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Abstract The interest in male sterility (MS) dates back a long time due to its perspective use in hybrid seed production. Here, we characterize 7B-1, a photoperiod-sensitive male-sterile (ms) mutant in tomato (Solanum lycopersicum L.), in which stamens are restored to fertility by permissive growth conditions in short days (SD). This system represents a useful strategy to facilitate the maintenance of the ms line. Examination of 7B-1 and other structural mutants, vms, sl, sl-2, tap3, showed carpellization of stamens in the third floral whorl. 7B-1 exhibits strong expressivity in long days (LD), producing 100% aberrant anthers and virtually no seed production under open pollination, whereas it recovered fertility in SD. By genetic analysis, we demonstrate that 7B-1 is not allelic to sl nor to vms; instead it shows allelism to sl-2. Because the homeotic phenotype of the mutation resembles lesions to members of the B-class MADS-box transcription factor family, that specify petal and stamen identity, we pursued a candidate gene approach towards these targets. Using an interspecific backcross mapping population and markers linked to B-class MADS-box genes, significant linkage was found between 7B-1 and the SlGLO2 gene on Chr6. This result was supported by the 7B-1 phenotype that is similar to that of SlGLO2 knock outs and by the strong downregulation of the gene in the mutant. Although the lesion underlying the mutant phenotype is still elusive, our results pave the way for the final demonstration that SlGLO2 underlies 7B-1 and further the use of 7B-1 mutant in tomato hybrid seed production schemes.
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Key message We characterized the photoperiod-sensitive 7B-1 male-sterile mutant in tomato, showing its allelism with stamenless-2. Mapping experiments indicated SlGLO2, a B-class MADS-box family member, as a strong candidate to underlie the 7B-1 mutation.



Introduction
The development of hybrid varieties is a hallmark of modern plant breeding as they present heterotic vigour, high uniformity and productivity; moreover hybrids are protected against unauthorized multiplication (Bai and Lindhout 2007). The adoption of hybrids has become a standard approach both for outcrossing and for autogamous species (Longin et al. 2012). The tomato (Solanum lycopersicum L.) is a major vegetable crop grown worldwide; although it reproduces through strict selfing (Foolad 2007), the adoption of F1 hybrids has become very popular in the last decades and tomato seed catalogues are presently dominated by hybrids (Díez 1999). 
As in most species, the production of hybrid seed in tomato is expensive and laborious because it requires the emasculation of the seed parent line and its pollination by hand (Atanassova and Georgiev 2002; Sawhney 2004). Presently, tomato hybrid seed production is mostly based on manual emasculation, and the high cost of the seed is because it requires labour investments. However, a strong interest in the use of male sterility (MS), as a means to genetically emasculate the seed parent line, suggested in the past (Hafen and Stevenson 1958), continues to be a breeding objective for reducing the cost of seed production (Sawhney 1997, 2004). 
Genic MS (GMS) is usually controlled by recessive alleles; this presents a major drawback for the maintenance of male-sterile lines (Perez-Prat and van Lookeren Campagne 2002), as it involves backcrossing with near-isogenic heterozygous plants. Segregating fertile plants need to be rogued out from the seed parent plots (Frankel 1973). Cytoplasmic MS (CMS) is easier to maintain, but to obtain fertile F1 seed it is necessary to provide fertility restorer genes from the pollen parent (Schnable and Wise 1998; Kempken and Pring 1999). An alternative approach to facilitate the maintenance of GMS lines is the use of environment-sensitive GMS mutations (EGMS). In these systems, which have been widely adopted in hybrid seed production in cereals, permissive conditions attenuate MS expressivity and allow the multiplication of male-sterile lines by selfing (Virmani et al. 2003; Zhou et al. 2012).
Due to the lack of CMS in tomato, interest in MS has focused on GMS mutations. More than 55 ms alleles have been identified and studied and were grouped into “structural”, those presenting structural defects in the stamens, and “functional”, in which defects, such as anther indehiscence or style extrusion from the anther cone, occur (Kaul 1988). stamenless (sl), the first structural mutant described, showed complete transformation of stamens into carpels and partial transformation of petals into sepals (Bishop 1954). Initially described as recessive, later studies showed that the sl mutation is semi-dominant (Gómez et al. 1999). The “stamenless series” initially included several mutants (sl-2 to sl-5), but early efforts to determine their allelic relationships were inconclusive (Hafen and Stevenson 1958). The monogenic sl-2 mutation phenotype showed alterations in the structure of the anther cone which was twisted, stamens were distorted and laterally free, and with the protruding stigma. And, often there was the presence of external ovules on the adaxial surface of anthers (Sawhney and Greyson 1973). As other structural mutants, e.g., ms-15 and ms-33 (Schmidt and Schmidt 1981), sl and sl-2 were sensitive to the environment, with higher expressivity under high temperatures and a partial fertility restoration under low temperatures (Sawhney 1983, 1997; Gómez et al. 1999). Although sl-2 has been the subject of a conspicuous number of studies (Sawhney and Greyson 1973, Sawhney 1974, 1983; Singh and Sawhney 1998), its map position was not identified, nor the proposed allelism with sl (Hafen and Stevenson 1958) confirmed. Another tomato EGMS mutation is variable male sterile (vms), a spontaneous variant discovered in cv San Marzano, which also shows high sterility under high temperatures and recovered fertility under lower temperatures (Rick and Boynton 1967). 
In all the described mutants, stamens show modifications that involve weaker or stronger transformation into carpel-like organs (Sawhney 1994). These phenotypes show resemblance to the homeotic mutants involved in B-class MADS-box genes, such as apetala3 (ap3)/pistillata (pi) and deficiens (def)/globosa (glo) in Arabidopsis thaliana and Antirrhinum majus, respectively (Coen and Meyerowitz 1991). According to the ABC(DE) model controlling flower development and organ identity, B-class proteins reciprocally interact and form higher order complexes to specify petal and stamen identity (Theissen 2001). Accordingly, it was demonstrated that sl, and its allele tap3, represent loss of function variants of SlDEF, the tomato ortholog of AP3/DEF (Gómez et al. 1999; Quinet et al. 2014). In the Solanaceae and in other higher eudicot families, two paralogues exist for each of the B-class MADS-box genes described in model species, suggesting a possible sub-functionalization of the B function (Kramer and Irish 1999; Lamb and Irish 2003; Vandenbussche et al. 2003). Tomato has four B-class MADS-box genes: Tomato AP3 (TAP3; syn. SlDEF, LeAP3; Kramer et al. 1998; de Martino et al. 2006) and Tomato MADS box gene 6 (TM6; syn. TDR6; Pnueli et al. 1991; Busi et al. 2003) for the AP3 clade and S. lycopersicum GLOBOSA (SlGLO; syn. SlGLO1, LePI, TPIB; Leseberg et al. 2008; Mazzucato et al. 2008; Geuten and Irish 2010) and Tomato PISTILLATA (TPI; syn. SlGLO2, de Martino et al. 2006; Mazzucato et al. 2008) for the PI clade. Mapping studies and the publication of the tomato genome revealed that SlDEF, TM6, SlGLO1 and SlGLO2 are positioned on the long arms of Chr4 (Solyc04g081000), Chr2 (Solyc02g084630), Chr8 (Solyc08g067230) and Chr6 (Solyc06g059970), respectively. 
Functional studies showed that SlDEF gene is necessary to specify the identity of petals and stamens, while TM6 is only involved in determining stamen morphology (de Martino et al. 2006). To understand the role played by the two paralogues of the PI clade, loss-of-function tomato mutants were obtained that showed only stamen alterations (de Martino et al. 2006; Geuten and Irish 2010; Guo et al. 2016). When the function of both GLO paralogues was missing, the flower acquired a typical B-class phenotype, where the petals were converted into sepals and stamens into carpels, phenocopying the previously described tap3 mutant (Quinet et al. 2014). 
7B-1, a photoperiod-sensitive GMS mutant described in tomato, shows complete sterility in long days (LD), while in short days (SD) the fertility is restored and it is able to self and produce fruits and true breeding seeds (Sawhney 1997, 2004). The floral phenotype of 7B-1 in LD conditions included short, retracted and distorted anthers, with the style and stigma elongated and no fruit set; in controlled SD conditions the mutant produced normal flowers with viable pollen (Sawhney 1997, 2004). 7B-1 has been extensively characterized at the physiological and proteomic levels (Fellner et al. 2001, Sheoran et al. 2009), and the germination and seedling growth in the mutant presents a high resistance to biotic and abiotic stresses (Fellner and Sawhney 2001, 2002; Bergougnoux et al. 2009; Hlavinka et al. 2013). Further, a thorough analysis of the transcriptome dynamics between WT and 7B-1 anthers, provided the first insights into the gene regulatory networks underlying the mutation (Omidvar et al. 2017). However, the genetic relationship of 7B-1 with previously described structural ms tomato genotypes has not been investigated, nor has this gene been mapped in the tomato genome as a prerequisite for its introgression by marker-assisted breeding, and to understand the gene involved in the phenotype. 
In this study, we conducted a thorough phenotypic and genetic characterization of the 7B-1 mutation, reporting further details on its phenotype and allelism tests with other structural mutants. We also pursued a candidate gene approach to understand the lesion underlying the 7B-1 mutation. Insights into this last objective strongly support the involvement of a B-class MADS-box gene member, a hypothesis which is in agreement with the conditional phenotype expressed by the mutation.


