[bookmark: _GoBack]Fabrizio Ruiu • Maurizio Enea Picarella • Shunsuke Imanishi • Andrea Mazzucato

A transcriptomic approach to identify regulatory genes involved in fruit set of wild-type and parthenocarpic tomato genotypes


F. Ruiu • M.E. Picarella • A. Mazzucato (*)
Department of Science and Technologies for Agriculture, Forestry, Nature and Energy (DAFNE), University of Tuscia, Via S.C. de Lellis snc, 01100, Viterbo, Italy
e-mail: mazz@unitus.it

S. Imanishi
NARO Institute of Vegetable and Tea Science, National Agriculture and Food Research Organization (NARO), 360 Kusawa, Ano, Tsu, Mie 514–2392, Japan

F. Ruiu (present address)
Department of Agriculture, University of Naples Federico II, Via Università 100, 80055, Portici, Italy 


*To whom correspondence should be addressed: Andrea Mazzucato, e-mail: mazz@unitus.it, Phone +39 0761 3657370, Fax +39 0761 357434





Abstract The tomato parthenocarpic fruit (pat) mutation associates a strong competence for parthenocarpy with homeotic transformation of anthers and aberrancy of ovules. To dissect this complex floral phenotype, genes involved in the pollination-independent fruit set of the pat mutant were investigated by microarray analysis using wild-type and mutant ovaries. Normalized expression data were subjected to one-way ANOVA and 2,499 differentially expressed genes displaying a greater than 1.5 log-fold change in at least one of the pairwise comparisons analyzed (DEGs) were detected. DEGs were categorized into 20 clusters and clusters classified into five groups representing transcripts with similar expression dynamics. The ”Regulatory Function” group (685 DEGs) contained putative negative or positive fruit set regulators, “Pollination-dependent” (411 DEGs) included genes activated by pollination, “Fruit growth-related” (815 DEGs) genes activated at early fruit growth. The last groups listed genes with different or similar expression pattern at all stages in the two genotypes. qRT-PCR validation of 20 DEGs plus other four selected genes assessed the high reliability of microarray expression data; the average correlation coefficient for the 20 DEGs was 0.90. In all the groups were evidenced relevant transcription factors encoding proteins regulating meristem differentiation and floral organ development, genes involved in metabolism, transport and response of hormones, genes involved in cell division and in primary and secondary metabolism. Among pathways related to secondary metabolites emerged genes related to the synthesis of flavonoids, supporting the recent evidence that these compounds are important at the fruit set phase. Selected genes showing a de-regulated expression pattern in pat were studied in other four parthenocarpic genotypes either genetically anonymous or carrying lesions in known gene sequences. This comparative approach offered novel insights for improving the present molecular understanding of fruit set and parthenocarpy in tomato.
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Introduction

Fruit set, the decision of the ovary to become a fruit, is a complex developmental process of great relevance to both yield and reproduction of crop plants. Until recently, little was known of the regulatory mechanisms underlying fruit set (Ruan et al. 2012; Ariizumi et al. 2013). Only the fundamental role of the hormones auxin (IAA) and gibberellins (GAs) was recognized, because their endogenous levels increased in ovaries after fertilization (Gillaspy et al. 1993; Koltunow et al. 2002) and because pollination-independent fruit set (i.e. parthenocarpy) was achieved by exogenous hormone treatments (Schwabe and Mills 1981).
More recent forward- and reverse-genetics research sheds new insights into the molecular control of fruit set. Key regulatory elements involved in IAA signaling with a function in fruit initiation and development have been identified. In tomato, loss-of-function of AUXIN/INDOLE-3-ACETIC ACID9 (SlIAA9) and AUXIN RESPONSE FACTOR7 (SlARF7) resulted in parthenocarpic fruit production, suggesting that both transcription factors (TFs) act as negative regulators of fruit set (Wang et al. 2005; de Jong et al. 2009). In Arabidopsis, a loss-of-function allele of ARF8 (fruit without fertilization, fwf) also induced parthenocarpic fruit development (Goetz et al. 2007). These findings led to the hypothesis that in both Arabidopsis and tomato ARF and Aux/IAA proteins physically interact to regulate auxin response and fruit set (Dorcey et al. 2009).
GAs are also involved in the fruit set control; in Arabidopsis the biosynthetic enzymes GA 20-oxidases (GA20ox) and GA 3-oxidases (GA3ox) are required for silique elongation and increasing GA level by genetic engineering led to the formation of parthenocarpic fruits (Rieu et al. 2008). In tomato, treatment of unpollinated ovaries with GAs triggered fruit initiation without altering the expression of IAA signalling genes (Vriezen et al. 2008), whereas IAA-induced fruit development was reduced by simultaneous application of GA biosynthesis inhibitors (Serrani et al. 2008). These findings suggested that IAA acts before GAs in the fruit set regulation and that the effect of IAA is mediated at least partly by the GA pathway. Consistently, GA biosynthesis genes are down-regulated at anthesis in the ovary and up-regulated after pollination (Olimpieri et al. 2007) or after treatment of emasculated flowers with IAA (Serrani et al. 2008).
Immediately after pollination, positive growth signals to the ovaries are carried over by cytochinins, whose signal transduction pathway is active in the cell division phase of fruit development (Matsuo et al. 2012). Accordingly, application of a synthetic cytochinins to unpollinated tomato ovaries induced parthenocarpic fruit development (Matsuo et al. 2012; Ding et al. 2013). A role in fruit set was also assigned to ethylene and abscisic acid (ABA) showing that these hormones are involved as antagonist of IAA and GAs to keep the pre-anthesis unpollinated ovary in a temporally protected and dormant state (Vriezen et al. 2008). Subsequently, the role of ethylene in fruit set has been confirmed and further elucidated in other systems (Wang et al. 2009; Shinozaki et al. 2015).
In the past decade, transcriptomic studies were adopted to expand our understanding of mechanisms underlying fruit set and parthenocarpic ovary development in tomato. Several comparisons were carried out between normal and parthenocarpic ovaries, where fertilization-independent ovary development was driven by either hormonal treatments (Vriezen et al. 2008; Tang et al. 2015) or genetic engineering of phytohormone-related genes (Martinelli et al. 2009; Molesini et al. 2009; Wang et al. 2009; Mounet et al. 2012). Such investigations documented changes in expression of genes controlling the machinery underlying the ovary-to-fruit transition (regulatory function) and the activation of the mitotic phase and the metabolic activity of the early fruit growth (executor function, Pascual et al. 2009; Wang et al. 2009). 
Comparatively less work was carried out using parthenocarpic mutants (Testa et al. 2002; Pascual et al. 2009). Because in some species pollination-independent fruit set is associated to an incorrect differentiation of floral organs (Yao et al. 2001; Lora et al. 2011; Tiwari et al. 2011), the study of parthenocarpic systems showing floral defects offers the possibility to investigate fruit set mechanisms in relation to the wider framework of flower development. In tomato, a suitable system to this aim is represented by the parthenocarpic fruit (pat) mutation that presents a strong competency for parthenocarpy associated with malformed, carpelloid stamens and aberrant ovules defective in integument growth (Mazzucato et al. 1998).
In this work, microarray analysis of the ovary transcriptome at stages spanning anthesis was used to study the molecular control of parthenocarpy in the pat mutant. Several genes de-regulated in pat during ovary-to-fruit transition in comparison with its near-isogenic wild-type line were identified. The expression of selected genes was studied in parallel in different parthenocarpic systems, providing the opportunity to highlight similarities and differences between different sources of parthenocarpy and to add new insights into the molecular regulation of fruit set in tomato.

