified genes directly associated with floral determinacy, such as the tomato CRABS CLAWa 228 

(SlCRCa; Solyc01g010240). Recently, it has been shown that SlCRCa, and its paralog SlCRCb, are 229 

positive, redundant regulators of tomato FM determinacy (Castañeda et al., 2022), so it was surprising 230 

that SlCRCa was up-regulated in 156OE FM, which has decreased determinacy (Table S1; Fig. 4A, D). 231 

However, it has been reported that in the slcrcb null mutant, SlCRCa transcripts accumulated at higher 232 

levels than WT, likely due to a compensatory mechanism activated upon partial loss of determinacy 233 

(Castañeda et al., 2022). We speculate that a similar mechanism activates SlCRCa in 156OE floral 234 

primordia, as 156OE fruits also show a partial loss of determinacy, which can be greatly enhanced, for 235 

example in the pro mutant background (Fig. 1; Silva et al., 2014). 236 

 237 

Another interesting DEG was Solyc04g049800, a TARGET OF EAT-like (TOE�like) AP2-type gene, 238 

which is faintly expressed during early flower development and in fruit tissues (Fig. 4B, C) and was up-239 

regulated in 156OE primordia (Table S1; Fig. 4A, D). Solyc04g049800 (SlTOE-like) is a target of 240 

miR172 (Karlova et al., 2013), which is repressed by the combined action of AtSPL9 and DELLA 241 

proteins to regulate the floral transition in Arabidopsis (Yu et al., 2012). Moreover, miR172 positively 242 

regulates tomato floral identity in a dose�dependent manner via AP2-like target genes, including SlTOE-243 

like (Lin et al., 2021). This raised the possibility that miR172/AP2 module might also take part in 244 

downstream responses to the miR156/SlSBPs in the tomato FM, and indeed, miR172 was down-regulated 245 

in 156OE floral primordia (Fig. 4D).  246 

 247 

In spite of the strong genetic interaction between 156OE and GA signalling, our RNA-seq data did not 248 

reveal changes in the expression of genes involved in GA biosynthesis and signalling associated with 249 

reduced expression of miR156-targeted SlSBPs (Table S1). This result is consistent with the idea that 250 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 9, 2023. ; https://doi.org/10.1101/2023.05.08.539891doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.08.539891
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 
 

most integration of miR156-targeted SlSBPs and GA-targeted DELLA proteins occurs by direct protein-251 

protein interactions to regulate shared downstream targets (Yamaguchi et al., 2014). A candidate shared 252 

target was the MIKCc-Type MADS-Box SlMBP18 (Solyc03g006830; Hileman et al., 2006), which was 253 

down-regulated in 156OE primordia (Table S1; Fig. 4A, D). SlMBP18 is 49% identical to Arabidopsis 254 

AGAMOUS-like 42 (AGL42), which promotes Arabidopsis flowering in a gibberellin-dependent manner 255 

(Dorca-Fornell et al., 2011). In line with a role downstream of miR156-targeted SlSBPs in floral 256 

primordia, SlMBP18 was expressed during early flower development in most tissues of 0-DPA fruits, 257 

partially overlapping with the SlSBP3 and SlSBP15 expression patterns (Fig. 4B, C).  258 

 259 

Links to the WUS/CLV pathway were also not apparent in the RNA-seq data: SlWUS (Solyc02g083950) 260 

and SlCLV3 (Solyc11g071380) were expressed in our floral primordia samples but were not detected as 261 

differentially expressed (adjusted p-values = 0.63 and 0.41, respectively). Neither were other genes 262 

associated with the CLV-WUS pathway such as WUSCHEL-RELATED HOMEOBOX5 (Solyc06g076000; 263 

adjusted p-value = 0.53; Rodriguez-Leal et al., 2019) and CLAVATA3/ESR (CLE) genes (Solyc05g009915 264 

and Solyc11g066120, adjusted p-values = 0.84 and 0.80, respectively; Rodriguez-Leal et al., 2019). 265 

Considering the central role of WUS and CLV3 in meristem size (Stahl and Simon, 2010), we included 266 

SlWUS and SlCLV3 among the genes whose expression in 156OE and WT floral primordia was 267 

independently verified by qRT-PCR (Fig. 4D). SlCLV3 expression did not change significantly, but qRT-268 

PCR did show down-regulation of SlWUS in 156OE floral primordia (Fig. 4D), perhaps because the qRT-269 

PCR experiment had higher statistical power. Another possible explanation for this incongruity is that the 270 

SlWUS-SlCLV3 circuity operates at later stages in tomato flower development (Chu et al., 2019; 271 

Rodriguez-Leal et al., 2019). However, the lack of changes in SlCLV3 expression and other genes 272 

associated with the CLV-WUS pathway makes it unlikely that SlSBPs targeted by miR156 affect FM 273 

meristem size and determinacy primarily through the WUS/CLV pathway.  274 

 275 

The results above suggested that the miR156/SlSBP module does not regulate FM function by modulating 276 

the expression of genes involved in GA signalling or in the WUS/CLV pathway. To test whether GA 277 

signalling or the WUS/CLV3 pathway modulate the expression of miR156-regulated SlSBPs or their 278 

downstream targets, we compared the expression of selected genes in floral primordia of WT, pro and in 279 

the fas mutant, which has reduced SlCLV3 expression (Barrero and Tanksley, 2004; Chu et al., 2019). 280 