Materials and methods
Plant material
Phenotypic and molecular analyses on 7B-1 were carried out using a fixed line carrying the mutation and its near-isogenic wild-type (WT) in the background of cv Rutgers (referred to as WT1); seed samples were obtained from V.K. Sawhney (University of Saskatchewan, Canada). A homozygous line for vms was obtained from the C.M. Rick Tomato Genetics Resource Center (TGRC, University of California, Davis, CA, USA; accession LA2-219). Its WT counterpart, cv San Marzano (referred to as WTSM), was available in the collection held by the authors. F2 populations segregating sl (LA3816, background cv Ailsa Craig) and sl-2 (LA2-137, background not specified) were obtained from TGRC and that segregating for tap3 (background cv Primabel) from Dr. M. Quinet (Louvain University, Belgium). For sl, the WT counterpart was represented by non-mutant segregants, thus including also heterozygotes (referred to as WT2). For sl-2 and tap3, WT lines were fixed by selection from WT plants and referred to as WT4 and WT3 respectively. For the sl-2 mutant, it was also possible to select a fixed line (Mazzucato et al. 2008) that was used thereafter to study the mutant phenotype.
A minimum of 12 plants per genotype were grown in a protected environment in a tunnel-shaped, ventilated greenhouse under ambient light conditions in Viterbo, Italy (42°260’N, 12°040’E), in late-spring summer. During the ﬂowering period (month of May) the mean natural photoperiod was 14.5 h and temperatures ranged between 12 and 29°C; such conditions are referred to as LD. Plants were planted in soil and grown under standard cultural practices. For 7B-1 and sl-2, phenotype expressivity was also studied in autumn (SD) in the same location and growth conditions; flowering occurred in October/November when the mean natural photoperiod was 11.5 h and temperatures ranged between 5 and 25°C.
To test allelism between 7B-1 and other male sterile tomato mutants, 7B-1 flowers were pollinated with pollen from homozygous (vms, sl-2) or heterozygous (sl, tap3) plants. F1 and F2 generations were grown in LD as previously described and used for phenotypic analysis.

Phenotypic analysis of floral traits in mutants and segregating populations

The morphology of WT and mutant flower was observed at anthesis (Stage 4; Mazzucato et al. 1998) by dissecting two flowers per plant in at least eight plants per genotype. Observations were made by a stereomicroscope and the number of stamens were counted and classified as normal (NO), with carpelloid structures on the adaxial surface (CS), with carpelloid structures and external ovules (EO) or totally carpelloid, free or adnate to the pistil (TC). The same analysis was done in all progeny plants from allelism tests, using at least two flowers per plant at anthesis. Accordingly, plants were classified into WT (all organs normal), mutant (organ deformation at the same level of the original mutant) and intermediate (organs with leaky defects).
For 7B-1 and sl-2 and the respective WTs, morphometric traits of floral organs such as number, length and width of sepals and petals, pistil length and ovary diameters were also measured. The same analysis was carried out in WT and mutant plants observed in the sl system and in the F1 progeny after crossing 7B-1 with a heterozygous sl plant.
For scanning electron microscopy (SEM), stamens of the WT1 and of the 7B-1 mutant from LD- and SD-grown plants were sampled at flower opening (Stage 3) and anthesis (Stage 4), dissected by removing sepals and petals; fixed, treated and observed as reported (Mazzucato et al. 1998). 
To estimate pollen viability, two Stage 4 flowers were sampled from eight WT and 7B-1 plants in both growing conditions. Pollen viability was evaluated by light microscopy after staining the pollen with two drops of 1% (w/v) acetic orcein solution. Pollen grains were classified as viable or non-viable based on their stainability and morphology. 
Differences between paired means were assessed with Student’s t test using Microsoft Excel. Higher level comparisons were carried out adopting the General Linear Model (GLM); significant differences were estimated by Duncan multiple range test. The analysis was performed with the SAS software, Version 9.4 of the SAS System for Windows (http://support.sas.com/software/products/university-edition/). 