Materials and methods

Plant material and phenotypic analysis

Two tomato (Solanum lycopersicum L.) lines representing the ‘pat system’ were used in this study; a wild-type dual-purpose type (WT, cv. Chico III) and a near-isogenic pat line. Plants of each line were transplanted in spring in an unheated tunnel under environmental light conditions at the experimental station of the Tuscia University in Viterbo (42°26’N, 12°04’E), Italy. Plants flowered in the month of May, when the mean maximum and minimum temperature were 29.3°C and 12.2°C and the mean photoperiod was 14.5 h. Plants were grown with standard horticultural practices. Other parthenocarpic genotypes were used, such as pat-2 (mutant in cv. Early Mech background; Philouze 1991), pat-3/pat-4 (RP75/59 mutant in unknown genetic background; cv. UC82 was used as a reference following Pascual et al. 2009), EMS-iaa9 (SlIAA9 loss-of-function mutant in cv. Red Setter background; Mazzucato et al. 2015) and RNAi-ARF7 (RNAi line silenced for SlARF7 in cv. Money Maker background; de Jong et al. 2009). The mutants with their respective near-isogenic WT lines (hereafter referred to as pat-2, pat-3/pat-4, EMS-iaa9 and RNAi-ARF7 systems) were grown in the conditions described above.
In each system, stamen morphology, ovary weight and ovule aberrations were scored in 16 flowers per line collected at anthesis (Stage 4) from the 2nd to 4th inflorescence as described (Mazzucato et al. 2008). In addition, the ovary was dissected and weighted from 10 flowers per stage at stages 2, 3 and 5 (9-12 mm flower bud, opening flower and 2 d post-anthesis respectively, according to Mazzucato et al. 1998; Supplementary Fig. S1a). Shaking the flowers at anthesis ensured pollination in the WT lines. At maturity, the percentage of seedless fruits was scored in 16 fruits per line collected from the 2nd to 4th inflorescences. Differences within parthenocarpic system were assessed by Student’s t test.
For microarray analysis, ovaries were dissected (stigma and style removed) from flowers of the 2nd to 4th inflorescence at developmental stages 2, 3 and 5 defined above and showed in Supplementary Figs. S1a, b. Ovaries from eight plants per line were pooled to form a biological replicate. Three replicates per stage were sampled in each line.

RNA isolation, cDNA labeling and array hybridization

Total RNA was extracted from 100 mg of ovaries using TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA yield and purity was assessed by determination of absorbance (Abs) at 260 nm and 280 nm using the Agilent RNA 6000 Nano Kit with an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Palo Alto, CA, USA). RNA integrity was checked by 1% (w/v) agarose gel and RNA was only used when the ratio Abs260/Abs280 was higher than 1.8. Three biological replicates were used for each genotype and stage. Reverse transcription of mRNA and cDNA labeling were performed using the Quick Amp Labeling Kit, One-Color (Agilent Technologies) according to the manufacturer’s instructions. 
Transcript sequences of the Tomato Gene Index Version 11 (LeGI v.11; http://www.danafarber.org/) were used for custom oligoarray construction. Agilent eArray (Agilent Technologies) v4.5 tool was used to design the microarray platform with 60-mer probes of the 41,425 coding sequences available (21,550 tentative consensus sequences and 19,875 singletons). For technical reasons, the software removed 112 sequences and 41,313 probes were finally installed on the oligoarray.
Labeled cDNA samples were hybridized against the oligoarray slides using the Gene Expression Hybridization Kit (Agilent Technologies). After hybridization, arrays were washed with the appropriate buffer and the dried slides scanned with an Agilent scanner. Raw data were captured using Agilent Feature Extraction Ver. 10.7.1.1.

Microarray data analysis

Normalized microarray expression data were processed using the MeV 4.8 software of the TM4 suite (http://www.tm4.org). One-way ANOVA was applied to select genes with significant differences in expression (P≤0.01). Then, only significant transcripts whose change in abundance was greater than 1.5 log-fold change in at least one of the pairwise comparisons analyzed (between genotypes within stage: pat2 vs WT2, pat3 vs WT3 and pat5 vs WT5; between stages within genotype: WT3 vs WT2, WT5 vs WT3, pat3 vs pat2 and pat5 vs pat3) were referred to as Differentially Expressed Genes (DEGs) and considered for further analyses. LeGI v.11 codes of DEGs were converted in Solyc IDs (tomato genome version ITAG2.3) through the blastn tool available at the Tomato Genomic Resources Database (TGRD, http://59.163.192.91/tomato2/).
Venn diagrams were generated using VENNY 2.0 (http://bioinfogp.cnb.csic.es/tools/venny/) and clustering performed according to the K-Means (KMC) method using MeV 4.8. To group DEGs with a similar expression pattern, normalized microarray values were transformed (standardized) using the mean and the standard deviation of the row to which the value belonged with the formula: Value = [(Value) – Mean (Row)]/[Standard deviation (Row)]. The appropriate number of clusters (K) to be generated was estimated through the Figure Of Merit analysis implemented in the MeV 4.8 software. The gene expression pattern identifying each cluster was drawn by considering the six consecutive data points (three stages in the WT and pat ovary) in the expression centroid graphs (Supplementary Fig. S3a). Making allowance of the variation underlying each point, clusters were classified according to the sequence of the six mean values, assigning the scores “-2“, “-1”, “+1” or “+2”. Clusters with a similar sequence were finally pooled into groups representing tentatively homogeneous patterns.
Annotation and functional categorization of DEGs was performed using Plant MetGenMAP (http://bioinfo.bti.cornell.edu/tool/MetGenMAP; Joung et al 2009) and crossing references from Gene Ontology (GO) Consortium (http://www.geneontology.org/), Sol Genomics Network (SGN, http://solgenomics.net/) and The Arabidopsis Information Resource (TAIR, http://www.arabidopsis.org/). The GO composition of DEGs in each group of clusters was analysed including the first more abundant 40 and 20 multilevel-GO terms for the Biological Process (BP) and Molecular Function (MF) vocabularies, respectively. GO functional enrichment analysis was performed by the χ2 test for homogeneity between the frequency of DEGs belonging to specific GO terms listed in each of the groups and the total number of GO terms found in either the list of DEGs described here (2,499 genes) or in the tomato genome version ITAG 2.3 (34,727 genes).
 
