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Introduction

Subtilisin-like proteases (subtilases, SBTs) are serine proteases characterized by an aspartate, histidine and serine catalytic triad. The first SBT was isolated from Bacillus subtilis [START_REF] Strongin | Intracellular serine protease of Bacillus subtilis: sequence homology with extracellular subtilisins[END_REF]. In plants, SBTs belong to multigene families: 56 SBT genes have been identified in the Arabidopsis genome and have been divided into six distinct subfamilies [START_REF] Rautengarten | Inferring hypotheses on functional relationships of genes: analysis of the Arabidopsis thaliana subtilase gene family[END_REF]. These SBTs have been shown to control diverse developmental processes. For example, SDD1 (STOMATAL DENSITY AND DISTRIBUTION 1) controls stomatal distribution and density [START_REF] Berger | A subtilisin-like serine protease involved in the regulation of stomatal density and distribution in Arabidopsis thaliana[END_REF][START_REF] Groll | The subtilisin-like serine protease SDD1 mediates cell-to-cell signaling during Arabidopsis stomatal development[END_REF] and the overexpression of AtSBT5.4 produces a clavata-like, loss-offunction phenotype with profound defects in the inflorescence stem and shoot apex [START_REF] Liu | Overexpression of an Arabidopsis gene encoding a subtilase (AtSBT5.4) produces a clavata-like phenotype[END_REF]. Some SBTs exhibit broad substrate specificity and are predicted to be involved in nonselective protein turnover, whereas others exhibit much more stringent substrate requirements [START_REF] Schaller | Subtilasesversatile tools for protein turnover, plant development, and interactions with the environment[END_REF]and references therein). For example, the AMON (amontillado) SBT of Drosophila, required for pupal development, has been proposed to process and activate a diverse suite of peptide hormones [START_REF] Rayburn | The proprotein convertase amontillado (amon) is required during Drosophila pupal development[END_REF]. The ability of some plant SBTs to process specific substrates [START_REF] Berger | A subtilisin-like serine protease involved in the regulation of stomatal density and distribution in Arabidopsis thaliana[END_REF][START_REF] Vartapetian | A plant alternative to animal caspases: subtilisin-like proteases[END_REF] suggests that, as in Drosophila and animals, plant SBTs act in development via the cleavage of pro-hormones leading to the activation of peptide hormones. For instance, the SBT ATSBT1.1 of Arabidopsis processes a pre-pro-peptide of phytosulfokine (PSK) to the active peptide hormone [START_REF] Srivastava | Proteolytic processing of a precursor protein for a growth-promoting peptide by a subtilisin serine protease in Arabidopsis[END_REF].

In Arabidopsis, soybean, barley and rice, several SBTs are highly expressed in distinct seed tissues, suggesting different roles in seed development and germination [START_REF] Batchelor | The seed coat-specific expression of a subtilisin-like gene, SCS1, from soybean[END_REF][START_REF] Yamagata | Molecular cloning and characterization of a cDNA and a gene for subtilisin-like serine proteases from rice (Oryza sativa L.) and Arabidopsis thaliana[END_REF][START_REF] Tanaka | A subtilisin-like serine protease is required for epidermal surface formation in Arabidopsis embryos and juvenile plants[END_REF][START_REF] Beilinson | Two subtilisin-like proteases from soybean[END_REF][START_REF] Fontanini | SEP-1a subtilisin-like serine endopeptidase from germinated seeds of Hordeum vulgare L. cv[END_REF][START_REF] Rautengarten | A subtilisin-like serine protease essential for mucilage release from Arabidopsis seed coats[END_REF][START_REF] Yang | The endosperm-specific ZHOUPI gene of Arabidopsis thaliana regulates endosperm breakdown and embryonic epidermal development[END_REF]. For example, AtSBT1.7 is implicated in the release of mucilage from the seed coat during rehydration [START_REF] Rautengarten | A subtilisin-like serine protease essential for mucilage release from Arabidopsis seed coats[END_REF] and ALE1 (abnormal leaf shape 1) controls embryo cuticle formation in Arabidopsis [START_REF] Tanaka | A subtilisin-like serine protease is required for epidermal surface formation in Arabidopsis embryos and juvenile plants[END_REF][START_REF] Yang | The endosperm-specific ZHOUPI gene of Arabidopsis thaliana regulates endosperm breakdown and embryonic epidermal development[END_REF]. Moreover, in a previous study of proteome and transcriptome changes during seed development in the model legume Medicago truncatula, two SBT genes were identified, one being specifically expressed in the seed coat during seed filling and the other in the endosperm at the pre-storage phase [START_REF] Gallardo | A combined proteome and transcriptome analysis of developing Medicago truncatula seeds: evidence for metabolic specialization of maternal and filial tissues[END_REF]. Because seeds of legumes, such as pea and soybean, are a rich source of proteins for animal and human nutrition, the identification of the molecular mechanisms regulating seed development is important for strategies of improvement of seed quality and yield. In this article, after showing that the locus harboring the endosperm-specific SBT from [START_REF] Gallardo | A combined proteome and transcriptome analysis of developing Medicago truncatula seeds: evidence for metabolic specialization of maternal and filial tissues[END_REF] influences seed weight in M. truncatula and in pea (Pisum sativum), we identified ethyl methanesulfonate (EMS)-induced single nucleotide polymorphisms (SNPs) in the TILLING (Targeting Induced Local Lesions in Genomes) mutant populations of M. truncatula [START_REF] Signor | Optimizing TILLING populations for reverse genetics in Medicago truncatula[END_REF] and pea [START_REF] Dalmais | UTILLdb, a Pisum sativum in silico forward and reverse genetics tool[END_REF] to test the possible contribution of this SBT in the control of seed weight. The phenotypic characterization of the mutant seeds revealed a role for this endosperm-localized protease in the control of seed size in the wild legume and the cultivated grain legume species, which is likely to occur by modulation of cell division within the embryo.

Materials and Methods

Plant growth conditions

The barrel medic (Medicago truncatula Gaertn.) and pea (Pisum sativum L.) plants were grown under glasshouse conditions in pots filled with pouzzolane (inert medium, light volcanic grit). Pea plants were grown in 7-l pots with three plants per pot and M. truncatula plants were grown in 1.5-l pots with one plant per pot. Temperature was controlled to be 30°C during the day for both species and above 19 and 14°C during the night for M. truncatula and pea, respectively. Artificial lighting was supplied to reach 16 h light per day. The plants were not inoculated with Sinorhizobium sp. bacteria and nitrogen supply was not limited: plants were automatically supplied with 3.5N/3.1P/8.6K.

Isolation of MtSBT1.1 and PsSBT1.1 sequences, phylogenetic analysis and mapping Medicago truncatula sequences were retrieved from the Mt3.5 version of the M. truncatula genome. Phylogenetic analyses were performed using MEGA 5.05 [START_REF] Tamura | MEGA5: molecular evolutionary genetics analysis using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony methods[END_REF]. The phylogenetic tree was built using the neighbor-joining method with 1000 bootstrap generations. Multiple alignments were realized using Clustalw software. Mapping of SBT1.1 on the LR4 genetic map of M. truncatula was carried out using a cleaved amplified polymorphic sequence (CAPS) marker, polymorphic between the two parental lines Jemalong 6 and DZA315.16. The SBT fragment was amplified (melting temperature of 55°C) from genomic DNA using the primers 5′-GTTCCAAGGTATTCAAGCCTACCC-3′ (forward) and 5′-CCTAGAGCTCTCTCCACGATCAC-3′ (reverse), and digested by ClaI overnight at 37°C. PsSBT1.1 has been sequenced and mapped as 'Subt' using an SNP marker from the Cameor 9 China mapping population [START_REF] Deulvot | Highly-multiplexed SNP genotyping for genetic mapping and germplasm diversity studies in pea[END_REF]. The PsSBT1.1 sequence has been deposited in GenBank under accession number JX402205.