Genetic mapping of the 7B-1/sl-2 locus

To test the hypothesis of allelism between 7B-1 and sl-2 with SlDEF, two F2 mapping populations were obtained after crossing the mutants with the introgression line IL4-4, carrying a segment from S. pennellii in the target region of Chr4 (Eshed and Zamir 1995). The F2 populations (n=70 each) were grown in LD as previously described and plants were scored for the stamen phenotype. Few F2 plants were progeny tested to check the phenotypic classification. 
For molecular analysis, total DNA was extracted from each F2 plant according to Doyle and Doyle (1990) and amplified by PCR for the marker T0360 (Fulton et al. 2002) which is located 10 cM from SlDEF, using primers and PCR parameters reported in Online Resource 1. PCR was performed in a 20 µl of total volume, containing 75 ng of genomic DNA, 10 µM of each primer, 200 µM of dNTPs, 1 X DreamTaq buffer and 1 U of DreamTaq polymerase (Fermentas, Ontario, Canada). The PCR reaction was conducted with an initial denaturation of 4 min at 94°C that was followed by 30 cycles of denaturation for 1 min at 94°C, annealing for 1 min at 56°C, extension for 2 min at 72°C, plus 7 min of final extension at 72°C. Difference in size of the amplicons were visualized with ethidium bromide after electrophoresis on 1.5% (w/v) agarose gel. 
To further test the position and identity of 7B-1, a backcross (BC1) mapping population was developed after crossing the mutant with S. pennellii (TGRC, accession LA0716). Ninety-nine BC1 plants were grown in LD conditions as described. For each plant, two flowers were sampled at anthesis and the stamens classified as NO, CS, EO and TC as described above. Seven BC1 plants, apparently recombining between 7B-1 and markers on Chr6, were tested by growing 12 progeny plants to confirm the phenotypic and molecular classification. The BC1 population was characterized using markers associated to or located inside the four tomato B-class MADS-box gene regions, T0360 and C2At_4g33350 for the SlDEF region, SSR356 and TM6 for TM6, SSR38 and LePI for SlGLO1, T0834, C2_At1g52200, LeGLO2 and C2_At1g77470 for SlGLO2 (Online Resource 1). DNA extraction and PCR reaction were carried out as described before. All markers were based on in/del polymorphisms, with the exception of C2At_4g33350, TM6 and LeGLO2 that functioned as Cleaved Amplified Polymorphic Sequence (CAPS) markers. Restriction enzymes were HinfI (Invitrogen, Carslbad, CA, USA), AseI (New England Biolabs, Beverly, MA, USA) and TaqαI (Invitrogen) respectively (Online Resource 1). Ten µL of the amplification product were digested with 1 U of the appropriate enzyme in a final volume of 20 µL. The restriction fragments were visualized in a 1.5% (w/v) agarose gels.
Association analysis between mutant and marker loci was carried out using Joinmap 3.0 (Ooijen and Voorrips 2001).

Molecular analysis of SlGLO2, the candidate gene for the 7B-1 mutation

Genomic DNA was extracted from 7B-1 and sl-2 LD-grown plants and from the respective WTs as described before. The genomic sequence of SlGLO2 in the WT and 7B-1 lines, including about 2000 bp of the promoter region and 600 bp downstream to the polyadenylation site, was amplified using different primer combinations (Online Resource 1 and 4). Due to the lack of amplification in the mutant using the LeGLO2-6 primer pair, the second part of the gene (last four exons and three introns plus the 3’-UTR) was amplified using a single primer pair (LeGLO2-5) and the amplicon was cloned into pGEM T-easy (Promega, Madison, WI, USA). The fragment was then sequenced using the universal primers for the vector. All sequences were performed at Macrogen Europe Laboratories (Amsterdam, The Netherlands).
The published genomic sequence of SlGLO2 was analyzed for the presence of plant transposons and transposon-related motifs with available online sources and specifically of miniature inverted-repeat transposable elements (MITEs) with P-MITE (Chen et al. 2014) and of repeated elements with REPFIND (https://zlab.bu.edu/repfind/index.shtml).
For gene expression studies, 15 plants of the WT1 and of the 7B-1 mutant line were grown in LD as described above. Following a previously proposed stadiation (Mazzucato et al. 2008), flower buds were sampled at Stage -1 (bud 1-2 mm long) and early Stage 0 (bud 3-4 mm long), while dissected anthers were sampled at Stage 1 (bud 6-9 mm long). For the stem, tissues were sampled from a young lateral branch of three-months-old plants. All samples were immediately frozen in liquid nitrogen and stored at -80°C until use. Total RNA was extracted from 100 mg of plant material using TRIzol (Invitrogen) according to the manufacturer’s instructions. RNA integrity was checked by 1% (w/v) agarose gel, while the concentration and purity of each sample was spectrophotometrically controlled. cDNA was synthesized from 2 µg of total RNA using M-MLV Reverse Transcriptase (Promega) according to the manufacturer’s protocol. 
Real time quantitative PCR (qRT-PCR) was used to study the expression of the four tomato B-class MADS-box transcription factors, plus other three genes involved in the regulation network downstream to B-class genes in Arabidopsis, S. lycopersicum CRABS CLAW (SlCRC), S. lycopersicum PACLOBUTRAZOL RESISTANCE1 (SlPRE1, alias Style 2.1) and SlPRE5. qRT-PCR was performed using the Bio-Rad CFX96 Manager system (Bio-Rad, Hercules, CA, USA) with the primers listed in Online Resource 1, using three biological replicates for each genotype and stage. The amplification experiments were performed in a total volume of 15 µL, containing 1.75 µL of four-fold diluted cDNA, 1 X SSO ADV UNIVERSAL SYBR GREEN mix (Bio-Rad) and 300 nM of each primer. The amplification program included a denaturation step of 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 58°C for 30 s. Each amplification event was conducted in three technical replicates. To evaluate the gene expression level, results were normalized using α-tubulin (Solyc04g077020) as the housekeeping gene (Coker and Davies 2003). To determine the fold change in expression, data were calculated relative to a calibrator (WT1 genotype) using the formula 2-ΔΔCt (Livak and Schmittgen 2001) and presented on log2 scale.