Microarray validation by real-time PCR

Real-time PCR (qRT-PCR) analysis was applied to 20 selected DEGs and other four genes, not included in DEGs, but known from the literature as associated with parthenocarpy in tomato (Supplementary Table S1). cDNA samples were synthesized from 3 μg of three independent RNA preparations (biological replicate) from ovaries at the same stages described before using the SuperScript II RNase-H Reverse Transcription Kit (Invitrogen). Ten-fold dilutions of first strand cDNA were used for qRT-PCR. Triplicate quantitative assays for each sample (technical replicate) were performed with the SensiMix Capillary Kit (Bioline, Luckenwalde, Germany) in the LightCycler 2.0 system (Roche Applied Science). Primer sets used for qRT-PCR are reported in Supplementary Table S1. To evaluate the gene expression level, results were normalized using the house-keeping gene encoding the clathrin adaptor complexes medium subunit (CAC, Expósito-Rodríguez et al. 2008). Normalized gene expression was calculated based on the comparative Ct method using CAC as internal standard. After normalization, these data were standardized as described above to make them comparable with the microarray analysis. Differences between genotypes within stage were assessed by Student’s t test. The validation of microarray data was summarized by correlation analysis comparing qRT-PCR and microarray expression values of the 20 validated DEGs.
Finally, the expression pattern of six selected TFs was also studied in ovaries at stages 2, 3 and 5 of WT and mutant plants belonging to the pat-2, pat-3/pat-4, EMS-iaa9 and RNAi-ARF7 parthenocarpic systems. RNA for all systems was extracted from ovaries collected on plants grown in this experiment, with the exception of the pat-3/pat-4 system for which RNA samples from WT (cv. UC82) and pat-3/pat-4 (RP75/59 mutant line) ovaries at comparable stages were provided by J. Cañizares. To determine the fold change in expression, data were calculated relative to a calibrator (WT genotype in each parthenocarpic system) using the formula 2-ΔΔCt (Livak and Schmittgen 2001) and presented on log2 scale.

Results

Phenotypic analysis

The pat ovary weight at anthesis was significantly higher than in the WT (Table 1). pat flowers showed aberrations of stamens and ovules and, at maturity, pat fruits were completely seedless (Table 1). Similarly, all the other parthenocarpic mutants showed a higher ovary weight at anthesis compared to the respective WTs (Table 1, Supplementary Fig. S2). However, the pat system showed the highest expressivity of parthenocarpy with total seedlessness in these conditions. Carpelloidy of stamens was also observed in pat-2 and EMS-iaa9 mutants; ovular defects were only observed in pat (Table 1).
Flower developmental stages 2, 3 and 5 were selected for the microarray experiment (Supplementary Fig. S1a). At Stage 2, the only phenotypic differences between WT and pat flowers involve stamen and ovule morphology. From Stage 3 onwards, ovary weight is consistently higher in pat and Stage 5 marks the onset of ovary growth also in the pollinated WT ovary.

Differentially expressed genes in the WT and pat ovary during fruit set

Expression profiling yielded 6,331 non-redundant transcripts showing significant differences in expression (P≤0.01). Among them, 2,499 genes displayed a greater than 1.5 log-fold change (DEGs) in at least one of the pairwise comparisons analyzed. DEGs were used as dataset for further investigations.
Comparing stages within genotypes, the number of DEGs detected between Stage 3 and 2 was about three-fold higher in WT than in pat ovaries (Fig. 1a). Higher numbers of DEGs were found in both genotypes comparing Stage 5 and 3 (Fig. 1a). Comparing genotypes within stages, the smallest differences between WT and pat ovaries were found at Stage 2 (296 DEGs of which 60 specific of this comparison, Fig. 1b). DEGs specific of Stage 3 were 298, representing transcripts controlling pre-anthesis ovary growth or involved in the onset of pollination-independent fruit growth. Greater differences between genotypes were detected at Stage 5, with 825 specific DEGs (Fig. 1b).

Cluster analysis and functional annotation of DEGs

Transformed-normalized expression values grouped the DEGs into 20 clusters of co-expressed transcripts (Supplementary Fig. S3) that, subsequently, were pooled into five tentatively homogeneous groups (Supplementary Table S2). A first group included 685 DEGs (six clusters) showing a specific developmental regulation before anthesis in the WT, but not (or less) in the mutant (Fig. 2a, b). Because transcripts in this group are putatively involved in the control of ovary growth before pollination, this pool was indicated as “Regulatory Function” (RF) group. The second group contained 411 DEGs (three clusters) up-regulated after anthesis in the WT, but not (or less) in the mutant (Fig. 2c) and was indicated as “Pollination-Dependent” (PD). The “Fruit Growth-related” (FG) group contained 815 DEGs (five clusters) up-regulated in pat at Stage 5 but not in the WT (Fig. 2d). The last two groups pooled DEGs differentially expressed (“Always Different”, AD; Fig 2e) or with similar expression pattern (“Always Similar”, AS; Fig. 2f) at all stages. The lists of DEGs as divided into the five groups with gene annotation, log-fold change values and reference to acronyms used in the text are reported in Supplementary Tables S3-S7.
Microarray validation was performed by qRT-PCR studying the expression pattern in the WT and pat ovary of 20 DEGs selected from the five groups of clusters and of four other genes not included in DEGs (Fig. 3, Supplementary Fig. S4). qRT-PCR analysis for the 20 validated DEGs tightly confirmed the microarray expression patterns; the average correlation was 0.90 and 18 out of 20 genes showed a correlation >0.80 (Supplementary Table S1).

