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Resumo 

Os sistemas de auto-incompatibilidade (AI) previnem a auto-fertilização das plantas. 

Apesar de haver duas formas principais de AI homomórfica – AI gametofítica (AIG) e 

AI esporofítica (AIE) -, foi sugerido que a AIG mediada por S-RNase tenha evoluído 

apenas uma vez, há cerca de 120 milhões de anos, antes da separação das Asteridae 

e Rosidae. Para além disso, foram descobertas sequências da linhagem das S-

RNases noutras famílias de plantas em que o mecanismo de AI ainda não havia sido 

caracterizado. Dois componentes diferentes estão envolvidos na reação. Uma S-

RNase, expressa apenas nos pistilos, que determina a especificidade feminina, e um 

(em Prunus, Rosaceae) ou vários (em Pyrinae, Rosaceae; Solanaceae e 

Plantaginaceae) F-box, expresso(s) apenas no pólen, que determina(m) a 

especificidade masculina. Quando os dois componentes têm a mesma especificidade 

S-haplotípica (auto-) dá-se a reação de AI e não ocorre a formação de frutos. 

Apesar de vários genes F-box, chamados SFBB, terem sido reportados 

previamente no S-locus de Malus e Pyrus, nunca houve mais de 12 associados com o 

mesmo haplótipo. Neste trabalho (capítulos 2 e 3), mostra-se que há pelo menos 16 

genes em Sorbus, Malus e Pyrus, que pre-datam a especiação dos três géneros. É 

mostrado que 11 dos genes em Sorbus e 7 dos genes em Malus estão ligados 

geneticamente à S-RNase. É também mostrado que os amino-ácidos sob seleção 

positiva só são identificados quando as análises são feitas entre os diferentes genes 

do mesmo S-haplótipo. Identificámos 12 e 14 amino-ácidos sob seleção em dois 

haplótipos de Sorbus, nos mesmos 11 genes. Nos 9 S-haplótipos de Malus em que um 

número diferente de genes foi analisado, identificámos um máximo de 11 amino-

ácidos sob seleção positiva (quando a análise foi feita em amostras em que tinha sido 

detetada ligação genética com a S-RNase em todos os SFBB utilizados), num total de 

19 amino-ácidos sob seleção no conjunto de haplótipos. 

Assumindo que o sistema de AIG mediado por S-RNase evoluiu apenas uma vez, é 

inesperado que haja um número diferente de genes F-box a regular a reação AI em 

Prunus (Rosaceae), quando comparado com Pyrinae (Rosaceae), Solanaceae e 

Plantaginaceae. Como tal, analisámos as duplicações dos genes das linhagens de S-

RNase e F-box em três géneros de Rosaceae (Malus, Prunus e Fragaria). As 

linhagens da S-RNase e F-box de Malus não estão presentes em Prunus e Fragaria, 

mas ambas as linhagens S-RNase e F-box de Prunus estão presentes em Fragaria. 

Fragaria é um grupo externo a Prunus e Malus. Assim, a ausência das linhagens S-

RNase e F-box de Malus no género Fragaria e a presença, em Fragaria, das linhagens 
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de Prunus, sugere que o sistema de AI de Prunus corresponde à forma ancestral em 

Rosaceae. Assim, o sistema AIG mediado por S-RNase no género Prunus e na 

subtribo Pyrinae evoluiu a partir de diferentes parálogos das linhagens S-RNase e F-

box. Isto leva a que a identificação dos componentes bioquímicos da AIG em espécies 

não caracterizadas seja mais difícil do que o esperado. Para além disso, mostramos 

ainda que há duplicados da S-RNase com um padrão de expressão idêntico ao do 

gene S-RNase. Mostramos também que não há qualquer evidência para a presença 

de dois loci no sistema AI em Fragaria. 

Estudámos também o sistema de AI em Fabaceae para saber se seria mediado por 

S-RNase, através do estudo das linhagens de RNase e SSK1 em cinco genomas de 

Fabaceae (Medicago truncatula, Cicer arietinum, Glycine max, Lupinus angustifolius – 

todas espécies auto-compatíveis (AC) – e Trifolium pratense – uma espécie AI) e num 

transcriptoma de estiletes e estigmas (Cytisus striatus – parcialmente AI). Observámos 

a presença das mesmas linhagens de RNase em T. pratense, M. truncatula e/ou C. 

arietinum, sugerindo que o S-locus deverá estar presente também em espécies AC. 

Há pelo menos seis linhagens de genes S-RNase em Fabaceae, com os motivos 1 e 

2, que ficam agrupadas com as S-RNases de Prunus, Pyrinae, Solanaceae e 

Plantaginaceae. Isto também sugere a duplicação do S-locus ancestral em Fabaceae. 

Nenhum dos genes RNase duplicados, que são filogeneticamente próximos das S-

RNases conhecidas, revela padrões de expressão compatíveis com um gene 

candidato para o sistema. Como tal, os genes RNase de Fabaceae das mesmas 

linhagens de Rosaceae, Solanaceae e Plantaginaceae não estão envolvidos na AIG. 

Os três genes RNase obtidos de um transcriptoma de estiletes e estigmas de C. 

striatus também são expressos em outros tecidos, o que sugere que o sistema AI 

nesta espécie não é mediado por S-RNase. Assim, não há evidência para sugerir que 

outras linhagens de RNase determinem a AIG em Fabaceae. Contudo, sequências de 

SSK1 contendo as características típicas, encontradas em espécies com AIG mediada 

por S-RNase, foram também encontradas em Fabaceae. Assim, é provável que os 

genes semelhantes a SSK1 estejam presentes em espécies com linhagens de genes 

RNase que pertencem às linhagens conhecidas e não apenas em espécies com AIG 

mediada por S-RNase. Em muitas espécies de Fabaceae apenas está presente um 

sistema de AIG parcial, enquanto outros mecanismos pós-zigóticos, que também 

foram reportados, parecem estar também a regular a produção de frutos nesta família. 

Assim, a AIG em Fabaceae deverá ter evoluído de novo. 
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Summary 

Self Incompatibility (SI) systems prevent self-fertilization in plants. Although there 

are two major forms of homomorphic SI systems (Gametophytic SI (GSI) and 

Sporophytic SI (SSI)), S-RNase-based GSI has been thought to have evolved only 

once, about 120 million years ago before the split of Asteridae and Rosidae. Moreover, 

S-RNase lineage sequences were found in other plant families where the self-

incompatibility mechanism was not yet characterized. Two different players are 

involved in the specificity of the reaction. An S-RNase, expressed only in pistils, as the 

female determinant, and one (in Prunus, Rosaceae) or several (Pyrinae, Rosaceae; 

Solanaceae and Plantaginaceae) F-box, expressed only in pollen, as the male 

determinant. When the male and female determinants presented the same S-

haplotypic specificity (self-) the SI reaction would occur and no fruits would be formed. 

Although several F-box genes, named SFBB, have been previously shown to exist 

at the S-locus level in Malus and Pyrus, there were never more than 12 associated to a 

single haplotype. In this work (chapters 2 and 3), it is shown that at least 16 SFBB 

genes are present in Sorbus, Pyrus and Malus, that predate the speciation of the three 

genera. Linkage with the S-RNase is here shown for 11 SFBB genes in Sorbus and 

seven in Malus. Additionally it is shown that amino acids under positive selection, are 

identified only when the analyses are done between the different genes of the same S-

haplotype. We identify 12 and 14 amino acids under positive selection in Sorbus for 

two haplotypes, in the same 11 SFBB genes, and, in the nine haplotypes of Malus, 

where a different number of genes was analyzed for each, a maximum of 11 amino 

acids under positive selection was detected (when the analyses are performed in 

samples where the SFBB genes have been shown to be in linkage with the S-RNase) 

in a total of 19 between all of the S-haplotypes. This result has further supported the 

involvement of multiple SFBB genes in the SI reaction in Pyrinae as suggested for 

Solanaceae and Plantaginaceae. 

If S-RNase-based GSI evolved only once, it is unexpected that there are different 

mechanisms and a different number of F-box genes involved, regulating the SI reaction 

in Prunus (Rosaceae), when compared to Pyrinae (Rosaceae), Solanaceae and 

Plantaginaceae. Therefore, we analyzed the gene duplications from both the S-RNase 

and the F-box lineages in three genera of Rosaceae (Malus, Prunus and Fragaria). The 

S-RNase and F-box lineages of Malus are not present in Prunus and Fragaria, but both 

the S-RNase and F-box lineages from Prunus are present in Fragaria. Fragaria is an 

outgroup of Prunus and Malus. Therefore, the absence of Malus S-RNase and F-box 
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lineages in the Fragaria genus and the presence in Fragaria of the lineages from 

Prunus, suggests that the SI system of Prunus is the ancestral form in Rosaceae. 

Thus, the S-RNase-based GSI in the Prunus genus and the Pyrinae subtribe has 

evolved from different paralogs of both the S-RNase and F-box lineages. Therefore, 

the identification of the GSI biochemical components in non characterised eudicot 

species should be more difficult than anticipated. Moreover, we also show that there 

are S-RNase duplicates with an expression pattern identical to that of the S-RNase 

gene. Furthermore, we find no evidence for the presence of two loci in the SI system of 

Fragaria. 

We have also addressed if the GSI system in Fabaceae was of the S-RNase-based 

type, by studying the RNase and SSK1 lineages in five Fabaceae genomes (Medicago 

truncatula, Cicer arietinum, Glycine max, Lupinus angustifolius – all self compatible 

(SC) species – and Trifolium pratense – an SI species) and in a styles with stigma 

transcriptome (Cytisus striatus – partially SI). We have observed the presence of the 

same RNase gene lineages in the T. pratense, M. truncatula and/or C. arietinum, 

suggesting that the S-locus is likely to be present even in SC species. There are at 

least six S-RNase lineage genes in Fabaceae, containing the motifs 1 and 2, that 

cluster with the known S-RNases from Prunus, Pyrinae, Solanaceae and 

Plantaginaceae. This also suggests the duplication of the ancestral S-locus in 

Fabaceae. None of the RNase duplicate genes that are phylogenetically related to the 

known S-RNases revealed expression patterns compatible with a candidate S-pistil 

gene. Therefore, the Fabaceae RNase genes from the same lineages of Rosaceae, 

Solanaceae and Plantaginaceae are not involved in GSI. The three RNase genes 

obtained from the pistil transcriptome of C. striatus are also expressed in other tissues, 

suggesting that the SI system in this species is not S-RNase based. Therefore, there is 

no evidence to suggest that other RNase lineage genes are determining Fabaceae 

GSI. Nevertheless, SSK1, containing the typical features found in S-RNase-based SI 

species, were also found in Fabaceae. Therefore, SSK1-like genes are likely present in 

species with RNase genes belonging to the S-RNase lineage genes are also present 

and not only in species with S-RNase-based GSI. In many Fabaceae species, only a 

partial GSI system is present, while other post-zygotic mechanisms that have been 

reported, appear to be also regulating the fruit production in this family. Therefore, 

Fabaceae GSI is likely to have evolved de novo. 
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SLFL – S-locus F-box like 

SNP – Single-nucleotide polymorphisms 

SP11 – S-locus protein 11 

SRK – S-locus receptor kinase 

SSI – Sporophytic self-incompatibility 



xiv FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 
 

SSK1 – SLF-interacting Skp1-like1 

TAC – Transformation-competent artificial chromosomes 

wgs – whole genome shotgun 

 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
1 

 

 
 

1. Introduction 

1.1 Self-incompatibility systems 

Angiosperms are easily identified by the presence of flowers. These flowers are 

often hermaphrodite, which increases the possibility of self-pollination that would result 

in inbreeding and the accumulation of deleterious mutations. This is prevented with 

strategies like the self-incompatibility (SI) systems. These systems allow the pistil to 

differentiate between genetically related pollen (self) and non-genetically related pollen 

(non-self (De Nettancourt, 1977)). These pre-zygotic genetic mechanisms prevent the 

fertilization of self-pollen, by stopping the pollen tube development either at the 

stigmatic surface of the pistil or inside the style. 

SI systems are pre-zygotic by definition (Allen and Hiscock, 2008). However, it 

should be noted that other mechanisms preventing self-fertilization exist at the post-

zygotic level, like inbreeding depression or the late-acting self-incompatibility (LSI) that 

also result in a self-abortion phenotype.  

SI systems can be classified based on the flower morphology or the molecular 

mechanisms of the pollen rejection (De Nettancourt, 1977). Based on their morphology, 

the SI systems can be divided in heteromorphic and homomorphic systems. In 

heteromorphic systems, the pistils and stamens have different sizes in each flower and 

a successful pollination only occurs when pollen comes from an anther of a similar size 

of the pistil where it lands (De Nettancourt, 1977). On the contrary, in homomorphic 

systems, the reproductive organs of the flower have a similar size in all flowers. In 

homomorphic systems, the genes involved in the SI system are located in a region 

called S-locus and the pollen is rejected if it shares the same S-locus specificities with 

the pistil. The homomorphic systems are divided in Sporophytic SI (SSI) and 

Gametophytic SI (GSI), the one studied in this work. In SSI, the pistil recognizes the 

diploid genotype of the pollen grain producing plant, inhibiting its germination in the 

case of an incompatible reaction. In GSI, the pistil recognizes the haploid genotype of 

the pollen grain, blocking the pollen tube growth, usually in the upper part of the pistil, 

in the case of an incompatible reaction (Kao and Tsukamoto, 2004). The variants of the 

S-pistil and S-pollen genes in a single chromosome are called S-haplotypes. 

The SSI system has been reported in a total of ten families, although the recognition 

mechanism has only been characterized in the family Brassicaceae (Figure 1-1; 

(Hiscock and Tabah, 2003; Igic et al., 2008)). In this system, the pollen is rejected 

based on its diploid genotype. Thus, if either of the two alleles present in the pollen 

grain matches either of the two alleles present in the pistil, the pollen grain is rejected 
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Figure 1-1: Representation of the self-incompatibility systems in 100 angiosperm families. 

[SI] - homomorphic SI with uncharacterized mode of action; [GSI] - homomorphic GSI, [SSI] - homomorphic SSI and 

[HET] - heteromorphic SI. Divergence times according to Figure 2 of Wikstrom et al. (2001), between the represented 

groups, are shown in nodes. In green is represented the SSI characterized family, Brassicaceae, in red is represented 

the calcium based GSI family, Papaveraceae, and in blue are represented the families where S-RNase-based GSI have 

been described and the S-RNase gene characterized. Adapted from Igic et al. (2008). 

 

(figure 1-2a). In Brassicaceae, the SSI system is controlled by two genes, the SCR (S-

locus cysteine-rich protein) or SP11 (S-locus protein 11) determining male specificity 

and the SRK (S-locus receptor kinase) determining female specificity (see review by 

Kachroo et al. (2002)). The protein coded by SCR has been shown to be localized to 
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the pollen coat by immunocytochemistry (Shiba et al., 2001) and by biochemical 

fractionation (Kachroo et al., 2001). When a self-pollen grain lands on the stigmatic 

surface, SCR/SP11 interacts with SRK (expressed specifically in the stigma), triggering 

a signal cascade that will interrupt the hydration and metabolic activation of the pollen 

grain (Kachroo et al., 2002; Kao and Tsukamoto, 2004). 

In the GSI system, the haploid genotype of the pollen is responsible for the 

recognition and rejection by the pistil, if the allele carried by the pollen grain matches 

either of the alleles expressed in the pistil (figure 1-2b). When an incompatibility 

reaction occurs, the pollen tube is degraded inside the pistil, usually in the upper part. 