Results

Phenotypic expression of tomato structural male sterile mutants

In LD growth conditions, WT individuals showed almost all normal anthers in different ms systems studied (Fig. 1a,b), with the exception of WT2, (the fertile counterpart of sl) that had 8% aberrant organs (Table 1). This phenotypic class however included heterozygotes, which may show leaky evidence of the mutant phenotype.
7B-1 stamens in LD retained the stamen structure and yellow color but showed several alterations; they were short, retracted and laterally free, usually with the stigma exerted (Fig. 1c). All the mutant stamens showed defects involving homeotic transformation into carpels with different degrees of differentiation. The majority were carpelloid structures (Fig. 1d) and about 30% exhibited differentiation of external ovules on the adaxial surface (Fig. 1e). Only 8% of the anthers had totally lost their identity and were completely converted into carpels (Fig. 1f; Table 1).
Among the other mutants studied, vms showed the highest frequency of normal stamens and none were completely transformed into carpels (Fig. 1g; Table 1). In contrast, the two allelic mutations sl and tap3 showed 100% aberrant stamens, that were all completely converted into carpels and more or less adnate to the legitimate pistil (Fig. 1h; Table 1). In addition to the severe stamen phenotype, the sl mutant had petals that were partly sepaloid, confirming a B-class phenotype for this mutation (Fig. 1i). Finally, the sl-2 mutant had a low frequency of normal stamens and about 85% of stamens had carpelloid features exhibiting different phenotypic classes (Fig. 1j; Table 1).

Allelism test between 7B-1 and other structural male sterile mutants 

Out of the 14 F1 plants obtained after crossing 7B-1 and vms, 10 showed WT flowers and four had a leaky male-sterile phenotype, consisting of sporadic production of EO stamens (Table 2). This segregation suggested no allelism between 7B-1 and vms.
To test for allelism between 7B-1 and sl, 7B-1 flowers were pollinated with two plants heterozygous for the latter mutation. Out of 19 F1 plants observed, 10 were WT and nine showed a floral phenotype less severe than the parents (Table 2). Comparing morphometric data of these segregants with those of the sl mutant, it was clear that the anther cone of the segregants had a phenotype different from sl mutants (Online Resource 2). Anther cones showed the “mutant” phenotype in F1 with various degrees of transformation into female organs, but they never were completely carpelloid and/or fused to the pistil (Online Resource 2) as in the sl mutant (Table 1; Fig 1i). In addition, the weak mutants did not exhibit greenish sepaloid petals and had yellow anthers, albeit modified (Fig. 1k). Similarly, these plants did not show the true 7B-1 phenotype. F2 progenies from leaky F1 mutant plants showed segregation of WT and leaky-mutant plants, as well as plants with 7B-1 and sl phenotypes (Table 2). These data suggested that the two mutations are not allelic. 
In order to confirm that 7B-1 is not allelic to sl, an allelism test was also performed with pollen from a plant heterozygous for the tap3 mutation, an allele of sl (Quinet et al. 2014). The F1 population segregated 15 plants with WT phenotype, 10 similar to 7B-1 and three plants with leaky stamen alterations (Table 2), confirming that 7B-1 and sl are not allelic.
Finally, to investigate the relationship between 7B-1 and sl-2, 12 F1 plants obtained from the cross between the two mutants all showed flowers with short, retracted and distorted anthers, the typical phenotype reported in both mutations (Fig. 1l,m). Analysis of flower morphology of 20 F2 plants, derived from different F1s, had similar phenotype in all individuals (Table 2). These data suggest that 7B-1 and sl-2 are allelic. 

Phenotypic characterization of reproductive structures in 7B-1 and sl-2 mutants in LD and SD growth conditions

Genotypic differences between 7B-1 and its WT1 counterpart were found for all morphometric traits collected on sepals and petals, with the exception of sepal length that was different in different seasons but not between genotypes (Online Resource 3). For stamen number and length, both genotypic and seasonal differences were found without a significant G*E interaction; the mutant had more stamens, but these organs were always shorter than the WT. The E effect resulted in stamens that were more numerous and shorter in SD than in LD. Compared to LD, 7B-1 plants grown in SD showed flowers with reduced stamen alterations and overall a higher percentage of normal anthers (Table 1; Fig. 1n). No differences in pistil traits were found between genotypes, but the pistil in LD was longer than in SD in both genotypes (Online Resource 3). The androecium of sl-2 flowers differed from 7B-1 compared with WT4, and differences were only observed for stamen number and length (Online Resource 3). Moreover, the degree of aberrations in sl-2 was less affected by the growing season compared with 7B-1 (Table 1).
SEM observations of WT stamens in LD and SD conditions showed that the growing season did not affect their structure; they had normal differentiation with two thecae and rows of hairs on the lateral and adaxial surfaces (Fig. 2a). In 7B-1 mutant stamens, the rows of hairs were absent on both surfaces in plants grown in LD and severe carpelloid alteration of the organ was evident on the adaxial surface (Fig. 2b,c). In SD, the mutant possessed anthers with rather normal structure, with rows of hair and pollen sacs that were partially formed (Fig. 2d).
The mutant produced pollen grains with lower viability (stainability) than the WT in both LD and SD (Fig. 3). Although the G*E interaction was not significant, there was indication that pollen viability in SD decreased in WT flowers, but increased in the mutant. These data were also supported by the pollen germination test that indicated a lower number of germinated pollen grains in 7B-1 in both conditions compared with the WT, but higher germinability in the mutant in SD than in LD (not shown). Similarly, sl-2 flowers also showed a high proportion (>90%) of nonviable pollen in LD (not shown).