MiR172-targeted SlTOE-like was down-regulated in fas floral primordia, but it was similarly expressed in 281 

pro and WT. Conversely, SlCRCa was expressed at comparable levels in WT and fas primordia, but it 282 

was repressed in pro (Fig. 4D). Neither pro nor fas affected SlSBP15 expression, but both mutants had 283 

lower expression of SlMBP18, as seen with 156OE (Fig. 4D). Overall, our transcriptomic data suggest 284 
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that the miR156/SlSBP module, PRO and FAS do not regulate each other’s expression, but share 285 

overlapping sets of downstream targets during early floral development.   286 

 287 

Activation of miR156-targeted SlSBP15 reduces meristem activity and attenuates GA effects 288 

Overexpression of miR156 is expected to inhibit SPL/SBP expression, but the role of specific miR156-289 

targeted SlSBPs in tomato meristem activity and fruit patterning is unclear. Given that SlSBP3 and 290 

SlSBP15 represent two distinct SlSBP clades (Morea et al., 2016) and were strongly down-regulated in 291 

156OE floral primordia (Table S1; Fig. 4), we next investigated how their de-repression would affect 292 

tomato FM activity and fruit patterning.  293 

 294 

We initially generated tomato Micro-Tom (MT) lines overexpressing a miR156-resistant SlSBP3 allele 295 

(namely rSBP3; Fig. S4A). We evaluated three rSBP3 lines, all of which showed much higher SlSBP3 296 

transcript levels than WT, and no indeterminate fruits (Fig. 5A, S4B). rSBP3 lines displayed higher 297 

percentages (69 to 95%) of bilocular fruits when compared with WT (Fig. S4C). Given that rSBP3 lines 298 

#2, #4 and #6 displayed similar vegetative architecture and fruit phenotypes (Fig. S4C, D), we selected 299 

rSBP3#2 for further analyses. To study the effects of SlSBP15 activation, we used a line with 300 

overexpression of a miR156-resistant SlSBP15 (rSBP15), which leads to axillary bud arrest and reduced 301 

lateral branching (Barrera-Rojas et al., 2022). Like rSBP3#2, rSBP15 plants produced no indeterminate 302 

fruits, and most of the fruits showed an apparent decrease in locule number (Fig. 5A). In summary, the 303 

effects of either SlSBP3 or SlSBP15 overexpression on fruit development were opposite to those seen in 304 

156OE plants.  305 

 306 

We next measured rSBP3#2 and rSBP15 FM size as described in Fig. 4. The activation of SlSBP3 only 307 

marginally reduced floral meristem size, whereas rSBP15 meristems were significantly smaller than 308 

rSBP3#2 and WT plants (Fig. 5B, S5A). Cell number in rSBP15 FMs decreased compared with rSBP3#2 309 

and WT, which did not differ from one another (Fig. 5C). On the other hand, both rSBP3#2 and rSBP15 310 

FMs showed smaller cell volumes compared with WT (Fig. 5D). These results suggest that the functions 311 

of different SlSBPs targeted by miR156 do not fully overlap and that SlSBP15 has a more prominent role 312 

in FM size.  313 

 314 

To evaluate how each of the two SlSPBs could restore the functions inhibited by the miR156 315 

overexpression, we crossed the rSBP3#2 and rSBP15 transgenes into the 156OE background. Only 34.8% 316 

of the 156OE;rSBP3#2 fruits had three locules, with the majority of the fruits having four or more locules 317 

(Fig. 5E, F). Moreover, most 156OE;rSBP3#2 ovaries at anthesis exhibited partially fused styles, similar 318 
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to 156OE ovaries (arrows at Fig. 5E). These observations indicate that the activation of SlSBP3 in 156OE 319 

is not sufficient to rescue reproductive defects of 156OE plants. On the other hand, 156OE;rSBP15 plants 320 

showed no indeterminate fruits, and WT-like ovaries at anthesis. Importantly, over 95% of 321 

156OE;rSBP15 fruits had 2-3 locules, comparable with WT fruits (~82%) (Fig. 5E, F). Thus, activation of 322 

SlSBP15 restored most of the developmental processes that are disrupted by miRNA156 overexpression. 323 

To test whether loss of SlSBP15 function is sufficient to explain the defects seen in 156OE plants, we 324 

examined (CRISPR)-ASSOCIATED NUCLEASE 9 (Cas9) gene-edited SlSBP15 plants (sbp15CRISPR; 325 

Barrera-Rojas et al., 2022). This loss of function mutant showed no fruit indeterminacy, and most fruits 326 

(over 80%) resembled WT (Fig. S5B). Therefore, additional miR156-targeted SlSBPs operating in the FM 327 

(Table S1) likely function redundantly with SlSBP15 to control FM activity and fruit patterning.  328 

 329 

Because rSBP15 overexpression led to a stronger reduction in FM size and was sufficient to partially 330 

rescue WT-like ovary and fruit phenotypes (Fig. 5E, F), we monitored by in situ hybridization the 331 

SlSBP15 expression pattern in early flower development. At 1-2 dpi, SlSBP15 was mostly detected in flat 332 

floral meristems, which showed the emergence of sepal primordia at distinct developmental stages (Fig. 333 

5G, H). By contrast, SlSBP15 transcripts were scarcely detected in sepal primordia or inflorescence 334 

meristems (Fig. 5H). At 4-5 dpi, SlSBP15 was lowly expressed in floral buds (Fig. 5I). No signal was 335 

observed with the SlSBP15 sense probe (Fig. 5J). These findings reinforced that SlSBP15 has an 336 

important role in controlling FM activity. 337 

 338 

rSBP15 plants exhibited semi-dwarfism (Barrera-Rojas et al., 2022; Fig. S6), a characteristic GA-339 

deficient or GA-insensitive phenotype. Thus, we reasoned that high levels of SlSBP15 might attenuate 340 

