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Abstract 

SHORT VEGETATIVE PHASE (SVP)-like genes belonging to the StMADS11 subfamily of 

MADS-box transcription factors have important functions in the control of flowering time 

and floral organ specification and are thought to have been essential during angiosperm 

evolution. In this study, we identified the legume StMADS11 subfamily and examined the 

expression patterns of these SVP-like genes in the crop legume pea, under different 

photoperiod conditions and in key pea flowering mutants. We found three subclades of SVP-

like genes represented in all legumes examined, including pea, common bean, soybean, Lotus 

japonicus and Medicago truncatula. These three subclades were also represented in other 

eudicot species. Legume SVPa genes fell within a eudicot SVP subclade that includes 

Arabidopsis SVP and tomato JOINTLESS (J), SVPb genes were found to be members of the 

StMADS11 subclade, and SVPc genes fell within the StMADS16/AGL24 subclade with the 

DORMANCY ASSOCIATED MADS-BOX (DAM) genes. In pea, we found SVP-like genes to 

be expressed in both leaf and apex tissues under inductive LD and non-inductive SD 

conditions. SVPc exhibited a clear developmental pattern of induction and downregulation 

under both conditions in both tissue types and showed misregulation in a mutant for the pea 

VEGETATIVE2 (VEG2) gene (an FD homolog), suggesting a possible role for SVPc in 

flowering, downstream of VEG2. The characterisation of legume SVP-like genes and 

expression analysis of the three pea SVP-like genes performed in this study, provide a basis 

for further investigation of the function of these important transcription factors. 
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1. Introduction 

MADS-box transcription factors are key regulators of organ morphogenesis throughout 

eukaryote development (Smaczniak et al., 2012). These transcription factors may act as 

homo- or hetero-dimers or as part of ternary transcription factor complexes to regulate 

transcription of target genes (Honma and Goto, 2001; Huang et al., 1996). The plant-specific 

MIKCc group of type II MADS-box genes fulfil important roles during multiple stages of 

flowering, including the transition to flowering and the specification of identity for 

inflorescence and floral meristems. Here, we focus on one clade of MIKCc MADS-box genes 

known as the StMADS11 subfamily, after the first isolated clade member (Carmona et al., 

1998), or alternatively called SVP-like genes for the better known clade member from 

Arabidopsis, SHORT VEGETATIVE PHASE (SVP) (Hartmann et al., 2000).  

 

Unlike some other MIKCc subfamilies, StMADS11 is represented in all angiosperm species 

investigated so far, suggesting that this subfamily has fulfilled an essential role in 

development throughout angiosperm evolution (Gramzow and Theißen, 2015). In 

Arabidopsis, this subfamily of MADS-box genes has two closely related members, SVP itself 

and AGAMOUS-LIKE24 (AGL24), which have opposite roles in the control of flowering time 

but later act redundantly to control floral meristem identity (Gregis et al., 2006; Hartmann et 

al., 2000; Yu et al., 2002). The effects of both AGL24 and SVP on flowering time are dosage 

dependent, and regulated by the photoperiod, autonomous, thermosensory and gibberellin 

pathways (Fujiwara et al., 2008; Lee et al., 2007b; Li et al., 2008; Michaels et al., 2003; Yu et 
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al., 2002). AGL24 interacts at the protein level with the floral integrator SUPPRESSOR OF 

OVEREXPRESSION OF CONSTANS 1 (SOC1) to directly upregulate expression of LEAFY 

(LFY) to promote flowering (Lee et al., 2008). SVP interacts via protein binding with 

FLOWERING LOCUS C (FLC) to repress flowering, via direct repression of floral 

integrators FLOWERING LOCUS T (FT), TWIN SISTER OF FT (TSF) and SOC1, and the 

floral promoter miR172, and upregulation of floral repressing APETALA2 (AP2)-like genes 

(Cho et al., 2012; Jang et al., 2009; Lee et al., 2010; Li et al., 2008; Tao et al., 2012). After 

the floral transition, SVP and AGL24 proteins act with APETALA1 (AP1) during early 

stages of floral development, to ensure correct floral patterning by repressing B-class 

(PISTILLATA/PI and AP3), C-class (AGAMOUS/AG), and E-class (SEPELLATA3/SEP3) 

floral identity genes, within the ABCDE model for floral patterning (Gregis et al., 2006; 

Gregis et al., 2009; Theissen, 2001).  