 

 

Figure 1-2: Different types of homomorphic self-incompatibility. 

 a) In SSI, when the producing plant of the pollen grain matches either of the alleles of the pistil, neither of the pollen 

grains germinates. The pollination only occurs if both alleles from the pollen producing plant do not match with any of 

the alleles of the pistil. b) In GSI, when a pollen grain’s allele matches one of the alleles of the pistil, the pollen tube is 

degraded. When there is no match between the pollen allele and any of the pistil alleles, the pollination will succeed. 

 

At present there are two different genetic mechanisms described for GSI. One, 

present in Papaveraceae, is calcium dependant and mediated by a signal transduction 

cascade. In this family, the male component of the system is called PrpS (Papaver 

rhoeas pollen S), Although PrpS does not have any catalytic domains, it is thought to 

function as a calcium channel. When PrpS interacts with PrsS (Papaver rhoeas 

stigmatic S, a single copy protein of about 15 kDa), there is an increase of calcium 

intake, which leads to the loss of the apical gradient and inhibits the pollen tube growth 

(Franklin-Tong, 2014). The other mechanism has been characterized in species of 

Solanaceae, Plantaginaceae, Rubiaceae and Rosaceae and is called S-RNase-based 

GSI. In this system, the female component is a stylar expressed glycoprotein, with 

ribonuclease activity, called S-RNase, that degrades the pollen tube during its 

elongation in the case of an incompatible reaction (Nowak et al., 2011; Roalson and 

McCubbin, 2003). The male component has been characterized as either one F-box 
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gene in Prunus (Amygdaloideae, Rosaceae; (Entani et al., 2003; Ikeda et al., 2004; 

Nunes et al., 2006; Romero et al., 2004; Sonneveld et al., 2005; Ushijima et al., 2003; 

Ushijima et al., 2001; Vieira et al., 2008b)) or several in Pyrinae (Rosaceae), 

Plantaginaceae and Solanaceae (Cheng et al., 2006; Kakui et al., 2007; Kubo et al., 

2010; Minamikawa et al., 2010; Sassa et al., 2007; Wheeler and Newbigin, 2007). In 

order for the system to be maintained, these two components must co-evolve and, 

therefore, they are expected to be genetically linked (De Nettancourt, 1977). 

Despite these two mechanisms are the only characterized at the molecular level for 

GSI, there are reports of other GSI groups that are controlled differently. For example, 

in the family Poaceae (Monocots, Figure 1-1), a two loci system, located in different 

chromosomes, has been proposed, although a third locus, not involved in the 

specificity also appears to be required. For this system to work, the same alleles have 

to be present in both the pollen and pistil for the two loci. However, there is still no 

information regarding the genes involved, even though the system appears to be 

controlled by calcium signaling and protein phosphorylation (Klaas et al., 2011). 

Nevertheless, for the majority of families where GSI has been reported the mechanism 

regulating the SI reaction is still unknown. In fact, the SI mechanism for each family is 

usually reported in a small number of genera, although it is expected that the SI type is 

family wide (Igic et al., 2008). For example, in Fragaria (Rosaceae), zymograms from 

receptacles with carpels were analyzed in both self-compatible (SC) and self-

incompatible (SI) species. Although only one of the SC species had a RNase band, two 

to four RNase bands were observed in the SI species. This suggests that S-RNases 

are involved in the SI reaction in this genus. However, when segregation analyses for 

the zymogram bands were done between a SC species (with no RNases) and a SI 

species (with two RNases), the results suggest that two loci appear to be involved. 

Moreover, the authors also suggest that the SI reaction is triggered even if a specificity 

match only occurs in one of the two loci (Bošković et al., 2010). This is unexpected, 

since, at the moment, a single locus has been described for Rosaceae species (Entani 

et al., 2003; Kakui et al., 2011; Minamikawa et al., 2010; Sassa et al., 2007; Ushijima et 

al., 2003). Another hypothesis for the multiple S-RNases obtained in the SI accessions 

is that the RNases reported in Fragaria are involved in other traits and not in SI (more 

details in chapter 4). Nevertheless, an attempt to identify the GSI molecular 

mechanisms, is being done in other species and families as indicated below, for 

Fabaceae and Rutaceae. 

Fabaceae (Rosidae, figure 1-1) is an economically important plant family, with a 

large number of self-incompatible species (Arroyo et al., 1981), that shares the most 

common ancestor with Rosaceae at about 89-91 million years ago (MYa; (Wikstrom et 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
5 

 

 
 

al., 2001)). Most SI species in Fabaceae, have often been reported as showing self-

incompatibility of the gametophytic type (Arroyo et al., 1981; Atwood, 1940; Casey et 

al., 2010; De Nettancourt, 1977; Heslop-Harrison and Heslop-Harrison, 1982; Igic et 

al., 2008; Rodríguez-Riaño et al., 1999; Shivanna and Owens, 1989; Weller et al., 

1995). The classification as GSI was due to the presence of bi-nucleated pollen 

(typically associated with GSI). The type of pollen, as well as fruit and seed production, 

are frequently used to assess the breeding system of a species. Nevertheless, in most 

Fabaceae SI species, the SI reaction at the stigma level is only partial and it appears to 

be complete only in the Trifolium genus (Atwood, 1940; Leduc et al., 1990). Much of 

the abortion self-fruit abortion, in most of the species studied, has been attributed to 

LSI. LSI may be caused by multiple causes such as disharmony in endosperm/embryo 

development (Valtueña et al., 2010), differential growth rate of the pollen tubes within 

the ovaries (Brink and Cooper, 1938; Bubar, 1959), embryonic abortion (Briggs et al., 

1987; Sage and Webster, 1990) and inbreeding depression (Rodríguez-Riaño et al., 

2004). Since LSI phenotype is very similar to the ones observed in other SI 

mechanisms, with the exception of the place and time where the reaction occurs, LSI 

has been considered rare and the species presenting it were often erroneously 

classified (Seavey and Bawa, 1986). However, Fabaceae GSI system, even if only 

partial, is expected to be S-RNase-based, as some authors suggested (Arroyo et al., 

1981; Casey et al., 2010; De Nettancourt, 1977; Heslop-Harrison and Heslop-Harrison, 

1982; Igic et al., 2008; Rodríguez-Riaño et al., 1999; Shivanna and Owens, 1989; 

Weller et al., 1995), since S-RNase-based GSI has been characterized in species of 

Solanaceae, Plantaginaceae, Rubiaceae and Rosaceae and it has been suggested 

that it evolved only once, about 120 MYa, before the split of the Asteridae and Rosidae 

((Igic and Kohn, 2001; Steinbachs and Holsinger, 2002; Vieira et al., 2008a); see more 

details in section 1.2.1). Although the rate of pollen tubes that reach the ovary and the 

rate of fruit formation is different between self- and non-self pollination, there is a 

percentage of self-fruits formed. 

The family Rutaceae (Rosidae, Figure 1-1) has been diverging for about 109 MYa 

from Rosaceae (Wikstrom et al., 2001). In this family, the SI type is uncharacterized in 

most species, although the genus Citrus presents GSI. In this genus, cytological 

analysis showed that growth of pollen tubes is arrested in different regions depending 

on the species analyzed. In C. hassaku a complete rejection at the stigma level is 

observed (Ngo et al., 2001), while in C. clementina the pollen tube is arrested in the 

upper style (Distefano et al., 2009) and in C. grandis or C. otachibana it is arrested in 

the middle portion of the style (Ngo et al., 2001). In C. reticulata, RNase activity has 
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been identified in stigmas and pistils (Miao et al., 2011; Roiz et al., 1995). However, the 

S-RNase gene identified has seven introns, while S-RNases only have one or two (see 

section 1.2.1). In C. grandis, in which pollen tubes are arrested in the middle portion of 

the style, RNase activity was observed in ovaries only. Therefore, the authors suggest 

that they may be involved in ovary senescence and not in SI (Chai et al., 2011). In C. 

clementina, in the transcriptome of stylar canal cells, an F-box gene was up-regulated 

in self-incompatible pollinations. However, no RNases were found in the region 

surrounding it (Caruso et al., 2012), rising doubts if GSI is RNase based in this species. 

In C. limon, several genes including a T2-RNase and an F-box protein have differential 

expression between self- and cross-pollinations. Although the T2-RNases highest 

expression is in stigmas, it also shows some expression in anthers, which is not 

expected for an S-pistil gene (Zhang et al., 2014). Therefore, in Citrus, S-RNase and F-

box activity was observed, but there is no evidence that the SI mechanism is S-RNase-

based. 

 

1.2 S-RNase-based GSI 

1.2.1 S-RNase gene 

S-RNases were first identified in the decade of 1980, as glycoproteins that 

segregated with the pistil S-genotype in Nicotiana alata. The first sequences of these 

proteins were obtained by Anderson et al. (1986), by cloning and sequencing of the 

correspondent cDNA. When comparing three N. alata S-glycoproteins with two fungal 

ribonucleases (T2-RNase of Aspergilus oryza and Rh-RNase of Rhizopus niveus), two 

histidines that are implicated in T2-RNase catalysis were found in the Nicotiana 

glycoproteins and five of the ten cysteine residues were also conserved. Two of those 

five cysteines are close to the proposed RNase activity site, forming a disulphide bond 

in T2-RNase. Because of these similarities, the RNase activity of S-glycoproteins from 

N. alata was investigated. Their RNase activity was assayed by the perchloric acid 

method that determines the amount of acid-soluble nucleotides released under defined 

conditions. When purified from style extracts, it was also observed that these proteins 

were associated with S-alleles, so they were called S-RNases. Moreover, they were 

also shown to act as pollen tube inhibitors in vitro (McClure et al., 1989). Since the 

pollen tube was inhibited in a S-haplotype specific pattern, the S-gene should be 

expressed in both style and pollen so that specific recognition would occur. 

Nevertheless, in pollen extracts, S-glycoproteins were detected only in residual 

amounts, suggesting that different, yet linked genes, regulate the S-pollen and S-pistil 

specificities (McClure et al., 1989). Moreover, a cation-exchange chromatography of 
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the pistil proteins, has revealed that the S-RNases are basic proteins (Kao and 

McCubbin, 1996). 

The key role of the S-RNase gene in GSI has been shown by gain and loss of 

function experiments. Gain of function experiments involved the introduction of a S-

RNase allele in transgenic plants, giving the transgenic plant the ability to reject pollen 

with the introduced allele. Loss of function experiments used anti-sense RNA to 

suppress the S-RNase expression, leading to a SC phenotype for the suppressed 

allele. Additionally, the substitution of a catalytic histidine residue by an asparagine (in 

Petunia inflata) or by an arginine (in Lycopersicon peruvianum) has resulted in loss of 

function for the mutated allele. This lead to a successful self-pollination, giving 

evidence that S-RNase had a role in SI and that the RNA degradation within the pollen 

tubes is required for pollen rejection (for a review see (Kao and Tsukamoto, 2004)). 

Although there is a single S-RNase involved in the SI reaction in Rosaceae (Prunus 

and Pyrinae), as well as Solanaceae and Plantaginaceae, additional T2-RNase genes 

have been reported that show basic iso-electric point, pistil expression only and no 

more than two introns, like the S-RNases. One of them is the Prunus PA1 gene. This 

gene has a single intron in the same location of the first Prunus intron, is specifically 

expressed in styles with stigmas and codes for a basic protein (Yamane et al., 2003). 

However, this gene is not polymorphic in sweet cherry cultivars and it has only 20-30% 

identity with the S-RNases in contrast to the 60-80% identity of S-RNases within the 

genus. Based on these characteristics and the phylogenetic position of this gene, it has 

been proposed as a candidate for an ancestral form of the S-RNase in Prunus, even 

though the possibility that PA1 was an S-RNase duplication could not be ruled out 

((Yamane et al., 2003); more details in chapter 4). 

S-RNases belong to the T2-RNase gene family, where genes have been associated 

with responses to wounding, pathogen invasion, and leaf senescence (Bariola and 

Green, 1997; Bariola et al., 1999; Deshpande and Shankar, 2002; Dodds et al., 1996; 

Green, 1994; Kimura et al., 2004; Köck et al., 1995; Köck et al., 2006; Lers et al., 1998; 

Lers et al., 2006). Phylogenetic analyses of plant T2-RNases show that T2-RNase 

family members form three different classes. Class I RNases usually have two or three 

introns, while class II RNases have more than 4 introns (Igic and Kohn, 2001). S-

RNases are always class III RNases and present only one or two introns (in the case of 

Prunus). Although this class includes mostly S-RNase sequences, the HGRP gene 

from Pisum sativum (Fabaceae) and the LC1 and LC2 genes Luffa cylindrica 

(Cucurbitaceae, Rosidae, Figure 1-1) are also part of this class. These genes may 

have been S-RNases that acquired a new function after the GSI loss in this species. 
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Since Rosaceae, Plantaginaceae and Solanaceae S-RNases form a clade distinct from 

other S-like RNases (RNase duplications that do not have function in the S-RNase-

based GSI system), a single origin for the S-RNase-based GSI, with multiple losses, 

before the split of Asteridae and Rosidae, about 120 MYa was proposed (Igic and 

Kohn, 2001; Steinbachs and Holsinger, 2002). 

Since phylogenetic search of S-RNases is time-consuming, amino acid sequences 

of both S-RNase and S-RNase-like sequences were analyzed to search for amino acid 

patterns characteristic of each group. Two motifs characteristic of the S-RNases were 

identified (Motif 1 - [FSV][AST][AITV][HNR]G[ILV]W[PQ][DEGNS][DHIKNST] and Motif 

2 - W[AILMPTV][DEHNQR][AFLMV][^ACHNPW][^CMP][^CW], where letters between 

brackets correspond to amino acidic possibilities for each position and letters preceded 

by ^ correspond to amino acids that cannot be found in that position) and one motif 

characteristic of the S-RNase-like genes (Motif 4 - [CG]P[QLRSTIK][DGIKNPSTVY] 

[ADEIMNPSTV][DGKNQST]). Motif 3 is usually found in S-RNase-like genes, but it is 

also found in some S-RNase genes (Nowak et al., 2011; Vieira et al., 2008a). The 

identification of these motifs supported the single origin hypothesis for S-RNase-based 

GSI and allowed the identification of additional S-RNase lineage genes in the families 

Rubiaceae (Asteridae, Figure 1-1), Euphorbiaceae and Malvaceae (Rosidae, where no 

S-RNase lineage genes had been previously described), as well as Cucurbitaceae and 

Fabaceae (Rosidae, Figure 1-1). A putative S-RNase sequence was also identified in a 

Lotus japonicus (Fabaceae) EST obtained from green pods, a stage where there are 

no reports of S-RNase expression (Vieira et al., 2008a). 

The comparison between 12 Solanaceae S-RNase sequences has revealed that 

their amino acid identity levels are highly divergent, varying between 38% and 92% 

(Ioerger et al., 1991; Wang et al., 2003b). Even so, five conserved regions (named C1-

C5) and two hyper-variable regions (HVa and HVb) were identified (Figure 1-3; (Ioerger 

et al., 1991)). Characterization at molecular level of S-RNases in Plantaginaceae 

(Antirrhinum) and Rosaceae (Prunus, Malus/Pyrus, Sorbus and Crataegus) was done 

in cDNA sequences obtained with primers designed for the conserved regions 

(Ishimizu, 1998; Raspé and Kohn, 2002) or designed for the signal peptide and the 

region spanning the termination codon of the cDNA (Sassa et al., 1996). The S-RNase 

sequences in these two families have characteristics similar to those described for the 

Solanaceae S-RNases. Nevertheless, some differences have been found in Rosaceae, 

such as the presence of a RC4 region (different from the C4 region of 

Solanaceae/Plantaginaceae in both constitution and location) and the existence of only 

one hyper-variable region, named RHV (instead of the two hyper-variable regions of 

Solanaceae/Plantaginaceae; figures 1-3a and 1-3b). This RHV region appears in the 
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same position as HVa. Another known difference is that in the Prunus genus there are 

two introns as opposed to a single intron in the Solanaceae and Plantaginaceae 

families and the Pyrinae subtribe of Rosaceae (where genera Malus, Pyrus, Sorbus 

and Crataegus are included). The common intron is located in the HVa/RHV region, 

and the Prunus additional intron is located just before the C1 region (Ishimizu, 1998; 

Ushijima et al., 1998). Later studies have also shown that there is an additional hyper-

variable region (RHV2), which is located between the RC4 and C5 regions (Figure 1-

3c). This region is also exclusive of the Prunus genus (Ma and Oliveira, 2002; Ortega 

et al., 2006). 