GA responses or decrease GA sensitivity in tomato. To test this conjecture, we crossed the rSBP15 341 

transgene into GA20oxOE plants, which have increased GA levels. In contrast to the typically tall 342 

GA20oxOE plants, rSBP15;GA20oxOE plants were semi-dwarf like rSBP15 plants (Fig. S6A). 343 

Importantly, rSPL15 also partially reverted the effects of GA20oxOE in the fruit: rSBP15;GA20oxOE 344 

plants produced a high percentage of WT-like fruits with two to three locules, in contrast with the 3-4 345 

locules seen in most GA20oxOE fruits (Fig. 6A, B). Thus, SlSBP15 activation reduced the effects of high 346 

GA levels on tomato development. To test to what extent rSBP15 mimics the effects of reduced GA 347 

signalling, we also crossed the rSBP15 transgene into pro background. The resulting rSBP15;pro plants 348 

showed similar vegetative architecture as pro plants (Fig. S6B) but had fewer indeterminate fruits than 349 

pro (Fig. 6C), even though the frequencies of locule numbers were similar (Fig. 6B). In conclusion, the 350 

genetic interactions suggest that rSPL15 opposes GA signalling during vegetative growth and in 351 
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determining locule numbers but can also compensate for the effects of loss of GA signalling on fruit 352 

determinacy.  353 

 354 

Distinct genetic interactions among the miR156/SlSBP15 node, DELLA/PRO and SlCLV3 during 355 

tomato fruit development 356 

The data presented above suggested that the miR156/SlSBP module interacts differently with GA 357 

signalling during vegetative development, fruit patterning and determinacy. Furthermore, our RNA-seq 358 

data suggested that the effects of miR156/SlSBP in early FM development are not associated with clear 359 

changes in WUS/CLV3 expression. Like fas mutant (Chu et al., 2019), pro and 156OE plants also showed 360 

enlarged SAM, while rSBP15 displayed smaller SAM area compared with WT (Fig. S7A, B). We 361 

hypothesized that the miR156/SlSBP module and DELLA/PROCERA act along with the SlWUS-SlCLV 362 

circuity at least partially via common pathways. To investigate how the WUS/CLV3 pathway interacts 363 

with the miR156/SlSBP module and GA signalling at the genetic level during fruit development, we next 364 

crossed 156OE, rSBP15 and pro with the fas mutant.  365 

 366 

The combination of 156OE with fas showed dramatically enhanced defects in flower development and 367 

fruit patterning. 156OE;fas plants had supernumerary, partially fused floral whorls such as sepals, petals, 368 

and carpels (Fig. S8A) and produced 100% of indeterminate fruits, in contrast to no indeterminate WT 369 

fruits, and ~20% of indeterminate fruits in both 156OE and fas plants (Fig. 1J, 7A-D). Amorphous 370 

156OE;fas fruits had ectopic fruit-like structures growing from their stylar end, with no apparent locular 371 

area (Fig. 7D, S8A), similar to fruits from 156OE;GA20oxOE and 156OE;pro plants (Fig. 2). 372 

Conversely, rSBP15 completely suppressed the fruit indeterminacy seen in the fas background (Fig. 373 

S7C). Thus, combined loss of FAS and SlSBP function had synergistic effects on fruit determinacy, and 374 

SlSBP15 activation could bypass the determinacy defects seen in fas. However, the genetic interactions 375 

differed in relation to locule number: as described before, fas mutants showed a large increase in locule 376 

numbers, which remained similar in rSBP15;fas plants (Fig. 7E, F). Thus, as seen above for the 377 

interaction with GA signaling, the miR156/SlSBP15 node and FAS interact differently in the control of 378 

locule number and fruit determinacy.  379 

 380 

We next checked the interaction between fas and GA signalling. Arabidopsis DELLAs have been 381 

reported to restrict inflorescence meristem size independently of the canonical CLV-WUS circuity 382 

(Serrano-Mislata et al., 2017). Similarly, application of the bioactive GA4 or the GA inhibitor PAC 383 

modified locule number without relying on changes in the expression levels of SlWUS or SlCLV3 (Li et 384 

al., 2020), and mutation of the tomato DELLA led to enlarged SAMs in the pro mutant (Fig. S7A, B). As 385 
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seen for 156OE, combined loss of pro and fas had synergistic effects. The flowers from the double 386 

pro;fas mutant displayed excessive partially fused carpels containing extra carpels within, which were 387 

rarely observed in the pro or fas single mutants (Fig. S8B). While ~ 9% and 20% of indeterminate fruits 388 

were observed in pro and fas mutants, respectively, pro;fas plants produced 100% of indeterminate fruits, 389 

all characterized by fruit-like structures growing from their stylar end, and no visible locular area (Fig. 390 

7G, S8B). PAC treatment marginally reduced locule number in the fas mutant (Fig. S7D), suggesting that 391 

the increased locule number in fas is at least partially dependent on GA signaling.   392 

 393 

Collectively, our genetic and molecular observations support the idea that miR156-targeted SlSBPs, 394 

DELLA/PROCERA, and SlCLV3 have overlapping functions in FM and fruit development, but their 395 

interactions vary between different aspects of fruit development, such as determinacy and the regulation 396 

of locule number. All the genetic interactions are summarized in the Table 1. 397 