 

Similar to SVP, some SVP-like genes in other species have been identified as repressors of 

the transition to flowering in annuals, and promotion of dormancy in perennials, including 

INCOMPOSITA (INCO) in Antirrhinum (Masiero et al., 2004), VEGETATIVE TO 

REPRODUCTIVE TRANSITION 2 (TaVRT2) in wheat (Kane et al., 2005), DORMANCY 

ASSOCIATED MADS-BOX (DAM) genes in peach and Japanese apricot (Bielenberg et al., 

2008; Sasaki et al., 2011), MdDAMb and MdSVPa in apple (Wu et al., 2017a), and SVP2 in 

kiwifruit (Wu et al., 2017b). Others have been found to promote the floral transition, sharing 

some similarities with AGL24 function, including JOINTLESS (J) in tomato and capsicum 

(Cohen et al., 2012; Quinet et al., 2006; Thouet et al., 2012). A role in floral meristem 

identity similar to that of SVP and AGL24, is also seen for SVP-like genes in both eudicot and 

monocot species, including Antirrhinum and barley (Masiero et al., 2004; Trevaskis et al., 

2007). In barley, overexpression of SVP-like genes results in increased panicle branching 

(Trevaskis et al., 2007), while the tomato J gene has been found to have an important role in 

development of the compound inflorescence (Thouet et al., 2012), suggesting that SVP-like 

genes may also be important for the genetic mechanisms underlying the diversity in 

inflorescence architecture.  

 

Legumes comprise the third largest family of flowering plants, second only to the grasses in 

terms of agricultural importance. In legume species, partial sequence for a single SVP-like 

gene has previously been isolated in pea, three have been described in Medicago truncatula, 

and nine have been identified in soybean (Fan et al., 2013; Hecht et al., 2005; Jaudal et al., 
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2014; Jung et al., 2012; Shu et al., 2013; Zhang et al., 2016). The presence of multiple SVP-

like genes in Medicago, a model legume that shares close synteny with pea (Tayeh et al., 

2015), in particular, suggested that other SVP-like genes may be present in pea that had not 

previously been identified. 

 

In this study, we identify legume SVP-like genes in pea, Medicago, soybean, common bean 

and Lotus japonicus, examine the phylogenetic relationships between legume SVP-like genes 

relative to other angiosperm members of the important StMADS11 subfamily, and examine 

the expression patterns of these genes during development under different photoperiod 

conditions and in key pea flowering mutants. The characterisation of legume SVP-like genes 

and expression analysis of the three pea SVP-like genes performed in this study, provide a 

basis for further investigation of the function of these important transcription factors. 

 

2. Materials and Methods 

2.1. Gene isolation and phylogenetic analysis 

tBLASTn searches were conducted using AtSVP and AtAGL24 protein sequences as queries 

against genome sequence resources for Medicago (Mt4.0v1), soybean (Wm82.a2.v1), and 

common bean (v2.1) at Phytozome (phytozome.jgi.doe.gov; Goodstein et al., 2012), as well 

as Lotus japonicus (build 2.5; www.kazusa.or.jp; Sato et al., 2008), and transcript resources 

for these species from the Dana Farber Cancer Institute Gene Indices (DFCI TGI; 

ftp://occams.dfci.harvard.edu/pub/bio/tgi/data/; Quackenbush et al., 2001) and GenBank. 

BLAST hits were confirmed to be SVP-like genes in BLASTp searches against Arabidopsis 

(TAIR10; www.arabidopsis.org; Lamesch et al., 2012). Medicago SVP-like gene sequences 

were used as queries in BLASTn searches against available pea sequence resources at 

GenBank (www.ncbi.nlm.nih.gov; Franssen et al., 2011; Kaur et al., 2012), and later against 

the pea transcriptome, when this became available (bios.dijon.inra.fr/FATAL/cgi/pscam.cgi; 

Alves-Carvalho et al., 2015). The identity of pea BLAST hits were confirmed with reciprocal 

BLAST searches against Arabidopsis and Medicago. Partial pea sequences were extended by 

using rapid amplification of cDNA ends (SMART RACE cDNA amplification kit; Clontech) 

and genome walking (GenomeWalker Universal kit; Clontech) to obtain full length coding 

sequence. Primer details are given in Supplementary Table 1. Legume sequence details are 

given in Supplementary Table 2. 
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BLASTp and tBLASTn searches using predicted protein sequence for identified pea 

sequences were conducted against collections of protein, nucleotide and transcript sequences 

at GenBank and against genome resources for representatives of other orders within the rosid 

I lineage including woodland strawberry (v1.1; Rosales; Shulaev et al., 2011), cucumber 

(v1.0; Curcubitales) and poplar (v3.1; Malpighiales; Tuskan et al., 2006) at Phytozome. 