DEGs belonging to the Regulatory Function (RF) group 

The RF group showed enrichment for GO terms related to the maintenance of the steady state level of cellular homeostasis and depletion for terms related to primary metabolism in the BP GO vocabulary (Table 2). ‘Transcription factor activity’ and ‘Catalytic activity’ resulted enriched in the MF vocabulary. Tomato orthologs of Arabidopsis TFs involved in meristem differentiation and floral organ development were listed in this group, such as SHOOTMERISTEMLESS (STM, LeT6/TKn2 in tomato), BIG PETALp (BPEp), CRABS CLAW (CRC), APETALA3/DEFICIENS (AP3/DEF) and AINTEGUMENTA (ANT). The expression pattern of these genes was validated by qRT-PCR. LeT6/TKn2 confirmed its developmental regulation in the WT ovary with a significant down-regulation in the pat mutant at Stage 3; SlBPEp, SlCRCb and SlDEF showed a similar expression pattern (Fig. 3). qRT-PCR also validated the array results for SlANT that showed a pattern opposite to the previous genes being de-regulated in the mutant at Stage 2 and 5 (Supplementary Fig. S4).
Other genes showing a clear RF pattern and validated by qRT-PCR were related to IAA transport, such as the orthologs of LIKE AUX3 (SlLAX3) and of PENETRATION3 (SlPEN3; Fig. 3). In addition, two genes involved in GA response were validated; GANGLY (SlGAN,), a short-chain dehydrogenase that negatively regulates GA response in potato (Bachem et al. 2001), and GIBBERELLIN INSENSITIVE DWARF1 (SlGID1) that was significantly down-regulated during parthenocarpic fruit set (Fig. 3).
Considering DEGs with the highest fold change in the WT between Stage 3 and 2, first ranked a cytochrome P450 ortholog to Arabidopsis CYP71B37, followed by an uncharacterized UDP-D-glucuronate 4-epimerase and a chitinase-like protein (Supplementary Table S3). The DEG with highest down-regulation between Stage 3 and 2 was a bHLH96-like protein; a strong down-regulation in the mutant ovary at Stage 3 was also reported for LOB DOMAIN-CONTAINING PROTEIN 31 (LBD31).
In addition to LeT6/TKn2, other homeodomain-containing TFs were listed in the RF group; two WUSCHEL-like homeobox genes were strongly down-regulated at Stage 3 in the WT, such as STENOFOLIA (STF) and Locule number (Lc), whose expression was validated by qRT-PCR (Supplementary Fig. S4). Other homeobox TFs in this group were a leucine zipper protein (HB12 in Arabidopsis) and a class II HDZip (HAT22) family protein. Three MADS-box family genes were found in RF in addition to SlDEF, showing similarity to SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1), SEPALLATA3 (SEP3) and SHORT VEGETATIVE PHASE (SVP). 
The last validated RF DEGs were SlGATA9 and SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE 3 (SlSPL3, Supplementary Fig. S4); these genes showed a strong down-regulation between stages 3 and 2 that was similar in the two genotypes.
A remarkable number of RF DEGs were involved in the biosynthesis or metabolism of flavonoids; in total 69 transcripts belonged to this list including five MYB (all up-regulated at Stage 3) and four bHLH TFs, four cytochrome P450 members (three up- and one down-regulated) and several genes encoding enzymes of the phenylpropanoid biosynthetic or metabolic pathway.
Finally, several DEGs encoding proteins involved in hormone synthesis and metabolism were listed in RF, such as the indole-3-acetic acid-amido synthetase (GH3.8) that was strongly down-regulated before anthesis. DEGs involved in GA metabolism were also found in the RF group; GA20ox-2 was strongly down-regulated in the WT at Stage 3 but less in the mutant, whereas an opposite pattern was shown by catabolic genes such as GA2ox2 and GA2ox7. Finally, a GA-stimulated transcript (GAST1) protein homologue was present in this group.

DEGs belonging to the Pollination-Dependent (PD) group

The PD group showed enrichment of transcripts related to cell division and growth and to pollination in BP and to ‘Structural molecule activity’ in MF (Table 2), representing the activation of mitosis at the onset of fruit growth after pollination. Pollination-specific activation of cell cycle-related genes indicated that pollination-related signals are needed to activate, at least in part, the mitotic machinery in the ovary.
In this group, several genes encoding TFs involved in IAA perception and response were present, such as members of the ARF and Aux/IAA families. SlARF9 and SlIAA14 confirmed their expression pattern when validated (Fig. 3). Many other genes involved in hormone metabolism or response were found in this group, such as a flavin-containing monoxigenase (similar to YUCCA9) and two transcripts annotated as gibberellin receptor GID1L2.
Among PD DEGs showing the highest fold-change between genotypes at Stage 5, there was the ortholog of KLUH/CYP78A5 in Arabidopsis. Another cytochrome P450 monooxygenase found among the 24 genes involved in flavonoid biosynthesis or metabolism listed in the PD group was the tomato ortholog of TRANSPARENT TESTA7 (TT7, CYP75B1). This gene, as KLUH, was up-regulated in the mutant at pre-anthesis stages (Stage 2 and 3) and in the WT at Stage 5.
Among homeodomain TFs, the PD group listed the class III HDZip member SlHB8 whose expression pattern was validated by qRT-PCR (Fig. 3).
Sixty transcripts in the PD group were related to pollen development and/or pollen-pistil interaction such as an S-locus-specific glycoprotein (Curculin-like lectin protein), POLLENLESS3, a transcript involved in Arabidopsis microspore differentiation (Sanders et al. 1999) and several pollen allergens.

DEGs belonging to the Fruit Growth-related (FG) group

FG clusters included genes showing an up-regulation at Stage 5 in the pat mutant but not in the WT ovary. GO terms related to cellular metabolism and growth of the BP vocabulary were over-represented in FG (Table 2), in agreement with high metabolic activity of the mutant ovary at this stage. In the MF vocabulary, the ‘Binding’ and ‘Carbohydrate binding’ terms were enriched, indicating strong activation of sugar metabolism (Table 2).
The FG DEG with the highest fold change at Stage 5 was a cytochrome P450 83b1-like, ortholog to SUPERROOT2 (SUR2)/CYP83B1 of Arabidopsis; another DEG with high fold-change encoded a LIPID TRANSFER PROTEIN (LTP), ortholog to LTP6 of Arabidopsis.
Forty-six FG genes were related to flavonoids, including six cytochrome P450, eight MYB TFs, a chalcone synthase (SlCHS) and a chalcone-flavonone isomerase (SlCHI) that was also subjected to qRT-PCR validation (Fig. 3).
In the FG group, 143 DEGs were involved in photosynthesis and 266 DEGs were annotated under the BP-GO term ‘Carbohydrate metabolic process’. Many of these genes were reported by other authors (Wang et al. 2009; Tang et al. 2015).

DEGs belonging to the Always Different (AD) and Always Similar (AS) groups

DEGs listed in the AD group showed enriched categories only for ‘Hydrolase activity’ in the MF vocabulary (Table 2). Together with RF genes, AD transcripts are candidate to play upstream roles in the induction of the parthenocarpic phenotype showed by the mutant. The highest up-regulation in pat (at Stage 2) was shown by RING finger protein 44, that in Arabidopsis was related to pollen germination (Wang et al. 2008), and by a 20S proteasome beta subunit C1 (SlPBC1). The fourth DEG with high up-regulation in pat was the calmodulin-binding transcription activator 1 (CAMTA1). The AD DEG with highest down-regulation in the mutant was a subtilisin-like protease also reported as developmentally regulated at fruit set (Tang et al. 2015). Further AD DEGs down-regulated in pat were SlYABBY1a (SlYAB1a) and the auxin transporter SlLAX2.
Although DEGs listed in the AS group showed an expression pattern overall similar in the two genotypes, some of them were considered of interest because of differences at specific stages. For example GAD3, a short chain alcohol dehydrogenase previously identified as differentially expressed between WT and pat ovaries (Testa et al. 2002), was validated by qRT-PCR (Fig. 3) showing an up-regulation after fruit set. A very similar pattern was shown by SPL15, the second AS gene that was validated (Supplementary Fig. S4). Three MADS-box genes down-regulated at Stage 5 in the two genotypes were listed in the AS group; a homolog of the class B(sister) gene TT16, TOMATO AGAMOUS-LIKE12 (TAGL12, Supplementary Fig. S5), and an uncharacterized and unmapped family member (Solyc00g179240).
Gene involved in hormone synthesis were found in the AS group, such as an IAA synthetase and an ent-kaurene oxidase, a gene involved in early steps of GA biosynthesis, that showed down-regulation in the mutant at Stage 5

