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[bookmark: _Hlk44413196]Abstract Domestication of cultivated tomato (Solanum lycopersicum L.) included the transition from allogamy to autogamy that occurred through the loss of self-incompatibilty and the retraction of the stigma within the antheridial cone. Although the inserted stigma is an established phenotype in modern tomatoes, an exserted stigma is still present in several landraces or vintage varieties. Moreover, exsertion of the stigma is a frequent response to high temperature stress and, being a cause of reduced fertility, a trait of increasing importance. Few QTLs for stigma position have been described and only one of the underlying genes identified. To gain insights on genes involved in stigma position in tomato, a bulk RNA sequencing (RNA-Seq) approach was adopted, using two groups of contrasting genotypes. Phenotypic analysis confirmed the extent and the stability of stigma position in the selected genotypes, whereas they were highly heterogeneous for other reproductive and productive traits. The RNA-Seq analysis yielded 801 differentially expressed genes (DEGs), 566 up-regulated and 235 down-regulated in the genotypes with exserted stigma. Validation by quantitative PCR indicated a high reliability of the RNA-Seq data. Up-regulated DEGs were enriched for genes involved in the cell wall metabolism, lipid transport, auxin response and flavonoid biosynthesis. Down-regulated DEGs were enriched for genes involved in translation. Validation of selected genes on pistil tissue of the 26 single genotypes revealed that differences between bulks could both be due to a general trend of the bulk or to the behaviour of single genotypes. Novel candidate genes potentially involved in the control of stigma position in tomato are discussed.
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Introduction

Tomato (Solanum lycopersicum L.) is an important vegetable species grown worldwide for its fruits that daily enter the diet of several human populations. Due to its amenability as an experimental system, tomato became the most important model for the study of fleshy fruit development. Several researches have also investigated mechanisms underlying the development of the tomato flower (Lozano et al. 2009) and the morpho-physiological changes that have shaped its reproductive habit. S. lycopersicum is characterized by hermaphrodite flowers bearing five or more laterally fused anthers to form a staminal cone that encloses the pistil (Quinet and Kinet 2007). In domesticated forms, the pistil is usually shorter than the stamens and the stigma position (SP) results inserted; this ensures fertility and autogamy (Rick et al. 1977; Karron et al. 1997; Motten and Stone 2000). 
In tomato, as in other species, SP is related to the mating system as changes in floral morphology are normally required to promote autogamy or allogamy (Yan et al. 2009; Takano-Kai et al. 2011; Fourquin and Ferrándiz 2014). Wild tomato relatives, such as S. pennellii, S. peruvianum, S. chilense, S. habrochaites and S. chmielewskii exhibit exserted stigmas and are mainly self-incompatible and allogamous (Rick and Lamm 1955; Rick 1982; Rick and Chetelat 1991). Other species, such as S. pimpinellifolium, show variable SP (Rick et al. 1977), while the cultivated S. lycopersicum, together with S. parviflorum and S. cheesmaniae, are autogamous with an inserted stigma (Rick 1995). Therefore, the transition from exserted to inserted SP and the loss of self-incompatibility have occurred in parallel during tomato domestication and this likely happened within S. pimpinellifolium, the closest wild tomato relative (Georgiady et al. 2002; Blanca et al. 2012).
Early genetic studies on SP control indicated a quantitative determination by relatively few genes with high heritability and dominance effects (Rick and Dempsey 1969). A first major QTL was reported on Chr2 using an interspecific mapping population derived from S. lycopersicum and S. habrochaites and was referred to as style2.1 (se2.1; Bernacchi et al. 1997). Few other QTLs for SP have been later identified with interspecific biparental populations; three were reported on Chr4, 8 and 9 using a cross with S. pimpinellifolium (Georgiady et al. 2002) and one on the long arm of Chr5 using a cross with S. habrochaites (Gorguet et al. 2008). Only the gene underlying se2.1 was subsequently identified; it encodes a polypeptide bearing a helix-loop-helix (HLH) motif but lacking the basic region typical of the broad class of bHLH transcription factors (TFs; Chen et al. 2007). The SE2.1 protein promotes cell elongation in the style; the effect of the se2.1 allele was due to a deletion in the promoter and a lower transcription of the gene in the cultivated tomato explained part of the transition from long to short styles (Chen et al. 2007; Vosters et al. 2014). Although se2.1 appear to be fixed in the cultivated germplasm (Chen et al. 2007), several traditional and vintage tomato types retain an SP at the level of the anther cone or even slightly exserted (Cortés-Olmos et al. 2015). Very few studies investigated SP variability and control within the cultivated tomato germplasm. 
In addition to genotypes showing stable stigma exsertion, other tomatoes enhance the phenotype as a response to high temperature (HT; Fernández-Muñoz and Cuartero 1991). This behaviour will likely be exacerbated by the current climatic changes, due to the increasing temperatures that are expected to challenge crop production in the coming years (Liu et al. 2015; Pan et al. 2019). Several aspects of flower development are influenced by HTs, such as male and female gametophyte development, stigma receptivity, pollen tube growth and embryo development (Giorno et al. 2013). In addition to other factors, HT-induced SP extrusion limits self-fertilization affecting fruit productivity and quality and seed set (Levy et al. 1978; Fernández‐Munoz and Cuartero 1991; Sato et al. 2006; Akhtar et al. 2012; Giorno et al. 2013).  It has been reported that stigma exsertion induced by HT in tomato is more seriously caused by shortened stamens than by longer pistils (Pan et al. 2019), a phenotype that may be related to the effect of HT on the expression of stamen identity genes (Müller et al. 2016). These results differ from those reporting the control of SP in wild species where stigma exsertion is genetically determined and largely due to increased style length (Chen et al. 2007). Although the control of SP variability between wild and cultivated tomatoes is (at least in part) different from that causing stigma exsertion in HT, QTLs affecting style and anther length under HT were mapped to the Se2.1 region (Xu et al. 2017), suggesting that the mechanisms responsible for anther and style development under normal and high temperature conditions also present a certain degree of overlapping.
In both cases, the physiological and genetic mechanisms underlying SP control remain largely unknown. A better understanding of such control will be useful in breeding to reduce style growth and improve fertility and yield stability in varieties adapted to standard or HT conditions. On the other hand, genetic control of SP could be driven towards types with more exserted stigma to facilitate pollination in hybrid seed production, when manual emasculation is required to avoid self-fertilization. Because hybrid varieties improve yield, uniformity and property protection, they have become popular also in selfing species and tomato seed catalogues are presently dominated by hybrids (Díez 1999). In the perspective to use male sterility sources, the adoption of tomato lines characterized by an exposed stigma will be useful to facilitate pollination. 
[bookmark: _Hlk15232155]To gain insights on genes involved in style length regulation within cultivated tomato germplasm, a bulk RNA sequencing (RNA-Seq) approach was performed using two groups of genotypes contrasting for having stably inserted or exserted stigma. In absence of near-isogenicity in the selected genotypes, we adopted the strategy of pooling to put in evidence only common mechanisms regulating SP. To understand the patterns of genotypic contribution, six differentially expressed genes have been analysed on single genotypes revealing that differences between bulks could both reflect general trends of the bulk or the specific behaviour of single genotypes.


[bookmark: _Hlk8829804][bookmark: _Hlk11618571]Materials and methods

Plant material and phenotyping

The tomato core collection selected within the Traditom project (http://traditom.eu) was used to select 26 accessions, 13 presenting a stably inserted and 13 a stably exserted stigma. The selected accessions included 24 landraces gathered from farmers or from local markets and two hybrids obtained from the professional seed market (Table 1). Landrace seed to establish the experiment was obtained from a single healthy plant of the original accessions, thus giving rise to phenotypically stable progenies.
Twenty plants per genotype, eight for phenotyping and 12 for sampling tissue for RNA extraction, were grown in open field in the University of Tuscia’s Experimental Farm, at Viterbo, Italy (42°260’N, 12°040’E) following standard cultural practices for indeterminate tomatoes, using tutors and weekly removal of lateral shoots. During the experiments, the temperature was recorded on a 1 h measurement basis; daily minimum, maximum and average temperatures were calculated.
[bookmark: _Hlk40339365]Four of the eight plants devoted to phenotyping were left unsampled until fruit ripening. SP was monitored weekly during the whole growth cycle of each plant using a score [1, inserted; 2, at the same level of the anther cone; 3, slightly exserted (<2 mm); 4, highly exserted (>2 mm); Fig. 1A]. SP detection data points were referred to as Early, Mid and Late, corresponding to the 1-3rd, 4-6th and 7-9th trusses, respectively. At ripening, fruit weight (FW, g) was evaluated on a single plant basis as the mean weight of all ripe fruits on trusses 1 to 4. Fruit shape index (SI) was determined as the ratio between the polar and the equatorial diameter measured on eight ripe representative fruits and the locule number (LN) as the number of locules per fruit in the same sample. Seed weight (SW, mg), reported as single seed weight, was estimated for each accession by counting and weighting two replicates per plant of 100 seeds each. The mean number of seeds per fruit (SxF) was estimated based on the total weight of seed from eight fruits and the mean SW. The fruit set sequence (FS) was evaluated with a score (1, very poor; 3, poor; 5, intermediate; 7, good; 9, very good). Finally, the potential yield (Y, Kg/plant) was calculated multiplying the mean FW by the total number of fruits.
The remaining four plants devoted to phenotyping were used to sample flowers at different developmental stages to study the dynamic of stamen and pistil growth. Flower sampling spanned stages 2 to 6 as described (Dobritzsch et al. 2015). Stage 2 corresponded to a close  floral bud (sepals 75% of final size), 3 to floral bud at final size with petals not visible, 4 to floral bud at final size with petals visible, 5  to opening flower and 6 to open flower at anthesis (Fig. 1B). At least one flower per stage and per plant was sampled using the first two inflorescences, as this data aided in the selection of the most suitable stage to sample for the transcriptomic analysis.
In the following year, 16 plants each of Genotype 5 (Scatolone di Bolsena) and 20 (Marmande ancienne), phenotypically similar for plant and fruit traits, but contrasting for SP, were grown to collect style-specific tissue samples for further gene expression validation.