BLAST hits were confirmed to be SVP-like genes by reciprocal BLAST searches against 

Arabidopsis and preliminary phylogenentic analysis. For an ancestral StMADS11 subfamily 

gene, full coding sequence for the gymnosperm Gnetum gnemon GGM12 sequence was 

obtained by performing a BLASTn search using partial GGM12 sequence (AJ132218; Becker 

et al., 2000; Winter et al., 1999) as a query against the UC Davis Putative Unique transcripts 

(UCD.454) at ConGenIE (congenie.org; Nystedt et al., 2013). Full sequence details are given 

in Supplementary Table 3. 

For phylogenetic analyses, full length predicted amino acid sequence was aligned using the 

MAFFT Multiple Alignment plugin (v1.3.6, Biomatters) and neighbour-joining analyses 

were performed in Geneious (v10.1.2; Biomatters).  

 

2.2. Mapping of pea SVP-like genes  

Molecular markers were designed based on polymorphisms identified between pea cultivars 

NGB5839, JI399 and Térèse (marker details are given in Supplemental Table 1). Pea SVP-

like genes were mapped in F2 populations comprising 184 individuals from a cross between 

the single gene late5 mutant (NGB5839 background; Weller et al., 2009) and JI399 (SVPa 

and SVPc), and 80 individuals from a cross between the single gene late2 mutant (NGB5839 

background) and cv. Térèse (SVPb) (Ridge et al., 2016). Distances between pea loci were 

estimated from segregation data using JoinMap software (v4; Kyazma B.V., Wageningen, 

Netherlands). 

2.3. Gene expression studies 

For quantitative reverse transcription PCR (qRT-PCR), the dwarf NGB5839 was used as 

wild-type with veg2-2 SNP and gigas-2 deletion mutant lines derived from multiple 

backcrosses in the NGB5839 background (Hecht et al., 2011; Sussmilch et al., 2015). Plants 

were grown in controlled-environment growth cabinets maintained at a temperature of 20°C. 

Growth media and light sources were as previously described (Hecht et al., 2007; Weller et 

al., 1997). 
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Harvested tissue for each sample consisted of both leaflets from the uppermost fully 

expanded leaf or dissected apical buds (~2 mm) from two plants. Samples were frozen in 

liquid nitrogen and total RNA extracted using the SV Total RNA isolation system (Promega). 

RNA concentrations were determined using a NanoDrop 8000 (Thermo Scientific). Reverse 

transcription was conducted in 20 µL with 1 µg of total RNA using the Tetro cDNA synthesis 

kit (Bioline) according to the manufacturer’s instructions. RT-negative (no enzyme) controls 

were performed to monitor for contamination with genomic DNA. First-strand cDNA was 

diluted five times, and 2 µL was used in each real-time PCR. Reactions using SYBR green 

chemistry (Sensimix, Bioline) were set up with a CAS-1200N robotic liquid handling system 

(Corbett Research) and run for 50 cycles in a Rotor-Gene RG3000 (Corbett Research). Two 

technical replicates and 2-3 biological replicates were performed for each sample. All primer 

details are given in Supplemental Table 1. 

 

3. Results 

3.1. Characterisation of legume SVP-like genes 

As the pea genome sequence is not yet available, we first surveyed the SVP-like genes 

present in available sequenced legume models to further examine the structure of the legume 

StMADS11 subfamily and aid subsequent identification of the corresponding pea genes. To 

avoid reliance on genome annotation, we conducted tBLASTn searches using AtSVP and 

AtAGL24 proteins to query Medicago, soybean, common bean and Lotus genomes. We 

confirmed identified hits with reciprocal BLASTp search of predicted protein sequence 

against Arabidopsis proteins. Using this approach, we identified an additional SVP-like gene 

in Medicago, and two additional genes in soybean, which had not been identified in previous 

studies, and found five SVP-like genes in common bean and three in Lotus (Supplementary 

Fig. 1; Supplementary Table 2).  