Genes below the statistic threshold

In addition to transcripts classified as DEGs, qRT-PCR was adopted to study the expression patterns of four genes not included in DEGs, but that were of interest for their involvement in fruit set according to the literature. SlARF7 showed a similar expression pattern in the two genotypes, with higher down-regulation at Stage 5 in the pat mutant (Supplementary Fig. S4). SlARF8 showed decreasing expression during WT ovary development and a down-regulation in the mutant only at Stage 2, whereas SlIAA9 showed down-regulation in the mutant at Stage 5 (Supplementary Fig. S4). Finally, SlHB1, encoding an HD-Zip I protein involved in the control of shoot and floral meristems (Henriksson et al. 2005), showed an RF-like pattern with strong de-regulation in the mutant at Stage 3 (Supplementary Fig. S4).

Expression analysis of selected genes in other parthenocarpic systems

The expression of six selected TFs involved in the control of fruit set in tomato was studied in other parthenocarpic systems, including two genetically anonymous mutants non-allelic to pat (pat-2 and pat-3/pat-4), a genotype carrying a lesion in the SlIAA9 gene and transgenic plants silenced for SlARF7. All the selected genes showed a de-regulation in the studied systems, at least at some stages of ovary development (Fig. 4). The most specific difference in the pat-2 system was a down-regulation of SlDEF in the mutant ovary at Stage 2 (Fig. 4). In addition, pat-2 also presented de-regulation of LeT6/TKn2 at Stage 2 and 5 and of SlCRCb at Stage 3 and 5, in parallel with pat (Fig. 4). In comparison to its near-isogenic WT, the pat-3/pat-4 mutant showed little variation for the studied genes. EMS-iaa9, showed a strong down-regulation of SlIAA9, as expected from previous characterization (Mazzucato et al. 2015), whereas for the others genes it displayed an expression pattern similar to pat (Fig. 4). Interestingly, RNAi-ARF7 plants showed a down-regulation of SlARF8 at all the studied stages and of SlBPEp, an interactor of ARF8, only at Stage 3 (Fig. 4).

Discussion

In line with the evidence that the control of ovary growth is exerted, at least in part, by the closest floral organs inside (the ovules; Koltunow et al. 2002) and outside (the stamens; Medina et al. 2013), the pat system was considered a potentially fruitful model to shed novel insights into the machinery controlling fruit set. In support of this expectation, the groups of DEGs showing differential expression between WT and pat mutant ovaries at stages spanning fruit set (RF group) or at all stages (AD group) contained a number of unknown sequences higher than the other groups (13.3 vs 8.8%; P≤0.01). This confirmed that transcripts and functions specific to fruit set could be unraveled by differential analysis in this system.
Previous reports indicated that the transcriptomes of ovaries in pre- and post- anthesis are more similar between them in comparison with the transcriptome of ovaries at anthesis (Pascual et al. 2009; Wang et al. 2009). Anthesis represents a tightly regulated developmental phase, where ovary growth is actively repressed until the growth signals that follow pollination induce fruit set. Genes regulated at anthesis in WT but not in mutant ovaries represent the best candidates to play a role in the control of this transition. The RF group was enriched for GO terms related to the maintenance of the cellular homeostasis and for ‘Transcription factor activity’, indicating the importance of protein complexes functioning as regulators of gene expression. Enrichment of TF-encoding genes was evidenced by other studies differentially comparing WT and parthenocarpic fruit development in tomato (Wang et al. 2009; Mounet et al. 2012; Tang et al. 2015).

Transcription factors involved in the control of fruit set

The present analysis confirmed the role of MADS-box genes in the control of fruit set. Disruption of the class B MADS-box function, that controls petal and stamen identity and development (Weigel and Meyerowitz 1994), was the genetic basis of parthenocarpy in apple (Yao et al. 2001) and homologous genes were involved in the control of ovary growth in orchids (Tsai et al. 2005). Facultative parthenocarpy has been reported in tomato mutants or transgenic plants defective in class B (Gómez et al. 1999; Geuten and Irish 2010) or class B-related (Pnueli et al. 1994; Ampomah-Dwamena et al. 2002; Olimpieri and Mazzucato 2008) functions and stamen ablation-induced parthenocarpy has also been reported (Medina et al. 2013). These evidences confirmed the hypothesis that functional stamens play a role in the control of ovary development in mature flowers (Vivian-Smith et al. 2001). 
A more direct involvement of class B genes in the control of ovary development is evident in tomato, where genes belonging to the DEF clade are also expressed in carpels and a developmental regulation of SlDEF in the WT ovary, not paralleled by parthenocarpic mutants, was reported (Mazzucato et al. 2008). The expression of SlDEF as an RF gene was confirmed in the present study and elsewhere (Vriezen et al. 2008; Wang et al. 2009). The expression of members of the GLO clade in ovaries is lower; here, SlGLO and SlGLO2 were not listed among DEGs, but showed a down-regulation after anthesis in both WT and pat ovaries (Supplementary Fig. S5). Developmental regulation of these genes at fruit set was reported in tomato (Mounet et al. 2012) and in grape, where the repression of VvPI after fertilization is crucial to achieve normal fruit development (Nwafor et al. 2014). 
Class C MADS-boxes were also developmentally regulated at anthesis. In the pat system, TAG1 and TAGL1 were not reported among DEGs but showed a down-regulation at Stage 5 similar in the two genotypes (Supplementary Fig. S5) as reported in AS-IAA9 ovaries (Wang et al. 2009). The transcript encoding TAGL11, a TF involved in stenospermocarpy in grape (Mejía et al. 2011), showed at Stage 5 an opposite expression in the WT and in the pat mutant, although the difference was not significant. Finally TAGL12, that was also differentially expressed in the SlPIN4 system (Mounet et al. 2012), was classified in the AS group but showed different expression in the two genotypes before and after anthesis (Supplementary Fig. S5).
Several homeobox genes were modulated during fruit set according to this study. The results confirmed the role of LeT6/TKn2 as an RF member (Olimpieri et al. 2007). Interestingly, KNOX TFs interact with BEL1-like proteins that are involved in ovule integument development (Arnaud and Pautot 2014). The role in fruit set of TFs involved in ovule integument development in Arabidopsis (ANT, Elliott et al. 1996; CRC, Bowman and Smith 1999; YAB1, Chen et al. 1999) supports the hypothesis that these organs are important in the regulation of ovary development as suggested by the floral defects of the pat mutant. In Arabidopsis, the ovule-defective mutant aberrant testa shape (ats) enhanced parthenocarpy in ats/fwf double mutants (Vivian-Smith et al. 2001). The Arabidopsis ortholog of Lc, PRETTY FEW SEEDS2 (PFS2), has been related to the development of the female germinal line and of ovule integuments (Park et al. 2005). Ovule-defective parthenocarpic genotypes have been described in pepper (Tiwari et al. 2011) and in Annona squamosa (Lora et al. 2011). Other homeobox genes were listed in the RF group, such as HAT22 and HB22; interestingly, HAT22 and a gene closely related to HB22, HB23, were also down-regulated in SlPIN4-silenced parthenocarpic plants (Mounet et al. 2012). Further, STF, involved in leaf and vein development in Medicago truncatula (Tadege et al. 2011), and Lc, a TF involved in the regulation of stem cell fate and number of carpels in tomato (Muños  et al. 2011), were listed in RF.
In the PD group was listed the class III HDZip gene HB8, a gene mainly related to the development of vascular tissue (Otsuga et al. 2001). In microarray data, HB8 was also up-regulated in the pat mutant at Stage 3. Being and activated at early stages of pollination- and parthenocarpy-dependent fruit set, it is possible to speculate a role for SlHB8 in the vascularization of the ovule, a step described as crucial to fruit set (Tiwari et al. 2011).
Among genes described as KNOX targets and de-regulated in the pat mutant, KLUH was classified in the PD group; this gene is expressed in the inner integument of Arabidopsis ovules where it stimulates cell division, thereby determining seed size (Adamski et al. 2009). De-regulation of KLUH in the pat mutant may thus be related to the described ovule and seed size defects (Olimpieri et al. 2007).
DEGs belonging to other classes of TFs were also highlighted in the analysis; in RF the transcript with highest down-regulation encoded a bHLH96-like protein, already described as up-regulated in tomato parthenocarpic ovaries (Mounet et al. 2012). In addition to SlCRCb, another TF of the YABBY family was detected in the experiment and listed in the AD group; SlYAB1a, representing one ortholog of YAB1. In Arabidopsis, YAB1 regulates the formation of floral organs interacting with MADS-box family proteins (Chen et al. 1999). 
Two DEGs encoding for SPL proteins were studied; SlSPL3 was listed in the RF group, showing a strong down-regulation at anthesis. In agreement with the notion that SPL3 is an activator of LEAFY (LFY; Preston and Hileman 2013), FALSIFLORA (FA), the tomato LFY ortholog, was also listed in the RF group and down-regulated at Stage 3.