Detection of SBT1.1 polymorphism in natural collections

Four seeds of each of the 346 genotypes of the M. truncatula core collection (INRA Medicago Stock Center; http://www. montpellier.inra.fr/BRC-MTR/) were sown. DNA was extracted from 2-wk-old plantlets using the Plant DNeasy 96 kit (QIAGEN, Courtaboeuf, France) following the manufacturer's instructions. DNA pools with a 1 : 1 weight ratio of genotypes vs reference line A17 were made. Amplicons for the 346 pools of the MtSBT1.1 gene were obtained by nested PCR with the same primers as for the TILLING experiment (see the following section). After endonuclease digestion, DNA fragments were separated on acrylamide gels and both images (700 and 800 nm) were acquired using a 4300 DNA analyzer (LiCOR, Lincoln, NE, USA). Polymorphic sites were recorded for each genotype. A sample of amplicons representative of each polymorphism was sequenced (Millegen, Toulouse, France). The mean seed weight of ecotypes from the INRA Medicago Stock Center was recorded from glasshouse productions in the years 2002 (346 genotypes) and 2011 (192 genotypes). Polymorphism in the P. sativum core collection (373 accessions) was revealed by a 384-SNP set of an Illumina GoldenGate assay [START_REF] Deulvot | Highly-multiplexed SNP genotyping for genetic mapping and germplasm diversity studies in pea[END_REF]. Two of these SNPs were located within the PsSBT1.1 gene and are analyzed in this article. Pea seed weight data of field trials from the years 2003 and 2007 were available for association analyses. The structure of the M. truncatula collection based on molecular markers is from [START_REF] Ronfort | Microsatellite diversity and broad scale geographic structure in a model legume: building a set of nested core collection for studying naturally occurring variation in Medicago truncatula[END_REF], and the structure of the pea collection was based on 28 simple sequence repeat markers. For both species, analysis of variance of seed traits was performed using a model with two factors, structure + SNP, with sequential-type sum of squares (SAS, 1999).

Transcript abundance determination

Individual flowers were tagged and seeds were collected according to [START_REF] Gallardo | A combined proteome and transcriptome analysis of developing Medicago truncatula seeds: evidence for metabolic specialization of maternal and filial tissues[END_REF]. Seed coat, endosperm and embryo of the freshly harvested seeds were manually separated at 4°C under a magnifying glass (93.5). All seed and tissue samples were ground in liquid nitrogen using a mortar and pestle. The powder was stored at À80°C until mRNA extraction and quantitative reverse transcription-polymerase chain reaction (RT-PCR) were performed according to [START_REF] Gallardo | A combined proteome and transcriptome analysis of developing Medicago truncatula seeds: evidence for metabolic specialization of maternal and filial tissues[END_REF]. Normalization of relative cDNA quantity was performed for each template using the msc27 and histone H1 gene controls for M. truncatula and pea seed samples, respectively, according to the relative standard curve method (DC T ). The expression stability of the control genes in the different samples was verified by comparison with two other constitutively expressed genes [START_REF] Gallardo | A combined proteome and transcriptome analysis of developing Medicago truncatula seeds: evidence for metabolic specialization of maternal and filial tissues[END_REF]. In addition, PsSBT1.1 mRNA abundance in 12 plant organs (including developing and germinating seeds) at five developmental stages and under two nutrition conditions was estimated from RNA-Seq data. Details on the methods used for plant sample preparation, RNA extraction, cDNA library construction and sequencing are provided in Supporting Information Table S1.

In situ hybridization

Freshly harvested M. truncatula seeds (at 10 and 12 d after pollination (dap)) were fixed in 4% paraformaldehyde. A 650-bp probe was defined as specific for the MtSBT1.1 sequence at the 3′ end of the gene (340 bp in 3′ cDNA and 310 bp in 3′ untranslated region (UTR)) with the forward primer 5′-GTTC TATACTGCATTTCTCACATAAC-3′ and the reverse primer 5′-AAATATGGGCATCTGCCACGG-3′. Sense and antisense probes were first amplified using T3 polymerase oligonucleotides with a 5′ transcription T3 promoter fusion for template production by PCR, and then synthesized using the T3 polymerase. The method for digoxygenin labeling of RNA probes, tissue preparation and in situ hybridization was described by [START_REF] Coen | floricaula: a homeotic gene required for flower development in Antirrhinum majus[END_REF] with modifications described by [START_REF] Bradley | Complementary floral homeotic phenotypes result from opposite orientations of a transposon at the plena locus of Antirrhinum[END_REF].

TILLING of SBT1.1

Pea mutants were identified from an EMS population containing 4800 M2 lines from the cultivar Cameor by TILLING according to [START_REF] Dalmais | UTILLdb, a Pisum sativum in silico forward and reverse genetics tool[END_REF]. PCR amplification was based on nested PCR and universal primers. A first fragment of 1 kb was amplified and served as template for the second PCR (annealing temperature 58°C

) with primers PsSbt2Ftag 5′-CCAATCAGCTGAAATGC-3′ and PsSbt2Rtag2 5′-GTTCCATCACCTTTTCC-3′ carrying a universal M13 tail (5′-CACGACGTTGTAAAACGAC-3′ for the forward primer; 5′-GGATAACAATTTCACACAGG-3′ for the reverse primer) labeled at the 5′ end with infra-red dyes IRD700 and IRD800 (LiCOR). To confirm mutations, PCR amplification products (978 bp) were sequenced (GATC Biotech, Konstanz, Germany) and analyzed (Chromas v.1.4523 software, Technelysium Pty., South Brisbane, Australia). Twenty-five missense mutations were revealed. Medicago truncatula mutants were identified from an EMS population containing 4600 M2 lines (cultivar Jemalong A17) by TILLING according to [START_REF] Signor | Optimizing TILLING populations for reverse genetics in Medicago truncatula[END_REF]. TILLING was performed from two amplicons of c. 1 kb to cover the entire coding sequence. Nested PCR was conducted using the following inner primers labelled with IRD-700 and IRD-800 dyes: MtSBT-F2 5′-CTGCATACATTAGTCTTGGAAATGG-3′ and MtSBT-R2 5′-CTTACAACAGTTTTTCCGTCAGACC-3′. Twelve missense mutants were identified and sequenced (Mille-Gen, Toulouse, France). For both species, because of the large number of alleles identified, the possible impact of the missense mutations on protein function was assessed using SIFT software (Sorting Intolerant From Tolerant; [START_REF] Ng | SIFT: predicting amino acid changes that affect protein function[END_REF]. The mutants retained were backcrossed twice with the wild-type lines (genotypes Cameor in pea and Jemalong A17 in M. truncatula). All progenies BC1, BC2, BC1S1 and BC2S1 (selfing of BC1 or BC2) were genotyped with specific dCaps markers designed according to [START_REF] Neff | dCAPS, a simple technique for the genetic analysis of single nucleotide polymorphisms: experimental applications in Arabidopsis thaliana genetics[END_REF]. The primers, PCR conditions and enzymes are available in Table S2.