 

Coding sequences for the genes identified in Medicago were used in BLASTn searches 

against available pea transcript resources, to identify the corresponding pea genes. We 

obtained full length coding sequence for the first pea gene identified (Hecht et al., 2005), 

PsSVPa, by RACE PCR and genome walking. We also identified full-length coding sequence 

for a second pea gene (PsSVPb) and partial coding sequence was identified for a third 

(PsSVPc) and extended to full-length by RACE PCR. Comparison of gene structure between 

pea and Medicago SVP-like genes and Arabidopsis SVP and AGL24, revealed a high level of 

conservation overall (Supplementary Fig. 2). PsSVPa and PsSVPc were mapped to pea 
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linkage group I, while PsSVPb mapped to linkage group VII (Supplementary Fig. 3). These 

positions did not qualify them as positional candidates for any described pea mutant loci 

(Hecht et al., 2005; Weller et al., 2009; Weller and Ortega, 2015). 

 

The results of preliminary phylogenetic analysis with identified legume SVP-like genes and 

Arabidopsis MIKCc MADS-box transcription factors confirmed that the legume genes fell 

within the StMADS11 clade with AtSVP and AtAGL24 (Supplementary Fig. 1). Within this 

clade, legume genes clustered into three separate subclades: SVPa, SVPb and SVPc. All three 

subclades were represented in each legume species investigated in this study. Legume genes 

were named or renamed according to subclade for clarity and consistency, providing a 

framework for the future naming of novel SVP-like genes in other legume species 

(Supplementary Table 2). We next investigated the relationships between legume SVP 

subclades and other angiosperm SVP-like genes, particularly focussing on those from other 

species within the angiosperm rosid I clade. Firstly, the three pea SVP sequences were used in 

BLAST searches against resources for other angiosperm species, including representatives of 

other orders within the rosid I clade (Rosales, Curcubitales and Malpighiales). SVP-like genes 

that were identified in BLAST searches and confirmed in reciprocal BLAST searches against 

Arabidopsis were included with SVP-like genes characterised in previous studies for 

phylogenetic analysis. 

 

Fig. 1 shows four clear subclades present within the StMADS11 clade of SVP-like genes, 

which we named after the first isolated subclade members: ZmM19 (comprising all monocot 

SVP-like genes), and the eudicot subclades SVP (including legume SVPa genes), StMADS11 

(including legume SVPb genes), and StMADS16/AtAGL24 (including legume SVPc and the 

DAM genes). Similar to legumes, all three eudicot subclades were found to be represented in 

other rosid species including grape, cucumber, and poplar, and the asterids kiwifruit and 

coffee, suggesting that these subclades arose relatively early during eudicot evolution and 

that absence represents subsequent loss in certain lineages. 

 

3.2. Expression patterns of pea SVP-like genes 

We next investigated the expression patterns of each SVP-like gene identified in pea by qRT-

PCR analysis in apex and leaf tissue in wild-type plants throughout development under both 

long-day (LD) and short-day (SD) photoperiods. Under inductive LD conditions, apical 
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expression of SVPa, SVPb and SVPc followed a similar pattern of gradual upregulation with a 

peak in expression approximately 14-21 days after sowing (d), prior to the production of 

floral buds (first visible at 28d), and a decrease in expression thereafter (Fig. 2a). In the leaf, 

SVPa was expressed at a relatively constant level throughout development, SVPb exhibited a 

gradual increase in expression and SVPc was upregulated prior to flowering and 

downregulated thereafter.  

 

Under non-inductive SD conditions, flowering occurred later in wild-type plants, with floral 

buds first visible in the apex at 49d (Fig. 2b). Apical expression of SVPa and SVPb remained 

relatively constant throughout development, with a small increase in expression immediately 

prior to flowering and decrease in expression at the onset of flowering. SVPc expression 

levels appeared to increase in the apex at approximately 14d and decrease at the onset of 

flowering. In the leaf, expression of SVPa, SVPb and SVPc increased from 14-21d, peaked at 

around 28d, decreased prior to flowering and appeared to increase again after flowering.  