 

 

Figure 1-3: Schematic view of the S-RNase protein based on the sequences from the families Solanaceae, 

Plantaginaceae and Rosaceae. 

Arrows indicate introns. a) On the families Solanaceae and Plantaginaceae, the S-RNase protein presents five 

conserved regions (C1-C5) and two hyper-variable regions (HVa and HVb). b) On the family Rosaceae, subtribe 

Pyrinae (containing Malus, Pyrus and Sorbus genera), there is only one hyper-variable region (RHV), located in the 

same place as HVa, but with characteristics exclusive of the Rosaceae, and the C4 region has been renamed RC4, 

since the RC4 is conserved only within the Rosaceae. c) On the family Rosaceae, tribe Amygdaloideae (containing 

genus Prunus), the RHV and RC4 regions are also present, but there is an additional hyper-variable region (RVH2), and 

an additional intron located just before the C1 region (adapted from Kao and McCubbin (1996)). 

 

At first, the HV regions were thought to be the ones determining specificity 

differences. This hypothesis was tested between alleles that had either a low or a high 

level of diversity. When the change of the complete HV regions was done between low 

diversity alleles from Solanum chacoense (S11- and S13- differ in a total of 10 amino 

acids, four of which are located in the HV regions), the specificity was also switched 

(Matton et al., 1997). However, when the HV regions were switched between very 

divergent alleles of Petunia (S1- and S3- differed in 52 out of 201 amino acidic residues, 

with 16 of them located at the HV regions that have 26 amino acids) the switch in the 

specificity was not observed (Kao and McCubbin, 1996). These results indicate that the 

HV regions of the S-RNase proteins are related to the specificity determination, but 

they may not be sufficient. Therefore, amino acids under positive selection present in 
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the HV regions (and even outside those regions) are more likely to be responsible for 

the specificity determination, instead of the whole HV region. 

An attempt to identify amino acids under positive selection, that could be 

responsible for the specificity determination, was made in Rosaceae (with 88 

sequences from Prunus and 37 from Malus/Pyrus), Solanaceae (64 sequences) and 

Plantaginaceae (19 sequences), using both a maximum-likelihood and a phylogenetic 

method (Vieira et al., 2007). Although no amino acids under positive selection were 

identified in Plantaginaceae, which could be due to the small size of the sample, they 

were found in the remaining groups (13 in Solanaceae, 17 in Prunus and 27 in 

Malus/Pyrus). Of the amino acids identified as being under positive selection, 67%, 

20% and 32% were present in the HV regions, respectively, suggesting that the rest of 

the protein may also be involved in the determination of the allelic specificity (Vieira et 

al., 2007). Later, the authors have used a similar approach on two larger datasets of 

Pyrinae (a dataset of 69 sequences with complete CDS and another dataset of 104 

sequences comprising the same region of the dataset of Vieira et al. (2007)). Although 

a higher number of positively selected amino acid sites was already detected in 

Pyrinae in 2007, the fact that complete sequences were included, has allowed the 

observation that amino acids under positive selection are scattered through the entire 

protein with the exception of the first 67 amino acids (where the two binding sites and 

the first central active site are located). It was also observed that lysine residues, 

usually associated with ubiquitination, are located in the same region of the positively 

selected amino acid sites suggesting that the same protein could interact with both the 

amino acids under positive selection and the lysine residues (Vieira et al., 2010). 

With the confirmation that S-RNase was the female player in the SI reaction, 

additional knowledge was needed regarding the self-/non-self recognition mechanism 

that leads to the pollen tube arrest in the case of an incompatible reaction. Prior to the 

identification of the S-pollen, different mechanisms were proposed to prevent the S-

RNase cytotoxicity in non-self pollen tubes. One of them, called the gatekeeper model, 

proposed that the S-pollen genes would be transmembranar receptors of the S-

RNases and that only self S-RNases would enter the pollen tube. Another mechanism 

proposed that the S-pollen protein acted as an S-RNase inhibitor. Three variants were 

initially proposed of the inhibitor model. In the simple inhibitor model, the S-pollen has a 

specific domain, plus an inhibition domain. If the specific domain binds to the self S-

RNases, the S-RNases remain active and degrade the pollen tube, otherwise, the 

inhibition domain would bind to non-self S-RNases, inhibiting them. In the general 

inhibitor model, there is a general inhibitor that binds to all S-RNases inactivating them. 

When the S-pollen binds to the self S-RNases, the general inhibitor can no longer bind 
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to the S-RNases, which remain active. According to this model the deletion of the S-

pollen would result in a SC phenotype, while the existence of a diploid heteroallelic 

pollen would maintain the SI phenotype, since both S-pollen variants would protect the 

self S-RNases from being inhibited. For that reason, a third variant, called the modified 

inhibitor model was proposed to explain a phenomenon called competitive interaction, 

where a diploid heteroallelic pollen breaks the self-incompatible phenotype (Figure 1-

4). In this model, the S-pollen is proposed to form a homotetramer that would bind to 

self S-RNases preventing their inhibition. In the case of a diploid heteroallelic pollen, 

the S-pollen protein would form a heterotetramer that would not bind efficiently to the 

S-RNases, so they would still be inhibited (for a review see Kao and Tsukamoto 

(2004)). 

 

 

Figure 1-4: Schematic representation of the competitive interaction phenomenon. 

While a homozygotic diploid S1-pollen tube is degraded along the pistil, a heterozygotic diploid pollen grain, 

containing the same two allelic variants as the pistil would succeed in fertilizing the ovules, since the S1-F-Box would 

degrade the S2-RNase and the S2-F-Box would degrade the S1-RNase. 

 

After the observation that S-RNases entered both self- and non-self pollen tubes 

(Luu et al., 2000), the gatekeeper model was abandoned and the inhibition or 

deactivation of the S-RNases were proposed as the preferential mechanism regulating 

the SI reaction. In Nicotiana, evidence for compartmentalization of the S-RNases in the 

vacuoles has been found (Solanaceae; (Goldraij et al., 2006)). It was suggested that a 

residual amount of S-RNases remains in the cytoplasm and that the incompatible 

reaction also involves the 120K protein, associated with the tonoplast (Goldraij et al., 

2006; Lee et al., 2009), and the HT-B protein. When the S-RNase and the self S-pollen 

interact, HT-B induces the disruption of the vacuole releasing all the S-RNases 

(Goldraij et al., 2006). However, when the pistil and pollen transcriptomes of Prunus 
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mume were analyzed (Habu and Tao, 2014) no orthologs of the 120K protein or of HT-

B, have been identified. In fact, no orthologs of the two genes have been identified in 

Rosaceae, even though stylar-part modifiers (required for the SI reaction, but not 

involved in its specificity) have been found in both Prunus amygdalus (Fernández i 

Martí et al., 2009) and Pyrus communis (Moriya et al., 2009), so a different strategy 

probably exists in this family. 

 

1.2.2 F-box gene(s) 

Although the S-RNase gene has been known since 1986 (Anderson et al., 1986), 

the male component of the system has only been identified in 2002 (Lai et al., 2002). 

The first attempts to identify the male component involved the study of pollen-

expressed genes that show S-haplotypic specific restriction fragment length 

polymorphism (RFLP) that were tightly linked with the S-RNase. The pollen gene must 

observe three conditions: it should be located in the S-locus (therefore genetically 

linked to the S-RNase); it should show polymorphism between different S-haplotypes; it 

should be expressed in pollen only (McClure, 2004). Some genes were identified in N. 

alata and P. inflata, by RNA differential display and subtractive hybridization (Dowd et 

al., 2000; Li et al., 2000; McCubbin et al., 2000). Nine of the genes found in Petunia 

and one from Nicotiana were found to be tightly linked to the S-RNase gene. However, 

the deduced amino acid sequence of the genes obtained had very low diversity levels 

and there was no evidence of positive selection for any of them (Takebayashi et al., 

2003). It was expected that a single S-pollen gene was involved in the system and co-

evolved with the S-RNase, so the S-pollen gene should have similar levels of diversity 

to the S-RNase. Moreover, since the nine genes from Petunia were located as far as 4 

Mb of the S-RNase, even though they showed tight linkage to the S-RNase, their allelic 

sequence polymorphism has been attributed to the linkage to the S-locus and not their 

involvement in the GSI system (for a review see Kao and Tsukamoto (2004)). 

Therefore, the region surrounding the S-RNase has been sequenced with bacterial 

artificial chromosome (BAC) clones and several genes have been identified that can 

act as the pollen component on the GSI reaction. 

The first putative S-pollen gene was identified after sequencing a BAC 

corresponding to a ~63 Kb region in Antirrhinum hispanicum (Plantaginaceae), 

containing the S2-RNase gene (Lai et al., 2002). It was located about 9 Kb downstream 

of the S2-RNase gene, coded for an F-box protein, and was called AhSLF-S2 (A. 

hispanicum S-locus F-box; (Lai et al., 2002)). However, later studies, with 

transformation-competent artificial chromosomes (TAC) sequencing of the region, have 
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identified additional SLF genes within 70 Kb of the S1-, S2-, S4- and S5-RNase. All of 

the identified genes showed expression in pollen only with the exception of AhSLF-

S2A. While the different SLF genes have 38-54% identity levels within the same 

haplotype, the alleles of each SLF gene have more than 90% identity between them. 

Therefore, two hypotheses have appeared: either there were no highly polymorphic 

SLF genes in Antirrhinum, or they were located farther from the S-RNases (Zhou et al., 

2003). 

F-box proteins are usually a part a multi-subunit E3 ubiquitin ligase complex, named 

SCF (Skp1-Cullin-F-box) that, in conjunction with E1 ubiquitin activating enzyme and 

E2 ubiquitin conjugating enzyme, mediate the degradation of target proteins by 

ubiquitination by the 26S proteasome. However, recent studies have shown that a 

SKP1-like (S-phase kinase-associated protein 1) protein called SSK1 (SLF-interacting 

Skp1-like1), is involved in the SCF complex in S-RNase-based GSI system, instead of 

SKP1 (Xu et al., 2013; Zhao et al., 2010). SSK1 proteins are restricted to species 

having S-RNase-based GSI (Hua and Kao, 2006; Huang et al., 2006; Xu et al., 2013; 

Zhao et al., 2010) and thus, their presence can be used as a marker for S-RNase-

based GSI (Xu et al., 2013). SSK1 proteins are highly conserved and have a unique C-

terminus, composed of a 5-9 amino acid residues following the conventional "WAFE" 

motif, that is found in most plant SKP1 proteins (Hua and Kao, 2006; Huang et al., 

2006; Xu et al., 2013; Zhao et al., 2010). Therefore, the genes encoding such proteins 

can be easily retrieved using blast searches to help determine if a species is S-RNase-

based. In Solanaceae, Plantaginaceae and Pyrinae, SSK1 proteins are expressed in 

pollen only (Hua and Kao, 2006; Huang et al., 2006; Xu et al., 2013; Zhao et al., 2010), 

while in Prunus they are also expressed in styles (Matsumoto et al., 2012). 

With the identification of the S-pollen as an F-box, a protein degradation model has 

been proposed. According to this model, the F-box protein interacts with the non-self S-

RNases marking them for degradation by ubiquitination by the 26S proteasome (Hua 

and Kao, 2006). Therefore, if the F-box gene is deleted, the plant would not be able to 

fertilize another, since none of the S-RNases would be degraded. This model would 

also explain the competitive interaction phenomenon, since each of the F-box proteins 

present in the pollen grain would degrade all non-self S-RNases including the allele 

that the other F-box protein would recognize as self (see above and Figure 1-4). 

The S-locus region was also sequenced in Prunus (~70 Kb (Ushijima et al., 2001)), 

Petunia (Solanaceae; ~328 Kb; (Sijacic et al., 2004)), and Malus (~317 Kb; (Sassa et 

al., 2007)). In Prunus, several F-box genes have been identified near the S-RNase 

gene (Entani et al., 2003; Ushijima et al., 2003). However, only a single gene, called 
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SFB (S-haplotype specific F-box) has been proposed to be involved in the GSI 

reaction. This gene has been shown to be in linkage with the S-RNase gene, has 

pollen expression only, and shows synonymous and non-synonymous substitution 

levels similar to those of the S-RNase (Nunes et al., 2006; Ushijima et al., 2004). The 

rest of the F-box genes located at the S-locus, called SLFL (S-locus F-box like), 

present low diversity levels between haplotypes (92.5% amino acid identity between 

S1- and S7-SLFL1) and are also expressed in styles, which is not expected for the S-

pollen gene (Entani et al., 2003; Ushijima et al., 2003). For this genus, the general 

inhibitor model has been proposed. Under this model, the deletion of the SFB in 

Prunus leads to the breakdown of SI (Sonneveld et al., 2005). This was observed with 

pollen part mutants of Prunus that present a SC phenotype. For instance, in Prunus 

persica eight of eleven S-haplotypes have mutated SFB genes, which makes this 

species SC (Tao et al., 2007). Furthermore, no competitive interaction is observed in 

Prunus as predicted under the general inhibitor model. Although it is not expected that 

a F-box protein acts as a protector from inhibition, since they usually are involved in 

degradation, there are reports of F-box proteins forming non-SCF complexes with 

unknown function, due to the lack of Cullin1. Therefore, it is possible that a 

nonfunctional SCF complex, formed with SFB and SSK1 only, could protect the S-

RNase or release its cytotoxicity (Matsumoto et al., 2012). Another possibility would be 

that, in Prunus, the interaction between the SFB and the self S-RNase leads to the 

degradation by ubiquitination of the inhibitor, instead of the S-RNase (Tao and Iezzoni, 

2010). It has also been suggested that, instead of blocking the S-RNase activity, the 

inhibitor would mark it for degradation (Vieira et al., 2010) and that one of the SLFL 

genes could be that inhibitor (Habu and Tao, 2014). Nevertheless, the interaction 

mechanism in this genus is still far from being understood. 

In Petunia (Solanaceae), a single gene, called SLF (S-locus F-box), has initially 

been proposed as the S-pollen component (Sijacic et al., 2004; Wang et al., 2003a). 

However, this gene had low synonymous and non-synonymous levels, compared to 

those of S-RNase (Ks value is 0.736 and 0.145 for the S-RNase and SLF respectively 

and Ka value is 0.360 and 0.050 for the S-RNase and SLF genes respectively). 