Seed trait phenotyping

The plants analyzed were progenies issued from one to three generations of selfing (S1, S2 or S3) of one backcross (BC1S2) or two backcrosses (BC2S2, BC2S3) of the EMS mutant lines with the wild-type A17 (M. truncatula) or Cameor (P. sativum) lines. For each mutation, comparisons were made between the seeds from the wild-type and mutant plants (four to seven plants of each genotype were studied) coming from the same progeny in two independent experiments (2009 and 2010). Pods were harvested at maturity, weighed and then manually threshed. The number of seeds per pod was recorded in both species for a sample of 30 pods, and each seed was weighed individually. To estimate the seed surface area, seed samples from four to six plants per genotype for M. truncatula and seven plants per genotype for pea were scanned as digital images with an A3 scanner (Epson, Tokyo, Japan). For M. truncatula, a sample of 100 seeds per plant was scanned as color images. For pea, all samples of 5-10 seeds per plant were scanned using the transparency unit to avoid the above shadow effect and to produce high-quality contrasted images of these thick seeds. The average seed projected area (two-dimensional area measurement by projecting the seed shape on to an arbitrary plane), seed length for M. truncatula and seed diameter for pea were further determined by image analysis based on thresholding to create binary images using ImageJ software (Wayne Rasband, National Institute of Mental Health, Bethesda, MD, USA). All data were subjected to variance analysis (genotype effect) using the SAS system (Cary, NC, USA).

Light and transmission electron microscopy

Mature and 16-dap seeds from the wild-type and MtP330S M. truncatula genotypes were vacuum infiltrated overnight at 4°C with a fixative mixture containing 3% (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde in 0.1 M sodium phosphate-buffered medium (pH 7.2). After washing, seeds were fixed in 0.5% OsO 4 solution in phosphate buffer for 1 h, washed again and dehydrated in ethanol and propylene oxide before embedding in Epon (Spi-Chem, Neyco, Paris, France) according to the standard procedure [START_REF] Luft | Improvements in epoxy resin embedding methods[END_REF]. For fixation, a sample of 16-dap seeds was washed and dehydrated in ethanol before embedding in Historesin (Leica, Rueil-Malmaison, France) following the manufacturer's instructions. Thick sections (0.5 lm for Epon-embedded seeds and 1 lm for Historesin-embedded seeds) were cut on a Reichert ultramicrotome (Leica), mounted on glass slides and stained with 0.1% (w/v) toluidine blue plus 0.5% (w/v) methylene blue, pH 9, before examination by bright field microscopy with a DMRB microscope (Leica). At least three biological replicates of MtP330S and wild-type seeds at the 16-dap and mature stages were analyzed. Twenty to fifty images from independent sections per seed were acquired with a Sony 3CCD color camera driven by Visilog 6 (Noesis, Gif-sur-Yvette, France). Areas were measured with ImageJ (Rasband, 1997(Rasband, -2008)).

The ultrastructures of the cotyledons of mature and 16-dap seeds from the wild-type and MtP330S alleles were studied by transmission electron microscopy. Ultrathin sections (80 nm) were collected on grids and counterstained with 3% (w/v) uranyl acetate in ethanol and lead citrate. Sections were examined with a Hitachi H7500 transmission electron microscope (Hitachi Scientific Instruments Co., Tokyo, Japan) operating at 80 kV and equipped with an AMT camera driven by AMT software (AMT, Danvers, MA, USA). Two mature seeds from two independent plants per genotype were observed (wild-type: five grids, 198 images; MtP330S: five grids, 250 images), and 16-dap seed sections were studied (wild-type: two grids, 228 images; MtP330S: one grid, 225 images). Statistical analysis of the data was performed using Statistica 7.0 software (StatSoft, Inc., Tulsa, Oklahoma, USA).

Scanning electron microscopy

Medicago truncatula mature seeds were fixed with 3% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in 0.1 M sodium phosphate (pH 7.2). After 2 h of imbibition, the seed coat was removed and the embryo was cut to improve fixation. The samples were dehydrated in a graded ethanol series, followed by a graded acetone series, and dried in a critical point dryer (Balzers CPD-030, Pfeiffer Vacuum GmbH, Asslar, Germany) using CO 2 as a transition fluid. Dried sections were mounted on clean aluminum stubs with double-sided adhesive graphite tabs. Mounted specimens were coated with gold-palladium (12-15 nm thick) using a Polaron SC 7620 Mini Sputter Coater (Quorum Technologies Ltd, Ashford, UK). Samples were observed with a Philips XL-30 ESEM LaB6 scanning electron microscope. Sections were photographed digitally using an EVO40 scanning electron microscope (Carl Zeiss, Jena, Germany). Areas were measured with ImageJ (Rasband, 1997(Rasband, -2008) ) from 9-10 seeds per genotype. Statistical analysis of the data was performed using Statistica software, version 7.0.

Seed composition analysis, zymogram protease assay and heterologous expression of SBT1.1

Three biological replicates of 50 mature seeds for the wild-type and MtP330S genotypes were ground to a fine powder. Nitrogen and carbon contents were determined twice from 5 mg of dried seed powder (encapsulated) using an elemental analyzer (NC2500 Thermo Scientific; CE Instruments, Milan, Italy). Further details on the method are provided in Supporting Information Fig. S1. To study the protein composition of mature seeds, total proteins were extracted twice in 50 ll mg À1 of thiourea/urea lysis buffer according to [START_REF] Gallardo | A combined proteome and transcriptome analysis of developing Medicago truncatula seeds: evidence for metabolic specialization of maternal and filial tissues[END_REF], and protein concentration was measured according to [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. Protein extracts (10 lg proteins) were then separated in 12% sodium dodecylsulfate (SDS)-polyacrylamide gels in the presence of Laemmli buffer without heat denaturation. For the zymogram protease assay, proteins were extracted according to [START_REF] Wang | Characterization of senescence-associated proteases in postharvest broccoli florets[END_REF] in a lysis buffer containing 1 M Tris-HCl, 1 mM dithiothreitol (DTT) and 1 mM EDTA. Protein extracts (20 lg proteins) were dissolved in Laemmli buffer without heat denaturation and loaded onto 12% SDS-polyacrylamide gels co-polymerized with 0.1% (w/v) gelatin. Following electrophoresis, the gels were treated according to [START_REF] Wang | Characterization of senescence-associated proteases in postharvest broccoli florets[END_REF] for protease renaturation. The gels were pre-immersed in a 25% isopropanol (v/v) aqueous solution at room temperature for 30 min, and then transferred to 100 mM sodium phosphate (pH 7) or 100 mM sodium acetate (pH 5 or 6) containing a final concentration of 10 mM DTT and kept at 30°C overnight for proteolysis. Additional information on the in-gel protease activity test and details of the heterologous expression of SBT1.1 are summarized in Fig. S2.