 

We further investigated if mutations in the pea FT homolog FTa1/GIGAS, or FD homolog 

VEGETATIVE2 (VEG2), which both control flowering and inflorescence development (Hecht 

et al., 2011; Sussmilch et al., 2015), affect the expression of any SVP-like genes in pea. In the 

non-flowering gigas-2 mutant, the expression patterns of SVPa and SVPc in both apex and 

leaf were similar to wild-type (Fig. 3a). Expression of SVPb was similar to wild-type in the 

leaf, but the upregulation of SVPb in the apex prior to flowering appeared delayed in the 

gigas-2 mutant, relative to wild-type. In the veg2-2 mutant, expression of SVPa and SVPb 

was comparable with wild-type, but the upregulation of SVPc was delayed in the veg2-2 

mutant, relative to wild-type, in both apex and leaf tissues (Fig. 3b).  

 

4. Discussion 

4.1. Characterisation of the legume StMADS11 subfamily  

In this study, novel SVP-like genes were identified in pea (PsSVPb, PsSVPc), Medicago 

(MtSVPb), Lotus (LjSVPa, LjSVPb, LjSVPc), soybean (GmSVPb6, GmSVPc2) and common 

bean (PvSVPa, PvSVPb1, PvSVPb2, PvSVPb3, PvSVPc) (Supplementary Table 1). 

Phylogenetic analysis revealed three separate subclades of legume SVP-like genes, SVPa, 

SVPb and SVPc, which were represented in all legume species (Fig. 1; Supplementary Fig. 

1). Apart from the expected presence of homeologous gene pairs in soybean, reflecting the 

tetraploid origin of the soybean genome (Schmutz et al., 2010; Shoemaker et al., 1996), some 
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expansion within legume subclades has occurred in specific groups or species of legumes. 

Firstly, the presence of two extra groups of SVPb genes in soybean and common bean relative 

to the galegoid legumes, indicates that the SVPb subclade has expanded within the 

Phaseoleae. Secondly, two SVPa genes were found close together in Medicago, but only one 

SVPa gene was identified in pea, Lotus and common bean, suggesting that the duplication 

that resulted in two SVPa genes in Medicago likely occurred after divergence of the 

Trifolieae and Viceae tribes.  

 

Broader phylogenetic analysis also revealed three distinct eudicot subclades and a single 

monocot subclade within the angiosperm StMADS11 subfamily (Fig. 1). The legume SVPa 

genes fell within the eudicot SVP subclade with Arabidopsis SVP, and a number of genes 

thought to act similarly as repressors of flowering, including BrSVP (Lee et al., 2007a), 

CtSVP (Li et al., 2010), AcSVP1 (Wu et al., 2012) and AmINCO (Masiero et al., 2004), as 

well as MdSVPa, which delays bud break in apple (Wu et al., 2017a). However, there is also 

evidence of functional divergence within this subclade, as flowering is delayed in the j 

mutants of tomato and capsicum, suggesting an opposite role for J genes in promoting 

inflorescence identity, comparable to the role of AGL24 (Cohen et al., 2012; Szymkowiak 

and Irish, 2006; Thouet et al., 2012). Phenotypes resulting from overexpression of MtSVPa1 

and MtSVPa2 in Arabidopsis suggest that these genes can act as floral repressors and 

influence floral development in Arabidopsis (Jaudal et al., 2014), similar to SVP (Hartmann 

et al., 2000). However, overexpression of MtSVPa1 (MtSVP1) in Medicago results in floral 

defects but does not affect flowering time, suggesting that MtSVPa1 does not have an 

important role in controlling flowering time in its native plant system (Jaudal et al., 2014). 

Overexpression of GmSVPa1 (GmSVP1) in transgenic tobacco results in earlier flowering 

and floral defects, suggesting a role in promoting flowering and floral identity, similar to 

AGL24 (Zhang et al., 2016). The function of GmSVPa1 in its native plant system remains to 

be confirmed, but expression patterns suggest that this gene is regulated by abiotic stress, 

including temperature and wounding (Zhang et al., 2016). 

 

Legume SVPb genes fell within the broader eudicot StMADS11 subclade. Although relatively 

little is known about the function of genes within this subclade, EeDAM1 is thought to be a 

repressor of flowering, which is downregulated after extended cold treatment in leafy spurge 

(Horvath 2010), while AcSVP4 from kiwifruit does not appear to affect flowering time and 

may play a more general role in vegetative development (Wu et al., 2012). In soybean, 
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expression patterns of GmSVPb2 (GmMADS52) and GmSVPb5 (GmMADS124) suggest a role 

in embryo or seed development, while GmSVPb4 (GmMADS128) appears to act during early 

vegetative growth (Fan et al., 2013). 