Moreover, weak evidence for a single amino acid under positive selection, that could 

not explain the number of variants observed in populations, was observed, although 

that could be a result of the small sample size (Vieira et al., 2009). Furthermore, 

additional F-box genes (SLFL) were present in the S-locus that had similar 

polymorphism levels to the SLF gene. When interaction assays were performed, Hua 

et al. (2007; 2008) observed that the SLF interacted with the non-self S-RNases more 

strongly than it did with the self S-RNases. In fact, the self S-RNases appear to be 
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repelled by the SLF. They also observed that the interaction between the SLF and the 

non-self S-RNases would mark the latter for degradation by ubiquitination by the 26S 

proteasome (Hua et al., 2007; Hua et al., 2008). Therefore, in this species, the SI 

reaction was proposed to occur according to a protein degradation model. When SLF 

allelic sequences were compared, it was observed that the S7-SLF1 sequence was 

identical to S19-SLF1, even though the S7- and S19-RNase sequences were only 45% 

identical. Since pollinations between homozygotic individuals with these two alleles, 

were compatible, the possibility that additional SLF genes were involved has occurred. 

To test this, the authors first examined if the allelic variants of SLF1 would all be 

expressed in pollen and cause competitive interaction, thus working as S-pollen. 

Although all of the genes were expressed in pollen, they only resulted in a SC 

phenotype (caused by competitive interaction) in some of the transgenic plants where 

they were inserted. This suggested that each SLF allele only recognized and marked 

for degradation a sub-set of the S-RNase alleles. For this reason, they have also 

analyzed the competitive interaction phenomenon when the SLFL genes were inserted 

in transgenic plants. Since the result was similar for both the SLF and the SLFL genes, 

the authors have extended the non-self recognition model of protein degradation to 

include multiple F-box genes acting together (Entani et al., 2014; Kubo et al., 2010). 

Due to the inclusion of multiple genes in the model and the fact that each gene only 

marks a sub-set of the S-RNases for degradation, the deletion of one of the SLF genes 

would keep the phenotype almost unaltered. Although the self S-RNases would still not 

be degraded, only the non-self S-RNases that were only recognized by the deleted 

SLF would stop being marked for degradation. Therefore, the deletion of one SLF gene 

would, at most, make the plant incompatible for one or two additional specificities, but 

not for all. Recently, Williams et al. (2014) have sequenced the pollen transcriptomes of 

P. inflata S2S2 and S3S3. They have identified 17 SLF proteins for each of the 

haplotypes that were linked to the S-RNase and showed expression only in pollen, 

although with varying levels of expression of ~1000 fold. According to the authors if 

each SLF is capable of marking a maximum of five non-self S-RNases for degradation 

(the maximum detected until now), each of the 32 known S-haplotypes would be 

marked for degradation by at least two F-box proteins, thus allowing for a failsafe 

mechanism if any of the F-box proteins became non-functional (Williams et al., 2014). 

In Pyrinae, Sassa et al. (2007) have sequenced a BAC contig, of the cultivar Florina 

(S3S9). composed of seven BAC clones, representing 317Kb of the S-locus for the S9-

haplotype of Malus. They have identified two closely related F-box genes, with S-

haplotype specific polymorphism and pollen expression only, which they called SFBB 
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(S-locus F-box brothers). They have also identified, by PCR, two additional homologue 

genes in two BAC clones related to the S3-haplotye of Malus and another three in each 

of the S4- and S5-haplotypes of Pyrus pyrifolia (Sassa et al., 2007). With these results, 

two possibilities have arisen. Either only one of the SFBB genes would act as the S-

pollen or they would collaborate to degrade the complete set of the non-self S-RNases. 

Later, Wheeler and Newbigin (2007), have compared the F-box genes from Rosaceae, 

Plantaginaceae and Solanaceae families. They have observed that the F-box genes 

clustered according to family although the Prunus SFB genes formed a distinct cluster, 

compared to the SFBB/SLF genes from Pyrinae, Plantaginaceae and Solanaceae. This 

suggested that the SFB genes of Prunus have been independently recruited for the 

GSI system and that different mechanisms could exist in the different groups (Wheeler 

and Newbigin, 2007). When the Pyrus SFBB-γ gene was analyzed, low polymorphism 

levels were observed, compared to the ones of the S-RNase (Kakui et al., 2007). 

Moreover, weak evidence was found for two amino acids under positive selection, 

opposed to 21 amino acids under positive selection for the S-RNases of the 

corresponding S-haplotypes (Vieira et al., 2009). These two observations suggested 

that this gene could not function as the only S-pollen gene in Pyrus. When the BAC 

clones that contained the S-RNase of Malus gene were screened only two putative 

SFBB genes were obtained. In the Pyrus cosmid for the S4-haplotype, three putative 

SFBB genes were obtained. Yet, the full screening of the BAC library of Florina (S3S9) 

with the same primer pair, revealed 12 SFBB genes in the S3-haplotype, and 10 SFBB 

genes in the S9-haplotype. A pseudogene (MdFBX4) was also obtained for the S9-

haplotype as well as a monomorphic gene between the two haplotypes (MdFBX11). All 

of these genes, with the exception of MdFBX4 were expressed in pollen only. The 

authors have also observed that the position of the genes relative to the S-RNase is 

not conserved between the two S-haplotypes (Minamikawa et al., 2010). Additional 

work by the same group in Pyrus pyrifolia, resulted in the identification of 8 genes in 6 

haplotypes (Kakui et al., 2011). Like Minamikawa et al. (2010), they have identified two 

genes (SFBB1-S5 and SFBB4-S5) that have in-frame termination codons. They have 

also found a gene (SFBB6-S4) that does not show complete linkage with the S-RNase 

and that would not be involved In determining the specificity of the reaction (Kakui et 

al., 2011). They have also studied the S4
sm mutant that lacks the S4-RNase and the 

SFBB1-S4 gene. Although this mutant has been shown to be rejected by S4- pistils, 

Kakui et al. (2011) confirmed that the SFBB1-S4 gene is essential for the acceptance 

by the S1-pistils, as expected under the non-self recognition by multiple factors model. 

Moreover, this effect was not observed for the SFBB1-S5 gene, as one would expect 

according to the observation, in Petunia, that allelic variants of the same SLF gene 
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target for the same S-RNase (Kakui et al., 2011; Kubo et al., 2010). Since competitive 

interaction was also observed in species of Pyrinae (Adachi et al., 2009), and a large 

number of F-box genes has also been identified in this group, a S-RNase/SFBB 

recognition mechanism similar to the one observed for Petunia has been proposed 

((De Franceschi et al., 2012; Kakui et al., 2011) and chapter 2). 

At the moment, the F-box component has been identified as one gene in Prunus 

(Rosaceae; called SFB), but multiple genes in Pyrinae (Malus, Pyrus and Sorbus; 

called SFBB), as well as Petunia and Nicotiana (Solanaceae). Additionally, different 

mechanisms have been proposed for each species/group of species. Hence, in 

Prunus, a general inhibitor is proposed to block the activity of all S-RNases, while in 

Solanaceae and Pyrinae, each of multiple F-box genes is proposed to interact with a 

sub-set of the non-self S-RNases, collaboratively marking all the non-self S-RNases for 

degradation by ubiquitination by the 26S proteasome. 

 

1.3 Objectives 

In Pyrinae, multiple SFBB genes have been reported to work as the S-pollen, similar 

to what happens in Solanaceae. Additionally, the S-RNase/F-box mechanism proposed 

for Petunia (Solanaceae), has also been proposed for Pyrinae. Thus, in chapter 2, data 

supporting the non-self recognition by multiple factors model in Sorbus aucuparia, a 

species from the Pyrinae sub-group of Rosaceae, will be presented. It is shown that the 

SFBB genes identified in S. aucuparia (16 SFBB genes) are more closely related to 

other SFBB genes that had already been described for both Malus and Pyrus 

suggesting that they have appeared before the split of the three species about 5 MYa. 

Therefore, the three species share a similar mechanism of recognition between the S-

RNase and SFBB. Moreover, amino acids under positive selection were detected for 

11 SFBB genes in the two S-haplotypes studied. Fourteen and 12 amino acids under 

positive selection were detected for the S22- and Sa-haplotypes respectively. 

The alleles obtained for each gene in S. aucuparia correspond to a small sample. 

Hence, additional data is needed to try to identify amino acids under positive selection, 

so that it is possible to identify which SFBB genes recognize which S-RNase 

specificities, to better characterize the system. Moreover, it is important to know how 

many SFBB genes are linked with the S-RNase and involved in the system to know the 

full extent of the S-locus, since other genes, involved in the fruit development, may be 

located at the S-locus. Malus domestica is an economically important species, where 

the genome has been sequenced. Moreover, in this species, three M. x domestica 

haplotypes have been characterized with the use of BAC sequences (S3, S9) and with a 
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PCR based approach (S10). The different SFBB genes do not maintain the relative 

order to the S-RNase in the different haplotypes (Minamikawa et al., 2010), so it is 

possible that a gene shows linkage with the S-RNase in a haplotype, but does not 

show linkage in another. In chapter 3, an attempt to characterize the SFBB genes of 

ten S-haplotypes was done in nine M. x domestica cultivars with known genotypes – 

Northern Spy (NSpy, S1S3), Idared (Idared, S3S7), Red Delicious (RD, S9S28), Empire 

(Empire, S10S28), Fuji (Fuji, S1S9), Gala (Gala, S2S5), Golden Delicious (GD, S2S3), 

Honeycrisp (Honey, S2S24) and McIntosh (McInt, S10S25). By using the same 

methodology described in chapter 2, we have obtained, for these cultivars, 20 SFBB 

genes where allelic sequences were inferred, plus two non-functional genes. We have 

already determined, by RFLP, complete linkage with the S-RNase, for at least one 

allele, for seven of them (SFBB1, SFBB3, SFBB4, SFBB5, SFBB8 SFBB11 and 

SFBB14). We have also identified amino acids under positive selection, for the S-

haplotypes in which the allelic sequence was obtained for more than five SFBB genes 

with evidence for linkage with the S-RNase. For this species, transcriptome data has 

been obtained for different tissues. This allowed to confirm some of the allelic SFBB 

sequences that were only supported by a single colony, or by a single cultivar, which 

did not allow to determine which of the alleles it represented. 

The difference in the recognition mechanisms between Pyrinae/Solanaceae and 

Prunus is unexpected if the S-RNase-based GSI has evolved only once, before the 

split of Asteridae and Rosidae, about 120 MYa. However, a single evolution of the S-

RNase gene does not exclude the possibility that S-RNase paralogs could be 

determining pistil specificity in different species. Observations involving a de novo 

evolution of a system with the recruitment of paralogs have been made in other 

systems like the SSI in the Brassicaceae family or the caffeine biosynthesis. In 

Arabidopsis and Brassica (Brassicaceae) the female component is a transmembrane 

receptor kinase (the SRK gene) and the male component is a cysteine rich gene (the 

SCR gene). In Leavenworthia, however, the S-locus genes have secondarily evolved 

from paralogs of SRK and SCR (Chantha et al., 2013). As for the caffeine biosynthesis, 

phylogenetic analysis show that the N-methyltransferases genes from Coffea 

canephora form a distinct clade than those of Theobroma cacao or Camellia sinensis 

suggesting a minimum of two independent origins of caffeine biosynthetic N-

methyltransferases activity (Denoeud et al., 2014). For this reason, in chapter 4, we try 

to understand if the two different mechanisms present in Rosaceae use the same set of 

genes. To do that, we used the available genomes of Malus domestica, Prunus persica 

and Fragaria vesca (SC species), as well as those of Prunus mume and Fragaria 

nipponica (SI species). It should be noted that Fragaria shares the most common 
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ancestor with Prunus and Malus lineages at 62 MYa (Njuguna et al., 2012), while 

Prunus and Malus are diverging between 29 and 35 MYa (Wikstrom et al., 2001), so 

the system present in the Fragaria genus is expected to be the ancestral form of the SI 

system in Rosaceae. No S-RNase duplicates from Fragaria cluster with the Pyrinae S-

RNase lineage, although one of the F. vesca and F. nipponica S-RNase lineage gene 

cluster with Prunus S-RNases. Therefore, we propose that the Prunus SI system is 

ancestral in Rosaceae and that the Pyrinae SI system has evolved from a different set 

of paralog genes, instead of having a single origin as it has been previously proposed 

in the literature. An additional analysis on the F. vesca S-RNase duplicate gene that 

clusters with the Prunus S-RNase was done. This gene has an iso-electric point above 

8, does not present the motif 4 described in Vieira et al. (2008a) and possesses two 

introns in the same location as the ones in Prunus. Although, in F. vesca (a SC 

species) this gene shows a termination codon in the first position of motif 2, when we 

look to F. nipponica (SI), the motifs 1 and 2 are completely conserved. Nevertheless, it 

shows low levels of diversity compared to the Prunus S-RNase. To confirm that a 

different lineage S-RNase lineage was not recruited in Fragaria, we further studied the 

other three F. vesca duplicate genes with iso-electric point above 8 and without the 

amino acidic motif 4 in four SI species (F. mandschurica, F. nipponica, F. pentaphylla 

and F. viridis). The diversity levels of these three genes between the four species is 

also much lower than those of Prunus S-RNase. 

Due to the fact that different S-RNase and F-box lineages are involved in the S-

RNase-based GSI in Rosaceae and the SSK1 genes have been reported to be 

involved in the SCF complex in S-RNase-based GSI species only (Hua and Kao, 2006; 

Huang et al., 2006; Xu et al., 2013; Zhao et al., 2010), in chapter 5, SSK1 and T2-

RNase genes that could be the S-locus candidate genes in the Fabaceae family are 

identified. Although we use several SC species (Medicago truncatula, Cicer arietinum, 

Glycine max and Lupinus angustifolius) and only one SI species (Trifolium pratense), 

the S-locus region can be present, even if the S-genes have mutations that disrupt the 

coding region. We find sequences related to SSK1 genes with the "WAFE" motif, 

followed by a C-terminus composed of a 5-9 amino acid residue (typical of S-RNase-

based GSI) in these species, although some variations were allowed, since most of 

these species are SC. Moreover, in T. pratense, M. truncatula and C. arietinum, we 

found T2-RNase lineage genes that cluster with Pyrinae S-RNases. In T. pratense the 

T2-RNase lineage genes identified clustering with Pyrinae, also show expression in 

leaves, so they are not the S-RNase gene in this species, since S-RNases are 

expressed in pistils only. Additionally we have sequenced a style with stigma 
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transcriptome of Cytisus striatus (a partially SI species, with some degree of pollen 

tube arrest and some self-fruit formation) and we have identified three T2-RNase 

genes that are expressed in all the tissues analyzed. Therefore, we find no evidence 

for Fabaceae GSI being determined by T2-RNase lineage genes. 
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2. Patterns of evolution at the gametophytic 

self-incompatibility Sorbus aucuparia (Pyrinae) 

S-pollen genes support the non-self recognition 

by multiple factors model 

Bruno Aguiar, Jorge Vieira, Ana E. Cunha, Nuno A. Fonseca, David Reboiro-Jato, 

Miguel Reboiro-Jato, Florentino Fdez-Riverola, Olivier Raspé and Cristina P. Vieira, 

2013. Journal of Experimental Botany, Vol. 64, No. 8, pp. 2423–2434 

 

2.1 Introduction 

Self-incompatibility (SI) is a genetic barrier to self-fertilization in which the female 

reproductive cells discriminate between genetic relative and non-relative pollen and 

reject the former (De Nettancourt, 1977). In order to maintain functional incompatibility, 

the S-genes, those determining the pistil and pollen specificities, must co-evolve as a 

genetic unit (for details on co-evolution see (Newbigin et al., 2008)). In gametophytic SI 

(GSI), the pollen is rejected when it expresses a specificity that matches either of those 

expressed in the style. In this system, because of frequency-dependent selection, 

many specificities are maintained in natural populations (Wright, 1939). 