Results

An SBT gene specifically expressed in seeds is associated with a seed weight locus Seed weight measurements in the recombinant inbred line population LR4, derived from a cross between Jemalong 6 and DZA315.16, revealed a quantitative trait locus (QTL) on chromosome 5 of M. truncatula accounting for up to 14% of the variation in seed weight with a significant logarithm of odds (LOD) score above 3.0 (Fig. 1a and [START_REF] Vandecasteele | QTL analysis reveals a correlation between the ratio of sucrose/raffinose family oligosaccharides and seed vigour in Medicago truncatula[END_REF]. This QTL is located between the two genetic markers MTE30 (BAC ID AC146852) and MTE32 (BAC ID CR931809) which are anchored to the physical map of M. truncatula (http://www. medicago.org/). The genes in this region, for which expression profiles were available in the Gene Expression Atlas of M. truncatula [START_REF] Benedito | A gene expression atlas of the model legume Medicago truncatula[END_REF], were retrieved (753 genes) and transcript distribution in the various plant tissues was studied (Table S3). Eighteen genes that fall within the MTE30 and MTE32 interval were preferentially expressed during seed development (Fig. 1a), including a gene encoding an SBT previously shown to be localized in the endosperm of developing seeds [START_REF] Gallardo | A combined proteome and transcriptome analysis of developing Medicago truncatula seeds: evidence for metabolic specialization of maternal and filial tissues[END_REF]. This gene was then genetically mapped in the vicinity of the seed weight QTL. We named this gene, with accession number Medtr5g016120 (3.5 genome version; [START_REF] Young | The Medicago genome provides insight into the evolution of rhizobial symbioses[END_REF], MtSBT1.1. This gene was a good candidate for the control of seed weight because it was the only gene in this region that was expressed during the early stages of seed development and specifically expressed in seeds relative to the other plant tissues (Fig. 1a; [START_REF] Benedito | A gene expression atlas of the model legume Medicago truncatula[END_REF]). An orthologous pea gene was identified by the amplification of pea DNA by PCR, using primers based on the M. truncatula sequence. Sequencing of the PCR product confirmed the high similarity (94%) of the two genes. This gene (named PsSBT1.1) was mapped as 'Subt' [START_REF] Deulvot | Highly-multiplexed SNP genotyping for genetic mapping and germplasm diversity studies in pea[END_REF][START_REF] Bordat | Translational genomics in legumes allowed placing in silico 5460 unigenes on the pea functional map and identified candidate genes in Pisum sativum L. Genes, Genomes[END_REF] close to the rgp marker from [START_REF] Aubert | Functional mapping in pea, as an aid to the candidate gene selection and for investigating synteny with the model legume Medicago truncatula[END_REF]. Interestingly, this chromosomal region, which is syntenic with the M. truncatula region of chromosome 5 that includes the two markers MTE30 and MTE32, also harbors a seed weight QTL [START_REF] Burstin | Developmental genes have pleiotropic effects on plant morphology and source capacity, eventually impacting on seed protein content and productivity in pea[END_REF].

To further confirm that this syntenic chromosomal region may harbor a locus controlling seed weight in both species, the polymorphism of the MtSBT1.1 gene was analyzed by EcoTILLING [START_REF] Comai | Efficient discovery of DNA polymorphisms in natural populations by EcoTILLING[END_REF] in 346 accessions of the M. truncatula core collection [START_REF] Ronfort | Microsatellite diversity and broad scale geographic structure in a model legume: building a set of nested core collection for studying naturally occurring variation in Medicago truncatula[END_REF]. Five SNPs were recorded, two of which, at positions 598 (A598C) and 1020 (C1020T), showed a significant association with variations in seed and pod weight recorded in two independent experiments (years 2002 and 2011; Table 1). Sequencing of the amplicons for eight different accessions per SNP showed that SNP A598C induced an amino acid change at position 200 (MtI200L; Fig. 2) in the MtSBT1.1 protein sequence, whereas SNP C1020T was a synonymous change (MtL340L), which may be in linkage disequilibrium with the causal polymorphism. In pea, polymorphism data for two SNPs were available in 384 accessions of the INRA reference collection [START_REF] Deulvot | Highly-multiplexed SNP genotyping for genetic mapping and germplasm diversity studies in pea[END_REF], and seed weight was recorded in the field trials in the years 2003 and 2007. One of the two SNPs showed a significant association with seed weight (Table 1). This SNP is at position 612 (G612A) and is synonymous (PsK204K; Fig. 2). The association of two SBT1.1 SNPs (C1020T in M. truncatula and G612A in pea) with variations in seed and/or pod weight remained highly significant after introduction in the model of the population structure effect (Table 1). These data support the evidence that the locus harboring SBT1.1 influences seed weight. Because this region may exhibit extended linkage disequilibrium, future experiments are needed, including the exploration of the flanking regions of the SBT1.1 gene, to specify the link between the SBT locus and the causal polymorphism.

Tissue-specific expression patterns of SBT1.1

Expression analyses of the identified SBT genes, MtSBT1.1 and PsSBT1.1, by quantitative RT-PCR revealed similar specific expression patterns during seed development and among seed tissues for both the M. truncatula and pea genes (Fig. 1b). We also examined RNA-Seq data obtained from 12 different pea organs, including leaves, stems, pods, roots, nodules, flowers, developing seeds at 12 dap and germinating seeds. This confirmed the specificity of expression of the PsSBT1.1 gene in developing seeds, with an RPKM (reads per kilobase of exon model per million mapped reads, i.e. expression level) value of 7.9 in 12-dap seeds and ---------------------------------------------------------------------Y-------G-------------------------------TT----F------------ -----------D-G-P----S F------P----W-G------------CN-K---A----------------------------HG-H------G-------------G---G-------A -----------A--D-V---S-S-------------------A-----------GN-GP------N--PW-----A---DR--------------- C----L------G----C--------------------------------------------------------------------------------P----FS -RGP--------KPD---PG--I -----------------------GTSM--PH-G----------P-W------SA---T-------------------------G-G---------PGL-------DY---- -------------N-P------------------R---NV-----Y----------------P ------------------------------G----------V MtSBT1.1 PsSBT1.1 MtSBT1.1 PsSBT1.1 Fig. 2 Alignment of the SBT1.1 protein sequences from Medicago truncatula (MtSBT1.1) and pea (PsSBT1.1). The ethyl methanesulfonate (EMS) mutations are indicated in red and natural polymorphisms are indicated in green for both species. The inhibitory pro-domain, protease and protease-associated domains are indicated by blue, red and green lines, respectively. They were retrieved from the National Center for Biotechnology Information (NCBI) Conserved Domain Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). The amino acids of the catalytic triad (D/H/S) are indicated by red triangles. Residues that are highly conserved among the sequences used to obtain the phylogenetic tree (see Fig. 4) are noted below the alignment (the amino acids conserved at 100% in the sequences from Fig. 4 are highlighted). S1). The MtSBT1.1 and PsSBT1.1 genes were highly expressed in the endosperm compared with other seed tissues (i.e. the embryo and the external envelopes or seed coat) and showed a peak of expression at 10-12 dap (Fig. 1b). In our experimental conditions, 10 dap in pea and 12 dap in M. truncatula correspond to a late embryogenesis stage, which is characterized by a seed water content of c. 85% on a fresh weight basis (see Fig. 1b). This stage marks the transition between embryogenesis and seed filling, as embryo cells continue to divide and prepare for reserve deposition [START_REF] Gallardo | A combined proteome and transcriptome analysis of developing Medicago truncatula seeds: evidence for metabolic specialization of maternal and filial tissues[END_REF].
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In situ hybridizations were performed on M. truncatula seed sections at 10 and 12 dap. This confirmed the endosperm-specific expression of SBT1.1 and revealed a stronger signal in the outer cell layers of the endosperm (Fig. 3).