 

Legume SVPc genes fell within the eudicot StMADS16/AGL24 subclade. In addition to 

AtAGL24 and CtAGL24, which promote flowering (Sun et al., 2016; Yu et al., 2002), this 

clade also includes the DAM genes, important for inducing and maintaining winter dormancy 

in a number of horticulturally important tree species (Jimenez et al., 2009; Li et al., 2009; 

Sasaki et al., 2011; Wu et al., 2017a). In kiwifruit, AcSVP2 has a similar role in suppression 

of precocious budbreak during dormancy (Wu et al., 2017b), however its paralog AcSVP3 

does not affect flowering time or bud-break, and is instead thought to have roles in regulating 

vegetative organogenesis and repressing floral organ development during early stages of the 

floral transition (Wu et al., 2014). In soybean, the expression pattern of GmSVPc1 

(GmMADS51) suggests a role similar to GmSVPb2 in embryo development (Fan et al., 2013).  

 

All three eudicot subclades were found to be represented in other rosid species including 

grape, cucumber, and poplar, and the asterids kiwifruit and coffee, suggesting that these 

subclades arose relatively early during eudicot evolution and one or more subclades were 

subsequently lost in certain lineages. While it is clear that the SVP-like genes have undergone 

functional divergence during angiosperm evolution, the true extent of functional divergence 

between the legume SVP-like genes remains to be determined. 

 

4.2. Characteristics of pea SVP-like genes 

The results of qRT-PCR analysis indicated that the three pea SVP-like genes are each 

expressed in both the leaf and apex under LD and SD conditions. In apex tissue under LD 

conditions and leaf tissue under SD conditions, there was a clear pattern of developmental 

regulation seen for each SVP-like gene, with gradual upregulation leading to a peak in 

expression 14-28 days after sowing, followed by down-regulation of expression (Fig. 2). In 

LD conditions, the peak occurred immediately prior to flowering, but under SD conditions, 

flowering occurred several weeks later, suggesting the pattern of expression was not closely 

linked to flowering time. The patterns of each SVP-like gene were more divergent in the leaf 

under LD conditions and in the apex under SD conditions, but SVPc exhibited a clear 

developmental pattern of induction and downregulation under both conditions in both tissue 

types.  
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The patterns of expression seen for the three pea genes do not give any convincing clues as to 

the possible roles of these genes in pea. It could be expected that a gene with a role in 

repressing flowering time would be expressed at a high level during vegetative growth, then 

decrease immediately prior to or during the transition to inflorescence development, as is 

seen for SVP in Arabidopsis (Hartmann et al., 2000; Jang et al., 2009; Liu et al., 2007). The 

decrease in SVP expression in Arabidopsis is dependent on photoperiod and occurs later in 

SD than LD conditions, to coincide with flowering time (Jang et al., 2009). While expression 

of all three pea genes does decrease prior to the appearance of floral buds, this decrease is not 

photoperiod-dependent and occurs up to two weeks before the appearance of floral buds 

under SD conditions. In Arabidopsis, AGL24 is upregulated during the floral transition due to 

a positive feedback loop between AGL24 and SOC1 (Liu et al., 2008; Michaels et al., 2003; 

Yu et al., 2002). Each of the pea genes exhibits induction prior to flowering under certain 

conditions, which can be seen most clearly in SVPc. This could suggest a role in promoting 

the transition to flowering, but again the fact that this peak does not immediately precede 

flowering under SD conditions does not seem consistent with this theory. Expression of all 

three pea genes in both leaves and apices could indicate some level of redundancy in 

function. 

 

Examination of the expression of the three pea SVP-like genes in inflorescence mutants 

revealed that SVPc is misregulated in both the apex and leaf of the veg2-2 mutant, indicating 

that SVPc is transcriptionally downstream of the FD homolog VEG2. Differences in 

expression of SVPb were also observed in the gigas-2 mutant, suggesting that SVPb could 

potentially be regulated by FTa1/GIGAS. However, the difference in SVPb expression 

between the gigas-2 mutant and wild-type was relatively small and observed only in one 

tissue type (apex). One previous study has speculated that the FD/FT complex may be an 

upstream regulator of SVP in floral meristems in Arabidopsis (Grandi et al., 2012), but no 

data had previously been reported for any species to confirm that this regulation occurs. 