Hormone-related genes involved in the control of fruit set and their interaction with transcription factors 

The auxin burst induced by pollination is the first positive signal in fruit set and the functional interaction between Aux/IAA and ARF proteins are one of the best-characterized parts of this mechanism. The presence of IAA promotes Aux/IAA protein ubiquitination and degradation; thus ARFs are released from the repressive effect and auxin response genes are finally activated (Tan et al. 2007). Accordingly, two Aux/IAA genes peaked just after anthesis and were listed in the PD group (SlIAA14 and SlIAA19). SlIAA14 confirmed its described role in fruit set showing up-regulation after pollination (Serrani et al. 2008; Vriezen et al. 2008; Wang et al. 2009; Audran-Delalande et al. 2012).  SlIAA2 was not listed among DEGs, but it showed a typical PD behavior, in agreement with previous reports of pollination-specific up-regulation (Vriezen et al. 2008; Pascual et al. 2009). qRT-PCR did not show differences in SlIAA9 expression between the WT and the pat ovary at pre-anthesis and anthesis as in the AS-IAA9 system (Wang et al. 2005). However, the gene was significantly less expressed in the mutant than in the WT post-anthesis (Supplementary Fig. S4), confirming that its down-regulation is necessary for fruit growth (Wang et al. 2009).
Developmental regulation in the ovary of ARF7, ARF8 and ARF9 was confirmed. An interactor of ARF8, BPEp, was transcriptionally regulated in the tomato ovary. Because BPEp functions with ARF8 to limit mitotic growth in the Arabidopsis petal (Varaud et al. 2011), a similar function can be hypothesized in the tomato ovary where the gene shows a clear RF expression pattern. ARF9 confirmed its described role in fruit set showing up-regulation after pollination (Serrani et al. 2008; Vriezen et al. 2008; Wang et al. 2009). In addition, the proteasome subunit SlPBC1 was found strongly up-regulated in the mutant (AD group). Because proteasome subunits are involved in the degradation of Aux/IAA proteins (Audran-Delalande et al. 2012), it is possible a specific involvement of this protein in the regulation of auxin-responsive genes necessary for fruit initiation.
The role of auxin in this context is also evident from the differential expression of genes involved in IAA metabolism, transport or response. SlLAX3 grouped in the RF and SlLAX2 in the AD group; both these genes are expressed preferentially in the pericarp, with a possible role in the regulation of auxin influx (Pattison and Català 2012). Similarly, SLPEN3, an ATP binding cassette transporter involved in silique senescence in Arabidopisis (Gómez et al. 2014), showed a specific RF pattern. Among genes regulated downstream to IAA, we described GH3.8 in RF and CAMTA1 in the AD group. In Arabidopsis, CAMTA proteins respond to IAA and stresses by repressing genes involved in auxin homeostasis, transport and signaling (Galon et al. 2010). Interestingly, CALMODULIN7, a CAMTA-regulated gene, interacts at the protein level with CYP78A9 (Popescu et al. 2007), a key gene in the control of ovary growth in Arabidopsis (Sotelo-Silveira et al. 2013). Noteworthy, the DEG showing the highest up-regulation in the mutant at all stages, but mainly at Stage 5 (FG group), was the tomato ortholog of SUR2. Another cytochrome P450, belonging to family 83, that in Arabidopsis is involved in the modulation of IAA biosynthesis (Kiyohara et al. 2011) and in IAA-brassinosteroids crosstalk (Maharjan et al. 2014).
In sequence or in parallel with IAA, pollination activates the GA metabolism/response with the transcription of specific genes, such as ent-kaurene oxidase (in the AS group). In agreement with the reported regulation of GA biosynthesis during fruit set (Olimpieri et al. 2007; Serrani et al. 2008; Vriezen et al. 2008; Mounet et al. 2012), GA biosynthetic genes were listed in RF and down-regulated in the WT at Stage 3 but not in the mutant (GA20ox-2), whereas catabolic genes (GA2ox-2 and GA2ox-7) showed an opposite pattern. Moreover, genes involved in GA response were listed in the RF group, such as SlGID1 that paralleled the expression pattern reported by de Jong et al. (2011). The importance of GAD3 in fruit set, a GA-responsive transcript classified in the AS group, was also evident in other parthenocarpic systems (Molesini et al. 2009). Because changes in GA-related genes are common to almost all the parthenocarpic systems studied in tomato (Ruan et al. 2012) and a number of IAA response-related genes are induced by pollination but not by GA treatment, it is likely that the IAA signal precedes the activation of GA and that the latter is one of the latest steps in the fruit set control cascade.
Several evidences pose links between the action of hormone-related genes and homeoboxes and indicate that this action is exerted in the ovule. It is known that the IAA response inducing fruit set originates from ovular tissues (Dorcey et al. 2009) and actually IAA-related TFs that were de-regulated in pat during fruit set display a specific expression in the ovule (SlIAA9, Wang et al. 2005; SlARF8, Goetz et al. 2007; STF, Tadege et al. 2011; SlCRCb, Huang et al. 2013). In parallel, also the response to GAs was localized in the ovule (Carbonell-Bejerano et al. 2010). Accordingly, LeT6/TKn2, a negative regulator of GA biosynthesis involved in fruit set (Olimpieri et al. 2007), is specifically expressed in the inner part of the integuments of the tomato ovules (Avivi et al. 2000). Because ARF6 and ARF8 are expressed in the ovule (Wu et al. 2011) and reported to repress KNOX transcription (Tabata et al. 2010), it is likely that ovules host the functional link between auxin response and GA activation in fruit set.