The self-incompatibility S-pistil gene product in Rosaceae, Rubiaceae, Solanaceae, 

and Plantaginaceae is an extracellular ribonuclease, called S-RNase (Nowak et al., 

2011; Roalson and McCubbin, 2003). Phylogenetic analyses suggest that S-RNase-

based GSI has evolved only once, before the split of the Asteridae and Rosidae, about 

120 million years ago (MYa) (Igic and Kohn, 2001; Steinbachs and Holsinger, 2002; 

Vieira et al., 2008a). Because of the single origin of this system, in principle, similarities 

are expected when comparing the GSI players in these plant families. 

In Rosaceae, for the pistil gene, studies at the molecular level have been performed 

in species of the tribe Amygdaloideae (Prunus) and subtribe Pyrinae (Malus, Pyrus, 

Sorbus and Crataegus; see references in Vieira et al. (2010)). The pistil gene shows 

the expected features for a gene determining GSI specificity, namely, high levels of 

synonymous and non-synonymous divergence, as well as positively selected amino 

acid sites that account for the many specificities known to be present in natural 

populations (Vieira et al., 2007). 

The pollen component, always an F-box protein, has been identified as one gene in 

Prunus (called SFB, S-haplotype-specific F-box gene; (Entani et al., 2003; Ikeda et al., 
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2004; Nunes et al., 2006; Romero et al., 2004; Sonneveld et al., 2005; Ushijima et al., 

2003; Ushijima et al., 2001; Vieira et al., 2008b), but multiple genes in Malus, Pyrus, 

(called SFBBs, S-locus F-box brothers), Petunia (Solanaceae), and Nicotiana 

(Solanaceae; called SLFs, S-locus F-boxes; (Cheng et al., 2006; Kakui et al., 2007; 

Kubo et al., 2010; Minamikawa et al., 2010; Sassa et al., 2007; Wheeler and Newbigin, 

2007)). In Prunus, the non-self S-RNases taken up by the growing pollen tube are 

postulated to be inactivated by a general inhibitor and only the self S-RNases are 

protected from inactivation (Luu et al., 2001; Sonneveld et al., 2005). In the multiple S-

pollen genes system, found in Malus, Pyrus, Petunia and Nicotiana, within a S-

haplotype, each SLF/SFBB is predicted to interact with a subset of non-self S-RNases, 

and mediates their degradation by the ubiquitin–26S proteasome system. Multiple 

SLF/SFBB genes are thus required for the recognition of the large repertory of non-self 

S-RNases (Kubo et al., 2010) under this protein degradation model (Hua and Kao, 

2006; Hua et al., 2007). Therefore, SLF/SFBB genes could represent a case of 

paralogous gene expansions that are often the substrate for adaptive change. 

The very different mechanisms of S-RNase inhibition in systems with one or multiple 

S-pollen genes imply remarkable differences at the S-locus region. Indeed, in Prunus, 

as expected, if a single S-pollen gene is involved, the S-locus region is smaller than 45 

Kb (Vieira et al., 2008c). The S-RNase gene is flanked by two F-box like genes, 

namely, SFB and SLFL1 (SLF-like gene 1). Nevertheless, in contrast to the SLFL1 

gene, the SFB gene is expressed only in pollen, and its average diversity is similar to 

that observed for the S-RNase gene (Entani et al., 2003; Ushijima et al., 2003; 

Ushijima et al., 2001; Vieira et al., 2008a). Despite evidence for specific associations 

between SLFL1 and S-RNase - SFB genes, as well as the relatively old age of SLFL1 

alleles (Vieira et al., 2008d), amino acid sites showing strong evidence for positive 

selection have been identified only in the SFB gene (Nunes et al., 2006; Vieira et al., 

2008b; Vieira et al., 2008d). Despite the lack of congruent tree topologies for the S-

RNase and SFB genes (Nunes et al., 2006; Tsukamoto et al., 2008), the two genes 

show evidence for a partially co-evolved history (Tsukamoto et al., 2008). 

Under the multiple S-pollen genes system, SFBB genes are expected to be in 

linkage with the S-RNase gene and to have pollen expression only. In Malus, the 

extent of the S-locus region is unknown but is larger than 317 Kb (corresponding to the 

BAC contigs analyzed by Sassa et al. (2007), and Minamikawa et al. (2010)). In this 

region, two F-box genes, MdSFBB9-α and MdSFBB9-β (located 42 Kb upstream and 

93 Kb downstream of the S9-RNase, respectively), with expression restricted to pollen, 

and in linkage with the S-RNase gene, were initially reported as S-pollen genes (Sassa 

et al., 2007). The number of these genes in the Malus S-locus region is currently 
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greater than ten (Minamikawa et al., 2010; Sassa et al., 2010). In Pyrus, the size of the 

S-locus region is also unknown but is larger than 649 Kb (Okada et al., 2011), and the 

number of F-box genes with expression restricted to pollen and in linkage with the S-

RNase gene is greater than eight (De Franceschi et al., 2011a; De Franceschi et al., 

2011b; Kakui et al., 2011; Minamikawa et al., 2010; Okada et al., 2011; Sassa et al., 

2010). The order of the SFBB genes in different S-haplotypes is not conserved 

(Minamikawa et al., 2010; Okada et al., 2011). Therefore, depending on the haplotype 

analyzed in the segregation experiments, an SFBB gene can show linkage with an S-

RNase allele but incomplete linkage with another (Pyrus SFBB-α, and Pyrus SFBB-γ in 

De Franceschi et al. (2011a), and SFBB6 in Kakui et al. (2011)). It is possible that 

SFBB alleles, not showing linkage to the S-RNase, may have no target S-RNase allele 

and thus are not being constrained by selection (Kakui et al., 2011). These genes have 

been assigned as not being involved in S-pollen specificity (De Franceschi et al., 

2012). Kakui et al. (2007) reported low polymorphism for the PpSFBB-γ gene 

compared with the S-RNase gene. This pattern seems to be a common feature of all 

SFBB genes (De Franceschi et al., 2011a; Kakui et al., 2011; Minamikawa et al., 2010; 

Okada et al., 2011) and SLFs (Kubo et al., 2010; Newbigin et al., 2008; Wheeler and 

Newbigin, 2007; Zhou et al., 2003). Identical alleles at one SFBB gene have been 

reported from two different S-haplotypes (Minamikawa et al., 2010). Another pattern is 

the high divergence between SFBB genes, comparable to the allelic diversity of the S-

RNase gene (De Franceschi et al., 2011a; Kakui et al., 2011; Minamikawa et al., 2010; 

Okada et al., 2011), but age estimates for these genes have not been obtained. 

Phylogenetic analyses have shown that diversification of SFBB genes pre-dates 

speciation of Pyrus and Malus (Kakui et al., 2011; Minamikawa et al., 2010). These 

data are compatible with the scenario where a large repertoire of non-self S-RNases 

are targeted and detoxified by multiple SFBB genes, each of which recognizes a sub-

fraction of S-RNases (Kakui et al., 2011). In Petunia, a non-self recognition pollen 

rejection mechanism has also been proposed (Kubo et al., 2010; Wang and Kao, 

2011). Although in the initial protein degradation model the S-pollen genes were 

assumed to inhibit all S-RNases except that of the corresponding S-haplotype (Hua 

and Kao, 2006; Hua et al., 2008), in vivo functional assays and protein-interaction 

assays revealed that each SLF protein functions as a pollen determinant and 

recognizes a subset of non-self S-RNases (Kubo et al., 2010; Wang and Kao, 2011). 

As expected for the S-pollen, evidence for positive selection acting on amino acid 

sites located in two (V1 and V2) of the four variable regions was found by calculating 

the ratio of non-synonymous substitutions per non-synonymous site (Ka) divided by the 
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ratio of synonymous substitutions per synonymous site (Ks), using Malus (two SFBB-α 

and two SFBB-β sequences) and Pyrus (two SFBB-α, two SFBB-β and two SFBB-γ 

sequences) SFBB genes (Sassa et al., 2007). Nevertheless, positively selected amino 

acid sites have not been identified, mainly due to the small sample size. Therefore, it is 

not known how these amino acids vary among SFBB genes. Hence, it has been 

suggested that all SFBB genes could act together as the pollen determinant (Sassa et 

al., 2007). Under the non-self recognition by multiple factors, the high intra-haplotypic 

diversity of SFBB is the result of natural selection favoring diversification of SFBB 

genes within an S-haplotype (Kakui et al., 2011). Under this model, no strong evidence 

for positive selection is expected when individual SFBB genes are considered, as 

observed for Pyrus SFBB-γ (De Franceschi et al., 2011a; Vieira et al., 2009), SFBB-α, 

SFBB-β, SFBB-δ, and SFBB-ε genes (De Franceschi et al., 2011a). 

Another line of evidence in support of Japanese pear GSI non-self recognition by a 

multiple factors rejection mechanism comes from analyses of loss of function of two 

SFBB genes on SI phenotypes (Kakui et al., 2011). In the mutant haplotype S4
sm (a 

mutant derived from the S4-haplotype that shows stylar self-compatibility because of 

deletion of S4-RNase; (Okada et al., 2008)), deletion of the SFBB1 gene specifically 

affects recognition of S1-RNase (Okada et al., 2008). Nevertheless, no effect of loss of 

function of the SFBB1 gene from the S5-haplotype was observed on the SI phenotype 

in the pistils with S1-, S2-, S3-, S4- and S9-RNases ((Kakui et al., 2011) and references 

therein). Moreover in the S1-haplotype, the S1- pollen is rejected and the SFBB1 gene 

from the S1-haplotype is not truncated. Therefore, the S1-RNase is not always targeted 

by the SFBB1 gene for degradation and other factors are involved in detoxification of 

the S1-RNase (Kakui et al., 2011). 

As genes determining GSI specificity are under frequency-dependent selection, they 

are maintained for long periods of time (Wright, 1939). In Pyrinae, the oldest S-RNase 

gene specificity lineage is about 23 million years (MY) old (Vieira et al., 2010). 

Therefore, it is not surprising that most of the S-RNase allele lineages are found in 

Malus, Pyrus, Sorbus and Crataegus species (Vieira et al., 2010). In this work, we 

showed that all SFBB genes described in Malus and Pyrus are also present in Sorbus 

aucuparia. Phylogenetic inferences of Pyrinae SFBB genes suggested the presence of 

16 S. aucuparia SFBB genes. The age of the SFBB duplications also supported the 

involvement of these genes in GSI. Furthermore, amino acids under positive selection - 

those that could be involved in specificity determination - were identified when intra-

haplotype SFBB genes were analyzed. 
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2.2 Material and methods 

Plant material and DNA extraction 

S. aucuparia is a self-incompatible species that has been characterized at the 

molecular level for the S-RNase gene (Raspé and Kohn, 2002, 2007). Due to the 

ecology of this bird-dispersed, insect-pollinated species, little population structure is 

found (Raspé and Kohn, 2007; Raspé et al., 2000). Leaves were collected from seven 

individuals from a natural population located in Bragança, Portugal (assigned as B). 

Furthermore, for the segregation experiments, 74 individuals from the progeny of the 

cross between individual Belgium5 (S17-RNase/S20-RNase) and Belgium6 (S2-

RNase/S10-RNase; (Raspé and Kohn, 2007)), assigned as D, were used. Genomic 

DNA was extracted from leaves of individual plants using the method of Ingram et al. 

(1997) or the Puregene® DNA Purification System (Gentra Systems, Minneapolis, MN, 

USA). No specific permits were required for the field collection, as the plant location 

was not privately owned or protected, and S. aucuparia is not an endangered or 

protected species. 

 

Amplification of S-RNases 

Three primer combinations (SorbusRNaseF and SorbusRNaseR, S-RNaseFT-F and 

S-RNase(I/T)W-R, and MaCiF1+ and Mac2/3R1+) were used for the amplification of S-

RNases (Supplementary Table 2-1). Genomic DNA from individuals B2, B4, B5, B6, 

B8, B10 and B13 was used as template. Standard amplification conditions were 35 

cycles of denaturation at 94ºC for 30s, primer annealing according to Supplementary 

Table 2-1 for 30s, and primer extension at 72ºC for 3 minutes. All amplification 

products were cloned using a TA Cloning kit (Invitrogen, Carlsbad, CA, USA). For each 

individual and amplification product, the insert of an average of 20 colonies was cut 

separately with RsaI, AluI, AvaII and Sau3AI restriction enzymes. For each individual 

and restriction pattern, one colony was sequenced. For those sequences that showed 

similarity to the S-RNase gene when using blastn, two more colonies were sequenced 

in order to obtain a consensus sequence. An ABI PRISM BigDye Cycle Sequencing kit 

(Perkin Elmer, Foster City, CA, USA) and specific primers, or the primers for the M13 

forward and reverse priming sites of the pCR2.1 vector, were used to prepare the 

sequencing reactions. Sequencing runs were performed by STABVIDA (Lisboa, 

Portugal).  
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Amplification of SFBB genes 

Primers SFBBgenF and SFBBgenR (Supplementary Table 2-1) were designed on 

the basis of the 12 SLF and SFBB sequences of Cheng et al. (2006) and Sassa et al. 

(2007) (SFBB3α, AB270795; SFBB9α, AB270793; SFBB9β, AB270794; SFBB3β, 

AB270796; SLF1, DQ422810; SLF2, DQ422811; SFBB4α, AB270797; SFBB5α, 

AB270800; SFBB5β, AB270801; SFBB4β, AB270798; SFBB4γ, AB270799; SFBB5γ, 

AB270802). These primers, although designed based on a small set of sequences, are, 

however, present in 65.5% of Malus and Pyrus SFBB sequences available in GenBank 

(n=165, see Figure 2-1 and legend for accession numbers). Genomic DNA from 

individuals B5 and B6 was used as template. Standard amplification conditions were 35 

cycles of denaturation at 94ºC for 30s, primer annealing at 48ºC for 30s, and primer 

extension at 72ºC for 2 minutes. The amplification products were cloned as described 

above. For each individual and amplification product, the insert of an average of 100 

colonies was cut separately with RsaI, AluI, AvaII, and Sau3AI restriction enzymes. 

Sequencing reactions were performed as described above. 

 

S. aucuparia SFBB1–SFBB3, SFBB5–SFBB9, SFBB11 and SFBB13–SFBB15 

genes of the S22- and Sa- haplotypes. 

Genomic DNA of the seven B individuals was used to amplify the SFBB1–SFBB3, 

SFBB5–SFBB9, SFBB11 and SFBB13–SFBB15 genes using specific primers. For all 

genes except SFBB6, based on the sequences obtained for B5 and B6 individuals, 

single-nucleotide polymorphisms (SNP) were used to find restriction fragment length 

polymorphisms (RFLPs) that allowed the identification of the S22- and Sa- alleles of 

these 12 SFBB genes (Supplementary Table 2-2). For the SFBB6 gene, the 

amplification product of each individual was cloned. For each individual, ten random 

colonies were sequenced. DNA sequencing was performed as described above. These 

sequences have been deposited in GenBank (accession numbers KC701664–

KC701673). 