Phylogenetic analysis and gene expression profiling of SBTs

The phylogenetic relationship between 55 SBT genes was established (Fig. 4). The phylogenetic tree included MtSBT1.1, PsSBT1.1 and protein sequences from M. truncatula and Arabidopsis showing the highest homologies with these two SBTs (from 53% to 75%). Four additional SBTs known to be expressed in seeds were included: RSP1 (rice serine protease; [START_REF] Yamagata | Molecular cloning and characterization of a cDNA and a gene for subtilisin-like serine proteases from rice (Oryza sativa L.) and Arabidopsis thaliana[END_REF] of Oryza sativa, SCS1 (seed coat-specific; [START_REF] Batchelor | The seed coat-specific expression of a subtilisin-like gene, SCS1, from soybean[END_REF], SLP1, SLP2 (subtilisin-like proteases; [START_REF] Beilinson | Two subtilisin-like proteases from soybean[END_REF] of soybean (Glycine max) and ALE1 of Arabidopsis [START_REF] Tanaka | A subtilisin-like serine protease is required for epidermal surface formation in Arabidopsis embryos and juvenile plants[END_REF]. It is important to note that we recently discovered, in the last M. truncatula genome version, a second gene that we named MtSBT1.2, showing 90% similarity to MtSBT1.1 at the protein level, suggesting a duplication event in the ancestor. This protein sequence was also included in Fig. 4. This analysis revealed that the closest Arabidopsis SBTs related to MtSBT1.1 and PsSBT1.1 belong to the SBT1 subgroup described by [START_REF] Rautengarten | Inferring hypotheses on functional relationships of genes: analysis of the Arabidopsis thaliana subtilase gene family[END_REF] (Fig. 4).

The expression profiles of the 10 M. truncatula SBT genes from the SBT1 subgroup were examined by exploiting the Gene Expression Atlas from [START_REF] Benedito | A gene expression atlas of the model legume Medicago truncatula[END_REF] available at bar. utoronto.ca [START_REF] Winter | An "Electronic Fluorescent Pictograph" browser for exploring and analyzing large-scale biological data sets[END_REF]. A comparative analysis of gene expression for the eight Arabidopsis genes from the SBT1 subgroup was performed by examining the GeneChip data from [START_REF] Le | Global analysis of gene activity during Arabidopsis seed development and identification of seed-specific transcription factors[END_REF] also available at bar.utoronto.ca. This revealed that only three M. truncatula genes were specifically expressed in seeds (Fig. S3, see also Fig. 4). Interestingly, of these, only MtSBT1.1 and MtSBT1.2 exhibited a pattern of expression restricted to the early stages of seed development. MtSBT1.1 and PsSBT1.1 cluster in a branch comprising the Arabidopsis SBT AtSBT1.7, also named ARA12 (At5g67360 gene). However, ARA12 is unlikely to be the functional homologue of MtSBT1.1 and/or PsSBT1.1 because it is expressed in the seed coat with a specific role in mucilage release from the seed coat on rehydration [START_REF] Rautengarten | A subtilisin-like serine protease essential for mucilage release from Arabidopsis seed coats[END_REF]. Of the eight Arabidopsis genes from the SBT1 subgroup, only one (At1g01900, also named AtSBT1.1) has a similar expression profile to MtSBT1.1 with a specific and strong expression in seeds (Fig. S3, see also Fig. 4). Interestingly, the expression of this Arabidopsis gene was restricted to the endosperm and peaked, like MtSBT1.1, at the linear cotyledon stage that precedes storage protein accumulation (Fig. S4), suggesting that the At1g01900 gene could be the functional homologue of the legume SBT1.1 genes.

Isolation of point mutations in MtSBT1.1 and PsSBT1.1

The TILLING method applied to the M. truncatula and P. sativum EMS collections allowed us to identify 12 and 25 missense mutations in MtSBT1.1 and PsSBT1.1, respectively. Based on their position in the sequence and on the resulting amino acid substitutions, six were retained for further analyses: three in M. truncatula (MtR90W, MtP330S and MtG358D) and three in pea (PsT111I, PsG216E and PsA314V; Fig. 2). All six point mutations induced nonconservative amino acid substitutions (see Table S4). Based on the 178 SBT sequences found in plant databases, the SIFT tool (http://sift.jcvi.org/; [START_REF] Ng | SIFT: predicting amino acid changes that affect protein function[END_REF] predicted that all of these substitutions would affect protein function. All six mutations were located in one of the main functional domains of the SBT proteins: the inhibitory pro-domain (MtR90W), the protease domain (all pea mutations and MtP330S) or the protease-associated domain (MtG358D). They were located in highly conserved sites (up to 97%), except for MtR90W (24%, see Table S4). It is worth noting that MtP330S and PsG216E are mutations in the most conserved sites, and that PsG216E is located adjacent to the catalytic site His 215 (Fig. 2). As no nonsense mutations were found in the MtSBT1.1 and PsSBT1.1 genes, a screening of the M. truncatula Tnt1 library [START_REF] Tadege | Large-scale insertional mutagenesis using the Tnt1 retrotransposon in the model legume Medicago truncatula[END_REF] was performed, but failed to detect any insertion in the MtSBT1.1 gene. 

dap 12 dap

Nu

EMS mutants for SBT1.1 produce smaller seeds

To reduce the number of background mutations, the six retained EMS mutants were backcrossed twice to the wild-type A17 line in M. truncatula and the Cameor line in pea. Single seed weights were then measured for mutant and wild-type lines in the same segregating genetic background in two independent experiments (years 2009 and 2010, Table 2 and Fig. S5). In the 2009 experiment, the one-seed weight decreased highly significantly (P < 0.01) for three mutants: by 13% for MtP330S, 23% for PsG216E and 11% for PsA314V. In the 2010 experiment, seed weight reductions were highly significant (P < 0.005) for all six EMS mutants compared with the wild-type. Seed weight reductions were thus highly significant (P < 0.01) in both experiments for the MtP330S, PsG216E and PsA314V mutations, indicating a stable effect of these mutations. The other mutations (MtR90W, MtG358D and PsT111I) showed a significant decrease in seed weight (by 6-10%) only in the 2010 experiment, suggesting a possible contribution of a genotype by environment effect. In both species, the seed weight of the heterozygous lines was intermediate between the homozygous wild-type and mutant plants, indicating a dosage-dependent effect of the wild-type allele (Fig. S5). Variations in other traits were also seen (Table 2), but none were consistently observed for the mutant alleles. Single pod weight was reduced significantly for the MtG358D mutant in the 2010 experiment and for the PsG216E mutant in both experiments.