Genetic mapping of the 7B-1/sl-2 locus

To test the hypothesis that 7B-1 and sl-2 could represent alleles of SlDEF, two F2 mapping populations were constructed after crossing the mutants with an introgression line from S. pennellii spanning the target region on Chr4. Both populations segregated the mutation in a Mendelian fashion (Table 3). When the populations were screened with the T0360 marker, localized on Chr4 10 cM distal to SlDEF, the independent segregation definitely indicated that both mutations were not linked to SlDEF (Table 3). 
To widen the attempts to map the 7B-1 locus in the tomato genome, a BC1 mapping population was constructed after crossing the mutant with S. pennellii. The population was classified into 62 WT and 37 7B-1 plants, with an apparent defect in the frequency of mutants (χ2=6.31, P<0.05). All plants classified as WT showed a normal flower morphology; flowers of plants classified as mutants showed by the typical 7B-1 phenotype, with NO (2.9%), CS (34.3%), EO (57.4%) and TC (5.4%) stamens. The analysis of markers associated with or located into the four tomato B-class MADS-box genes showed independent segregation between 7B-1 and the SlDEF, TM6 and SlGLO1 regions, but a significant association of the mutation with C2_At1g52200, a marker located 6 cM distal to SlGLO2 (P<0.01), with an estimated distance between the two loci of 25.9 cM (Table 4). 
To refine the local map surrounding SlGLO2, two additional markers were screened, T0834 and C2_At1g77470, together with a polymorphism located within the gene itself. The analysis confirmed that 7B-1 is located within this genetic window; 76% of the BC1 plants showed a parental haplotype in the target region (Table 4). Of the total 23 recombinant plants, the only recombinations between 7B-1 and SlGLO2 were found in 16 individuals that showed the “A” haplotype at the molecular analysis, but were classified WT according to the flower phenotype (Table 4). Because this recombination is genetically unlikely, we addressed the hypothesis of phenotypic misclassification in these plants. However, a careful observation of the flowers confirmed their classification as normal. Seven of these ‘recombinants’ were progeny tested raising 12 BC1F2 plants for each progeny. For the stamen phenotype, progenies segregated WT, 7B-1 mutant as well as weak mutant plants, but the molecular analysis confirmed the result that the parents were homozygous for the mutant haplotype (not show). This observation indicated that the action of a modifier gene or an epigenetic effect was more plausible than true recombination events between 7B-1 and SlGLO2 and supported the view that this gene is a solid candidate for 7B-1. If “false” recombinants are excluded from the analysis, 7B-1 co-segregates with SlGLO2 and the order and distances of the other markers becomes much closer to the published one (Table 4; http://www.sgn.cornell.edu).

Molecular analysis of SlGLO2, the candidate gene for the 7B-1 mutation

The SlGLO2 (Solyc06g059970) transcript measures 908 bp and encodes for a 214 residue protein. To validate its candidature for the 7B-1 mutation, the genomic sequence, comprising seven exons and six introns, was obtained from WT and 7B-1 DNA (Online Resource 4 and 5). Only the second intronic region was not completely sequenced since different primer combinations and amplification strategies were unsuccessful due to the amplification of aspecific PCR products. Similar problems were encountered during the amplification of the last exon and part of 3’ UTR region, where the primer combination SlGLO2-6 regularly amplified the WT DNA but did not give amplification in 7B-1 (Fig. 4a). In addition, the SlGLO2-6 primers were also tested on WT4 and the sl-2 mutant, showing the same phenotype (Fig. 4a). This lack of amplification of the terminal region of the gene behaved as a marker of the mutant genotype also in the BC1 mapping population (Fig. 4a). Finally, the sequence of the sixth exon in the mutant was obtained by using primers designed to amplify a wider portion of the gene (Online Resource 4). The genomic 7B-1 sequence obtained did not show differences when compared to both the WT1 and the published sequence (http://www.sgn.cornell.edu, not shown). In addition, the two genotypes did not show polymorphism in the first 2000 bp of the promoter region and in 612 bp downstream to the polyadenylation site.
Analysis of the published SlGLO2 genomic sequence for the occurrence of transposable elements gave no positive result, but five MITE-related sequences were found and two of them were located in the 2nd intron (highlighted in light blue in Online Resource 5). Search for repeated sequences revealed the presence of a number of identical repeats in the second intron, that could be assembled into a duplicated region of 175 bp with 92.6% identity (highlighted in yellow in Online Resource 5). 
To assess how the 7B-1 mutation affected the expression of B-class MADS-boxes and other selected genes, qRT-PCR experiments were carried out at early stages of LD flower development in WT1 and mutant tomato flower buds (Fig. 4b). For SlDEF, the main difference in expression was downregulation in the mutant at early stages, differently from TM6 that was upregulated at the latest stage. The SlGLO1 was weakly downregulated in the mutant with a negative peak at Stage 0, but SlGLO2 was strikingly downregulated in 7B-1 flower buds and anthers at all the stages analyzed (Fig. 4b). CRC, a transcription factor involved in gynoecium development, showed a very high upregulation in mutant stamens at Stage 1. Whereas primers designed on SlPRE1 (St2.1) did not give any amplification product in our samples, SlPRE5, ortholog of BANQUO1 (BNQ1), was downregulated in flower bud samples while it returned similar to the WT in more developed stamens (Fig. 4b).