 

S. aucuparia SFBB1–SFBB3, SFBB5–SFBB9, SFBB11 and SFBB13–SFBB15 

allele sequences in individuals from the progeny of the Belgium5 (S17-RNase/S20-

RNase) and Belgium6 (S2-RNase/S10-RNase) cross 

For 12 of the 16 SFBB genes studied, we were able to infer the allele that went with 

both the S22-RNase and the Sa-RNase (see Results). Nevertheless, we wanted to show 

that these 12 SFBB genes were located in the S-locus region. Therefore, the 74 

individuals (assigned as D) from the progeny of the cross between individuals 

Belgium5 (S17-RNase/S20-RNase) and Belgium6 (S2-RNase/S10-RNase) were 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
37 

 

 
 

genotyped using specific primers (Supplementary Table 2-1) for the four segregating S-

RNase alleles. For each of the 12 SFBB genes, the amplification product obtained 

using specific primers (Supplementary Table 2-1) and genomic DNA of individuals D28 

(S2-RNase/S20-RNase), D34 (S10-RNase/S17-RNase), D69 (S10-RNase/S20-RNase) and 

D82 (S2-RNase/S17-RNase) was cloned. These individuals showed the four possible S-

RNase combinations and, therefore, all segregating SFBB alleles must be present in 

this sample. For each gene, ten randomly chosen colonies were sequenced to identify 

the SFBB alleles that were segregating in this cross. For SFBB15, only one allele was 

identified that was present in all four individuals analyzed. Therefore, this gene was not 

studied further. For the SFBB3, SFBB5–SFBB9 and SFBB14 genes, all four alleles 

were identified (Supplementary Table 2-3). For SFBB1 and SFBB11, three alleles were 

identified, and for SFBB2 and SFBB13, two alleles were identified (Supplementary 

Table 2-3). The DNA sequences have been deposited in GenBank (accession numbers 

KC701674–KC701712). For these genes, in order to determine which individuals had a 

given SFBB allele, specific primers, as well as RFLPs, were developed (Supplementary 

Table 2-3). Because alleles of these genes had low levels of diversity, it was often not 

possible to develop a diagnostic marker for all observed alleles. 

 

Phylogenetic analyses, summary statistics and testing for positive selection 

of the S. aucuparia SFBB genes 

The DNA sequences were deposited in GenBank (accession numbers KC701614–

KC701663). Translated amino acid sequences were aligned using the accurate 

CLUSTALW algorithm as implemented in DAMBE (Xia and Xie, 2001). This amino acid 

alignment was used as a guide to obtain the corresponding nucleotidic alignment. 

Analyses of DNA polymorphisms were performed using DnaSP (version 4.1) (Rozas et 

al., 2003). Using 216 SFBB sequences, minimum evolutionary trees were built with 

MEGA5 (Tamura et al., 2011), using CNI (level=1) and complete deletion. For the 

identification of sites under positive selection, we used ADOPS (Reboiro-Jato et al., 

2012) and two datasets of 11 SFBB gene sequences that showed linkage with the S22-

RNase and Sa-RNase. We compared the M2–M1 and M8–M7 models. We only 

considered as positively selected those amino acid sites that showed a probability 

>90% for both naive empirical Bayes (NEB) and Bayes empirical Bayes (BEB) 

methods and that were identified in at least two of the three alignment methods used. 

Fourteen divergent F-box sequences from Figure 1 in Vieira et al. (2009) (Medicago 

truncatula, GI61806856; Antirrhinum hispanicum, GI38229882; Petunia integrifolia, 

GI162134184; Populus trichocarpa, GI158749689, GI167963539, GI159885773, 



38 FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 
 

GI116734897, GI159647948, GI116734897; Malus domestica, GI90103253; Prunus 

avium, GI33354144; Oryza sativa, GI115487495; and Arabidopsis thaliana, 

GI30692063, GI18404533) were also used. Moreover, we used 16 M. x domestica F-

box sequences with known location that are not on chromosome 17 (the location of the 

S-locus region), obtained from blastp at the Genome Database for Rosaceae 

(http://www.rosaceae.org), using MdSFBB3β (BAF47180) as the query. 

 

2.3 Results 

S. aucuparia S-RNase genes 

Because of the S-RNase intron size variation, the amplification products of the 

seven individuals analyzed varied from 505 to 1819 bp (Table 2-1). Individuals B2, B5, 

and B6 had the same S-RNase allele, which was identical in the coding region to the S. 

aucuparia S22-RNase (EF494760). Individuals B2 and B13 had the S. aucuparia S21-

RNase allele (EF494759), whilst individual B10 had the S26-RNase allele (EF494764). 

Individuals B4, B6, and B8 had one S-RNase allele, called Sa-RNase, which shared 

99% amino acid identity with M. x domestica Sf-RNase (D50837) and Pyrus pyrifolia 

S12-RNase (AB426604). Individuals B5 and B13 presented the same S-RNase allele, 

called Sc-RNase, which shared 98% amino acid identity with M. x domestica S10-RNase 

(AF239809). The other allele of individual B8 was S20-RNase (AF504272). For 

individuals B4 and B10, although three different primer combinations were used and all 

amplification products obtained were cloned and sequenced, only one S-RNase allele 

could be characterized. 

 

Table 2-1: S-RNase haplotypes in the studied individuals  

Individuals S-RNases 

B2 S21-RNase (523 bp) S22-RNase (505 bp) 

B4 Sa-RNase (684 bp)  n/a 

B5 S22-RNase (505 bp) Sc-RNase (510 bp) 

B6 S22-RNase (505 bp) Sa-RNase (684 bp) 

B8 Sa-RNase (684 bp)  S20-RNase (1819 bp)  

B10 S26-RNase (721 bp) n/a 

B13 Sc-RNase (510 bp) S21-RNase (523 bp) 

Belgium5* S17-RNase S20-RNase 

Belgium6* S2-RNase S10-RNase 

n/a - not applicable. 

* According to Raspé and Kohn (2007). 

 

SFBB genes in S. aucuparia 

For B5 and B6 individuals, both having in common the S22-RNase allele, the 900 bp 

(expected size) amplification product obtained using primers SFBBgenF and 
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SFBBgenR revealed 23 (called B5c1–B5c23) and 27 (B6c1–B6c27) sequences, 

respectively. Figure 2-1 shows the phylogenetic relationship of the 50 S. aucuparia 

SFBB sequences and the 165 available Malus and Pyrus SFBB–SLF sequences. As S. 

aucuparia is a diploid species (Castroviejo and Real Jardín Botánico (Spain), 1986), 

the presence of more than two sequences from the same individual means that 

sequences from different genes are being amplified. Thus, the 27 sequences obtained 

for B6 individual implied at least 14 genes in S. aucuparia. Nevertheless, using the 

phylogenetic position of the S. aucuparia sequences and the genes of known location 

in Malus (Minamikawa et al., 2010; Sassa et al., 2007) and Pyrus (Okada et al., 2011), 

16 genes could be considered (Figure 2-1). S. aucuparia SFBB genes were present in 

Malus and Pyrus, thus predating the appearance of these genera (Figure 2-1). These 

16 SFBB genes in Malus and Pyrus have been shown to be expressed in pollen only 

(De Franceschi et al., 2011a; De Franceschi et al., 2011b; Minamikawa et al., 2010; 

Sassa et al., 2007). Given that the average Ks between the Petunia and Sorbus SFBB 

genes is 1.577 and Solanaceae and Rosaceae have been diverging for 106 MY 

(Wikstrom et al., 2001), the two most closely related SFBB genes were 8.27 MY old 

(Table 2-2). 

Although the levels of polymorphism were low (Table 2-2), for the SFBB1–SFBB3, 

SFBB5, SFBB7–SFBB9, SFBB11, SFBB13 and SFBB14 genes RFLPs were obtained 

that allowed identification of the sequences of the S22 and Sa haplotypes (see Materials 

and methods, and Supplementary Table 2-2). For these genes, the allele assigned as 

S22 was present in individuals B2, B5 and B6 (all having S22-RNase), but not in 

individuals B4, B8, B10 and B13 (Table 2-1). Furthermore, for SFBB1–SFBB3, SFBB5, 

SFBB7–SFBB9, SFBB11, SFBB13 and SFBB14, the allele assigned as Sa was only 

present in individuals B4, B6 and B8 that presented Sa-RNase (Table 2-1). For the 

SFBB6 gene, the sequences obtained with specific primers revealed that the S22-allele 

was only present in B2, B5 and B6 individuals, and the Sa-allele was present in B4, B6 

and B8 individuals only. 

 

S. aucuparia SFBB1–SFBB3, SFBB5–SFBB9, SFBB11, SFBB13 and SFBB14 

genes are located in the S-locus region 

As described in Material and methods, these genes were sequenced using specific 

primers (Supplementary Table 2-1) in individuals that had S2-RNase, S10-RNase, S17-

RNase and S20-RNase. These sequences were used to develop specific RFLP markers  



40 FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 
 

 

Figure 2-1: Maximum parsimony tree showing the relationship of the Pyrinae SFBB genes. 

Md, Malus domestica; Pp, Pyrus pyrifolia; Pb, Pyrus bretschneideri; Pu, Pyrus ussuriensis; Ps, Pyrus sinkiangensis; Pc, 

Pyrus communis; Sa, Sorbus aucuparia (sequences are indicated by a filled circle). Bx-cx represents a Bragança S. 

aucuparia population (B) and the individual name (x), with cx representing the colony type. Numbers below the branches 
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represent bootstrap values above 60. Genes of known location in Malus are: Md-X1, Md-X2, Md-X3, Md-X5, Md-X7, Md-

X8, Md-X9, Md-X14, Md-X18, Md-X20, MdSFBB3α and MdSFBB3β for the haplotype S3-; and Md-X6, Md-X10, Md-X12, 

Md-X13, Md-X15, Md-X16, Md-X17, Md-X19, MdSFBB9α and MdSFBB9β for the haplotype S9- (Minamikawa et al., 

2010; Sassa et al., 2007). Genes of known location in Pyrus are: PpSFBB4-d1, PpSFBB4-d2 and PpSFBB4-u1-

PpSFBB4-u4 for haplotype S4-; and PpSFBB2-d1-PpSFBB2-d5 and PpSFBB2-u1-PpSFBB2-u5 for haplotype S5- (Okada 

et al., 2011). GenBank numbers are: Pyrus 1 sequences: AB621615, 293337907, EU979310, EU979317, AB621617, 

EU979315, EU979311, EU979313, 293337889, 293337854, AB270800, AB621616, 293337905, 293337893, 

293337887, EU979316, 293337891, AB270797, 293337911, 293337895, EU979309, 293337909; Pyrus 2 sequences: 

293337814, 293337810, AB545981, 293337808, 293337806, 293337804; Pyrus 3 sequences: 293337784, 293337782, 

293337780, 293337786, 293337778, EU422961, EU422960, 293337788, 293337776, EU081892, EU422958, 

AB270799, 293337802, EU081890, AB297937, EU422956, AB297935, 293337798, EU418249, EU979327, AB297939, 

AB297934, AB297938, EU081887, AB297933, 293337796, EU418248, AB297940, AB270802, EU081894, 293337800, 

EU081891, AB297936, EU081893, EU422959, EU422962; Pyrus 4 sequences: EU979319, EU979320, EU979323, 

293337878, 293337844, EU979324. Pyrus 5 sequences: AB621602, 293337876, 293337858, 293337846, 293337842; 

Malus 1 sequences: 293337901, 293337897, AB539848, 293337903, 293337899, AB539858, FJ008668. 

 

(Supplementary Table 2-3) or specific primers for a particular SFBB allele. These 

markers were used in the segregation analyses of these genes in 74 individuals from 

the progeny of the cross between individuals Belgium5 (S17-RNase/S20-RNase) and 

Belgium6 (S2-RNase/S10-RNase). For all 11 genes, we found linkage of a particular 

SFBB allele with a specific S-RNase allele (Table 2-3). Therefore, in Sorbus, these 

genes are located in the S-locus region. 

 

Positively selected amino acid sites in 11 S. aucuparia SFBB genes from the 

S22- and Sa- haplotypes 

Adaptive evolution is likely to act on a small subset of amino acids and thus average 

substitution rates across the gene may not indicate positive selection (Yang and 

Bielawski, 2000). Under the non-self recognition by multiple factors system, allelic 

products of the pollen S gene would be highly homologous with each other and would 

be expected to target similar fractions of S-RNases because allelic divergence of each 

type of pollen S is not required and would not be favored by natural selection (Kakui et 

al., 2011). Fixation of duplicated genes is an adaptive event, and these duplicated 

genes can act as a source of protein sub-functionalization by evolution of key positions 

in the protein (Hurles, 2004). In the case of SFBB genes, protein sub-functionalization 

would imply a change in the amino acids that determine the specificity recognition of S-

RNases. SFBBs would thus be a positively evolving gene family. In fact, the high intra-

haplotypic Ka values of SFBB (for the S22-haplotype, Ka is 0.172, and for the Sa-

haplotype, Ka is 0.161) suggest that natural selection has favored diversification of 

SFBB paralogs to target allelic variants of S-RNases in Pyrinae (Kakui et al., 2011). 

Adaptive evolution of duplicated paralogous gene families using CodeML (Yang, 1997) 
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Table 2-2: Synonymous (above the diagonal) and non-synonymous (below the diagonal) divergence levels in S. aucuparia SFBB genes. 

Synonymous and non-synonymous diversity is presented in the diagonal. The estimated age, in million years, for the SFBB genes split is given in square brackets. 

 SFBB1 SFBB2 SFBB3 SFBB4 SFBB5 SFBB6 SFBB7 SFBB8 SFBB9 SFBB10 SFBB11 SFBB12 SFBB13 SFBB14 SFBB15 SFBB16 

SFBB1 
0.0036 
0.0071 

0.2322 
[15.61] 

0.2713 
[18.24] 

0.2495 
[16.77] 

0.2351 
[15.80] 

0.2321 
[15.60] 

0.2480 
[16.67] 

0.3218 
[21.63] 

0.2592 
[17.42] 

0.3199 
[21.50] 

0.2274 
[15.28] 

0.2100 
[14.12] 

0.1231 
[8.27] 

0.2207 
[14.83] 

0.2345 
[15.76] 

0.3140 
[21.11] 

SFBB2 0.2090 
0.0452 
0.0146 

0.2535 
[17.04] 

0.2424 
[16.29] 

0.2427 
[16.31] 

0.2175 
[14.62] 

0.2299 
[15.45] 

0.3167 
[21.29] 

0.2462 
[16.55] 

0.3565 
[23.96] 

0.2485 
[16.70] 

0.2328 
[15.65] 

0.2129 
[14.31] 

0.2142 
[14.40] 

0.2369 
[15.92] 

0.3129 
[21.03] 

SFBB3 0.2027 0.1916 
0.0425 
0.0166 

0.2134 
[14.34] 

0.2111 
[14.19] 

0.2052 
[13.79] 

0.1917 
[12.89] 

0.2752 
[18.50] 

0.2252 
[15.14] 

0.2526 
[16.98] 

0.2213 
[14.87] 

0.1923 
[12.93] 

0.2423 
[16.29] 

0.2095 
[14.08] 

0.1631 
[10.96] 

0.2763 
[18.57] 

SFBB4 0.1928 0.1720 0.1472 
0.0326 
0.0187 

0.2355 
[15.83] 

0.2192 
[14.73] 

0.1885 
[12.67] 

0.2702 
[18.16] 

0.2207 
[14.83] 

0.2711 
[18.22] 

0.2183 
[14.67] 

0.1865 
[12.54] 

0.2345 
[15.76] 

0.2185 
[14.69] 

0.1801 
[12.11] 

0.2885 
[19.39] 

SFBB5 0.1884 0.1894 0.1765 0.1659 
0.0598 
0.0244 

0.1517 
[10.20] 

0.1382 
[9.29] 

0.2651 
[17.82] 

0.2690 
[18.08] 

0.2770 
[18.62] 

0.2207 
[14.83] 

0.1773 
[11.92] 

0.2214 
[14.88] 

0.2168 
[14.57] 

0.1780 
[11.96] 

0.2585 
[17.38] 

SFBB6 0.2119 0.1959 0.1800 0.1911 0.0705 
0.0124

a
 

0.0034 
(N=13) 

0.1437 
[9.66] 

0.2579 
[17.34] 

0.2689 
[18.07] 