Variations in the number of seeds per pod were also found for the MtP330S and PsG216E mutants, but only in 2010. Single seed weight was therefore the most significantly varying trait, with P values below 0.01, between the wild-type and mutant plants in both species for the two experiments. To investigate whether seed weight variations were caused by differences in seed size or in the amounts of dry matter per seed, a fine analysis of seed surface (projected area, see Materials and Methods) and seed length or diameter was performed for the six mutant alleles from the 2010 experiment. For all six mutants, a significant decrease in seed projected area by 4-9% and length by 2-5% was found for the homozygous mutant seeds when compared with wild-type seeds (Table 3), thus strongly implicating a role for SBT1.1 in the control of seed size in both species.

SBT1.1 is likely to control embryo cell number

To determine the cause of seed size variation, we performed a microscopic analysis of seeds from the MtP330S allele, which exhibits a strong and stable phenotype in M. truncatula (Table 2). First, an optical microscopy analysis on seed sections collected at the beginning of seed filling (16 dap in Fig. 1b) did not reveal any significant differences in the morphology and structure of the endosperm, seed coat and embryo tissues compared with the wildtype (data not shown). However, the difficulty of collecting seeds that are synchronized in their development renders a fine comparison of individual seed tissues/cells problematic early in seed development, especially for weak phenotypes caused by missense point mutations. Indeed, pods derived from simultaneously pollinated flowers contain seeds at varying developmental stages according to their position within the pod, and that of the pod on the plant. We therefore focused on the dry mature stage to determine whether the variation in seed size was caused by changes in cotyledon cell number and/or cell size. At maturity, the major tissue component of legume seeds is the embryo, constituents of the endosperm being absorbed by the latter during seed filling and maturation. By estimating the number of cotyledon cells from optical/light microscopy sections, we found a decrease of c. 12%, with a P value of 0.06, in the number of cotyledon cells in the MtP330S mutant seeds compared with the wild-type (Fig. 5a,b). Scanning electron microscopy did not reveal any significant differences in the mean surface area of cotyledon epidermal cells between the MtP330S and wild-type alleles (Fig. 5c). Then, the sizes of epidermal cotyledon cells, round inner and long inner cotyledon cells were estimated from light microscopy images. Again, no significant differences (P = 0.6) in cell surface area for the three types of cell were observed between the MtP330S mutant and wild-type seeds, although there was a trend towards an increased surface area of all cotyledon cells in the MtP330S mutant (Table S5, Fig. 5d).

Seed nitrogen and carbon contents, together with the seed protein composition of the mutants, were unaltered when compared with the wild-type (Fig. S1), suggesting little influence of cotyledon cell number variations on seed composition. A highresolution transmission electron microscopy study of 16-dap and mature seeds did not show any obvious differences in the organization of seed reserves; lipid droplets and protein storage vacuoles were similar in number and shape in wild-type and mutant seed cotyledons (data not shown). Together, these data indicate that the decrease in weight and size of the SBT1.1 mutant seeds is caused by a decrease in the number of cells in the mature embryo, rather than a decrease in cell size. SBT1.1 is therefore more likely to be involved in the control of cell division than in cell expansion during seed development.

genomes in the endosperm with respect to the paternal contribution inhibits endosperm development and causes a dramatic reduction in seed size, whereas an increased paternal contribution has the opposite effect [START_REF] Scott | Parent-of-origin effects on seed development in Arabidopsis thaliana[END_REF]. These data, together with the analysis of the HAIKU and TITAN Arabidopsis mutants [START_REF] Tzafrir | Diversity of TITAN functions in Arabidopsis seed development[END_REF][START_REF] Garcia | Arabidopsis haiku mutants reveal new controls of seed size by endosperm[END_REF], indicate a central role of the endosperm in the control of seed size, but many of the genes involved in the determination of this character are unknown. We report here an SBT gene, named SBT1.1, which is specifically expressed in legume seeds during the early stages of seed development (10-12 dap; Fig. 1) at the transition stage at which embryo cells are still continuing to divide and are starting to initiate cellular expansion [START_REF] Abirached-Darmency | In situ expression of two storage protein genes in relation to histo-differentiation at mid-embryogenesis in Medicago truncatula and Pisum sativum seeds[END_REF]. SBT1.1 is expressed in the endosperm (Figs 1,3). Its exact role during seed development is unknown, but possible functions include a role in controlling embryo growth by providing developmental signals [START_REF] Berger | Endosperm: an integrator of seed growth and development[END_REF] or by regulating metabolic fluxes [START_REF] Melkus | The metabolic role of the legume endosperm: a noninvasive imaging study[END_REF].

EMS-induced mutations were identified in the SBT1.1 sequence of M. truncatula and pea by the TILLING method developed by [START_REF] Mccallum | Targeting induced local lesions in genomes (TILLING) for plant functional genomics[END_REF] (Table 2). A detailed inspection of the seed phenotype revealed a decreased weight and surface area of the mutant seeds when compared with the wild-type, thus inferring a role of SBT1.1 in the control of seed size in both pea and M. truncatula species. This is consistent with the evidence for linkage disequilibrium between the SBT locus and a seed weight locus syntenic between these two species, as shown through QTL and association studies (Fig. 1a and Table 1). Although the two legume species have evolved differently, M. truncatula being a wild legume species producing small seeds and pea a crop species producing large seeds, our data suggest that they share similar genetic control of seed weight. In pea, the natural variant SNP G612A did not modify the amino acid properties, but is a promising marker correlated with the causal polymorphism for use in selection.

A large and stable effect on seed weight (a decrease of up to 23%, Table 2) was found for the EMS point mutations located in the protease domain (PsG216E, PsA314V and MtP330S, Fig. 2), highlighting these residues as determinant in the function of SBT1.1. By contrast, mutations in the inhibitory pro-domain (MtR90W), at the junction between the inhibitory pro-domain and the protease domain (PsT111I) and in the protease-associated domain (MtG358D) had little effect on seed weight and/or effects that were not reproducible between years (Table 2), suggesting genotype by environment effects and/or that these amino acid substitutions have less impact on protein function. Using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/), we determined whether the amino acid substitutions in the protease domain were predicted to alter the protein secondary structure. The most prominent changes were observed for the MtP330S allele, for which the proline to serine substitution at codon 330 was predicted to result in a change from an extended or b strand to a coil structure at residues 336-337 (GA), 355-356 (KY), 358-360 (GVS) and 374 (F). With the objective of comparing the protease activity of the MtP330S and wild-type alleles of SBT1.1, we expressed both proteins in Escherichia coli. The proteins were clearly expressed after Data on the size for each cell type separately are available in Table S5.