[bookmark: _Hlk11618615]Tissue sampling and RNA extraction 

For the RNA-Seq experiments, a pool of 12 pistils at Stage 4-5 was collected from four different plants per accession. Materials were collected in three biological replicates using flowers from the 3rd and 4th inflorescence. After sampling, tissues were immediately frozen in liquid nitrogen and stored at –80°C. Total RNA was extracted using Trizol reagent (Invitrogen, CA, USA) following the manufacturer’s protocol and treated with DNAse I (Amersham Pharmacia Biotech). The yield and quality of the RNA was estimated using a spectrophotometer and agarose gel analysis. 
For validation on style-specific tissues, styles were dissected from flowers of the two selected genotypes at stages 2-3 and 4-5 (Fig. 1C) in two biological replicates using eight different plants for accession. Tissue handling, storage and RNA isolation were carried out as described above.

[bookmark: _Hlk11618634]RNA-Seq, reads filtering and mapping 

[bookmark: _Hlk2956474]Qubit® 2.0 Fluorometer (Thermo Fisher Scientific Inc., Rockford, IL, USA) was used to quantify 100 ng of RNA for accession used to compose the bulk of 13 accessions with inserted stigma (hereafter referred to as INS bulk) and the bulk of 13 accessions with exserted stigma (hereafter referred to as EXE bulk). Three biological replicates were composed for each bulk. The cDNA libraries were constructed using the TruSeq™ RNA Sample Preparation Kit (Illumina, Inc., San Diego, CA, USA) according to the manufacturer’s instructions. Next generation sequencing experiments were performed by Genomix4life S.r.l. (Baronissi, Salerno, Italy). Libraries were quantified using the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Palo Alto, CA, USA) and pooled such that each index-tagged sample was present in equimolar amounts, with final concentration of the pooled samples of 2 nM. The pooled samples were subject to cluster generation and sequencing using an Illumina HiSeq 2500 System (Illumina) in a 2x100 paired-end (RNA-Seq) format.
[bookmark: _Hlk21942817]RNA-Seq raw sequencing data were submitted to quality check, removing low quality portions using the software BBDuk (https://sourceforge.net/projects/bbmap/). The minimum length was set to 35 bp and the quality score to 15. The high-quality reads were aligned against the S. lycopersicum reference genome sequence (SL3.0) with STAR aligner version 2.5.2b (https://research.csc.fi/-/star-aligner). FeatureCounts version 1.5.1 (https://bio.tools/featurecounts) was used to calculate gene expression values as raw fragment counts (annotation ITAG3.1). Genes non-expressed or showing too much variability were removed with the HTSFilter package (Rau et al. 2013), which implements a filtering procedure for replicated transcriptome sequencing data based on a Jaccard similarity index. The Trimmed Means of M-values (TMM) normalization strategy was used. Processing of raw sequencing data was performed by Sequentia Biotech SL (Barcelona, Spain).
To estimate differential gene expression, the EXE/INS fold change (FC) was calculated and expressed as log2FC. A positive or negative log2FC thus indicates a gene up- or down-regulated in the EXE bulk. The identification of differentially expressed genes (DEGs) was performed with NOISeq (Tarazona et al. 2015). In order to control the false discovery rate (FDR), multiple testing correction was performed using the Benjamini-Hochberg method. The total number of DEGs were identified at an FDR of 5%.
[bookmark: _Hlk34147671]DEG tissue specificity has been investigated using data from the CoNekT database (Proost and Mutwil 2018; http://conekt.mpimp-golm.mpg.de/pub/, last accession on January 2020) with the cut-off specificity measure (SPM) set to 0.94. To look for style-specific genes among TFs, SPM was set at 0.75. 
To compare the expression of selected genes in cultivated (S. lycopersicum) and wild (S. pimpinellifolium) tomato flowers, data were retrieved from the literature or public repositories. Normalized expression (RPKM) of cultivated tomato genes based on RNA-seq data, were reported for the genotype Heinz 1706 for flower buds and whole flowers (Supplementary Table 1 in Sato et al. 2012). RPKM data for the S. pimpinellifolium (LA1589 accession) were retrieved in the Tomato Expression Database at the Solanaceae Genomics Network website (https://solgenomics.net) using RNA-Seq data from the D005 experiment (values of flower bud at 13 days post-initiation of floral meristem), D006 (flower bud and anthesis flowers) and D016 (anthesis flowers). Differences between cultivated (n=2) and wild (n=5) gene expression were estimated by Student’s t test and reported as log2 of the S. pimpinellifolium/S. lycopersicum FC.
[bookmark: _Hlk11618713]
Enrichment analysis 

The Gene Ontology (GO) analysis was based on hypergeometric test of proportion of genes in each GO category against all the GO annotated genes in the genome. DEGs with an FDR≤0.05 and categories containing at least three DEGs were maintained. Additionally, the enriched GO categories were detected and visualized with the Cytoscape plugin ClueGO version 3.7.1 (Bindea et al. 2009). Functional enrichment analysis including GO and Kyoto Encyclopaedia of Genes and Genomes (KEGG) terms in comparison with the whole-transcriptome background was performed and only pathways with P≤0.05 were showed. The GO categories searched included Biological process, Cellular component, Molecular function and KEGG pathways. The intervals of each GO level were set at a min level=3 and a max level=8, and a minimum of two genes per category as selected.
MapMan version 3.6.0 (Thimm et al. 2004) was used to generate a list of TF genes resulting from DEGs using S. lycopersicum ITAG2.3 mapping. 

[bookmark: _Hlk11618780]Validation of selected DEGs by RT-PCR 

[bookmark: _Hlk17109634]Quantitative RT-PCR (RT-qPCR) analyses were performed to validate RNA-Seq data on bulks for 20 DEGs selected for high significance, high log2FC or other cues from the enrichment analysis and the literature (Table S1). RNA bulks used for RNA-Seq were used to perform a reverse transcription PCR to synthetize cDNA using the Maxima reverse transcriptase (Thermo Fisher Scientific, USA) following the manufacturer’s instructions. The RT-qPCR experiments were carried out using the GoTaq® qPCR Master Mix (Promega, Madison, WI, USA) according to the manufacturer’s instruction in the Bio-Rad CFX96 Manager system (Bio-Rad, Hercules, CA, USA). As for the RNA-Seq, three independent biological replicates of each sample were analysed. The results were normalized using the house-keeping gene encoding the clathrin adaptor complexes medium subunit (SlCAC, Solyc08g006960; Expósito-Rodríguez et al. 2008). The relative expression (2-ΔΔCt) was calculated using CFX Manager software v.1.6 (Bio-Rad). 
The expression of the same 20 DEGs was evaluated by semi-quantitative RT-PCR (RT-sqPCR) on single genotypes, using SlCAC as reference. Amplified products were visualized on a 1% (w/v) agarose gels stained with ethidium bromide. The analysis was carried out using two biological replicates. For six selected DEGs, the analysis on single genotypes was repeated by RT-qPCR using the above described procedures.
Ten organ-specific genes, plus UBC22, were also validated on stylar tissue sampled from the selected Genotype 5 and 20 using the same protocol described for pistils. Details on the analysis of all validated DEGs are reported in Table S1.  

Statistical analyses  

Differences between bulks for phenotypic data were estimated by one-way analysis of variance (ANOVA). Mean values of phenotypic traits were used to estimate Pearson’s correlation coefficients. 
The quality of the RNA-Seq experiment was evaluated based on the similarity between replicates, by a Principal Component Analysis (PCA) using the normalized gene expression values as input. 
[bookmark: _Hlk2409374]Expression data on single genotypes detected by RT-qPCR for six selected genes were subjected, after normalization, to hierarchical ANOVA considering “Bulk” as main effect and “Genotype within bulk” as nested effect. Homogeneity of variances within each bulk was assessed by Bartlett’s test and the homogeneity of error variances between bulks by a bilateral F test. When Bartlett’s test was significant, the analysis was repeated excluding the second biological replicate of the EXE bulk (EXE_B) that was also omitted in the DEG RNA-Seq analysis. For SKP1 and CCCH38, data were transformed into Log10 to meet the homoscedasticity assumption. In the two-way ANOVA, differences between bulks were tested using GEN(BULK) variance as error term. When differences among genotypes within bulk were detected, genotype means were separated by one-way ANOVA and Duncan multiple range test. All analyses were carried out using the SAS® software, Version 9.4 of the SAS System for Windows (http://support.sas.com/software/products/university-edition/).
[bookmark: _Hlk11619085][bookmark: _Hlk11620173]Graphic and photographic material was composed using Microsoft Office (https://www.microsoft.com). 