0.3033 
[20.39] 

0.2189 
[14.71] 

0.1801 
[12.11] 

0.2149 
[14.44] 

0.1870 
[12.57] 

0.1762 
[11.84] 

0.2445 
[16.43] 

SFBB7 0.1776 0.1782 0.1619 0.1689 0.0671 0.0843 
0.0641 
0.0331 

0.2501 
[16.81] 

0.2276 
[15.30] 

0.2380 
[16.00] 

0.1994 
[13.40] 

0.1533 
[10.30] 

0.2275 
[15.29] 

0.2078 
[13.97] 

0.1631 
[10.96] 

0.2611 
[17.55] 

SFBB8 0.2611 0.2570 0.2039 0.2002 0.1778 0.2092 0.1796 
0.0305 
0.0114 

0.3208 
[21.56] 

0.3279 
[22.04] 

0.2718 
[18.27] 

0.2331 
[15.67] 

0.3016 
[20.27] 

0.2594 
[17.44] 

0.2263 
15.21] 

0.2459 
[16.53] 

SFBB9 0.1709 0.1688 0.1492 0.1215 0.1755 0.1916 0.1664 0.2056 
0.0458 
0.0110 

0.2781 
[18.69] 

0.2376 
[15.97] 

0.2147 
[14.43] 

0.2256 
[15.16] 

0.2137 
[14.36] 

0.1827 
[12.28] 

0.3174 
[21.33] 

SFBB10 0.1848 0.1709 0.1548 0.1455 0.1768 0.1992 0.1721 0.2182 0.1473 - 
0.2824 
[18.98] 

0.2417 
[16.25] 

0.2901 
[19.50] 

0.2568 
[17.26] 

0.2376 
[15.97] 

0.3238 
[21.76] 

SFBB11 0.1822 0.1811 0.1677 0.1364 0.1711 0.1918 0.1729 0.2250 0.1378 0.1161 
0.0646 
0.0210 

0.1658 
[11.14] 

0.1970 
[13.24] 

0.2308 
[15.51] 

0.1699 
[11.42] 

0.2755 
[18.52] 

SFBB12 0.1677 0.1712 0.1522 0.1290 0.1572 0.1674 0.1540 0.1970 0.1349 0.1155 0.0844 - 
0.2046 
[13.75] 

0.2044 
[13.74] 

0.1437 
[9.66] 

0.2756 
[18.52] 

SFBB13 0.1080 0.1808 0.1715 0.1503 0.1656 0.1871 0.1569 0.2285 0.1344 0.1530 0.1561 0.1375 
0.0341 
0.0111 

0.2129 
[14.31] 

0.2036 
[13.69] 

0.3092 
[20.78] 

SFBB14 0.1844 0.1654 0.1405 0.1315 0.1517 0.1802 0.1671 0.2032 0.1195 0.1534 0.1563 0.1333 0.1508 
0.0635 
0.0247 

0.1617 
[10.87] 

0.2556 
[17.18] 

SFBB15 0.1797 0.1873 0.1718 0.1446 0.1780 0.1895 0.1687 0.2224 0.1356 0.1793 0.1705 0.1556 0.1616 0.1263 
0.0102 
0.0028 

0.2256 
[15.16] 

SFBB16 0.2227 0.2036 0.1790 0.1966 0.1641 0.1952 0.1698 0.1168 0.1879 0.1764 0.1946 0.1703 0.1977 0.1669 0.1803 
0.0654 
0.0136 

–, Only one sequence is available. 

a
 Diversity levels calculated from a larger data set indicated in brackets. 
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Table 2-3: Segregation analyses of S. aucuparia SFBB1–SFBB3, SFBB5–SFBB9, SFBB11, SFBB13 and SFBB14. 

Gene  Allele S2-RNase (N=39) S10-RNase (N=35) S17-RNase (N=34) S20-RNase (N=40) 

SFBB1 S2-SFBB1 39 0 0 0 

SFBB2 S10-SFBB2 0 35 0 0 

 S20-SFBB2 0 0 0 40 

SFBB3 S17-SFBB3 0 0 34 0 

 S20-SFBB3 0 0 0 40 

SFBB5 S2-SFBB5 39 0 0 0 

 S20-SFBB5 0 0 0 40 

SFBB6 S2-SFBB6 39 0 0 0 

 S17-SFBB6 0 0 34 0 

SFBB7 S10-SFBB7 0 35 0 0 

 S17-SFBB7 0 0 34 0 

 S20-SFBB7 0 0 0 40 

SFBB8 S2-SFBB8 39 0 0 0 

 S17-SFBB8 0 0 34 0 

 S20-SFBB8 0 0 0 40 

SFBB9 S2-SFBB9 39 0 0 0 

 S10-SFBB9 0 35 0 0 

 S17-SFBB9 0 0 34 0 

 S20-SFBB9 0 0 0 40 

SFBB11 S10-SFBB11 0 35 0 0 

 S17-SFBB11 0 0 34 0 

 S20-SFBB11 0 0 0 40 

SFBB13 S2-SFBB13 39 0 0 0 

 S10-SFBB13 0 35 0 0 

SFBB14 S2-SFBB14 39 0 0 0 

 S10-SFBB14 0 35 0 0 

 S17-SFBB17 0 0 34 0 

 S20-SFBB20 0 0 0 40 

 

has been identified at the genome level to identify genes subject to positive selection 

(Emes and Yang, 2008). The amino acid sites identified as being positively selected 

with a posterior probability higher than 90% for the 11 SFBB genes of the S22- and Sa-

haplotypes, using the Yang (1997) method as implemented in ADOPS (Reboiro-Jato et 

al., 2012), are shown in Figure 2-2. There were 12 amino acid sites identified as being 

positively selected common to the S22- and Sa-haplotypes. Amino acid sites at positions 

179 and 197 of the S22-haplotype were, however, assigned as positively selected with 

probabilities higher than 91 and 83% in BEB, and 75 and 71% in NEB, respectively. It 

should be noted that, within each haplotype, the combination of these amino acid sites 

was different for every Sorbus SFBB gene analyzed, and the minimum number of 

differences between any two SFBB genes from the same haplotype at these amino 

acid sites was six (between SFBB9 and SFBB14 at the S22-haplotype; Figure 2-2). As 

expected, in the F-box region, there were no amino acid sites showing evidence for 

positive selection. 

When comparing the amino acid sites identified as positively selected between the 

two S-haplotypes, for the SFBB1, SFBB2, SFBB5, SFBB6, SFBB8 and SFBB13 genes, 

there are no differences (Supplementary Table 2-4). For the SFBB9 gene, at these 

amino acid sites there was one amino acid difference between the two S-haplotypes.  
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Figure 2-2: Schematic representation of the amino acid sites identified as positively selected (shaded). 

Amino acid sites were identified as being positively selected using at least two different alignment algorithms and the 

method of Yang (1997) implemented in ADOPS (Reboiro-Jato et al., 2012) with a probability higher than 90 and 95% 

(bold) in both NEB (naive empirical Bayes) and BEB (Bayes empirical Bayes) and the 11 S. aucuparia SFBB genes of the 

S22- and Sa-haplotype. 

 

Two amino acid differences at these amino acid sites were observed in the SFBB11 

gene between the two S-haplotypes. Four amino acid differences at the amino acid 

sites identified as positively selected were observed at the SFBB3 and SFBB4 genes 

between the S22- and Sa-haplotypes. 

 

2.4 Discussion 

In S. aucuparia, there are at least 16 SFBB genes. For these genes, Malus and 

Pyrus orthologs have been described, for which expression has been shown to be 
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pollen restricted (De Franceschi et al., 2011a; De Franceschi et al., 2011b; 

Minamikawa et al., 2010; Sassa et al., 2007). Indeed, all Pyrinae SFBB-like sequences 

described so far are expressed in pollen only. Although the 11 SFBB genes here 

studied were in linkage with the S-RNase, not all Malus and Pyrus SFBB genes are in 

linkage with the S-RNase gene (De Franceschi et al., 2011a; Kakui et al., 2011) and 

thus these genes are probably not involved in determining S-pollen specificity (see 

review by De Franceschi et al. (2011a); Kakui et al. (2011); Minamikawa et al. (2010); 

Okada et al. (2011). 

The characterization of a large number of genes in one species, as performed here, 

will help to establish gene orthologies in different species using a phylogenetic 

approach. It should be noted that synteny alone cannot be used to establish 

orthologies, as gene order is not conserved among S-haplotypes (Minamikawa et al., 

2010; Okada et al., 2011).  

Because polymorphism levels at SFBB genes were always below 10% (Table 2-2, 

and Table 1 in Kakui et al. (2011)), this can also be used as a guide for the presence of 

multiple genes within species. Indeed, the exception of the less than 10% diversity 

reported for the Pyrus SFBB1 gene (which includes PpSFBB4-d1 and PpSFBB2-d3 

sequences (Kakui et al., 2011)) is due to the inclusion of two different genes (Figure 2-

1). The PpSFBB4-d1 sequence is deleted in the mutant haplotype S4
sm (Okada et al., 

2008) and specifically affects recognition of the S1-RNase. The non-functional gene 

(named SFBB1-like) of the S5-haplotype, which shows no effect in the S5- pollen 

phenotype when crossed with plants having S1-RNase pistils (Kakui et al., 2011), may 

thus represent a different gene from PpSFBB4-d1. 

As expected for genes determining GSI specificity, the SFBB genes predate the 

appearance of the Malus, Pyrus and Sorbus genera. Species from these genera may, 

however, have diverged in the last 5 million years (under the assumption of a molecular 

clock for five genes; Table 2-4). It should be noted that this interpretation is far from 

being consensual. Indeed, when using information from both the fossil record and 

molecular data, Campbell et al. (2007) suggested that the genera Malus, Pyrus and 

Sorbus, among others, are the result of an ancient, rapid radiation associated with a 

low mutation rate (as discussed by Vieira et al. (2010)). The two most closely related 

SFBB genes are 8.27 MY old (Table 2-2). On the other hand, the two most divergent 

SFBB genes are 23.96 MY old (Table 2-2). This age is, as expected, similar to the age 

of the oldest Pyrinae S-RNase specificity lineages (about 23 My old; (Vieira et al., 

2010)). This implies that the genes identified here do not have a Prunus ortholog 
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(under the assumption of 32 MY for the age of the split between the Amygdaloideae 

and Pyrinae lineages; (Wikstrom et al., 2001)). 

 

Table 2-4: Average silent site divergence and estimated age, in millions of years (within brackets), for Pyrinae species. 

Species comparison Genes Average 

trnL-trnF rbcL matK1 5-8S ribosomal 

RNA 

rpoC1 

Sorbus  Malus  0.0050 (1.63 ) 0.0 0.0120 (4.03 ) 0.0643 (9.87 ) 0.0201 (8.0 ) 5.88 

 Pyrus 0.0140 (4.57 ) 0.0071 (2.25 ) 0.006 (2.01 ) 0.0769 (11.81 ) 0.0 5.16 

Malus Pyrus  0.0130 (4.25 ) 0.0071 (2.25 ) 0.0181 (6.08 ) 0.0718 (11.02 ) 0.0201 (8. 0 ) 6.32 

Pyrinae Prunus 0.09797 (32 #) 0.1009 (32 #) 0.0953 (32 #) 0.2084 (32 #) 0.0804 (32 #) 32 

# The split between the Amygdaloideae and Pyrinae lineages has been estimated to be in between 29 to 35 MY old  

(Wikstrom et al., 2001) thus, we use the average of these values (32). 

 

At the S-RNase gene, 18 S. aucuparia alleles have been characterized ((Raspé and 

Kohn, 2007), and this work), but 40 different specificities have been inferred (Raspé 

and Kohn, 2007). Furthermore, using a phylogenetic approach, 35 S-RNase 

specificities have been estimated in Pyrinae (Vieira et al., 2010). Although we cannot 

be sure that all Sorbus SFBB genes have been characterized, since the approach used 

here depended on primer specificity, the 16 Sorbus SFBB genes clustered with high 

support with all SFBB genes described in Malus and 13 out of 16 with Pyrus 

sequences obtained from the characterization of BAC libraries using different primers. 

The three exceptions (PpSFBB2-d2, PpSFBB2-d3 and PpSFBB4-d1; Figure 2-1) may 

represent Sorbus SFBB genes that have not been characterized, or, genes that 

recognize S-RNase specificities that have been lost in S. aucuparia. Furthermore, we 

are assuming that the 16 genes may be involved in pollen GSI specificity, although we 

have evidence of linkage with the S-RNase for 11 genes only. Nevertheless, the 

number of S-RNase specificities seems to be higher than the number of SFBB genes. 

This is expected, as, under the non-self recognition by multiple factors rejection model, 

each S-RNase can be targeted by multiple SFBB genes (Kubo et al., 2010; Wang and 

Kao, 2011). Moreover, natural selection favors diversification of SFBB genes within an 

S-haplotype (Kakui et al., 2011). When the 11 Sorbus SFBB genes of the same S-

haplotype were analyzed, amino acids that were associated with recognition of the S-

RNase specificities – those under positive selection – were observed using codon 

models. Because selection acts at the gene level, it was not surprising that the same 

amino acid sites under positive selection were identified in the two S-haplotypes (the 

11 SFBBs were the same). The amino acid sites under positive selection could, 

however, represent different SFBB protein functions. Although there is no functional 

data for most plant F-box genes, phylogenetically divergent F-box genes, in principle, 
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are associated with different functions. Therefore, to test whether the identified 

positively selected amino acid sites reflected different functions, we selected 14 F-box 

sequences from the seven divergent groups presented in Figure 1 in Vieira et al. 

(2009), most of which were not expected to be involved in GSI. No amino acid sites 

under positive selection were identified in the region analyzed here. An identical result 

was obtained when only Malus domestica F-box genes, not located in the S-locus 

region (chromosome 17), were analyzed. Thus, the amino acid sites under positive 

selection identified in the Sorbus SFBB sequences may represent amino acids involved 

in specificity determination. 

The variability at the amino acid sites under positive selection within SFBB genes 

may account for the differences observed in SI behavior when different alleles of the 

same SFBB gene are analyzed. The presence of identical amino acids at the positively 

selected sites between different S-haplotypes, in the same SFBB gene, implies that 

alleles of these genes are recognizing the same S-RNase specificities and marking 

them for degradation. This was the case for six of the 11 Sorbus SFBB genes 

analyzed. The S22- and Sa-haplotypes were from the same population, and thus they 

must recognize as non-self the same spectrum of S-RNases, except for Sa- and S22-

RNase. In a model of one SFBB gene – one S-RNase specificity, we would expect to 

find, between the two S-haplotypes, differences in one SFBB gene only at the amino 

acid sites under positive selection. There were, however, five SFBB genes that showed 

differences at the amino acids under positive selection. This again suggests that one 

SFBB gene can recognize more than one S-RNase specificity. In Petunia, co-

immunoprecipitation experiments and transgenic approaches have shown that the 

SLF1 gene recognized S17-RNase as non-self in four S-haplotypes analyzed, but only 

recognized S9-RNase as non-self in two S-haplotypes (Kubo et al., 2010). Thus, one 

SFBB gene of an S-haplotype can interact with two or more S-RNases (Kubo et al., 

2010; Wang and Kao, 2011). The same was observed when the Pyrus SFBB1 gene 

was deleted (see Introduction), although another interpretation for this result may be 

possible (see above). At present, predictions about recognition of an S-RNase 

specificity by a particular SFBB gene are very difficult to test as neither transformation 

nor antisense RNA technology used to induce post-transcriptional gene silencing 

(Lopez-Gomollon and Dalmay, 2010) are available for these species or for this system. 