New induction (Fig. S2a), but we did not recover any in-gel protease activity using gelatin as a substrate, suggesting that the bacterially expressed protein is present in an inactive form, or possibly that this protein cleaves a specific substrate. SBTs are prone to extensive post-translational modifications that are required for protease maturation (e.g. processing, glycosylation), which renders it difficult to produce a functional SBT using heterologous expression systems compared with homologous systems using suspension cultures of transgenic cells [START_REF] Srivastava | Proteolytic processing of a precursor protein for a growth-promoting peptide by a subtilisin serine protease in Arabidopsis[END_REF][START_REF] Cedzich | The protease-associated domain and C-terminal extension are required for zymogen processing, sorting within the secretory pathway, and activity of tomato subtilase 3 (SlSBT3)[END_REF]. Among the studies that have succeeded in the heterologous expression of an active form of recombinant SBT is that of [START_REF] Janzik | LeSBT1, a subtilase from tomato plants. Overexpression in insect cells, purification, and characterization[END_REF], who used the baculovirus/insect cell system to express an active SBT1 subtilase from tomato. In our study, only the seed extracts exhibited an in-gel protease activity, with no clear differences between the MtP330S and wild-type alleles (Fig. S2b), probably because of the presence of other proteases in the developing seeds. In M. truncatula, a second gene (MtSBT1.2), which is closely related to MtSBT1.1, was identified in the recently released Medicago 3.5 genome version (Fig. 4). This gene exhibits 90% similarity to MtSBT1.1 at the protein level. MtSBT1.2 is also expressed in the endosperm (data not shown), and may account for the invariant activity seen. MtSBT1.2 is located on chromosome 4 and is not associated with a seed weight QTL [START_REF] Vandecasteele | QTL analysis reveals a correlation between the ratio of sucrose/raffinose family oligosaccharides and seed vigour in Medicago truncatula[END_REF]. By focusing on the MtP330S homozygous mutant for MtSBT1.1, we found a significant decreased projected area of mature seed (Table 3). The surface area of individual epidermal and inner embryo cells did not decrease when compared with the wild-type (Fig. 5c,d, and Table S5), but there were fewer cells (P = 0.06) in the cotyledons of the MtP330S mutant seeds (Fig. 5a,b). Although not significant, the trend towards an increased cell surface area of the MtP330S mutant seeds compared with the wild-type suggests an increase in cell expansion, which is not sufficient to compensate for the seed size defect. This alteration had no effect on seed nitrogen and carbon contents (Fig. S1). It should be noted that, at maturity, the embryo represents the major part of the legume seed, the endosperm being absorbed by the embryo during development. Therefore, the decrease in seed weight of the SBT1.1 mutants is likely to be a result of a decrease in the number of cells in the mature embryo. This is consistent with previous data showing that the final cell number in the cotyledons may determine the capacity of the storage organ to accumulate dry matter [START_REF] Munier-Jolain | Seed growth rate in grain legumes II. Seed growth rate depends on cotyledon cell number[END_REF]. It is noteworthy in this connection that some SBTs have previously been related to cell division, such as SDD1 and AtSBT5.4, involved in the regulation of stomatal distribution and meristem maintenance, respectively [START_REF] Berger | A subtilisin-like serine protease involved in the regulation of stomatal density and distribution in Arabidopsis thaliana[END_REF][START_REF] Liu | Overexpression of an Arabidopsis gene encoding a subtilase (AtSBT5.4) produces a clavata-like phenotype[END_REF].

Substrates of specific SBTs remain mostly unknown. There are indications for a role for SBTs in the maturation of pro-hormones. In Arabidopsis, the SBT AtSBT1.1 participates in the maturation of PSKs [START_REF] Srivastava | Proteolytic processing of a precursor protein for a growth-promoting peptide by a subtilisin serine protease in Arabidopsis[END_REF], which are sulfated peptide hormones implicated in the stimulation of cell division [START_REF] Hanai | A secreted peptide growth factor, phytosulfokine, acting as a stimulatory factor of carrot somatic embryo formation[END_REF]. Three sequences of putative PSKs were retrieved from the M. truncatula 3.5 genome version (Medtr5g015140, Medtr1g017760, Medtr4g016870) and, interestingly, one (Med-tr5g015140) is located at a chromosomal position coinciding with the seed weight QTL described in Fig. 1. This putative PSK gene (BAC clone ID CU013517, Table S3) is at c. 500 kb from MtSBT1.1 between the MTE30 and MTE32 markers. An alignment of the protein sequence with the Arabidopsis PSKs revealed a best score with PSK4 (AT3G49780, 54% similarity). Interestingly, [START_REF] Srivastava | Proteolytic processing of a precursor protein for a growth-promoting peptide by a subtilisin serine protease in Arabidopsis[END_REF] demonstrated the high specificity of AtSBT1.1 for the AtPSK4 precursor in vitro using an affinity-purified AtSBT1.1, and also during callus formation. Although there is no report for such a role of AtSBT1.1 in developing seeds, it is interesting to note that AtSBT1.1 exhibits a seed-specific pattern of expression restricted to the endosperm at a stage preceding storage protein deposition (i.e. the linear cotyledon stage corresponding to the 10-12-dap stages in M. truncatula and pea, see Fig. 1b) (Figs S3,S4). It is therefore tempting to speculate that MtSBT1.1 and PsSBT1.1 could play a role in the regulation of seed weight via the maturation of molecules in the endosperm, such as peptide hormones, which could act non-cell autonomously to control embryo cell division during late embryogenesis. In support of this hypothesis, a recent study identified a polypeptide signaling molecule promoting seed growth and overall seed size in Arabidopsis. This peptide ligand, which regulates embryo and suspensor proliferation, is encoded by the CLE8 (CLAVATA3/ EMBRYO SURROUNDING REGION-RELATED8) gene, which is expressed in early embryos and in the endosperm [START_REF] Fiume | Regulation of Arabidopsis embryo and endosperm development by the polypeptide signaling molecule CLE8[END_REF]. Alternatively, certain SBT proteases are involved in programmed cell death in plants [START_REF] Vartapetian | A plant alternative to animal caspases: subtilisin-like proteases[END_REF], and MtSBT1.1 could perhaps exert a similar function in the endosperm. However, we did not observe any structural difference between the wild-type and mutant endosperms at 16 dap, suggesting that degeneration of the endosperm occurs similarly in the MtP330S and wild-type seeds at 16 dap.

In conclusion, our results demonstrate a role for the endospermlocalized SBT1.1 in the control of seed size in legumes, which probably acts through the regulation of embryo cell division. Further studies are needed to identify the substrate of SBT1.1 in developing seeds, which will help to define the precise role of SBT1.1, and to assess the possible contribution of the seed-specific SBT recently identified, MtSBT1.2, to the control of seed weight in legumes. Moreover, the selection of favorable alleles in natural populations by exploiting polymorphisms in the SBT1 gene (e.g. G612A in Table 1) may help to breed pea and other crop legumes for high seed weight.