 398 

GOBLET functions later in tomato gynoecium patterning, and it is regulated by the 399 

miR156/SlSBP15 node and PROCERA/DELLA 400 

The data presented so far suggested that changes in locule number and fruit determinacy must be under 401 

distinct regulation and do not simply unfold from early differences in FM size. One process that may 402 

change locule number without necessarily affecting determinacy is the formation of organ boundaries, in 403 

which genes of the CUC (CUP-SHAPED COTYLEDONS) family play a major role. Multiple lines of 404 

evidence implicate GOB (Solyc07g062840, a homologue of the Arabidopsis CUC2) in the control of 405 

carpel and locule number in tomato. First, overexpression of miR164, which inhibits GOB, reduced locule 406 

numbers (Silva et al., 2014). Second, the loss of GOB function (gob-3 mutant) produces underdeveloped 407 

carpels (Berger et al., 2009; Fig. S9B). Third, the semi-dominant GOB mutant (Gob-4d) exhibited 408 

gynoecia with ectopic, partially fused carpels, resulting in fruits with extra, malformed locules (Fig. S9A, 409 

C, D).  410 

 411 

We have previously shown GOB transcripts accumulate in 156OE developing ovaries (Silva et al., 2014), 412 

linking GOB to the miR156/SlSBP module. However, we did not find GOB transcripts in our 413 

transcriptomic data from 1-2-dpi floral primordia, which suggests that GOB activation may only occur at 414 

later stages of development. Indeed, GOB was up-regulated in 6-8-dpi floral buds (when the carpel arises; 415 

Xiao et al., 2009) in both 156OE and pro, whilst it was down-regulated in 6-8-dpi floral buds from 416 

rSBP15 plants (Fig. S9E). These observations suggested that GOB is a common target of 417 

DELLA/PROCERA and the miR156-targeted SlSBP15 during the onset of carpel development. Analysis 418 

of meristem size in Gob-4d/+ floral buds showed no significant differences from WT (Fig. S9F, G), 419 
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further indicating that the miR156-SlSBP15-GA-GOB circuity is not associated with FM size, but rather it 420 

affects fruit patterning at later developmental stages.  421 

 422 

DISCUSSION 423 

Some aspects of the complex interaction between the age-dependent miR156/SPL/SBP module and GA 424 

have been relatively well characterized in Arabidopsis and tomato, but how GA affects floral meristem 425 

activity and fruit patterning in tomato has been unclear. We show that the miR156-mediated regulation of 426 

SlSBPs is important for controlling floral meristem size, fruit locule number and determinacy. We also 427 

found that the fruit development roles of miR156-targeted SlSBPs, GA signalling and of the classic 428 

WUS/CLV pathway are different, but partially overlap. In particular, the loss of SlSBP transcripts in 429 

156OE plants had synergistic effects on fruit determinacy when combined with either high GA responses 430 

or with reduced activity of FAS (the tomato homologue of CLV3; Table 1). Synergy generally arises when 431 

pathways that converge at a node or hub are disrupted (Pérez-Pérez et al., 2009). The miR156/SlSBP hub 432 

provides a notable example, given that SPLs/SBPs have been shown to connect many unrelated pathways 433 

(Wang and Wang, 2015).  434 

 435 

Although the genetic interactions between the miR156/SlSBP module and GA differed in tomato in terms 436 

of floral transition (Silva et al., 2019), their effect on meristem determinacy seems to be broadly 437 

conserved in other species. Meristem size is another conserved developmental aspect influenced by both 438 

GA and the miR156-targeted SPLs/SlSBPs. Tomato procera/della exhibited larger shoot and floral 439 

meristems, like plants overexpressing miR156 (Fig. 3, S7). The FM phenotype is largely explained by an 440 

increase in cell size and cell number in the L1 layer. Because we analysed only the morphology of cells in 441 

the L1 of FMs, variations observed in this cell layer may originate from additional morphological 442 

adjustments in the inner cell layers of the meristem. Although we did not analyse this conjecture in more 443 

detail, de-repression of the miR172-targeted AP2 in the central zone (CZ) and organizing center (OC) 444 

substantially increased Arabidopsis inflorescence meristem size (Sang et al., 2022). MiR172 transcripts 445 

levels were reduced in the enlarged 156OE floral primordia, whereas miR172-targeted SlTOE-like was 446 

up-regulated. On the other hand, SlTOE-like was similarly expressed in pro and WT primordia (Fig. 4, 7), 447 

suggesting that miR156-targeted SlSBPs regulate the miR172/TOE-like node to modulate tomato FM size 448 

independently of GA.  449 

 450 

On the other hand, overexpressing rSBP15 in tomato attenuated GA responses in the vegetative 451 

development and in the establishment of locule number (Fig. 6, S6). Moreover, high levels of rSBP15 452 
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reduced the number of indeterminate fruits in the pro mutant (Fig. 6), indicating that the miR156/SlSBP15 453 

node and GA interact in distinct developmental contexts in tomato. Similar observations were reported for 454 

rice, in which the overexpression of OsSPL14 blocks GA effects on seed germination, seedling growth 455 

and disease susceptibility (Liu et al., 2019; Miao et al., 2019). Loss of miR156 function in Arabidopsis 456 

leads to the production of a smaller vegetative shoot apical meristem (SAM), whereas the quintuple 457 

mutant spl2;9;10;13;15, which disrupts miRNA156-targeted SPL genes, exhibits a larger SAM. In 458 