Flavonoid-related genes involved in the control of fruit set

The reported results supported the emerging evidence that flavonoid metabolism plays an important role in fruit set (Sotelo-Silveira et al. 2013). GO terms related to the metabolism of flavonoids were detected in all groups except AD, although the differential regulation of single genes suggested that only specific branches of the flavonoid pathway are activated at fruit set. In the FG group, both biosynthetic (e.g. SlCHI) and regulatory genes (e.g. AN2) were found. AN2, encodes a MYB TF with high homology to PRODUCTION OF ANTHOCYANIN PIGMENTS1 (PAP1/MYB75) in Arabidopsis. AN2 has been proposed to represent the anthocyanin-enhancing tomato allele Aft, an introgression from S. chilense whose phenotype of patchy accumulation of anthocyanin in the tomato fruit was recently associated to the capacity of developing parthenocarpic fruits (Mazzucato et al. 2013). LBD31 was listed in RF; in Arabidopsis, LBD family proteins have been involved in the regulation of the meristem and lateral organs (Shuai et al. 2002) and in the repression of anthocyanin biosynthesis (Rubin et al. 2009). The down-regulation of TT16 at fruit set in both genotypes (AS group) paralleled the regulation of this gene at fruit set in other systems (Tang et al. 2015) and testified to the function of a gene necessary for determining the identity of the endothelial layer within the ovule and for controlling the accumulation of proanthocyanidins in the developing seed (Nesi et al. 2002). 
Several cytochrome P450 genes reportedly involved in the biosynthesis of flavonoids were listed among DEGs; the PD member KLUH/CYP78A5 showed high homology to CYP78A9, whose importance in the control of fruit set in Arabidopsis has been established (Ito and Meyerowitz 2000; Sotelo-Silveira et al. 2013). Therefore, it is likely that SlCYP78A5 represents the functional ortholog of AtCYP78A9 in tomato. TT7 (CYP75B1), that encodes a flavonoid 3′-hydroxylase (Schoenbohm et al. 2000), was classified in the PD group and resulted up-regulated in the mutant at pre-anthesis stages (Stage 2 and 3) and in the WT at Stage 5.
Consistently, metabolic engineering of the flavonoid pathway was successfully adopted to engineer parthenocarpy in tomato (Schijlen et al. 2007; Ingrosso et al. 2011). Further elucidation of the role of flavonoid-related genes in the control of fruit set will reveal new useful targets to harness parthenocarpy in fruit crops.

Expression of selected genes in other parthenocarpic systems 

The comparative expression analysis gave clues related to the location of each studied gene and mutant in the regulatory chain controlling fruit set. Some of the analyzed transcripts (SlCRCb, SlBPEp) appeared implicated only near anthesis because their expression was unchanged in all the systems at Stage 2. SlCRCb showed in fact a peak of expression near anthesis (Huang et al. 2013). Other genes appeared involved earlier (LeT6/TKn2, SlDEF), but they were de-regulated in a mutation-specific way.
Although pat-2 is a well-studied mutant in tomato, a novel phenotype of a low frequency of carpelloid stamens was reported. As in pat, this observation was paralleled by the down-regulation of SlDEF, suggesting that the pat-2 mutation affects the flower at early stages. Differently from pat (Mapelli et al. 1978), pat-2 sets seedless fruits of the same size of its near-isogenic counterpart (Philouze and Maisonneuve 1978) and the mutant is overall more facultative (Philouze 1991). Thus, although the pat-2 mutation presents early deviations from the WT in morphological traits and gene expression, it shows a less severe phenotype than the pat lesion.
Although the pat-3/pat-4 mutant showed early activation of cell cycle genes at anthesis (Pascual et al. 2009) and precocious growth of the ovary, these genes are likely to affect a “late” step in the fruit set control, because all the transcripts assayed here were not different in expression from the WT ovary. This observation is in agreement with previous reports that showed that the ability to set parthenocarpic fruits in this mutant did not involve dramatic changes in gene expression (Pascual et al. 2009).
As pat-2, EMS-IAA9 shared with pat the homeotic defect of carpelloid stamens associated with a down-regulation of SlDEF in the ovary already at Stage 2. This indicated that a lesion in the IAA9 gene affects early flower development, supporting the observation that ovary growth starts in flower buds of AS-IAA9 plants (Supplementary Fig. S2, Wang et al. 2009) and SlIAA9 expression is not altered in the studied systems except than in the EMS-IAA9 mutant itself.
Finally, the RNAi-ARF7 mutant showed several phenotypic differences with pat. pat showed normal cell division but impaired cell expansion (Mapelli et al. 1978), whereas RNAi-ARF7 is impaired in division but has enhanced cell expansion (de Jong et al. 2011). In this respect, RNAi-ARF7 revealed more parallelism with plants silenced for the GA-response repressor DELLA (Martí et al. 2007), showing increased GA response. In the WT, ARF7 moderates the GA response during the first phases of fruit growth (de Jong et al. 2009). ARF7 appears as a “late” gene, because the expression of SlARF9, SlIAA2 and SlIAA14, known to be induced by IAA or pollination (Serrani et al. 2008; Vriezen et al. 2008; this work), was not altered in RNAi-ARF7 fruitlets (de Jong et al. 2011). Taken together, the data support the idea that GA action represents a “late” mechanism among those controlling fruit set.