Results

Phenotyping and selection of tomato genotypes contrasting for SP

[bookmark: _Hlk1566129]Two groups of 13 accessions each contrasting for SP were selected with the criteria of including genotypes showing extreme values and a stable expression of the trait (Table 1). A sampling strategy was also to include similar types in each group to maximize the overall similarity of the two bulks except for the trait of interest. Each group thus included four round-fruited, three flattened, two elliptic, two pear-shaped and one oxheart genotype. This balanced composition was only interrupted for one genotype, that had elongate fruit shape in the INS and bell pepper shape in the EXE group (Table 1). Detailed scoring of SP in the 26 accessions confirmed the results obtained in previous screenings; considering the value averaged over the whole growth season (a mean of 27 observations per plant), all accessions in the INS group showed a stably inserted stigma (score <2), whereas those in the EXE group scored values >2, with the only exception of Genotype 24 (Fig. 2). When data were divided into Early, Mid and Late observations, which corresponded to an increasing trend of temperature experienced by the plants (Fig. S1), the stability of SP within each accession was evident (Table 1). The high correlation of SP values measured at different growth stages (r ranging from 0.88 to 0.96) confirmed the absence of strong environmental influence on this trait in these genotypes (Table S2).
The genotypes were very variable for fruit traits; FW ranged from about 50 to 250 g, LN from 2 to above 12 and SI from 0.67 to 1.86 (Table 1). Seed traits were also very variable; SW ranging from less than 2 to more than 4 mg and SxF from 26 to 174 (Table 1). Finally, the selected accessions were highly differentiated for FS and Y. All traits, except SP, were not significantly different between groups after ANOVA (Table 1). The relationship of SP with the other measured traits was only significant between the Early measurement with SxF. Correlation coefficients of SP at Medium and Late stages with Y were negative and close to the significance threshold, indicating a potential effect of SP on the production of each plant (Table S2).
To get information on the most suitable flower developmental stage(s) to sample for the RNA-Seq experiments, the growth of reproductive organs was monitored in the selected accessions. Five stages of flower development were considered, spanning the occurrence of male and female gametogenesis up to open flower (Fig. 1B). Results showed that, while in INS accessions the pistil was shorter than the stamens at all stages and had a parallel growth during flower development (Fig. S2), in the EXE group a higher elongation of the style in comparison to the stamens was recorded during the considered time course. In nine out of 13 genotypes, the style length overtook that of the staminal cone between stages 4 and 5 (Fig. S3). This analysis indicated that in EXE genotypes a differential dynamic of stamen and pistil growth occurs during late stages of flower development and stages 4 and 5 were finally chosen to sample the tissue for RNA-Seq.

[bookmark: _Hlk11619724]Bulk RNA-Seq analysis

Genes differentially expressed between INS and EXE accessions were identified by RNA-Seq through the comparison of two bulks of pistil RNA from genotypes contrasting for SP. After filtering, high-quality reads were aligned against the S. lycopersicum reference genome sequence (SL3.0); in all samples, above 80% of the reads could be mapped unambiguously to the tomato genome, with the exception of bulk INS_C where about 79% of reads were mapped (Table 2). The overall quality of the experiment was also evaluated by PCA, to estimate the similarity between replicates using the normalized gene expression values as input (Fig. S4). This approach showed that replicates of the two bulks were separated along both axes; however, the sample EXE_B was in an opposite position on the Y-axis compared to the other two replicates of the same group (Fig. S4). It must be considered that each sample is a bulk of different plants, so a certain degree of variability could be expected. After comparing the two bulks including all replicates, it appeared that most of the DEGs identified were due to a different expression specific for the EXE_B sample (not shown). Consequently, it was decided to adopt to conservative strategy and to exclude EXE_B from the final DEG analysis. 
[bookmark: _Ref187822]Out of 35,768 coding sequences annotated, 26,701 showed expression in at least one replicate sample in the RNA-Seq analysis and 17,552 passed the low expression filter (not shown). After differential analysis, 801 genes resulted differentially expressed, of which 566 were up-regulated and 235 down-regulated in the EXE bulk (Table S3). A volcano plot showed that, whereas up-regulated genes were spread over a wide range of FDR values, few down-regulated genes showed a high FDR value and the majority a lower one (Fig. S5A). An MA plot showed that all DEGs were scattered along a wide range of expression values (Fig. S5B). 
About 13% of total DEGs showed a tissue/organ-specific expression; these genes represented 1.34% of the 7,736 organ-specific transcripts retrieved from the database; the majority of organ-specific DEGs (93%) were up-regulated (Table 3). The most represented specificity was “Style”, with 47 DEGs, representing nearly 10% of the style-specific genes in the database (Table 3). The second organ emerging for the presence of specific DEGs was “Pollen”; all pollen-specific genes were up-regulated. Other genes specific for female reproductive organs were found together with genes reported as specific of vegetative organs, as “Root”- and “Seedling”-specific genes. No DEG with specificity for “Hypocotyl” or “Leaf” was found (Table 3). 

[bookmark: _Hlk11619786]Validation of RNA-Seq data by RT-qPCR

To validate RNA-Seq data, an RT-qPCR was performed using the same set of bulked RNA samples. The validation was done for 20 DEGs (13 up- and 7 down-regulated) selected for their high significance, high log2FC, or other cues derived from the enrichment analysis or from the literature (Table S1). Related to this latter selection criterium, the choice was focused on auxin related DEGs, such as ARF8B and IAA9 (Wang et al. 2005; De Jong et al. 2009) and on genes involved in tissue growth and differentiation, such as XTH1, TTS and TAGL11 (Hyodo et al. 2003; Hara et al. 2013; Huang et al. 2017a). Six selected DEGs were tissue/organ-specific, including specificity for the style (TTS, COR27, PDF2.1), the septum (GPT2), the seed (SKP1) and the root (CCCH38).
The comparison between the two analyses, estimated by regression of log2FC values calculated after RNA-Seq and after RT-qPCR, indicated a very tight correlation (P≤0.001, not shown), scoring an R2 value of 0.93 (Fig. 3).
[bookmark: _Hlk11619807][bookmark: _Hlk2681622]
GO enrichment and network analysis

Enriched Biological process categories of up-regulated genes were represented by metabolism-related processes, such us carbohydrates, lipid and amino acid metabolism (Fig. S6A). The most enriched term for these genes in Cellular component was membrane (Fig. S6B) and in Molecular function were those related to hydrolytic and biosynthetic activity (Fig. S6C). Down-regulated genes were enriched in terms related to mechanisms of translation and translational elongation, expressed in ribosomes and in the intracellular matrix; terms related to nucleotide and nucleic acid binding were also enriched in down-regulated DEGs (Fig. S6).   
To improve the functional annotation of the DEGs, GO terms were integrated with KEGG pathways, to create functionally organized GO category networks (Bindea et al. 2009). Only significant (P ≤ 0.05) terms belonging to GO and KEGG ontologies were considered for the network analysis. Up-regulated genes were enriched in terms related to the Cell wall, Lipid transport, Response to auxin, Flavonoid biosynthesis and Cysteine and methionine metabolism (Fig. 4). Down-regulated DEGs were only enriched in terms of the Ribosome pathway, suggesting that protein synthesis was lower in EXE genotypes (Fig. 4). 

Genes involved in cell wall structure and metabolism 

The enrichment analysis showed that genes involved in cell wall structure and metabolism were over-represented in the EXE genotypes; all these genes, except bmy3 and exp12, were up-regulated (Table 4). Biological processes involved in this GO group were carbohydrate, cellulose and polysaccharide metabolic processes (Fig S6A). Among cell wall-related DEGs, two xyloglucan endotransglucosylase-hydrolases were found (XTH1 and XTH7), both with a high FC value, together with three expansins or expansin precursor genes (EXP5, exp12 and EXPA4), genes involved in sucrose metabolism (std1, sps, SuSy) and the auxin efflux facilitator PIN-FORMED3 (PIN3; Table 4). 
Although not annotated among cell wall-related genes, four genes belonging to the Pollen Ole e 1 (POE1) allergen and extensin family were up-regulated (Table S3); among them, Transmitting tissue-specific (TTS, Solyc02g078100) was selected and validated for its high FDR value and recognized role in style development (Cheung et al. 1993). 

Genes involved in hormone metabolism and response

Several TFs involved in auxin (indole acetic acid, IAA) response, including three Auxin Response Factors (ARFs), two Auxin/Indole-3-Acetic Acid (Aux/IAA) and two Arabidopsis Response Regulators (ARRs) were found; these genes were all up-regulated (Table 5). In addition to TFs, other DEGs were related to IAA metabolism, transport and signalling such as the auxin efflux facilitator genes PIN3 and PIN7, the auxin transport proteins BIG and Solyc02g086145. Also the Gretchen-Hagen 3 (GH3.2, Solyc01g107390) gene was found among DEGs. All these genes were up-regulated in EXE genotypes (Table 5).
Among GA-related genes, two GIBBERELLIN (GA)-STIMULATED TRANSCRIPT 1 (GAST1)-like family members were up-regulated. Four TFs belonging to the GRAS family, including the SlDELLA gene and other three members variously involved in hormone, pollination and stress response (Huang et al. 2015) were listed. In addition, one ethylene, two ABA and one brassinosteroid responsive gene were up-regulated among DEGs. Finally, two genes involved in jasmonc acid (JA) metabolism were detected; the biosynthetic Fatty acid desaturase 5 (FAD5) gene was up-regulated and the NAC domain-containing protein Jasmonic acid 2 (JA2) was down-regulated (Table 5).

[bookmark: _Hlk11619832]Transcription factors involved in SP

Because down-regulated genes were enriched in proteins with binding activity and a general reduction of transcription could be expected, the occurrence of TFs among DEGs involved in SP was investigated in detail. Out of 801 DEGs, 70 genes belonging to 23 families were annotated as TFs; 36 of them were up-regulated and 34 down-regulated in the EXE bulk (Table S4). These numbers corresponded to the 6.5 and 14.0% of the total up- and down-regulated DEGs, thus confirming that transcriptional and translational activities were lower in EXE with respect to INS genotypes. 
In addition to TFs involved in hormone metabolism or response, six bHLH family members (of which four were up-regulated) and two MADS-box (TOMATO AGAMOUS-LIKE1, TAGL1 up-regulated and TAGL11 down-regulated) were present. Among TFs having style-specific expression, two variants of the same gene had a strong similarity with MYB24 of Arabidopsis. Other classes of highly represented TFs were WD40 and zinc finger (Table S4). Interestingly, Solyc11g064800 was annotated as a SHI RELATED SEQUENCE (SRS) factor; SRSs are TF proteins specific to plants that include the Arabidopsis STYLISH1 (STY1) and STY2 factors.