Arabidopsis, the miR156-targeted SPLs seem to control SAM size by promoting WUS expression 459 

independently of CLV3 signalling (Fouracre and Poethig, 2019). However, our molecular and genetic data 460 

suggest that in the FM, SlSBPs, GA and the SlWUS-SlCLV3 module converge on shared downstream 461 

targets. Future studies on downstream targets such as SlCRCa and SlMBP18 may reveal how the different 462 

pathways are integrated at the molecular level, both in the SAM and FM. 463 

 464 

In summary, our observations indicate that the miR156/SlSBP module functions in tomato fruit 465 

development, but its interaction with GA signalling differs between vegetative and reproductive 466 

development. Furthermore, the miR156/SlSBP module interacts with both GA signalling and with the 467 

WUS/CLV pathway in ways that differ between developmental stages, from the regulation of FM size to 468 

setting locule numbers and the regulation of fruit determinacy. Thus, the interactions between these 469 

regulatory modules cannot be easily extrapolated between developmental contexts. Importantly, our work 470 

suggests that multiple genetic pathways are available to modify features of tomato fruit development that 471 

have so far been associated with the traditional CLV-WUS circuity. For instance, although GOB is another 472 

molecular link connecting gibberellin and the miR156/SlSBP module, the higher number of locules 473 

observed in the Gob-4d fruits is not a result of larger FMs, but rather modifications in the establishment 474 

of boundaries during carpel patterning (Fig. S9). Further studies on molecular mechanisms triggering 475 

floral determinacy and further gynoecium patterning will provide valuable information for tomato yield 476 

improvement, as the meristem size and final number of locules in the mature fruit are key factors for the 477 

establishment of the fruit size and shape. The accumulating knowledge of meristem regulatory pathways, 478 

and their relevance in regulating crop yield, might contribute to food security and sustainable agriculture 479 

in the next decades. 480 

 481 

Material and Methods 482 

Plant material and growth conditions 483 
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All genotypes of tomato (Solanum lycopersicum) described in this work were in the cultivar Micro-Tom 484 

(MT) background, which was used as wild-type (WT). The procera mutant (pro), plants MT 485 

overexpressing the miR156 (156OE), the miR156-resistant SlSBP15 allele (rSBP15), the p35S::GA20ox 486 

construct (GA20oxOE), and sbp15CRISPR plants were previously described (Garcia-Hurtado et al., 2012; 487 

Silva et al., 2014; Silva et al., 2017; Silva et al., 2019; Barrera-Rojas et al., 2022). The fasciated (fas), 488 

GOBLET 4-d (Gob4-d), and gob-3 alleles were introgressed into MT as described by Carvalho et al. 489 

(2011). Plants were grown as described by Silva et al. (2019). Floral primordia at 1-2 days post-490 

inflorescence (dpi) and closed flower buds at 6-8 dpi were collected.  491 

 492 

Crossings 493 

For crosses, flowers were emasculated and manually pollinated 2 days before anthesis to prevent self-494 

pollination. Most crosses were evaluated in the F1 generation, except for 156OE;pro, rSBP15;pro, 495 

156OE;fas, rSBP15;fas, and pro;fas. These double mutants were evaluated in the F2 generation, in 496 

homozygous plants for the recessive allele pro and fas. 497 

 498 

Fruit measurements 499 

Fruits were inspected for the presence of at least one ectopic fruit-like structure growing from their stylar 500 

end, and scored as indeterminate fruits. Normal fruits (without the presence of ectopic or malformed 501 

structures) were cut in transverse sections to evaluate the number of locules. Each genotype was 502 

characterized by the percentage of the fruits that produced a specific number of locules. Over a hundred 503 

fruits were evaluated per genotype.  504 

 505 

rSBP3 vector construct and plant transformation 506 

Total RNA was extracted from tomato leaves with Trizol reagent (ThermoFisher Scientific), treated with 507 

Turbo DNAse (ThermoFisher Scientific) and cDNA was synthesized using ImpromII Reverse 508 

Transcriptase (Promega). SlSBP3 (Solyc10g009080) ORF was amplified and cloned into pENTR D-509 

TOPO (ThermoFisher Scientific). The miR156 recognition site-containing 3’-UTR was removed from 510 

SlSBP3, therefore generating the miR156-resistant SlSBP3 allele (rSBP3). After sequencing, the cloned 511 

fragment was recombined into pk7WG2.0 (Gateway System) in front of the CaMV35S promoter, using 512 

the LR Clonase (ThermoFisher Scientific), generating the p35S::rSBP3 construct. Tomato MT plants 513 
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were transformed with the p35S::rSBP3 construct as described (Silva et al., 2014), generating the rSBP3 514 

plants. At least five transgenic events were obtained, and three were further analysed. 515 

 516 

RNA extraction, cDNA synthesis and qRT-PCR analysis.  517 

Total RNA was treated with DNAse and reverse-transcribed to generate first-strand cDNA, as described 518 

above. PCR reactions were performed using GoTaq qPCR Master Mix (Promega) and analyzed in a Step-519 

OnePlus real-time PCR system (Applied Biosystems). Tomato TUBULIN (Solyc04g081490) was used as 520 

internal control. Three technical replicates were analysed for three biological samples (each comprising at 521 

least 10 floral primordia or closed buds), together with template-free reactions as negative controls. For 522 

miRNA quantification, cDNA synthesis and qPCR reaction were performed as described (Varkonyi-Gasic 523 

et al. 2007). The threshold cycle (CT) was determined and fold-changes were calculated using the 524 

equation 2-ΔΔct (Livak & Schmittgen, 2001). Oligonucleotide sequences are listed in Table S2. 525 