Discussion

7B-1 is a homeotic ms mutation showing allelism with sl-2

A comparison of the 7B-1 phenotype with other structural ms tomato mutants indicates that all these variants show carpellization of stamens, albeit of varying degree, a phenotype that recalls lesions to the B-class MADS-box function. Previous researches have in fact assigned the sl mutation (Gómez et al. 1999) and its allele tap3 (Quinet et al. 2014) to defects of the SlDEF gene. 
The occurrence of WT plants and the absence of strong mutant phenotypes in F1 of 7B-1 and vms indicates lack of allelism in these genes; however the involvement of interacting genes is possible being weak mutant phenotypes occasionally present in double heterozygotes. vms is a genetically anonymous mutation mapped on Chr8 (Rick and Boynton 1967); interestingly this region also harbors the SlGLO1 gene. However, a specific study of the relationship between Vms and SlGLO1 has not been carried out. 
Early literature listed structural ms mutations in tomato as members of the “stamenless” series. Our phenotypic characterization indicates that 7B-1 is different from sl, the latter has greenish petals and green stamens with complete transformation into carpels. Phenotypic segregation data suggested no allelism between 7B-1 and sl (or tap3), because strong mutant phenotypes were not seen in F1. These results excluded the involvement of the SlDEF gene in 7B-1, but the phenotype and the segregation analysis by double heterozygotes suggests that SlDEF and 7B-1 may encode functional partners as other B-class MADS-box transcription factors. This hypothesis would explain uncertain results of allelism tests done in the past, when sl and sl-2 were considered to be members of the same allelic series (Hafen and Stevenson 1958; Nash et al. 1985). 
Our phenotypic observations revealed similarity between 7B-1 and sl-2, which are structural mutations with no evident alteration of petal tissue and the conversion of stamens into carpelloid organs with various degrees of severity. The SEM study confirmed the alteration of 7B-1 stamens in LD which included lack of staminal features (absence of lateral and adaxial rows of hair) and the acquisition of homeotic changes (various degrees of carpellization). These traits resembled the SEM phenotype of sl-2 anthers (Sawhney and Polowick 1986; Mazzucato et al. 2008), and our allelism tests confirm the common genetic basis for these two structural ms mutants.
The structural alteration of stamens under LD confirmed that the MS syndrome in 7B-1 is very attractive for use in hybrid seed production (Sawhney 2004). The scarcity of viable pollen and the stigma extruding outside the anther cone guarantees that selfing is unlikely in these flowers (out of several parthenocarpic fruits set by 7B-1 in LD, we found 0.02 seeds per fruit on average, A. Mazzucato, unpublished data). Differently, when 7B-1 flowers were hand-pollinated they produced seeded fruits (average of about 40 seeds per fruit, not shown) confirming that the mutant is not defective in female fertility (Sawhney 2004). Stigma exertion is very useful for hybrid seed production in tomato, because it makes pollination easier bypassing emasculation, which is very laborious and expensive. In our SD conditions, recovery of fertility allowed seed production by selfing the mutant flowers supporting the earlier report on this mutant (Sawhney 2004). About six seeds per fruit were produced (unpublished data) accomplished by easy self-pollination by hand due to the production of viable pollen. Comparing the length of stamens and pistil, the style was inserted in the WT in both seasons, whereas in the mutant it was inserted only in SD (not shown).
The phenotypic characterization of sl-2 confirmed its similarity with the photoperiod-sensitive 7B-1 mutant. sl-2 was considered more difficult to use in hybrid seed production because of its sensitivity to temperature changes (Sawhney and Greyson 1973; Sawhney 1983). Moreover, sl-2 is able to set some seed in LD open pollination, conditions that should maximize the sterile phenotype (not shown).

Mapping of 7B-1 indicated SlGLO2 as a reliable candidate

Having ruled out a role of SlDEF in the 7B-1/sl-2 phenotype, we addressed the hypothesis of the involvement of other B-class MADS-box genes, as suggested by the 7B-1 homeotic phenotype. Segregation analysis showed linkage between 7B-1 and SlGLO2 on Chr6. This hypothesis was corroborated by the reported phenotype of SlGLO2 knock-out lines, which were characterized by WT-like petals and carpelloid stamens that are laterally free and lacking interweaving hairs (Geuten and Irish 2010). Although structural defects were not observed in the second floral whorl, 7B-1 petals were shorter than the WT, as was reported in SlGLO1 knock outs (Guo et al. 2016). Moreover, as in SlGLO1 knock outs (Guo et al. 2016), 7B-1 showed a high percentage of pollen grains that were aberrant and non-viable. This indicates that GLO1 and GLO2 in tomato exert a partially redundant role in petal and in pollen development.
The coincidence of 7B-1 with SlGLO2 was questioned by the presence of 16 recombinants. However, these recombinants were genetically unlikely because they were unilateral (all with WT stamen phenotype and mutant haplotype at marker loci). Genetic analysis demonstrated that these plants were not the consequence of recombination, but they could be explained by the action of a modifier gene, independent from 7B-1, that hampers the expressivity of the 7B-1 phenotype. This hypothesis was also supported by the fact that only seven out of the 16 “false” recombinants set fruits, while “true” WT genotypes always showed a good fruit and seed set. Alternatively, a possible epigenetic explanation can be evoked because the 7B-1 mutation showed high differentiation at the epigenetic level compared to the WT genotype (Omidvar and Fellner 2015). If “false” recombinants are considered as 7B-1 genotypes, they actually complement the lack of mutants detected in the BC1 population. Taken this into consideration, the mapping data showed a much higher coincidence of marker order and distance with the published map and co-segregation of 7B-1 and SlGLO2. 
The hypothesis of allelism between 7B-1 and SlGLO2 is also supported by the sensitivity to the environment of B-class mutations. Often B-class mutants are sensitive to environmental cues, such as DEF-101 in A. majus (Zachgo et al. 1995) and ap3 in Arabidopsis (Sablowski and Meyerowitz 1998); these phenotypes were explained on the basis of an unstable interaction among B-class protein members. The presence of regulatory elements in the promoter region of B-class MADS-box genes that are connected with environmental perception has been related with the idea that the expression of floral organ identity genes is influenced by environmental factors. Recently, it was reported that the transcriptional activity of MADS-box genes is controlled by temperature in many plants and this synchronizes flowering with changing season (Hemming and Trevaskis 2010). In tomato, it is known that reproductive development is negatively influenced when the plants are grown under low temperature conditions and this impacts the expression of MADS-box genes, leading to homeotic transformation of floral organs (Lozano et al. 1998).