DEGs related to abiotic stress response 

Several DEGs were annotated as genes involved in stress response, such as Cold regulated protein 27 (COR27, Solyc03g026000) and three proline rich proteins (Solyc01g111145, Solyc05g054210 and Solyc12g009650), all up-regulated. Some of the genes with highest FC, S-adenosyl-L-methionine:salicylic acid carboxyl methyltransferase (S-ADEN, Solyc09g091550), Zinc finger CCCH domain-containing protein 38 (CCCH38, Solyc04g064763), and S-Phase Kinase Associated Protein 1 (SKP1, Solyc10g055570) were also annotated as involved in the plant response to abiotic stresses (Table S3).

[bookmark: _Hlk11619986]Expression of selected DEGs on single genotypes

To preliminary screen genes for individual expression, RT-sqPCR analysis was performed for the 20 validated genes using cDNA from each single accession. This screening indicated that results obtained on bulks do not necessarily indicated a higher or lower expression of the gene for all genotypes, but that in many cases were due to the expression pattern of one or few single genotypes (not shown). Six DEGs were finally selected to be studied on single genotypes by RT-qPCR; bHLH001, XTH1, COR27, S-ADEN, CCCH38 and SKP1. For gene expression analysis, to meet the assumption of homoscedasticity, for COR27, S-ADEN and CCCH38 it was necessary to exclude the EXE_B replicate (that was also excluded in the RNA-Seq DEG analysis) and for CCCH38 and SKP1 it was appropriate to adopt a logarithmic transformation. After two-way hierarchical ANOVA, four genes showed significant differences between bulks and four among genotypes within bulk (Table 6).   
bHLH001 showed both differences between bulks and among genotypes within bulk. One-way ANOVA indicated that significant differences within bulk were only found for the INS bulk, where eight genotypes had a significantly lower expression than the others (Fig. 5A). The five accessions with higher expression showed values comparable to EXE genotypes. Plotting the phenotypic and bHLH001 expression data, regression analysis revealed that about 36% of the SP variability was explained by the expression of this gene (P≤0.001; Fig. 6A).
Results of RT-qPCR on single genotypes for XTH1 indicated no differences among genotypes in each group, but a significant difference between bulks; the gene was expressed at higher levels in the EXE group (Fig. 5B) and the regression of phenotypic and expression data was also significant (P≤0.05; Fig. 6B).
Results for COR27 confirmed a higher expression in the EXE group (P≤0.05), whereas differences among genotypes within bulks were not detected (Table 6; Fig. 5C).
When analysed on single genotypes, S-ADEN differed somehow from what was expected from the RNA-Seq platform and the validation on bulks (Table 6). Expression differences between bulks were not detected; instead, Genotypes 11 and 13 in the INS group showed an expression higher than all the other genotypes of the two bulks (Fig. 5D). In fact, statistical analysis confirmed differences among genotypes in this group.
CCCH38 revealed significant differences both between bulks and among genotypes. In the INS group, the highest expression was in Genotype 3, with values several times greater than the average expression of other genotypes of the same bulk (Fig. 5E). However, the significant difference (P≤0.05) observed between the bulks was also due to other genotypes of the INS group.
SKP1 was selected for its highly significant down-regulation and because, as observed in the semi-quantitative analysis, the expression of the gene was relevant in Genotype 5 (Scatolone di Bolsena), a Marmande-like tomato with inserted style (Fig. 5F). Duncan’s test evidenced the difference between this accession and another of the INS group (Genotype 6); the expression of all the other members was negligible (Fig. 5F).
For the latter four genes, the regression between SP phenotype and expression values was not significant, although for CCCH38 it was close to the 0.05% threshold (not shown). The agreement between the bulk RNA-Seq platform and the validation experiments on single genotypes was overall positive; in all cases the up- or down-regulation of each gene was respected.

Validation of tissue-specific DEGs on stylar tissue of two selected genotypes 

Because a number of DEGs were classified as specific of organs different from our target, we set up to validate whether their expression could be due to tissue contamination, which could be possible in EXE pistils for pollen and, less likely, seed. After retrieving the level of expression of the 104 organ-specific DEGs, those with pistil-specific expression were found with higher frequency in the classes of higher expression, whereas DEGs specific of other organs mostly populated the low expression classes (Fig. S7A). Among Pistil-specific genes, the one with highest expression was TTS (Solyc02g078100), that also resulted an up-regulated DEG. 
Retrieving the expression in the style of pollen- and root-specific DEGs, it was evident that most transcripts reported for specificity to these organs were also expressed in styles (Fig. S7B,C).
To assess how the expression of DEGs in pistils actually reflected transcription in the stylar tissue, selected genes were validated in styles of Genotype 5 (Scatolone di Bolsena) and 20 (Marmande ancienne), a pair of landraces with very similar phenotypic traits, but contrasting for SP. UBC22, the gene with highest up-regulation, was first checked as a control; it resulted expressed in stylar tissues and, as expected, at significantly higher levels in the EXE than in the INS genotype (Fig. 7A). Three style-specific DEGs, TTS, COR27 and PDF2.1, confirmed the expression in the style; for the latter gene, a higher expression in the style of the EXE genotype at late stages was evident (Fig. 7B-D). Also, GTP2, a septum-specific transcript, was expressed in styles (Fig. 7E). Three pollen-specific genes were also tested; SlHAK14 was remarkably present in styles (Fig. 7F), while the others were expressed at very low levels (Fig. 7G,H). Expression of SlHAK14 at early stages of style development indicated that this gene was truly expressed in the pistil and that the RNA-Seq signal was not due to accidental precocious pollination. The same was true for the seed-specific gene SKP1 that, as evidenced by qPCR on pistils, confirmed a strong expression in Genotype 5 (Fig. 7I). Finally, the root-specific gene Solyc09g007940 showed expression in all the style samples with a higher expression in the exserted genotype at early stages (Student’s t test 5.15, P≤0.01, Fig. 7J), whereas the seedling-specific expansin Solyc06g060970 was not detected in this analysis (not shown).

[bookmark: _Hlk10824269]Discussion 

[bookmark: _Hlk11624293]SP diversity in tomato landraces allowed the selection of contrasting genotypes

The wide variability for SP in tomato cultivated germplasm and its deep phenotyping allowed the selection of two groups of genotypes, mainly represented by European landraces, contrasting for having inserted or exserted stigma. As the mechanisms regulating stigma exsertion in wild species and in traditional tomatoes are, at least partially, different from those determining exserted SP after HT stress (Pan et al. 2019), for the composition of the two contrasting groups the selection was addressed to genotypes showing extreme and stable SP phenotype. All the selected genotypes confirmed the stigma phenotype and its stability; only Genotype 24 (a round-fruited tomato from South Italy), selected within the EXE group, showed an average SP below 2 (flush stigma). However, out of 74 SP observations carried out on Genotype 24, 15% had a score >2 indicating that this tomato had the exserted stigma phenotype but with lower penetrance. Differently from SP, all the other phenotypic traits detected in the studied accessions were highly heterogeneous within bulks and differences between bulks were never significant.
Investigation on flower development dynamics, showed that in INS genotypes style and stamen growth were parallel, with the pistil being always shorter than the staminal cone. In EXE varieties, the elongation of the style overtook that of the stamens during flower development at a stage well beyond meiosis. This agreed with previous reports that indicated that differential growth of reproductive organs is set a few days before anthesis in both developmentally controlled (Rick and Dempsey 1969; Liu et al. 2014) and HT induced (Pan et al. 2019) stigma exsertion. This suggested that stigma exsertion in EXE tomatoes occurred during flower maturation and indicated the most suitable stages for RNA extraction to detect transcripts involved in this phenotype.

[bookmark: _Hlk11624265]Bulk RNA-Seq evidenced several organ-specific genes and GO-enriched terms

The number of DEGs detected in the present work comparing pistils of genotypes with stable SP phenotype was similar to that reported for pistils exserted after HT exposure (Pan et al. 2019). However, differences between the two systems were clear; in the present work, the ratio of up-/down- regulated genes was 2.41, indicating that up-regulated genes were prevalent in the EXE group. In HT-challenged pistils, this ratio was 0.24 and 0.77 at two time points after the stress, with a clear prevalence of down-regulated genes (Pan et al. 2019). Forty-six DEGs were in common between the two studies (about 5-6%), but even in this case their regulation was generally opposite (not shown). Notwithstanding these differences, the two studies in part highlighted genes with similar functions, such as those involved in cell wall structural components and metabolism, in hormone synthesis and signalling and in TF activity.
Validation on bulks of 20 selected genes by RT-qPCR showed a very high degree of correspondence and thus remarked the reliability of the RNA-Seq analysis. About 13% of DEGs were annotated as organ-specific genes and the largest group represented style-specific genes, further validating the efficiency of the experimental design adopted to dissect genes that are involved in style development. Also, several pollen-specific DEGs were found up-regulated in the EXE bulk, indicating that in these samples pollen and pollen tubes could have contaminated the pistil before anthesis, as exposure of the stigma favours cross pollination in tomato, that may occur before the flower is fully open (Chen et al. 2007). However, analyses carried out in dissected stylar tissue, including young stages when pollination is very unlikely, demonstrated that genes classified as specific for the pollen (SlHAK14), but also for the seed (SKP1) and for the root (Solyc09g007940) are truly transcribed in styles. In other validations, pollen- or seedling-specific genes were expressed at very low levels in styles. Thus, the specificity reported in databases, that is related to the available data, does not exclude that the gene is transcribed in unexplored, or less-explored organs; this analytical evidence was supported by data on organ-specific genes retrieved from the whole RNA-Seq panel and from databases.