 526 

Differentially Expressed Genes (DEGs) analysis 527 

Floral primordia at 1-2 days post-inflorescence (dpi) were collected from WT and 156OE plants, and 528 

immediately frozen in liquid nitrogen. Two total RNA replicates from each genotype were sent to 529 

construct RNA sequencing libraries (RNA-seq) and high throughput sequencing (Illumina NovaSeq 530 

platform) at Fasteris Co. Ltd (https://www.fasteris.com/en-us; Switzerland). Raw sequencing reads were 531 

first cleaned by removing adaptor sequences and low-quality reads with Trimmomatic (Bolger et al., 532 

2014) and BBDuk (Bushnell, 2021), and library duplication was assessed with dupRadar (Sayols et al., 533 

2016). The resulting high-quality reads were mapped to the tomato reference genome (Tomato Genome 534 

Consortium, 2012) (ITAG4.0) and transcripts were aligned, assembled, and quantified using the Hisat2 535 

and Salmon packages with default parameters (Kim et al., 2017; Patro et al., 2017). Differential 536 

expression analyses between WT and miR156-overexpressing plants were performed with the edgeR 537 

package (Robinson, McCarthy and Smyth, 2010). DEGs in 156-OE compared with WT (MT), with 538 

adjusted P ≤ 0.05 and absolute fold-change ≥ 2.0, were filtered for further analysis. 539 

 540 

DEGs were annotated based on the SOLGENOMICS database (version SL4.0 and Annotation ITAG4.0) 541 

(Table S1). Enriched GO terms for the DEG list were identified using the goseq package (Young et al., 542 

2010) and the Gene Ontology Consortium database (Gene Ontology Consortium, 2021). The 543 

SOLGENOMICS database was used as a reference for the GO analysis. Fisher’s exact test with FDR 544 

correction with a cutoff of 0.05 was applied to determine enriched terms (Benjamini and Hochberg, 545 

1995). Raw sequence data from this study have been deposited in Gene Expression Omnibus (GEO) of 546 

NCBI under the accession number GSE223674. 547 
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 548 

In Situ hybridization 549 

In Situ hybridization was performed following the protocol described by Javelle et al. (2011). Primordia 550 

from 10-days post-germination (dpg) WT seedlings and pre-anthesis WT ovaries were collected and fixed 551 

in 4% (w/v) paraformaldehyde. After alcoholic dehydration, plant material was infiltrated and embedded 552 

in Paraplast X-Tra (McCormick Scientific). SlSBP15 (Solyc10g078700) probe was generated by 553 

linearizing (using the BspHI; NEB) the pGEM vector containing a 597-bp SlSBP15 fragment (nucleotides 554 

523 to 1119 of the coding sequence). In vitro transcription was performed using the DIG RNA Labeling 555 

Kit (SP6/T7, Roche). The sense SlSBP15 probe was used as a negative control. Locked nucleic acid 556 

(LNA) probes with sequence complementary to miR156 (5′-GTGCTCACTCTCTTCTGTCA-3′) and a 557 

negative control (scrambled miR, 50-GTGTAACACGTCTATACGCCCA-30) were synthesized by 558 

Exiqon (http://www.exiqon.com/), and digoxigenin-labeled using a DIG oligonucleotide 3′ end labeling 559 

kit (Roche Applied Science). Ten picomoles of each probe were used for each slide. All hybridization and 560 

washing steps were performed at 55°C as described by Javelle et al. (2011). Pictures were photographed 561 

using light Microscope Axio Imager.A2 (Carl Zeiss AG). Oligonucleotide sequences are listed in Table 562 

S2. 563 

 564 

Hormone treatments 565 

Gibberellin (GA3; Sigma-Aldrich; 10−5 M), paclobutrazol (PAC) (Sigma-Aldrich; 10−6 M), and mock 566 

solutions were applied to plants by watering as described (Silva et al., 2019).   567 

 568 

Confocal imaging and image analysis 569 

At least five reproductive floral primordia at 1-2 days dpi were dissected for each genotype, and the first 570 

floral meristem was selected in stereomicroscope for a standardized stage. Primordia bearing early floral 571 

meristems with sepal primordia were selected, stained by modified Pseudo-Schiff with Propidium Iodide, 572 

and imaged as previously described (Bencivenga et al., 2016; Serrano-Mislata et al., 2017). 573 

 574 

For image analysis, Python scripts and Fiji macros were used to segment confocal image stacks, define 575 

the position of cells within the floral meristem, and to delimit meristem cells and measure L1 volume. 576 

The function of each script and instructions on how to perform analysis with them were described in 577 

detail in Bencivenga et al. (2016) and Serrano-Mislata et al. (2017). 578 

 579 
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For SAM area measurements, shoot apices were collected at 4-6 days post-germination and photographed 580 

with a Leica stereo microscope S8AP0 (Wetzlar, Germany), coupled to a Leica DFC295 camera (Wetzlar, 581 

Germany). Quantification of the SAM area was done in the ImageJ software (NIH). We measured 582 

meristem width by drawing a horizontal line between the insertion points of the two youngest visible leaf 583 

primordia. From this line, we drew a vertical line to the top of the dome of the meristem to estimate its 584 

length (Xu et al., 2015; Rodriguez-Leal et al., 2019). At least four meristems were used for area 585 

measurements. 586 

 587 

Statistical analysis 588 

The data are presented as bars and box-plots obtained with GraphPad Prism (https://www.graphpad.com). 589 