Molecular characterization of SlGLO2 in WT and 7B-1 mutant plants

Sequencing of genomic DNA encompassing the SlGLO2 gene, of about 2 kbp of the promoter and of 600 bp downstream to the 3’UTR did not reveal any structural lesion in the 7B-1 mutant. However, the involvement of SlGLO2 in the mutation was supported by the strong downregulation of the gene at different stages of the mutant flower development. These results confirm those from transcriptomic analysis (Omidvar et al. 2017) and may be a consequence of unreported lesions of the promoter region as described for sl (Quinet et al. 2014). 
Alternatively, the 7B-1 mutation could be caused by an undetected polymorphism in the second intron, that could not be completely sequenced. The occurrence of MITE-like transposons and of repeated elements in this intron indicated as this region was subjected to strong structural rearrangements. MITE-related modifications may directly be involved in gene regulation (Oki et al. 2008) or be the basis for epigenetic variation as in the MANTLED somaclonal mutation affecting the DEF ortholog in oil palm (Ong-Abdullah et al. 2015). Also, in apetalous species belonging to the Ranunculaceae family, the loss of petals is associated with a downregulation of the DEF ortholog due to an insertion of a transposable element in the second intron (Zhang et al. 2013). Finally, problems in amplification were also reported in the terminal part of the gene which were shared in both 7B-1 and sl-2; this phenotype may thus also be related to a similar genetic lesion in the two mutants.
The downregulation of SlDEF in 7B-1 paralleled that described in a knock-out line of SlGLO2 (Geuten and Irish 2010). Conversely, in plants where SlDEF expression is completely lost, both SlGLO1 and SlGLO2 are downregulated (Geuten and Irish 2010). The expression pattern observed for SlGLO1 was also in agreement with the results reported in SlGLO2 knock-outs (Geuten and Irish 2010). All these results indicate that a complex and reciprocal regulative interaction orchestrates the transcription of B-class genes in tomato (Geuten and Irish 2010; Guo et al. 2016).
The transcription factor CRC has been involved in gynoecium development in Arabidopsis (Bowman and Smyth 1999) and tomato (Ruiu et al. 2015). In Arabidopsis, CRC expression is activated by AG and suppressed by AP3 and PI (Wuest et al. 2012); in ap3 and pi mutants the ectopic expression of CRC is evident in the modified third floral whorl (Bowman and Smith 1999). Accordingly, the upregulation of SlCRC in 7B-1 stamens is in agreement with the loss of proper B function and with the carpel identity assumed by these organs during development. 
Finally, we checked the expression of the transcription factors SlPRE1 (alias St2.1) and SlPRE5, that are the closest tomato ortholog to BNQ1 of Arabidopsis. BNQ1, together with its paralogs, are atypical members of the basic helix-loop-helix (bHLH) family of transcription regulators that integrates multiple signalling pathways (gibberellin, light, brassinosteroids; Lee et al. 2006). Such proteins are negatively regulated by AP3 and PI in the flower; in ap3 and pi mutants, BNQ3 showed ectopic expression in sepaloid petals (Mara et al. 2010). Our results showed a downregulation of SlPRE5 in whole flower buds of the mutant and no differences in differentiated anthers and stems. Expression of SlPRE1 was not detected in our experiments; however, its downregulation in the 7B-1 mutant was reported elsewhere (Omidvar et al. 2017). Because overexpression of PRE1 and homologous genes induced GA overexpression phenotypes in Arabidopsis (Lee et al. 2006), the downregulation of orthologs in 7B-1 is in line with the reduced GA levels in the mutant (Fellner et al. 2001). Although the effect of loss of the B function on the expression of PRE genes is different in Arabidopsis, our results indicate that BNQ genes are also under the control of B-class MADS-boxes in tomato, although their regulation could differ as a consequence of the subfunctionalization of this gene family in the Solanaceae.

Conclusions

[bookmark: _GoBack]Due to its environmental-sensitivity, the 7B-1 mutation deserves great interest for use in tomato hybrid seed production. Deeper characterization of the mutant and its localization in the tomato genetic map is very important in order to pursue marker-assisted selection strategies, to identify the underlying gene, to discover new alleles in mutagenized populations, or to create them through genome editing approaches. In this work, we have provided evidence for the allelism between 7B-1 and sl-2 and, by a combination of phenotypic observations, genetic mapping and gene expression assays, submit that the SlGLO2 gene is involved in the 7B-1 phenotype. Although the lesion underlying the mutant phenotype is still elusive, this information suggests that lesions in MADS-box genes, particularly in those representing the B function where the phenotype involves alterations in the third whorl of the flower and are influenced by environmental factors, are ideal candidates as conditional ms mutations. Further molecular knowledge on the mechanisms involved in EGMS systems will fuel their use in hybrid seed production in tomato and different crops.
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Figure legends

Fig. 1 Floral and stamen phenotype of wild-type (WT) and mutant genotypes under study. a, b WT anther cone and WT dissected stamen; c 7B-1 anther cone in LD; d 7B-1 dissected stamens with carpelloid structures; e 7B-1 dissected stamen with carpelloid structures and external ovules (white arrow); f 7B-1 completely carpelloid stamen; g vms anther cone; h sl anther cone; i typical sl flower with sepaloid petals and carpelloid stamens adnate to the pistil; j sl-2 anther cone; k flower of an F2 heterozygous plant derived from crossing 7B-1 and sl; l, m anther cone and single stamen from a flower of an F1 plant from crossing 7B-1 and sl-2; n 7B-1 anther cone in SD. Bar is 8 mm for h and i and 5 mm for all other panels

Fig. 2 SEM images of anthers in WT and 7B-1 flowers grown in LD and SD conditions. a WT anther in LD; b, c 7B-1 anthers in LD; d 7B-1 anther in SD. Bar is 200 µm

Fig. 3 Percentage of stainable pollen grains in WT (white bars) and 7B-1 (black bars) anthers dissected from flowers grown in LD and SD. Bars represent mean and SE for n=16 

Fig. 4 (a) Amplification of wild-type (WT) and mutant DNA samples with the LeGLO2-6 primer combination. WT1 and 7B-1 and WT4 and sl-2 are genomic DNA samples from the two mutants and the respective WTs. Lanes indicated with numbers 1, 3, 4 and 2, 5 represent DNA from mutant and WT individuals from the BC1 mapping population. The upper band shows the expected SlGLO2-6 amplification product (610 bp) and the lower band the control amplification product (450 bp). (b) qRT-PCR analysis of B-class MADS-box genes and of two genes involved in their regulation in flower buds at Stage -1 (1-2 mm long) and early Stage 0 (3-4 mm long), stamens dissected from flower buds at Stage 1 (7-9 mm long) and stem. Expression changes are presented as normalized fold changes (FC) between 7B-1 and WT reference tissue. Positive and negative values indicate up- and down-regulation of the expression, respectively. Error bars represent standard errors of three biological replicates



Online Resource 1 List of primers and PCR conditions used for markers analysis, sequencing and qRT-PCR