Cell wall metabolism genes are involved in SP control 

Enrichment analysis revealed that cell wall-related genes were highly represented in up-regulated DEGs. High cell wall synthesis may be related to active cell expansion and development of stylar tissues in EXE genotypes. The only gene characterized in SP control in tomato, Se2.1, is a positive regulator of cell elongation (Chen et al. 2007). In addition, genes involved in carbohydrate metabolism were significantly enriched among up-regulated genes, in agreement with the involvement of sugars in cell wall composition and with the notion that the transmitting tract is a polysaccharide-rich tissue (Kuusk et al. 2002). This enrichment in cell wall-related genes was paralleled in analyses carried out on HT-stressed plants (Pan et al. 2019).
XTH family members encode enzymes that mediate the construction and restructuring of xyloglucan cross-links, thereby controlling the extensibility or mechanical properties of the cell wall in a wide variety of plant tissues (Kurasawa et al. 2009). Reverse genetic analysis revealed that a loss-of-function mutation of AtXTH28 led to a decreased capability for self-pollination, probably due to inhibition of stamen filament growth (Kurasawa et al. 2009).  The present work gave evidence that XTH genes are involved in SP in tomato, where cells specific of the style, and in particular of the transmitting tissue, undergo a high degree of elongation. Two DEGs annotated as XTHs were up-regulated in our system; XTH1, with the highest FDR value, when validated on single genotypes confirmed a lower expression in most of the INS genotypes and a significant correlation with the SP phenotype. According to published data, the expression of SlXTH1 in whole flowers at anthesis is generally higher in S. pimpinellifolium compared to S. lycopersicum (Fig. S8). Out of 13 XTH genes annotated in the tomato genome (Sato et al. 2012), seven showed higher expression in flowers of the wild species, including SlXTH16, the gene with highest expression (not shown). It was hypothesized that the family of XTH genes has expanded in the lineage that brought to tomato both in the recent whole-genome triplication and through tandem duplication suggesting genetically driven specialization in the remodelling of fruit cell walls (Sato et al. 2012).
[bookmark: _Hlk15383694]In parallel with cell wall-related genes, four genes belonging to the POE1 family were up-regulated in EXE pistils. POE1 genes have been attributed to different functional categories, including extensin and extensin-like proteins, proline-rich proteins, arabinogalactan proteins (de Dios Alché et al. 2004). SlTTS corresponded to a flower specific gene in Arabidopsis that was early described as responsive to pollination (Goldman et al. 1992) and crucial for pollen-pistil interaction (Cheung et al. 1993) in tobacco. In tomato, TTS is also reported as style-specific in the literature and here was up-regulated in EXE pistils. Further research is needed to clarify if its expression in the EXE bulk represents the effect of pollination that may occur in these genotypes or if it is independent from it.

Hormone pathways are differentially activated in pistils showing differences in SP

A strong involvement of genes related to IAA function in the EXE group was evident, in line with the recognized role of auxin in the apical-basal patterning development of the gynoecium in Arabidopsis (Ståldal and Sundberg 2009). In tomato, when ARF6 and ARF8 were down-regulated via an overexpression of miRNA167, all floral organs were shorter than in control plants (Liu et al. 2014). This phenotype was paralleled by a decrease of Se2.1 expression, suggesting that ARF6 and ARF8 may function upstream to SE2.1 whose reduced concentration in MIR167a-plants contributed to the reduced style growth (Liu et al. 2014). 
In the enrichment analysis, PIN3 has been listed among cell wall-related genes as auxin efflux guides the organization of transcriptional responses that affect cell wall physical properties, thus establishing a link between IAA signalling and cell wall development in styles. PIN genes are important to define patterns of auxin distribution and thus regulate plant growth and development; accordingly, PIN3 is reported as a flower-specific transcript with a function in pistil growth (Pattison and Català 2012). Other proteins involved in auxin transport were listed among up-regulated DEGs, including BIG (Solyc02g089260) together with Solyc02g086145, a major facilitator superfamily transporter protein playing a dual role in polar auxin transport and drought stress tolerance in Arabidopsis (Salehin et al. 2019). The BIG protein was actually involved in the control of the elongation of the pedicels and stem internodes through auxin action (Yamaguchi et al. 2007). 
SlGH3.2, described to influence fruit ripening in tomato modulating ethylene and auxin crosstalk (Sravankumar et al. 2018), was also up-regulated in pistils. This gene has recently been involved in the control of filament and anther growth in Arabidopsis and tomato, respectively (P. Brunetti and M. Cardarelli, personal communication). Auxin levels decrease in anthers under HT conditions leading to a shorter filament (Sakata et al. 2010); it is likely that an opposite effect happens in the pistil favouring stigma exsertion. Thus, modulating auxin synthesis, response and transport is the likely mechanism by which stable mutations or stress-induced changes control the relative length of the male and female organs in the tomato flower.  
In line with the involvement of mechanisms controlling expansion, two GA-responsive GAST1 genes were activated in EXE pistils. These genes were also up-regulated by GA treatment in parallel with Se2.1 (Lvine et al. 2015), thus supporting their role in style elongation. The up-regulation of SlDELLA was unexpected as DELLA is a negative regulator of GA response and cell expansion and the loss-of function procera (pro) mutant shows enhanced elongation of styles and other organs. However, a direct link between the long style of pro flowers and the activity of SE2.1 has been questioned (Carrera et al. 2012). An analysis of SlDELLA expression in the single genotypes composing the contrasting bulks will be necessary to understand its eventual involvement in SP control. The other GRAS TFs found among DEGs share the characteristic of being regulated by hormones, pollination and abiotic stresses; SlGRAS36 plays important roles in eliciting stress responsive genes in tomato (Huang et al. 2015), whereas SlGRAS24 was related to multiple processes including phytohormone biosynthesis and stress responses (Huang et al. 2017b). Interestingly, over-expression of SlGRAS24 increased the expression of cell cycle genes and depressed that of cell expansion genes such as SlXTH1 (Huang et al. 2017b). Finally, SlGRAS14 is involved in the phytochrome signal transduction and reported as specifically expresses at the anthesis stage, thus likely playing a role in the control of flower opening (Niu et al. 2017). 
Pan et al. (2019) reported a role of jasmonic acid (JA) in rescuing the exserted SP induced by HT. In our system, we detected FAD5, an up-regulated gene involved in JA biosynthesis that was also up-regulated by HT (Pan et al. 2019), and JA2, a TF involved in ABA synthesis, that was here down-regulated. Interestingly, JA2 was drought-induced in tomato (Iovieno et al. 2016). As there is evidence that a spatial and temporal regulation of JA biosynthesis exists during flower development and in response to environmental stimuli (Stenzel et al. 2008), the mediation of JA appears a common point between constitutive and HT-driven stigma exsertion. 

Style-specific transcription factors are differentially expressed in pistils contrasting for SP

Genes encoding TFs involved in growth and development were highly represented among DEGs. Nine of them, all up-regulated, corresponded to style-predominant genes, including those encoding IAA15, two bHLHs, DOF6, PDF2, TAGL1, two MYBs and a STY-like protein. 
Published expression data (CoNekT database) show that the four up-regulated bHLH factors found in this work and Se2.1 are remarkably style- and flower-predominant, whereas the two down-regulated genes are mostly expressed in different organs (Fig. S9). bHLH TFs have been reported to regulate many diverse biological processes, including the regulation of abiotic stress-related signal transduction network (Castilhos et al. 2014). bHLH001 showed the highest FDR value and regression analysis confirmed its role in SP control. Genotype 24 showed the lowest SP score and the second lowest value of expression in the EXE group, whereas out of 13 INS genotypes, eight showed low expression values of bHLH001. 
bHLH158, another DEG that shared with Se2.1 the atypical non-DNA binding structure (Chen et al. 2007), showed similarity to ARF3/ETTIN and orthology to HECATE3, two genes involved in the auxin-regulated style differentiation and growth in Arabidopsis (Sessions et al. 1997; Gremsky et al. 2007). Cooperation of bHLHs with ARFs to mediate organ elongation was previously reported in tomato; the bHLH TF BIGPETALp (BPEp) is an interactor of ARF8 to regulate petal growth (Varaud et al. 2011) and down-regulation of ARF3 altered the expression of several bHLHs involved in trichome development (Zhang et al. 2015a). Several tomato genes show orthology to ARF3, amog them ARF4 and ARF8B described here. Interestingly, bHLH158 showed a style-specific expression and a significant up-regulation in S. pimpinellifolium compared to cultivated tomato flowers (Fig. S8).
The present results and the previous information on this TF family, open the possibility that bHLH001 and bHLH158 are novel HLH genes involved in the style elongation process in tomato. In addition, SlbHLH001 (Chr1, pos. 4.8 Mb) localizes in proximity of QTLs for SP (Chr1, pos. 1.5 Mb, Xu et al. 2017; pos 1.1 Mb, A. Riccini and A. Mazzucato, unpublished results) that have recently been reported in genome-wide association screenings.
Among MADS-box TFs, the ovule identity gene TAGL11 was down-regulated in EXE genotypes. In other studies, this TF showed a function in flower development, as silenced plants carried several floral defects, such as retracted staminal cone, thus connecting the transcription of this MADS-box with phenotypes involving SP (Ocarez and Mejía 2016). Recently, AGL11 was reported as a functional partner of the bHLH factor HALF FILLED (HAF) in Arabidopsis, thus strengthening the role of these TFs in transmitting tract development (Di Marzo et al. 2020). In our screening, both TAGL11 and bHLH030, the tomato HAF ortholog, have been listed among DEGs suggesting a conserved role in style development.  