All statistical analysis was performed using GraphPad Prism. Student’s t test for unpaired data was used. 590 

For meristem analysis, ANOVA followed by Tukey’s pairwise multiple comparisons was performed. P 591 

values greater than 0.05 were reported as not significant.  592 
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FIGURES 801 

 802 

 803 
Fig. 1. The miR156/SlSBP module and gibberellin synergistically regulate tomato gynoecium and 804 

fruit patterning. A-F) Representative ovaries at anthesis from WT, miR156-overexpressing plants 805 

(156OE), procera (pro) mutant, and plants overexpressing GA20ox (GA20oxOE). Scale bar = 2 mm. G) 806 

Representative flower bud from the 156OE;pro plants. Scale bar = 1 mm. H) Closeup of the flower bud 807 
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showed in (G).  Scale bar = 500 µm. I) Representative fruits at 30 days post-anthesis (DPA). Scale bar = 808 

3 cm. (J) Percentage of indeterminate fruits (n = 120 fruits per genotype).  809 
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 811 
Fig. 2. The miR156/SlSBP module and gibberellin regulate locule number. A) Representative opened 812 

30-day-post anthesis (DPA) fruits from WT, miR156-overexpressing plants (156OE), procera (pro) 813 

mutant, and plants overexpressing GA20ox (GA20oxOE). Scale bar = 2 cm. B) Percentage of fruits 814 

producing distinct number of locules in each genotype. (n =150 fruits/genotype). C, D) Percentage of 815 

fruits exhibiting distinct number of locules in Mock (ethanol)- and 10-6 M of paclobutrazol (PAC)-treated 816 

WT (C) and 156OE (D) plants. (n = 100 fruits/genotype). 817 
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Fig. 3. Low activity of miR156-targeted SlSBPs and DELLA/PROCERA leads to an increase in cell 820 

size and cell number in tomato floral meristem. A) Top views of 3-D reconstructions of processed 821 

confocal stacks of representative floral meristems (FM) from WT, miR156-overexpressing plants 822 

(156OE), and procera (pro) mutant. The FMs were stained with modified pseudo-Schiff propidium iodide 823 

(mpS-PI), and the cells highlighted in red were selected as meristem L1 cells. Scale bars = 100 µm. B-D) 824 

Box plot representations of meristem L1 volume (B), cell number (C), and cell volume (D) (n = 5) 825 

determined as previously described (Serrano-Mislata et al., 2017). Black center lines show the median; 826 

box limits indicate the 25th and 75th percentiles; whiskers extend to 5th and 95th percentiles. Letters 827 

show significant differences between genotypes (P < 0.05, using ANOVA followed by Tukey’s pairwise 828 

multiple comparisons). 829 
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 831 
 832 

Fig. 4. Distinct genetic reprogramming of miR156-overexpressing (156OE) floral primordia. A) 833 

Heatmap showing the expression profiles (from two replicates of the RNA-seq data) of tomato TARGET 834 
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OF EAT-like (SlTOE�like), CRABS CLAWa (SlCRCa), SQUAMOSA PROMOTER BINDING PROTEIN–835 

LIKE3 and -15 (SlSBP3 and SlSBP15), and MIKCc-Type MADS-Box SlMBP18. B) Normalized expression 836 

(reads per million, RPM) data retrieved from http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi 837 

(Wang et al., 2019). C) Normalized expression level data (reads per million, RPM) retrieved from the 838 

tomato expression atlas (https://tea.solgenomics.net/). Values are mean ± SE. D) Relative expression (by 839 

qRT-PCR in independent samples) of WUSCHEL (SlWUS), CLAVATA3 (SlCLV3), SlTOE�like, SlCRCa, 840 

SlMBP18 and SlSBP15 in 1-2 day-post-inflorescence (dpi) WT, 156OE, procera (pro) and fasciated (fas) 841 

primordia. Values are mean ± SE (n = 3). *P<0.05, **P<0.01, ***P<0.001, according to Student’s t-test 842 

(two-tailed).  843 
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 845 
Fig. 5. Expression of a miR156-resistant version of SlSBP15 leads to a decrease in cell size and cell 846 

number in the floral meristem, and reduced locule number in fruits. A) Representative fruits of WT 847 
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and plants overexpressing miR156-resistant versions of SlSBP3 (rSBP3#2) and SlSBP15 (rSBP15). Bar = 848 

2 cm. B) 3-D reconstruction of processed confocal stacks of representative floral meristems (FM) from 849 

WT, rSBP3#2 (rSBP3), and rSBP15 plants observed from the top. The FMs were stained with modified 850 

pseudo-Schiff propidium iodide (mpS-PI), and the cells highlighted in red were considered for 851 

quantifications. Scale bars = 100 µm. C, D) Box plot representations of cell number (C) and cell volume 852 

(D) (n = 5) in FMs determined as previously described (Serrano-Mislata et al., 2017). Black center lines 853 

show the median; box limits indicate the 25th and 75th percentiles; whiskers extend to 5th and 95th 854 

percentiles. Letters show significant differences between genotypes (P < 0.05, using ANOVA followed 855 

by Tukey’s pairwise multiple comparisons). Image and data for WT are the same as those in Fig. 4. E) 856 

Representative fruits (top) and ovaries at anthesis (bottow) of WT, miR156-overexpressing plants 857 

(156OE), rSBP3#2, rSBP15 plants and the double transgenic 156OE;rSBP3#2 and 156OE;rSBP15 plants. 858 