Results showing similar or slightly higher expression levels for SVP and AGL24 in the 

Arabidopsis ft mutant than in wild-type (Li et al., 2008; Yu et al., 2002), and unchanged 

AGL24 expression in lines overexpressing FT or TSF (Yamaguchi et al., 2005), indicate that 

neither AGL24 nor SVP is regulated by FT or TSF in Arabidopsis. The possibility that SVP-

like genes may be regulated by the FD/FT pathway in legume species is an exciting one that 

warrants further investigation. 
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4.3. Conclusions 

The results of this study offer an insight into the evolution of the StMADS11 subfamily in 

legumes, with the characterisation of three eudicot subclades of SVP-like genes, represented 

in all legumes examined. Of the three SVP-like genes identified in pea, SVPc exhibited a 

consistent pattern of strong developmental regulation and showed clear misregulation in the 

late-flowering veg2-2 mutant, suggesting a possible role for SVPc in flowering, downstream 

of the FD homolog VEG2. The possibility that SVP-like genes are downstream targets of the 

FD/FT pathway in pea has not been reported in other species and warrants further 

investigation to determine if this could reflect direct transcriptional regulation, and if this is 

conserved between angiosperms. Future isolation of pea mutants for each of the pea SVP-like 

genes identified will offer insight into the degree of functional divergence between legume 

SVP-like genes. 
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Fig. 1. Phylogenetic neighbour-joining tree of the StMADS11 subfamily of MADS-box 

transcription factors in diverse angiosperm species. The phylogram was constructed from 

full-length sequence for proteins from Antirrhinum (Am), apple (Md), Arabidopsis (At), 

barley (Hv), capsicum (Ca), Coffea arabica (Car), Chinese cabbage (Br), common bean (Pv), 

cucumber (Cs), Epimedium sagittatum (Es), grape (Vv), japanese apricot (Pm), kiwifruit 

(Ac), leafy spurge (Ee), Lotus (Lj), maize (Zm), Medicago (Mt), pea (Ps), peach (Pp), pear 

(Ppy), perennial ryegrass (Lp), petunia (Ph), poplar (Pt), potato (St), radish (Rs), rice (Os), 

sapphire dragon tree (Pk), soybean (Gm), sweet potato (Ib), tall fescue (Fa), tomato (Sl), 

trifoliate orange (Ct), wheat (Ta) and woodland strawberry (Fv), and rooted to GGM12 from 

the gymnosperm Gnetum gnemon. Subclades are named after the first identified member. 

Bootstrap values obtained from 10,000 trees are indicated as a percentage above each branch. 

Sequence and alignment details are given in Supplementary Table 3 and Supplementary 

Fig. 5. 

 

 

Fig. 2. Ontogenetic expression patterns of pea SVP-like genes in wild-type plants. Gene 

expression in wild-type (NGB5839) during plant development under (a) LD (16h) and (b) SD 

(8h) photoperiods, in dissected shoot apices, or the uppermost fully expanded leaf. Values 

have been normalised to the transcript level of ACTIN and represent mean ± standard error 

for n = 2-3 biological replicates, each consisting of pooled material from two plants. 

Developing floral buds were first macroscopically visible in the apex 28 days after sowing in 

LD and 49 days after sowing in SD (broken line). 
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Fig. 3. Expression patterns of SVP-like genes in key pea flowering mutants. Gene expression 

in wild-type (NGB5839; closed circles) and (a) gigas-2 (open squares), (b) veg2-2 (v2-2; 

open diamonds) under LD conditions in the dissected shoot apex and the uppermost fully 

expanded leaf. For (a) plants were grown in LD (16h) conditions in the same experiment 

shown in Fig. 2. For (b) veg2-2 mutants were grown under LD (24h) conditions in a separate 

experiment. Values have been normalised to the transcript level of ACTIN and represent 

mean ± standard error for n = 2-3 biological replicates, each consisting of pooled material 

from two plants. Broken vertical lines indicate the first macroscopic appearance of 

developing floral buds in the apex for wild-type (dark grey broken line) and veg2-2 (light 

grey broken line; 63d) plants; gigas-2 mutants did not flower under these conditions. 