Several DEGs involved in constitutive SP are also related to abiotic stress response

[bookmark: _Hlk15396886]Although it was suggested that mechanisms controlling constitutive and stress-induced exserted SP are different (Pan et al. 2019), several DEGs highlighted in this study were also related to the response to HT or to other abiotic stresses. Three proline rich proteins were encoded by up-regulated DEGs, of which Solyc05g054210 has been recently characterized as a proline-, lysine-, and glutamic-rich type gene (SlPKE1) with expression in flowers and fruits and sensitivity to drought or oxidative stress (Li et al. 2019). The over-expression of SpPKE1 from S. pennellii under the control of a constitutive promoter in tomato and tobacco enhanced plant tolerance to salt stress (Li et al. 2019). Similarly, the hybrid proline-rich protein1 (HyPRP1, Solyc12g009650) was suppressed by various abiotic stresses, including heat, in both S. pennellii and S. lycopersicum; in this case it was the silencing of the gene to confer higher tolerance to salt stress and drought (Li et al. 2016). Finally, Solyc01g111145 represented an uncharacterized gene, that showed a very high FDR value in our experiment (Table S3).
SlCOR27 is highly expressed in the style (CoNekT database, not shown); this transcript was down-regulated in lines down-regulated for ARF6/8 TFs (Liu et al. 2014). In Arabidopsis, COR27 was involved in the regulation of circadian rhythm, response to cold and transition from vegetative to reproductive phase of the meristem (Wang et al. 2017). In this work, RT-qPCR on bulk and on single genotypes confirmed the result of RNA-Seq, with a significantly higher expression of COR27 in the EXE group. The results confirmed that the expression of this gene is correlated with the expression of ARF TFs and this is positively reflected in the growth of floral organs including styles. Higher expression of SlCOR27 in wild compared with domesticated flowers (Fig. S8) supported its purposed role in the SP phenotype. 
S-ADEN, a style- and pericarp-predominant transcript, was associated in previous works to the response to abiotic stresses (salinity, water, mannitol) and hormone treatments in tomato (abscisic acid and auxin; Espartero et al. 1994; Sánchez-Aguayo et al. 2004); in silico investigation reveals a style predominant expression of this gene (CoNekT database, not shown). When analysed on single genotypes, this gene, that was up-regulated at the RNA-Seq and bulk RT-qPCR analysis, revealed no significant difference between bulks. In the EXE bulk, S-ADEN was expressed homogeneously in all genotypes, but at a level lower than Genotype 11 and 13 in the INS bulk, thus questioning its role in SP phenotypes. However, S-ADEN has been implicated in the homeostasis of several hormones, including IAA and JA (Tieman et al. 2010) and, as SlCOR27, showed higher expression of in wild compared with domesticated flowers (Fig. S8), thus supporting a possible role in the SP phenotype. 
The CCCH family genes encode zinc finger proteins that play important roles in plant growth and development, and in response to biotic and abiotic stresses. In tomato, these genes have been involved in the response to mannitol, salicylic acid, ethylene and in stress response; approximately 82% of all tomato CCCH genes have heat stress relative elements in their promoter regions (Xu et al. 2014). The difference between bulks was mainly due to the specific expression in Genotype 3; other INS genotypes showed an appreciable expression of the gene, whereas in all EXE accessions it was almost undetected. This result, together with a lower expression of CCCH38 in wild flowers (Fig. S8), maintained CCCH38 among the candidates to have a role in SP control.
The expression of SKP1 in the INS group was specific of two genotypes (Scatolone di Bolsena and Processing tomato). The first is a landrace from Central Italy with flattened fruits; this type is genetically very close to cv Marmande, but it presents inserted stigmas (Baldina et al. 2016). Twenty-seven accessions of Scatolone di Bolsena screened for SP gave a mean score of 1.19, whereas 17 Marmande-like accessions scored on average 2.31 (The Traditom Consortium, unpublished results). Expression analysis on stylar tissue of the two accessions confirmed that the transcription occurs in this tissue and is not the result of contamination. SKP genes encode small proteins that serve as adaptors to link the Cullin1 and F-box proteins to form the SCF complex and mediate protein degradation. They are involved in different developmental processes, among which hormone signalling (IAA, JA and GAs; Dezfulian et al. 2012; Zhang et al. 2015b). SKP1 has been also referred to as SSK8 and described with a seed specific expression (CoNekT database; Zhang et al. 2015b).  Overexpression of this gene evidenced an involvement in abiotic stress tolerance and developmental processes in tomato (Chen et al. 2018). Expression analyses found in this work are coincident with previous results of Zhang et al. (2015b), with low expression in pistil tissues of the SPK family members. However, the high expression of this gene in a single genotype suggests a role for SKP genes in SP regulation, that is also supported by the evidence that these genes were reported among DEGs in stamen and pistils subjected to HT (Pan et al. 2019). Adopting the proposed nomenclature (Zhang et al. 2015b), SSK4, SSK7 and SSK13 were down-regulated in HT-stressed stamens, whereas SSK13 was up-regulated in HT-stressed pistils (Pan et al. 2019). This suggests that SKP genes may have an unravelled role in the regulation of stamen and pistil development, at least in tomato, presumably through their involvement in auxin signalling. 

Reported DEGs co-localized with previously described QTLs involved in stigma position

One or more DEGs co-localized with each of the seven QTLs controlling SP described in literature (Table S5). A QTL involved in SP and style length was reported on the short arm of Chr1 (Xu et al. 2017); in this region we detected an up-regulated DEG corresponding to a Phosphatidylglycerol/phosphatidylinositol transfer protein (MD-2-related) with pericarp prevalent expression, but very high absolute expression also here in pistils. The causative gene of the QTLs detected on Chr2 (Bernacchi and Tanksley 1997; Xu et al. 2017) was identified as a putative transcription factor that regulates cell elongation in developing styles (Chen et al. 2007); we found two DEGs in this region, one being the gene encoding the protein BIG (Solyc02g089260). Although the FC of this gene was not high, it deserves interest because it was involved in IAA transport and control of GA activity (Desgagne-Penix et al. 2005).
On Chr3, we detected an up-regulated, pericarp-specific DEG (GDSL esterase/lipase At3g48460) that was in the region of a previously reported QTL for stigma position and style length (Xu et al. 2017); this gene deserves interest as the Arabidopsis ortholog has been implicated in DELLA-dependent floral organ growth (Cao et al. 2006). Two DEGs were in the region of sty4.1 (Georgiady et al. 2002); one encoded GRAS14, a style-predominant transcription factor likely involved in the control of flower opening (Niu et al. 2017). Two linked peroxidases were encoded by DEGs located in the region of se5.1 (Gourguet et al. 2008), both up-regulated and with a reported expression in the style. Three up-regulated DEGs were found in the region of sty8.1, a QTL reported with a very high R2 value (Georgiady et al. 2002); however, they all showed a relatively low FC. Finally, six DEGs located in the region of sty9.1 (Georgiady et al. 2002) among which there were two transporters, an ABC B family protein and an NCS1 protein with prevalent expression in styles.

A common genetic framework orchestrates reproductive tract development and flower maturation in Arabidopsis and tomato

The genetic control of reproductive tract development and flower maturation has been thoroughly described in Arabidopsis, where a limited number of key genes have been shown to contribute; Fig. 8 synthesises (non-exhaustively) this hierarchical regulatory cascade summarizing the most relevant literature (Crawford and Yanofsky 2011 and refs therein; Reeves et al. 2012 and refs therein; Simonini et al. 2018 and refs therein). IAA and GA activity mediated by proteins involved in transport (PINs) and response (TIRs) promotes the activation of upstream TFs such as ARF6/8, STYs and their interactors NGAs (Kuusk et al. 2002), HECs and IND-ARF3/ETT (Sessions et al. 1997; Fahlgren et al. 2006). JA, MYBs and other bHLHs (SPT, Alvarez and Smyth 1998; HAF, BEE1, BEE3) and ARFs mediate the activation of downstream IAA responsive genes (Aux/IAAs, SAURs), together with other MYBs and genes involved in organ elongation. The cell wall-related XTH7 gene is considered a direct target of ARF3/ETT in style differentiation (Fig. 8; Simonini et al. 2018).
Intriguingly, several DEGs identified in the present analysis in tomato, are orthologs of or share a high degree of similarity with the Arabidopsis genes involved in this cascade. With the single exception of JA2, all these genes were up-regulated in the EXE bulk and included IAA transporters (SlPIN3, SlPIN7), IAA response regulators (SlARF6, SlARF8b), a STY-like TF and the ortholog of HEC3 (SlbHLH158). Further, SlbHLH030 resulted the tomato ortholog of HAF, and the two DEGs encoding XTH proteins shared the highest homology with XTH7 from Arabidopsis. In addition, a GH3 and two style-specific MYBs with similarity to those involved in Arabidopsis were found (Fig. 8). 
The parallelism between Arabidopsis genes involved in gynoecium development and flower maturation and tomato genes up-regulated in EXE genotypes suggests that late pistil development is controlled by a network of regulatory factors conserved in the two species. Stigma insertion in tomato would have resulted from loss-of-function mutations that occurred at different points of this pathway. Se2.1 is presumably involved at the stage when HAF and BEEs are active in Arabidopsis; the orthology of bHLH030 with HAF support a role for bHLH30 in tomato style development. Conversely, an ortholog of Se2.1 (PRE1/BANQUO1) is down-regulated in Arabidopsis arf6/arf8 mutants (Zheng et al. 2017), thus confirming that the set of genes involved in pistil development is rather conserved between the two species. Whereas se2.1 has been fixed in the cultivated tomato (Chen et al. 2007), mutations at different hierarchical levels likely persist among domesticated forms and underlie the existing SP variability. These mutations may also be involved at levels higher than Se2.1, as also the most upstream regulators are differentially expressed between EXE and INS genotypes. 