Bar = 2 cm (fruits) and 2 mm (ovaries). Arrows indicate stigma. Image for 156OE ovary is the same as 859 

that in Fig. 2. F) Percentage of fruits producing distinct number of locules in each genotype. (n =150 860 

fruits/genotype). G-I) A digoxigenin-labeled antisense probe detecting SlSBP15 transcripts was 861 

hybridized with longitudinal sections of young inflorescences showing the floral meristem (FM) (G), FM 862 

plus inflorescence meristem (IM) (H), and floral bud at four to five days post inflorescence (dpi), with 863 

petals (Pet) emerging over the sepals (Sep) (I). Purple staining shows probe localization (red arrowheads). 864 

Scale bars: 100 µm. J) A digoxigenin-labeled sense probe was used as a negative control. SIM, sympodial 865 

meristem. 866 
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Fig. 6. Expression of a miR156-resistant version of SlSBP15 attenuates gibberellin responses in fruit 869 

development. A) Representative fruits of WT, miR156-resistant SlSBP15-overexpressing plants 870 

(rSBP15), GA20oxOE, and rSBP15;GA20oxOE. showing the locules in each genotype. Scale bar = 2 cm. 871 

B) Percentage of fruits producing distinct number of locules from WT, rSBP15, procera (pro), 872 

GA20oxOE, rSBP15;pro and rSBP15;GA20oxOE. (n =100 fruits/genotype). C) Percentage of 873 

indeterminate fruits in WT, rSBP15, pro, and rSBP15;pro plants. n represents the number of 874 

fruits/genotype. 875 
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 877 
Fig. 7. DELLA/PROCERA and the miR156/SlSBP module act synergistically with SlCLAVATA3 878 

(SlCLV3) to control tomato fruit patterning. A-D) Representative fruits at 30 days post-anthesis (DPA) 879 

from WT, miR156-overexpressing plants (156OE), fas, and 156OE;fas. Insets show indeterminate fruits 880 

displaying fruit-like structures growing from their stylar end. Bars = 3 cm. E) Representative fruits at 30 881 

DPA. F) Percentage of fruits producing distinct number of locules from WT, miR156-resistant SlSBP15-882 

overexpressing plants (rSBP15) and SlCLV3 mutant fasciated (fas). (n =100 fruits/genotype). G) Left 883 

panel: Representative fruits at 30 DPA. Bar = 5 cm. Right panel: Percentage of normal and indeterminate 884 

fruits. (n =60 fruits/genotype). 885 
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Table 1. Summarized fruit phenotypes of the main genotypes used in this work. 887 

Genotypesa Fruit indeterminacyb Locule numberc References 

MT (WT) - 2 to 3 Carvalho et al., 2011 

156OE ++++ 3 to 5 Silva et al, 2014 

GA20oxOE - 3 to 4 This work 

pro ++ 3 to 4 Carrera et al., 2012, 

This work 

rSBP15 - 2 This work 

fas +++ 4 to 6 Chu et al., 2019,  

This work 

156OE;GA20oxOE +++++++++++++++ - This work 

156OE;pro +++++++++++++++ - This work 

rSBP15;GA20oxOE - 2 to 3 This work 

rSBP15;pro + 3 to 4 This work 

156OE;fas +++++++++++++++ - This work 

rSBP15;fas - 4 to 6 This work 

pro;fas +++++++++++++++ - This work 
aMT, Micro-Tom; 156OE, miR156 overexpressor; GA20oxOE, p35S::GA20ox-expressing plants; pro, 888 
procera/della mutant; rSBP15, p35S::rSBP15-expressing plants, and fas, fasciated mutant. 889 
bPresence or absence of ectopic fruit-like structures growing from the stylar end of the fruits. The scores 890 
of presence (+) or absence (-) were given based on the level of indeterminacy. 891 
cMost representative number of locules/fruit for each genotype. 892 
 893 
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SUPPLEMENTARY INFORMATION  895 

Fig. S1. miR156-overexpressing plants (156OE) showed higher fruit indeterminacy when treated 896 

with gibberellic acid (GA3). 897 

 898 

Fig. S2. Examples of 3-D views of raw confocal images of floral meristems stained by the modified 899 

pseudo-Schiff propidium iodide (mpS-PI) method.  900 

 901 

Fig. S3. Expression pattern of miR156 in tomato vegetative and reproductive developmental phases.  902 

 903 

Fig. S4. Molecular and phenotypic characterization of rSBP3 transgenic lines.  904 

 905 

Fig. S5. High expression of a miR156-resistant SlSBP15 allele reduces meristem volume.  906 

 907 

Fig. S6. Expression of a miR156-resistant version of SlSBP15 (rSBP15) attenuates gibberellin 908 

responses in tomato.  909 

 910 

Fig. S7. Tomato shoot apical meristem (SAM) activity is modulated by the miR156/SlSBP15 node, 911 

DELLA/PROCERA (PRO) and FASCIATED (FAS).  912 

 913 

Fig. S8. Tomato miR156/SlSBP module and DELLA/PROCERA act synergistically with 914 

FASCIATED (FAS) to regulate fruit patterning.  915 

 916 

Fig. S9. GOBLET (GOB) mis-expression leads to later defects in fruit patterning.  917 

 918 

Table S1.  Differentially expressed genes (DEGs) identified in miR156-overexpressing plants 919 

(156OE) floral apices compared with WT. 920 

 921 

Table S2. Oligonucleotide sequences used in this work. 922 

 923 
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