Conclusion

In conclusion, the transcriptomic analysis of a parthenocarpic mutant with floral pleiotropic phenotypes yielded new insights into the control of fruit set in tomato. Novel genes were identified as important players in this developmental event. The parallel comparison of expression of key genes in five different parthenocarpic systems gave a first indication of the relative position of the studied genes and of the genetic lesion representing each mutant in the complex regulation of the decision of the ovary to become a fruit.
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Table 1 Flower- and fruit-related phenotypic traits in WT and mutant plants of the different parthenocarpic systems studied. For aberrations of floral organs, values represent the mean ± SEM of 16 flowers. For ovary weight, *, ** and *** indicate significant differences between genotypes within parthenocarpic system after Student’s t test for P≤0.05, P≤0.001 and P≤0.001 respectively. Sixteen fruits per genotype were classified as seedless, low-seeded (1-10 seeds) or seeded (>10 seeds)
	
Parthenocarpic
system
	
Genotype
	
Aberrant floral organs (%)
	
Ovary weight at anthesis (mg) 

	
Fruits in the classes (%):

	
	
	Stamens
	Ovules
	
	Seedless
	Low-seeded
	Seeded

	pat
	WT (Chico III)
pat
	0
69.9±3.8
	0
38.4 ± 3.6
	3.7±0.2
6.6±0.9*
	0
100
	0
0
	100
0

	pat-2
	WT (Early Mech)
pat-2
	0
10.7±3.0
	0
0
	3.7±0.1
5.0±0.4**
	0
45.0
	0
25.0
	100
30.0

	pat-3/pat-4
	WT (UC82) 
pat-3/pat-4
	0
0
	0
0
	3.2±0.4
6.6±1.1*
	0
61.4
	0
2.8
	100
35.8

	EMS-iaa9
	WT (Red Setter)
iaa9
	3.1±2.3
34.1±3.5
	0
0
	3.8±0.3
7.1±0.9***
	0
66.7
	0
16.7
	100
16.6

	RNAi-ARF7
	WT (Money Maker)
arf7
	0
0
	0
0
	3.0±0.2
4.5±0.2***
	0
34.4
	6.2
18.8
	93.8
46.8




Table 2 GO functional enrichment analysis following χ2 test of homogeneity between the frequency of DEGs belonging to specific GO terms listed in each of the groups (RF, PD, FG and AD) and the total number of GO terms found in DEGs (first notation) or in the tomato genome (second notation). For this analysis, the 40 and 20 multilevel-GO terms more represented in DEGs in the Biological Process (BP) and Molecular Function (MF) GO vocabularies were respectively considered. ** and *** indicate GO terms under- (light grey) and over-represented (dark grey) with significance values of P≤0.01 and 0.001 respectively
	GO vocabulary
	GO term
	GO name
	χ2 value

	
	
	
	RF
	PD
	FG
	AD

	BP
	GO:0007154
	Cell communication
	-a/**
	
	
	

	
	GO:0006519
	Cellular amino acid and derivative metabolic process
	-/**
	
	**/***
	

	
	GO:0019725 GO:0006629
	Cellular homeostasis and Lipid metabolic process
	-/***
	
	-/***
	

	
	GO:0009719 GO:0009605 GO:0009991
	Response to endogenous, external and extracellular stimulus
	-/***
	
	
	

	
	GO:0019748
	Secondary metabolic process
	-/***
	**/-
	-/***
	

	
	GO:0016043 GO:0040007
	Cellular component organization and Growth
	-/**
	
	
	

	
	GO:0006139
	Nucleobase, nucleoside, nucleotide and nucleic acid metabolic process
	***/***
	
	
	

	
	GO:0019538
	Protein metabolic process
	-/***
	
	
	

	
	GO:0006464
	Protein modification process
	-/***
	
	-/***
	

	
	GO:0006350
	Transcription
	-/**
	
	**/***
	

	
	GO:0007049
	Cell cycle
	-/***
	***/-
	**/***
	

	
	GO:0016049
	Cell growth
	
	-/***
	
	

	
	GO:0006259
	DNA metabolic process
	-/***
	**/-
	-/***
	

	
	GO:0009856
	Pollination
	
	-/**
	
	

	
	GO:0009058 GO:0009056
	Biosynthetic and Catabolic process
	
	
	- /***
	

	
	GO:0005975
	Carbohydrate metabolic process
	
	
	**/***
	

	
	GO:0006091
	Generation of precursor metabolites and energy
	
	***/***
	***/***
	

	
	GO:0015979
	Photosynthesis
	***/-
	***/***
	***/***
	**/-

	
	GO:0009628
	Response to abiotic stimulus
	
	
	-/***
	

	
	GO:0009790 GO:0000003
	Embryonic development and Reproduction
	
	
	-/***
	

	
	GO:0009908 GO:0009791
	Flower development and Post-embryonic development
	
	
	**/***
	

	
	GO:0007165
	Signal transduction
	
	
	-/**
	

	MF
	GO:0003700
	Transcription factor activity
	-/**
	
	
	

	
	GO:0003824
	Catalytic activity
	-/***
	**/-
	-/***
	

	
	GO:0003676
	Nucleic acid binding
	-/***
	-/**
	-/***
	

	
	GO:0003723
	RNA binding
	**/***
	
	
	

	
	GO:0005198
	Structural molecule activity
	
	***/***
	
	

	
	GO:0005488 GO:0030246
	Binding and Carbohydrate binding
	
	
	-/***
	

	
	GO:0003677
	DNA binding
	
	
	-/***
	

	
	GO:0016787
	Hydrolase activity
	
	
	
	-/**


a -, not significant
Figure legends

Fig. 1 a Venn diagrams showing overlapping DEGs comparing Stage 3 to 2 (3vs2, white) and 5 to 3 (5vs3, light grey) in the WT and pat ovary, respectively. b Venn diagram showing overlapping DEGs comparing the pat and WT ovary at Stage 2 (white), 3 (light grey) and 5 (dark grey) 

Fig. 2 Representative clusters of genes classified as belonging to the groups Regulatory Function (a, b), Pollination-Dependent (c), Fruit Growth-related (d), Always Different (e) and Always Similar (f) according to the expression in WT and pat ovaries at flower developmental stages 2, 3 and 5

Fig. 3 Normalized gene expression of 14 DEGs in WT and pat ovaries at flower developmental stages 2, 3 and 5. DEGs belong to the RF (LeT6/TKn2 to SlGID1), PD (SlARF9 to SlHB8), FG (SlCHI), AD (SlPBC1) and AS (GAD3) groups. Transcript levels were normalized using the house-keeping gene CAC and standardized as described in Materials and Methods. Data represent the mean ± SEM of three independent biological replicates. Student’s t test between genotypes within stage: ns, not significant; *, P≤0.05; **, P≤0.01; ***, P≤0.001

Fig. 4 Fold change in expression (log2) of six selected transcription factor genes in mutant ovaries compared with the respective WT in five different parthenocarpic systems at flower developmental stages 2, 3 and 5. Data represent the mean ± SEM of three (pat system) and two (pat-2, pat-3/pat-4, EMS-iaa9 and RNAi-ARF7 systems) independent biological replicates