Online Resource 2 Morphometric traits of flowers of the tomato sl mutant and of the near isogenic WT2 in the original seed stock and in F1 plants from the cross with the 7B-1 mutant. The phenotype, recorded under LD growth conditions, includes details on the frequency of normal stamens (NO), stamens with carpelloid structures on the adaxial surface (CS), stamens with carpelloid structures and external ovules (EO) and stamens completely transformed in carpels, free or adnate to the legitimate pistil (TC). Each value represents the average of 16 flowers per genotype

Online Resource 3 Morphometric traits in flowers of the 7B-1 and sl-2 mutants compared with the respective WTs as varied according to the Genotype (G), the growth season in LD or SD (E) and their interaction (G*E)

Online Resource 4 Schematic representation of the SlGLO2 gene structure and position of the primer pairs designed for amplification and sequencing. Numbers indicate the position of the Forward primer for the combinations SlGLO2-1 to SlGLO2-6 described in Online Resource 1

Online Resource 5 Alignment of the published SlGLO2 genomic (upper line) and SlGLO2 mRNA (lower line) sequence (http://www.sgn.cornell.edu). Start and stop codons are highlighted in red; the beginning of exons are marked on the right; the two repeated regions within the 2nd intron are highlighted in yellow and the MITE-related sequences in light blue; the sequence that could not be obtained in the present material is underlined


Table 1 Stamen phenotype of the 7B-1, vms, sl, tap3 and sl-2 mutants and of the respective WTs grown under long days (LD) and short days (SD) growth conditions expressed as frequency of normal stamens (NO), with carpelloid structures on the adaxial surface (CS), with carpelloid structures and external ovules (EO) and stamens completely transformed into carpels, free or adnate to the normal pistil (TC)
	Season
	Mutant system
	Genotype
	No. of observed stamens
	Frequency (%) of stamens with phenotype:

	
	
	
	
	NO
	CS
	EO
	TC

	LD
	7B-1
	WT1
	170
	99
	0
	1
	0

	
	
	7B-1
	176
	1
	63
	28
	8

	
	vms
	WTSM
	144
	100
	0
	0
	0

	
	
	vms
	134
	69
	6
	25
	0

	
	sl
	WT2a
	149
	92
	7
	0
	1

	
	
	sl
	144
	0
	0
	0
	100

	
	tap3
	WT3
	161
	100
	0
	0
	0

	
	
	tap3
	66
	0
	0
	0
	100

	
	sl-2
	WT4
	68
	100
	0
	0
	0

	
	
	sl-2
	141
	16
	38
	33
	13

	SD
	7B-1
	WT1
	438
	95
	4
	0
	1

	
	
	7B-1
	425
	10
	59
	21
	10

	
	sl-2
	WT4
	72
	100
	0
	0
	0

	
	
	sl-2
	72
	22
	49
	26
	3


a Segregating population, includes heterozygotes



Table 2 Allelism test between 7B-1 and other structural male-sterile mutants
	Seed parent
	Pollen parent
	Gene-ration
	No. of plants grown
	Plants with stamen phenotype:

	
	
	
	
	WT
	Mutant, as seed parent
	Mutant, as pollen parent
	Mutant, weaker than parents 

	7B-1 7B-1
	vms vms
	F1
	14
	10
	0
	0
	4

	7B-1 7B-1
	Sl sl
	F1
	19
	10
	0
	0
	9

	
	
	F2a
	64
	28
	7
	25
	4

	7B-1 7B-1 
	Tap3 tap3
	F1
	28
	15
	10
	0
	3

	7B-1 7B-1
	sl-2 sl-2
	F1
	12
	0
	12b
	0
	0

	
	
	F2
	20
	0
	20 b
	0
	0


a Pooled data from four progenies of “leaky-mutant” F1 plants
b Similar to both parents


Table 3 Morphological and molecular classification of individuals from two mapping populations (n=70 each) segregating the 7B-1 and sl-2 mutations and marker T0360 located in the SlDEF region on the long arm of Chr4
	Mutation involved
	Phenotype
	Marker T0360a
	No. of F2 plants
	P valueb

	7B-1
	WT
	A
	12
	0.75-0.90

	
	
	H
	31
	

	
	
	B
	12
	

	
	7B-1
	A
	5
	

	
	
	H
	7
	

	
	
	B
	3
	

	sl-2 
	WT
	A
	18
	0.25-0.50

	
	
	H
	26
	

	
	
	B
	12
	

	
	sl-2 
	A
	3
	

	
	
	H
	9
	

	
	
	B
	1
	


a A, marker phenotype of the mutant parent; B, marker phenotype of the IL4-4 parent; H, heterozygous marker phenotype
b Significance of χ2 test for the independent segregation 3:6:3:1:2:1



Table 4 Classification of the BC1 mapping population (n=99) according to the phenotype at the 7B-1 locus and results of molecular screening using markers of the Chr6 genomic region spanning SlGLO2. The molecular markers are sorted according to their position in the tomato EXPEN 2000 map (http://www.sgn.cornell.edu). A and H indicate the different phenotype/marker haplotype; A corresponds to the Solanum lycopersicum allele (mutant parent), while H corresponds to the heterozygous condition 
	Phenotype at the 
7B-1 locus
	Phenotype at molecular markers
	No° of plants

	
	T0834
(pos. 32)
	LeGlo2
(pos. 38)
	C2_At1g77470
(pos. 39)
	C2_At1g52200
(pos. 44)
	

	WT (H)
	H
	H
	H
	H
	41

	
	H
	H
	H
	A
	1

	
	A
	H
	A
	A
	1

	
	A
	H
	H
	H
	3

	
	A
	A
	A
	A
	16

	7B-1 (A)
	A
	A
	A
	A
	35

	
	A
	A
	H
	H
	1

	
	A
	A
	A
	H
	1

	Estimated distance from the 7B-1 locusa (n=99)
	+23.7
	+19.5
	+27.9
	+25.9/+30.0b
	

	Estimated distance from the 7B-1 locus excluding 16 recombinantsa (n=83)
	-5.1
	0
	+2.4
	+4.9
	


a Genetic distances in cM, the minus and plus signs indicate a proximal or distal position from the 7B-1 locus respectively
b Genetic distance estimated in the analysis of this single marker and 7B-1 or of the four molecular markers and 7B-1 respectively
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