Conclusions

The present study described several genes that are differentially regulated between tomato plants showing flowers with stable inserted or exserted stigma. The partial dominance of stigma exsertion suggests that the inserted stigma phenotype arose by accumulating loss of function mutations during tomato domestication and recent breeding. In addition to Se2.1, these candidates are of great interest in the perspective of controlling SP by breeding. Enhancing SP insertion may improve fruit set, whereas favouring stigma exsertion may be of interest in hybrid seed production. The efficiency of breeding for SP is boded by the relatively simple inheritance coupled with high heritability of the trait. 
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Table 1 List of the accessions selected to compose the stigma inserted (INS) and exserted (EXE) bulks to perform the RNA-Seq analysis. A phenotypic characterization for the stigma position (SP) carried out at early (E), mid (M) and late (L) growth stages, fruit weight (FW), fruit shape index (SI), locule number (LN), seed weight (SW), seeds per fruit (SxF), fruit set sequence (FS) and plant yield (Y) is reported together with the ANOVA analysis for differences between bulks
	Code N°
	Bulk
	Name
	Origin
	Fruit shape
	SP (score)a
	FW (g)
	SI
	LN
	SW (mg)
	SxF
	FSb 
	Y (kg)

	
	
	
	
	
	E
	M
	L
	
	
	
	
	
	
	

	1
	INS
	Valentino
	Italy
	Elongate
	1.1
	1.0
	1.0
	126
	1.9
	4.5
	3.0
	53
	3
	2.1

	2
	 
	Kouniadi
	Greece
	Round
	1.3
	1.2
	1.0
	209
	0.8
	6.0
	2.7
	174
	5
	2.5

	3
	 
	Tomate Valenciano
	Spain
	Round
	1.3
	1.0
	1.0
	132
	1.0
	9.1
	2.3
	77
	5
	2.5

	5
	 
	Scatolone di Bolsena
	Italy
	Flattened
	1.0
	1.0
	1.0
	137
	0.7
	8.0
	2.7
	103
	5
	3.9

	6
	 
	Processing Tomato
	Spain
	Elliptic
	1.1
	1.4
	1.1
	71
	1.6
	2.0
	3.1
	50
	5
	3.1

	7
	 
	Bargemont
	France
	Elliptic
	1.0
	1.0
	1.0
	173
	1.5
	6.0
	2.4
	88
	5
	2.8

	8
	 
	Patataro
	Italy
	Flattened
	1.3
	1.3
	1.0
	53
	0.7
	5.0
	2.8
	103
	9
	3.0

	9
	 
	Tomaquet rosa
	Spain
	Medium round
	1.0
	1.1
	1.0
	144
	1.0
	4.0
	3.2
	92
	3
	2.4

	10
	 
	Oval Ukrainan
	Ukraina
	Round
	1.8
	1.2
	1.0
	69
	1.2
	2.0
	3.0
	80
	7
	3.0

	11
	 
	Muchamiel
	Spain
	Flattened
	1.3
	1.6
	1.3
	102
	0.8
	6.1
	3.4
	26
	1
	1.4

	12
	 
	Cor de bou
	Spain
	Oxheart
	1.3
	1.2
	1.0
	105
	0.9
	5.5
	3.7
	81
	5
	3.2

	13
	 
	Borsalina
	Hybrid
	Pear (Albenga)
	1.0
	1.0
	1.0
	179
	 1.1
	 7.0
	2.8
	45
	7
	4.8

	14
	 
	Pera Girona
	Spain
	Pear (Girona)
	1.0
	1.0
	1.0
	241
	1.0
	5.0
	1.8
	106
	3
	4.6

	16
	EXE
	Roz Exohis
	Greece
	Round
	3.8
	2.6
	2.7
	230
	0.7
	10.0
	2.0
	174
	3
	3.6

	17
	 
	Bell pepper
	Italy
	Bell pepper
	2.8
	2.8
	3.4
	147
	0.9
	3.3
	2.8
	67
	5
	1.8

	18
	 
	Tomate Alicante
	Spain
	Round
	2.9
	2.8
	3.5
	220
	0.8
	5.2
	4.2
	152
	5
	2.3

	20
	 
	Marmande ancienne
	France
	Flattened
	3.2
	2.9
	3.6
	189
	0.6
	12.3
	3.7
	152
	5
	2.5

	21
	 
	Pumecetto
	Italy
	Elliptic
	2.0
	2.7
	3.2
	85
	1.4
	2.5
	2.5
	65
	5
	2.8

	22
	 
	Friulano
	Italy
	Elliptic
	2.2
	2.3
	2.3
	17
	1.4
	2.5
	2.2
	60
	9
	2.8

	23
	 
	Comète
	France
	Flattened
	2.6
	2.4
	3.2
	59
	0.8
	3.8
	3.6
	94
	7
	2.3

	24
	 
	Laviano
	Italy
	Round
	1.9
	1.6
	2.0
	56
	0.9
	2.5
	2.5
	72
	5
	3.4

	25
	 
	Pimiento
	Spain
	Round
	2.3
	2.4
	2.1
	52
	0.9
	3.7
	3.3
	75
	9
	2.8

	26
	 
	Muchamiel
	Spain
	Flattened
	2.4
	2.3
	2.3
	158
	0.8
	9.0
	4
	138
	5
	2.5

	27
	 
	Cor de bou
	Spain
	Oxheart
	3.1
	2.7
	2.5
	84
	1.0
	5.3
	2.7
	161
	5
	3.1

	28
	 
	Voluptuoso
	Hybrid
	Pear (Albenga)
	2.8
	2.5
	2.9
	217
	 1.0
	 5.0
	2.7
	36
	5
	2.1

	29
	 
	Montserrat
	Spain
	Pear (Girona)
	3.0
	2.3
	2.6
	101
	0.9
	4.4
	2.7
	107
	3
	2.2

	Mean
	INS
	 
	 
	 
	1.2
	1.2
	1.0
	134
	1.1
	5.3
	2.8
	83
	4.8
	3.0

	Mean
	EXE
	 
	 
	 
	2.7
	2.5
	2.8
	142
	0.9
	5.4
	3.0
	104
	5.5
	2.6

	 
	P c
	 
	 
	 
	***
	***
	***
	ns
	ns
	ns
	ns
	ns
	ns
	ns


a Stigma position, score; 1, stigma inserted; 2, stigma at the level of the anther cone; 3, stigma slightly exserted; 4, stigma very exserted
b Fruit set sequence, score; 3, poor; 5, intermediate; 7, good; 9, very good
c Significance value of the F test after one-way ANOVA; ns, not significant; ***, significant for P≤0.001.

Table 2 Alignment statistics of RNA-Seq analysis showing the three replicates for the bulk of accessions with inserted (INS) and with exserted (EXE) stigma, number of reads before and after the quality check (QC), and percent of reads that aligned uniquely, with multiple alignment or remained unmapped in the reference genome
	Group

	Sample
	
	No. of reads
	
	Percent of reads

	
	
	
	Before QC
	After QC
	
	Uniquely mapped (%)
	Multiple mapped (%)
	Unmapped (%)

	INS
	INS_A
	
	29,539,434
	29,387,220
	
	82.5
	1.5
	15.9

	
	INS_B
	
	36,825,606
	36,656,424
	
	82.4
	1.5
	15.9

	
	INS_C
	
	29,019,866
	28,769,018
	
	79.1
	1.5
	19.2

	EXE
	EXE_A
	
	43,618,390
	43,453,684
	
	82.5
	1.5
	15.9

	
	EXE_B
	
	43,177,780
	42,965,718
	
	82.9
	1.4
	15.6

	
	EXE_C
	
	37,693,658
	37,472,620
	
	82.8
	1.5
	15.6




Table 3 Number of differentially expressed genes (DEGs) detected between the INS and EXE bulk and their tissue/organ specificity according to the CoNekT database annotation
	[bookmark: _Hlk2683743]Category
	Sub-category
	Organ
	No. of DEGs

	
	
	
	No. 
	Percent of total organ-specific genes (%)a
	Up-regulated
	Down-regulated

	Total
	-b
	-
	801
	-
	566
	235

	Total 
	Tissue/organ specific
	-
	104
	1.34
	97
	7

	Reproductive organs
	Flower development
	 -
	5
	1.10
	5
	0

	
	Female development 
	Style
	47
	9.33
	45
	2

	
	
	Ovule
	3
	0.87
	1
	2

	
	
	Fruit
	1
	0.16
	1
	0

	
	
	Pericarp
	6
	2.11
	5
	1

	
	
	Septum
	2
	2.25
	2
	0

	
	
	Seed
	2
	0.14
	1
	1

	
	Male development 
	Pollen 
	31
	2.58
	31
	0

	Vegetative organs
	

	Root
	6
	0.45
	5
	1

	
	
	Seedling
	1
	0.25
	1
	0

	
	
	Hypocotyl
	0
	-
	-
	-

	
	
	Leaf
	0
	-
	-
	-


a calculated as percentage of DEGs versus the total genes with the given specificity in CoNekT 
b not applicable

[bookmark: _Hlk4671221]Table 4 List of differentially expressed genes (DEGs) involved in cell wall structure and metabolism. Genes were reported with the ratio of expression between the EXE and the INS bulk (log2FC) and FDR value from bulk RNA-Seq analysis
		Gene ID
	Gene name
	 Abbreviation
	Function
	log2FC
	FDR

	Solyc01g067660.3
	β-amylase
	bmy3
	polysaccharide metabolic process; hydrolase activity
	-0.18
	4.96E-02

	Solyc01g099630.3
	Xyloglucan endotransglycosylase-hydrolase 1
	XTH1
	cell wall polysaccharide metabolic process; hemicellulose metabolic process 
	0.87
	6.86E-07

	Solyc01g104950.3
	β-d-xylosidase 2
	LEXYL2
	hydrolase activity; hydrolyzing O-glycosyl compounds 
	0.10
	4.97E-02

	Solyc01g109790.3
	ADP-glucose pyrophosphorylase large subunit 1
	AgpL1
	cellular glucan metabolic process; glucan metabolic process 
	0.31
	4.57E-02

	Solyc02g084720.3
	Beta-galactosidase 6
	TBG6
	galactosidase activity; cell wall 
	0.25
	4.98E-02

	Solyc02g088100.3
	Expansin precursor 5
	EXP5
	plant-type cell wall organization; plant-type cell wall organization or biogenesis 
	0.47
	3.99E-02

	Solyc02g091920.3
	Xyloglucan endotransglycosylase-hydrolase 7
	XTH7
	cell wall polysaccharide metabolic process; hemicellulose metabolic process 
	0.96
	4.69E-02

	Solyc03g019790.3
	Alpha-galactosidase
	AGAL
	galactosidase activity; hydrolase activity
	0.79
	4.75E-02