Fig. 1

 1 Fig. 1 A gene encoding a seed-specific subtilisin colocalizes with a seed weight quantitative trait locus (QTL) in Medicago truncatula. (a) Position of the one-seed weight QTL (detected for two independent experiments in the glasshouse: in Dijon in2006, 1SeedWD6; in Angers in 2007, 1SeedWA7) explaining between 8 and 14% of the variation on the linkage group 5 (Mt_LG5) of M. truncatula (LR4 population derived from a cross between Jemalong 6 and DZA315.16;[START_REF] Thoquet | The molecular genetic linkage map of the model legume Medicago truncatula: an essential tool for comparative legume genomics and the isolation of agronomically important genes[END_REF], and mapping position of the subtilisin gene with BAC ID AC146561 (SBT1.1) in the QTL interval. The QTL labels indicate the name of the experiment, the corresponding r 2 (%) followed by the logarithm of odds (LOD) scores (L). For both QTLs, the favorable allele is derived from DZA315.16. Of the 754 genes with expression profiling data available between the two genetic markers MTE30 (BAC ID AC146852) and MTE32 (BAC ID CR931809) anchored to the physical map, 18 are at least six-fold preferentially expressed in seeds (gene expression data from[START_REF] Benedito | A gene expression atlas of the model legume Medicago truncatula[END_REF]. For each gene, the International Medicago Genome Annotation Group (IMGAG-Mt2-gene) is indicated. The MtSBT1.1 gene is specifically expressed in seeds when compared with other plant organs. White dots on the heat map indicate maximum expression levels. The corresponding Affymetrix IDs are, from top to bottom:Mtr.36679.1.S1_s_at, Mtr.11561.1.S1_at, Mtr.28698.1.S1_at, Mtr.9557.1.S1_at, Mtr.43942.1.S1_s_at, Mtr.2728.1.S1_at, Mtr.9028.1.S1_at, Mtr.35817.1.S1_at, Mtr.2735.1.S1_at, Mtr.13231.1.S1_s_at, Mtr.51717.1.S1_at, Mtr.49623.1.S1_at, Mtr.5494.1.S1_at, Mtr.4879.1.S1_at, Mtr.5806.1. S1_s_at, Mtr.14679.1.S1_at, Mtr.2612.1.S1_at, Mtr.39357.1.S1_s_at. (b) Relative expression levels of SBT1.1 in Pisum sativum (dark grey bars) and M. truncatula (light grey bars) during seed development on a time scale in days after pollination (dap), in flowers (F), leaves (L) and seed tissues (embryo, Emb; endosperm, Eo; seed coat, Sc) collected at 12 dap. To compare the progress of seed development between the two species, the mean seed water content (expressed as a percentage on a fresh weight basis) from 10 to 30 dap was included as a blue scale. Error bars, + SE.
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Fig. 3

 3 Fig. 3 In situ hybridization experiments of 10 and 12-d after pollination (dap) Medicago truncatula seeds with MtSBT1.1 sense (upper) and antisense (lower) probes. Emb, embryo; Eo, cellular endosperm; Ii, inner integuments; Mr, micropylar region of integuments; Nu, nucellus; Oi, outer integuments.

Fig. 4

 4 Fig. 4 Unrooted phylogenetic tree of 55 subtilisin-like proteases related to SBT1.1 from Medicago truncatula (MtSBT1.1) and pea (PsSBT1.1). Medicago truncatula protein sequences were retrieved from the 3.5 genome version. The phylogenetic tree was constructed using the neighbor-joining method with 1000 bootstraps (Mega5 software; Tamura et al., 2011). The stars indicate the genes specifically expressed in seeds when compared with other plant organs (see Figs S3, S4 for detailed information on gene expression). The SBT1 subgroup described in Rautengarten et al. (2005) is indicated. The MtSBT1.1 and PsSBT1.1 genes are underlined.

  values and standard errors (SEs) are shown for pod weight, seed number per pod and one-seed weight measured in the EMS mutant and wild-type seeds in two independent experiments. Probability (P value) of the Fisher test for genotype effect is given, and data with P < 0.01 are highlighted in grey. BC1S2 (BC2S2, BC2S3) stand for progenies issued from one (two) backcross(es) with the reference line followed by two or three generations of selfing. New Phytologist (2012) 196: 738-751 Ó 2012 INRA www.newphytologist.com New Phytologist Ó 2012 New Phytologist Trust

Fig. 5

 5 Fig. 5 Surface area and number of cotyledon cells in mature Medicago truncatula seeds of the homozygous MtP330S mutant vs wild-type. (a) Box plot for comparison of mean cell number per cotyledon section in the MtP330S and wild-type mature seeds after reconstruction of cotyledons from mature seeds of the homozygous MtP330S mutant and wild-type lines. (b) Typical binary image showing the reconstruction of cotyledons from mature seeds of the homozygous MtP330S mutant and wild-type lines made by merging the different images obtained after light microscopy of cotyledons embedded in Epon resin (magnification, 920) and stained with toluidine blue. (c) Mean epidermal cell surface of mature cotyledons in pixels for at least 600 cells determined from scanning electron microscopy images (from 9-10 seeds analyzed per genotype). SE, standard error. (d) Mean comparison of cell size (in pixels) measured on 0.5lm-thick sections from cotyledon embedded tissues observed under light microscopy (data acquired using ImageJ from three biological replicates). The cells were divided into three types before analysis (epidermal cells, inner round cells and inner long cells). The box plot corresponds to the global analysis of all cells. Data on the size for each cell type separately are available in TableS5.

Table 1

 1 Mean values and standard errors of pod and seed weights from pea and Medicago truncatula ecotypes showing polymorphisms in SBT1.1For each single nucleotide polymorphism (SNP) and trait analyzed, SNP_1 refers to plants showing a polymorphism in SBT1.1 when compared with the reference lines used for EcoTILLING (Cameor in pea and Jemalong A17 in M. truncatula), and SNP_0 refers to plants with no polymorphism when compared with the reference lines. AA, amino acid. a Years of production of the ecotypes. In M. truncatula, 346 and 192 genotypes were phenotyped from the 2002 and 2011 harvests, respectively. In P. sativum, 373 genotypes were evaluated in two independent experiments(2003 and 2007).

						SNP_0		SNP_1		SNP effect (P value) c	
	Species	SNP	AA change Trait	Year a	Mean value SE b	Mean value SE b	Without structure With structure
	M. truncatula A598C	I200L	Seed weight (mg) 2002	4.68	0.06	4.40	0.09	0.012	0.116
					2011	4.86	0.08	4.55	0.15	0.064	0.281
				Pod weight (g)	2002	9.46	0.23	7.41	0.38	< 0.0001	0.039
					2011 10.4	0.32	8.36	0.58	0.002	0.070
		C1020T L340L	Seed weight (mg) 2002	4.52	0.04	5.84	0.21	< 0.0001	0.003
					2011	4.73	0.07	5.78	0.31	0.001	0.110
				Pod weight (g)	2002	8.63	0.18	14.37	0.85	< 0.0001	< 0.0001
					2011	9.79	0.26	14.96	1.21	< 0.0001	0.008
	P. sativum	G612A	K204K	Seed weight (g)	2003	0.19	0.004	0.16	0.007	0.0005	< 0.0001
					2007	0.18	0.004	0.15	0.006	0.001	< 0.0001

b SE, standard error. c Probability (P value) of the Fisher test for genotype (SNP) effect with and without population structure as cofactor (Ronfort et al., 2006; J. Burstin et al., unpublished). Ó 2012 INRA New Phytologist (2012) 196: 738-751 New Phytologist Ó 2012 New Phytologist Trust www.newphytologist.com RPKM values of < 0.8 in other tissues (Table

Table 2

 2 Phenotyping data for the six ethyl methanesulfonate (EMS) mutations selected in SBT1.1 from Medicago truncatula (MtSBT1.1) and pea (PsSBT1.1)

	Expt 1 (year 2009)	
		Trait
	Amino acid	substitution

New Phytologist (2012) 196: 738-751 Ó 2012 INRA www.newphytologist.com New Phytologist Ó 2012 New Phytologist Trust

Ó 2012 INRA New Phytologist (2012) 196: 738-751 New Phytologist Ó 2012 New Phytologist Trust www.newphytologist.com
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Discussion

In most flowering plants, the triploid endosperm comprises cells containing two maternally derived nuclear genomes and one paternal genome. In Arabidopsis, an increased dose of maternal 
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