	Solyc04g007690.3
	PIN-FORMED3
	PIN3
	auxin-activated signaling pathway; cellular response to auxin stimulus 
	0.42
	4.19E-02

	Solyc05g005550.3
	Polygalacturonase non-catalytic subunit AroGP2
	AROGP2
	cell wall; external encapsulating structure 
	0.19
	4.78E-02

	Solyc05g007830.3
	Expansin 12
	exp12
	plant-type cell wall organization; plant-type cell wall organization or biogenesis 
	-0.19
	4.97E-02

	Solyc05g053010.1
	Lectin receptor kinase
	LOC101247920
	cell periphery
	0.26
	4.78E-02

	Solyc06g071400.3
	Bidirectional sugar transporter SWEET 
	std1
	organic substance transport; cell periphery
	0.51
	4.08E-02

	Solyc07g007790.3
	Sucrose-phosphate synthase
	sps
	sucrose synthase activity; UDP-glucosyltransferase activity 
	0.27
	4.00E-02

	Solyc07g043490.1
	UDP-Gal:Tomatidine galactosyltransferase
	GAME1
	transferase activity; transferring hexosyl groups 
	0.53
	2.22E-16

	Solyc09g010860.3
	Expansin precursor 4
	EXPA4
	plant-type cell wall organization; plant-type cell wall organization or biogenesis 
	0.48
	3.32E-02

	Solyc12g009300.2
	Sucrose synthase
	SuSy LOC543961
	sucrose synthase activity; UDP-glucosyltransferase activity 
	0.16
	4.26E-02



	
	




Table 5 Differentially expressed genes (DEGs) between tomato genotypes with inserted and exserted stigma related to auxin (IAA), gibberellin (GA), ethylene (ETH), abscisic acid (ABA), brassinosteroids (BR) and jasmonic acid (JA) metabolism and response 
	Hormone 
	Gene family/name
	Gene ID
	Abbreviation
	log2FC
	FDR

	IAA
	Auxin response factor
	Solyc02g037530
	ARF8B
	0.11
	4.8E-02

	
	
	Solyc11g069190
	ARF4
	0.12
	4.9E-02

	
	
	Solyc12g006340
	ARF6
	0.23
	4.8E-02

	
	Auxin-regulated IAA
	Solyc03g120390
	IAA15
	0.31
	3.8E-02

	
	
	Solyc04g076850
	IAA9
	0.03
	4.9E-02

	
	Arabidopsis response regulator
	Solyc05g054390
	ARR8
	0.24
	4.4E-02

	
	
	Solyc06g048600
	ARR7
	0.28
	4.9E-02

	
	Pin-formed
	Solyc04g007690
	PIN3
	0.42
	4.2E-02

	
	
	Solyc10g080880
	PIN7 
	0.25
	4.8E-02

	
	Major facilitator superfamily protein
	Solyc02g086145
	
	0.24
	4.5E-02

	
	Auxin transport protein BIG 
	Solyc02g089260
	BIG
	0.35
	4.1E-02

	
	Auxin/aluminium responsive protein 
	Solyc01g079880
	AILP1
	-0.18
	1.3E-02

	
	O-fucosyltransferase family protein 
	Solyc09g011860
	
	0.31
	4.8E-02

	
	Auxin-induced protein 
	Solyc09g097970
	ATB2
	0.39
	4.8E-02

	
	Indole‐3‐acetic acid‐amino synthetase GH3.1
	Solyc01g107390
	GH3.2
	0.52
	4.9E-02

	GA
	GA-regulated family protein 
	Solyc02g089350
	GAST1-like
	0.35
	4.9E-02

	
	
	Solyc04g017720
	GAST1
	0.25
	5.0E-02

	
	
	Solyc06g007910
	
	-0.29
	5.0E-02

	
	GRAS family transcription factor
	Solyc01g090950
	SlGRAS24
	-0.25
	4.8E-02

	
	
	Solyc04g014830
	SlGRAS14
	-0.27
	4.8E-02

	
	
	Solyc06g082530
	SlGRAS36
	0.16
	4.8E-02

	
	
	Solyc11g011260
	SlDELLA 
	0.22
	4.0E-02

	ETH
	Ethylene-responsive methionine synthase
	Solyc10g081510
	
	0.23
	4.3E-02

	ABA
	ABA-responsive protein
	Solyc03g098660
	
	0.49
	4.8E-02

	
	
	Solyc11g010440
	
	0.47
	5.0E-02

	
	ABA stress ripening
	Solyc04g071610
	ASR1
	0.38
	4.3E-02

	BR
	Brassinosteroid resistant   protein
	Solyc02g063010
	
	0.14
	4.1E-02

	JA
	Fatty acid desaturase 5
	Solyc03g116730
	FAD5
	0.32
	4.7E-02

	
	Jasmonic acid 2
	Solyc12g013620
	JA2
	-0.49
	4.8E-02




Table 6 Results of the two-way hierarchical analysis of variance (ANOVA) of the expression values of six genes selected for RT-qPCR on single genotypes
	[bookmark: _Hlk14874391]Name 
	Bartlett’s test for homoscedasticity
	
	One-way ANOVA

	
	Two-way ANOVA


	
	Rep
A B C
	Rep
A C
	
	Differences among genotypes
	Mean squared error
	Bilateral F testa
	
	Bulk
	Gen (Bulk)

	
	INS
	EXE

	INS
	EXE
	
	INS
	EXE
	INS
	EXE
	F
	P
	
	
	

	bHLH001
	*
	ns
	-b
	-
	
	***
	ns
	0.05
	0.15
	3.0  
	*
	
	***
	*

	XTH1
	ns
	ns
	-
	-
	
	ns
	ns
	0.22
	0.33
	1.5 
	ns
	
	**
	ns

	COR27
	ns
	***
	ns
	ns
	
	ns
	ns
	0.25
	0.26
	1.0 
	ns
	
	*
	ns

	S-ADEN
	**
	ns
	ns
	ns
	
	***
	ns
	0.05
	0.09
	1.8 
	ns
	
	ns
	***

	CCCH38
	ns
	**
	ns
	*
	
	**
	ns
	0.24
	0.17
	1.4
	ns
	
	*
	**

	SKP1
	ns
	ns
	-
	-
	
	***
	ns
	0.6
	0.4
	1.5
	ns
	
	ns
	***


a Critical value for 12 df and P≤0.05 is 2.69
b Not applicable

Figure legends

Fig. 1 (A) Description of the score adopted to evaluate stigma position [1, inserted; 2, at the same level of the anther cone; 3, slightly exserted (<2 mm); 4, highly exserted (>2 mm)]. (B) Description of the flower developmental stages adopted to study the dynamic of stamen and pistil growth in tomato; 2, floral bud, sepals 75% of final size; 3, floral bud at final size, petals not visible; 4, floral bud at final size, petals visible; 5, opening flower; 6, open flower at anthesis. (C) Pistils of Genotype 5 (Scatolone di Bolsena) and 20 (Marmande ancienne) at the stages used for dissection of stylar tissue. Scale bar is 0.5 in A and C and 1.0 cm in B
Fig. 2 Stigma position score in the genotypes with inserted stigma in the Traditom screening (Tr-INS) and in the present experiment (2018-INS) and in the genotypes with exserted stigma in the Traditom screening (Tr-EXE) and in the present experiment (2018-EXE). Numbers on the bottom and on the top of the diagram refer to genotype code numbers in the INS and EXE group respectively as described in Table 1
Fig. 3 Validation by RT-qPCR of the expression of 20 differentially expressed genes after RNA-Seq. The regression plot indicates the relationship between log2FC RT-qPCR results (Y-axis) and the corresponding log2FC data from RNA-Seq analysis (X-axis)
Fig. 4 Percent of differentially expressed genes (DEGs) for each group of enriched GO terms for up-regulated (white bars) and down-regulated (black bar) genes 
Fig. 5 Results of RT-qPCR on single genotypes for the six selected DEGs; bHLH001 (A), XTH1 (B), COR27 (C), S-ADEN (D), CCCH38 (E), SKP1 (F). Mean of normalized expression values are reported on Y axis for single genotypes (left) and for the bulks of genotypes with inserted (INS, white bar) and exserted (EXE, striped bar) stigma (right). Single genotypes within bulk indicated by different lowercase letter are significantly different after Duncan’s multiple range test (P≤0.05). *, ** and *** indicate a difference between bulks for P≤0.05, 0.01 and 0.001, respectively
Fig. 6 Regression analysis of the phenotypic score of stigma position (SP, X-axis) and expression data (Y-axis) for bHLH001 (A) and XTH1 (B) in genotypes belonging to the stigma inserted (INS) and stigma exserted (EXE) groups. Numbers indicate the genotypes as reported in Table 1; the regressions are significant for P≤0.001 and P≤0.05 respectively
Fig. 7 RT-qPCR on style tissue for the INS genotype Scatolone di Bolsena (S, white bars) and the EXE genotype Marmande ancienne (M, striped bars) sampled at stage 2/3 and 4/5 for DEGs selected for organ-specificty; UBC22 (A), TTS (B), COR27 (C), PDF2.1 (D), GPT2 (E), SlHAK14 (F), Solyc10g079910 (G), LAT51 (H), SKP1 (I) and Solyc09g007940 (J). Mean of normalized expression values (Rel expr) are reported on Y axis. *, ** and *** indicate a difference between genotypes within stage for P≤0.05, 0.01 and 0.001 respectively after Student’s t test

Fig. 8 Hierarchical regulatory network triggering reproductive tract development and flower maturation in Arabidopsis thaliana summarized (non-exhaustively) from the relevant literature (left; Crawford and Yanofsky 2011 and refs therein; Reeves et al. 2012 and refs therein; Simonini et al. 2018 and refs therein) and corresponding genes significantly regulated in the EXE group in Solanum lycopersicum in the present work (right, genes in bold represent univocal orthologs)
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