Furthermore, the Pyrinae species studied are shrubs or trees that have a minimum 2 – 

3 years juvenile period following planting (Shulaev et al., 2008). Therefore, at present, 

only characterization of truncated SFBB genes can be used to confirm these 

predictions. Nevertheless, as the plants having these truncated SFBB gene sequences 
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show no specific phenotype (the SI phenotype will be different only in the presence of 

the S-RNase that is recognized by this gene), only by performing detailed studies in 

several individuals will these mutations be identified. At present, there are only two 

such mutations in Pyrus (De Franceschi et al., 2011a; Kakui et al., 2011). The 

characterization of these genes in a larger number of individuals is thus needed. 
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2.6 Supplementary Material 

Supplementary Table 2-1: Primers used in this work 

Forward   Reverse  Annealing temperature 

(
0
C) 

Size of the expected 

amplification product (bp) 

S-RNases      

SorbusRNaseF AAGTTGTTTACGGTTCAC SorbusRNaseR TATTCTTTTGGCACTTGA 48 variable (larger than 409) 

S-RNaseFT–F * TTTACGCAGCAATATCAG S-RNase(I/T)W- R * ACRTTYGGCCAAATARTT 48 variable (larger than 213) 

MaCiF1+ ATTWTCAATTTACGCAGCAATAATCAG Mac2/3R1+ GBACGTTYGGCCAAATAATTNYC 50 variable (larger than 219) 

S2-RNaseF GGACCTCACCCAGAAAAT S2-RNaseR GTTCAATCTTCGCCTTTG 51 450 

S10-RNaseF CTCTAATGGACCTGACCC S10-RNaseF GCGTATGGCACTTTCAAT 51 1050 

S17-RNaseF TTCACTGTTCACGGTTTG S17-RNaseF CGTTTTGTTTCTGGGTTT 50 550 

S20-RNaseF TGGGAAACACAGTGGGAA S20-RNaseF TTGGCTTTGGATAGGTAA 47 200 

SFBBs      

SFBBgenF AAGTCYCTGATGMGRTTC SFBBgenR GTCCATTACCCAYRTYTC 48 870 to 889 

SFBB1F ATGAACAACAAACTATCG SFBB1R TAAATCAAATGAAAGTAA 50 642 

SFBB2F CCACTTCTATCCTTCTCC SFBB2-1R  CATTACCCATATTTCAAG 49 767 

  SFBB2-2R TAATGAGAGCAAAAAGAA 48 705 

SFBB3F TTCTCAACCGTTCTCAGT SFBB3R AATCAAATGAAAGTATGC 52 588 

SFBB5F GTGAAACTCCTGAAGATC SFBB5R CCTAGTGTCAATGGATAA 49 1015 

SFBB6F TTCTCATCCTTCACTTGC SFBB6R AACCTCGTCACATTTCCA 50 879 

SFBB7F CATCAATAGTCCAAGTTT SFBB7-1R AAGCAATAYGAAGTGACA 50 789 

  SFBB7-2R AACCAGAATAGGGAATGC 50 614 

SFBB8F  CTCTTATCAATAGTCCAT SFBB8R AAGGTCCAGCAGTTAGGT 48 897 

SFBB9F TGTATCCTTCTCAACCGT SFBB9R CTCGCCATCGTTTGCAAG 52 579 

SFBB11F CTTCTACCTTCCCCwCCT SFBB11R ATAACAAAATCCCTTCAT 52 279 

SFBB13F ATTCAGGCAACTTCCCCC SFBB13R TTAGAAAACTCAAAATCC 52 417 

SFBB14 F CAGGGAAAACTGTTATTA SFBB14R AAGAAGTGATGGATTCAT 52 489 

SFBB15F AGACCATCATCCTGTAGT SFBB15R GACAAGAATCAAGATAGC 52 371 

      

SFBB5Belg6S2F GTGAAACTCCTGAAGATC SFBB5Belg6S2R TAACGAGAGCAATAAGAG 52 893 

SFBB5Belg5S20F TGGACAGCAAACTCTCAT SFBB5Belg5S20R CTCATCACCTAAATCAAT 55 650 

SFBB6Belg6S2F GAGCGTATTCTTCTTCCC SFBB6Belg6S2R AACCTCGTCACATTTCCA 56 438 

SFBB8Belg6S2F GTGGACAACAAACTCTCA SFBB8Belg6S2R AATAATGTGGAAGGCTCA 49 779 

SFBB8Belg5S17F TGTATCCTTCTCAACTGC SFBB8Belg5S17R TCCGTCATCATAGTCCAT 48 783 

SFBB8Belg5S20F GCAACTTCCTGATTCATA SFBB8Belg5S20R TTAGGTGTTTTGTCCATA 48 560 

* according to Kim et al. (2009) 

+ according to Carrera et al. (2009)  
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Supplementary Table 2-2: RFLPs used to identify the SFBB1–SFBB3, SFBB5, SFBB7–SFBB9, SFBB11, SFBB13 and SFBB14 genes of the S22- and Sa-haplotypes. 

Gene Primers  Enzyme Haplotype 

    S22 Sa Sc 

SFBB1 SFBB1F+SFBB1R S22 Sau3AI 115;168;359 115;126;168;233 n.a. 

  Sa HindIII 642 86;556 n.a 

SFBB2 SFBB2F+SFBB2-1R S22 AciI 115;652 767 767 

  Sa BccI 767 68;263;436 732 

SFBB3 SFBB3F+SFBB3R S22 TaqI 78;217;293 293;295 293;295 

  Sa RsaI 63;114;160;251 28;63;223;274 63;114;160;251 

SFBB5 SFBB5F+SFBB5R S22 PleI 145;870 1015 915 

  Sa HpyCH4IV 226;789 226;297;492 226;789 

SFBB7 SFBB7F+SFBB7R S22 PleI 202;567 789 202;615 (n.a) 

  Sa BsrI 789 316;473 789 

SFBB8 SFBB8F+SFBB8R S22 AvaII 6;194;697 6;52;142;697 6;52;142;697 

  Sa AluI+MboI 30;334;515 30;204;311;334 30;54;204;255;334 

SFBB9 SFBB9F+SFBB9R S22 MseI 122;457 88;122;369 88;122;369 

  Sa AluI+Sau3AI 89;132;358 257;322 36;221;322 

SFBB11 SFBB11F+SFBB11R S22 DdeI 17;63;93;106 17;106;156 n.a 

  Sa HpyCH4IV 279 139;140 279 

SFBB13 SFBB13F+SFBB13R S22 RsaI 49;81;287 130;287 130;287 

  Sa NlaIII 200;217 24;193;200 24;193;200 

SFBB14 SFBB14F+SFBB14R S22 MwoI 225;264 489 n.a. 

  Sa HindIII 489 110;379 489 
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Supplementary Table 2-3: Patterns used on the identification of alleles from SFBB1, SFBB2, SFBB3, SFBB5, SFBB6, SFBB7, SFBB8, SFBB9, SFBB11, SFBB13 and SFBB14 genes in the 

segregation experiment. 

Gene Characterized alleles 

with specific primers 

Primers Restriction 

enzymes 

Belgium5S17 Belgium5S20 Belgium6S2 Belgium6S10 

SFBB1 

 

S2-SFBB1* 

S17-SFBB1  

S20-SFBB1 

SFBB1F + SFBB1R 

 

NlaIII 

 

52;58;75;129;328 

 

 

52;58;75;129;328 

 

 

52;58;129;403 

 

 

n.a. 

 

 

SFBB2 S10-SFBB2* 

S20-SFBB2* 

SFBB2F + SFBB2-2R  DdeI n.a 42;300;363 n.a 159;246;300 

SFBB3 S2-SFBB3  

S10-SFBB3 

 S17-SFBB3* 

S20-SFBB3* 

SFBB3F + SFBB3R BseXI 145;443 588 588 588 

  MaeIII 588 247;341 588 588 

SFBB5 S2-SFBB5*  

S10-SFBB5  

S17-SFBB5  

S20-SFBB5* 

SFBB5Belg6S2F+SFBB5Belg6S2F 

 

 

SFBB5Belg5S20F+SFBB5Belg5S20R 

 n.a 

 

 

n.a 

n.a 

 

 

650 

893 

 

 

n.a 

n.a 

 

 

n.a 

SFBB6 

 

 

 

S2-SFBB6* 

S10-SFBB6 

 S17-SFBB6*  

S20-SFBB6 

SFBB6Belg6S2F+ SFBB6Belg6S2R 

 

SFBB6F + SFBBgenR 

 

 

AvaI 

 

n.a 

 

780 

 

n.a 

 

304;476 

 

438 

 

780 

 

n.a 

 

780 

SFBB7 S2-SFBB7,  

S10-SFBB7* 

S17-SFBB7* 

S20-SFBB7* 

SFBB7F + SFBB7-1R DdeI 264;525 35;264;490 n.a n.a. 

 SFBB7F + SFBB7-2R Sau3AI 52;227;335 52;227;335 n.a 52;161;174;227 

SFBB8 S2-SFBB8* SFBB8Belg6S2F+SFBB8Belg6S2R  n.a n.a 779 n.a 

 S10-SFBB8   - - - - 

 S17-SFBB8* SFBB8Belg5S17F+SFBB8Belg5S17R  783 n.a n.a n.a 

S20-SFBB8* SFBB8Belg5S20F+SFBB8Belg5S20R  n-a 560 n.a n.a 

SFBB9 S2-SFBB9*  

S10-SFBB9* 

S17-SFBB9* 

S20-SFBB9* 

SFBB9F + SFBB9R Sau3AI 257;322 579 89;168;322 89;490 

SFBB11 S10-SFBB11* 

S17-SFBB11* 

S20-SFBB11* 

SFBB11F + SFBB11R AciI 93;186 279 n.a 279 

  RsaI 47;232 47;88;144 n.a 47;232 
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SFBB13 S2-SFBB13*  

S10-SFBB13* 

SFBB13F + SFBB13R NcoI 417 n.a 204;213 n.a 

PvuI 200;217 n.a 417 n.a 

SFBB14 S2-SFBB14*  

S10-SFBB14* 

S17-SFBB14* 

S20-SFBB14* 

SFBB14F + SFBB14R ApoI 42;51;57;339 42;93;152;244 42;51;396 42;51;396 

  MfeI 72;99;318 72;417 72;99;318 99;388 

  NlaIII 489 67;422 67;422 67;422 
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Supplementary Table 2-4 Polymorphisms at the amino acid sites under positive selection between the S22 and Sa 

haplotypes. 

Gene 
               

  
25 42 47 52 89 91 147 149 179 197 212 220 236 266 

SFBB1 S22- M N D P F E I T E T E C T Q 

 
Sa- . . . . . . . . . . . . . . 

SFBB2 S22- V M D R H S T Q M T D N S L 

 
Sa- . . . . . . . . . . . . . . 

SFBB3 S22- L F D R P Q T H E T S P T N 

 
Sa- . . . . . E . . . . T . . E 

SFBB5 S22- I V D Q N E I K E M D P C K 

 
Sa- . . . . . . . . . . . . . . 

SFBB6 S22- V V D R N K L K K T D P N N 

 
Sa- . . . . . . . . . . . . . . 

SFBB7 S22- M V D Q N E T K R P E P Y E 

 
Sa- . . . . . D . . G T . . . K 

SFBB8 S22- V A E Q E E T K G M K P C K 

 
Sa- . . . . . . . . . . . . . . 

SFBB9 S22- V M D Y P Q T E E T K Q N K 

 
Sa- . . . . . . . . . . . . . . 

SFBB11 S22- V A D Q F L S Q E A T S T R 

 
Sa- . . . . . . N . . T . . . . 

SFBB13 S22- M A D P F Q I G Q M E H I E 

 
Sa- . . . . . . . . . . . . . . 

SFBB14 S22- I M D Y P Q I G E I K P S K 

 
Sa- . . . . . . S . . . E . . . 
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3. Characterization of SFBB genes in Malus 

domestica 

3.1 Introduction 

S-RNase-based GSI is thought to have evolved only once before the split of 

Asteridae and Rosidae, about 120MYa (Igic and Kohn, 2001; Steinbachs and 

Holsinger, 2002; Vieira et al., 2008a). It has been characterized at the molecular level 

in species of Solanaceae, Plantaginaceae, Rubiaceae and Rosaceae (Nowak et al., 

2011; Roalson and McCubbin, 2003). It involves a stylar expressed glycoprotein, with 

ribonuclease activity called S-RNase as the female component (Nowak et al., 2011; 

Roalson and McCubbin, 2003) and one or multiple F-box genes as the S-pollen 

component (Cheng et al., 2006; Entani et al., 2003; Ikeda et al., 2004; Kakui et al., 

2007; Kubo et al., 2010; Minamikawa et al., 2010; Nunes et al., 2006; Romero et al., 

2004; Sassa et al., 2007; Sonneveld et al., 2005; Ushijima et al., 2003; Ushijima et al., 

2001; Vieira et al., 2008b; Wheeler and Newbigin, 2007). In Prunus (Rosaceae), a 

single F-box gene is proposed to protect the self S-RNases from being inhibited. 

However, in Solanaceae, as well as in Pyrinae (Rosaceae), multiple F-box genes that 

may be involved in GSI have been found (Aguiar et al., 2013; Kakui et al., 2011; Kubo 

et al., 2010; Minamikawa et al., 2010; Sassa et al., 2007). In these two groups, in a 

compatible reaction, each F-box protein (named SLF in Petunia and SFBB in Pyrinae), 

is proposed to interact with a sub-set of the non-self S-RNases marking them for 

degradation by ubiquitination by the 26S proteasome, as shown in Petunia. When a 

pollen grain lands on a pistil with the same S-haplotype, none of its F-box genes is able 

to mark the self S-RNases for degradation (Kubo et al., 2010). These different 

mechanisms are unexpected, since the Pyrinae group is more closely related to Prunus 

than to Solanaceae. Moreover, the S-locus in Prunus is smaller than 45Kb (Vieira et 

al., 2008c). However in Pyrinae it has been shown to be larger (more than 317Kb in 

Malus (Minamikawa et al., 2010; Sassa et al., 2007) and more than 649Kb in Pyrus 

(Okada et al., 2011)), suggesting that the system might not have a single origin, which 

will be explored in chapter 4. Nevertheless, the exact size of the S-locus in the two 

species is unknown. 

In S. aucuparia (chapter 2), we have identified 16 SFBB genes. These 16 genes had 

polymorphism levels below 10%. For 11 of the 16 S. aucuparia genes, we have shown 

evidence of linkage between the SFBB genes and the S-RNase gene (Aguiar et al., 

2013). Phylogenetic analyses show that diversification of SFBB genes predates the 

speciation of Sorbus, Malus and Pyrus (Aguiar et al., 2013; Kakui et al., 2011; 
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Minamikawa et al., 2010). In fact, the 16 Sorbus SFBB genes clustered with high 

support with all SFBB genes described in Malus and 13 out of 16 with Pyrus 

sequences obtained from the characterization of BAC libraries using different primers. 

In Malus, using a BAC library of the Florina cultivar (S3S9) and a PCR based approach 

in Spartan cultivar (S9S10), a detailed characterization of the SFBB genes was done for 

three haplotypes. For the S3-haplotype, 12 genes were obtained (Minamikawa et al., 

2010) showing linkage to the S-RNase. Ten genes were obtained in Florina and three 

more in Spartan for the S9-haplotype (Minamikawa et al., 2010; Okada et al., 2013), all 

with evidence of linkage to the S-RNase. And seven genes linked to the S-RNase were 

obtained for the S10-haplotype (Okada et al., 2013). Based on the results from Chapter 

2 and this chapter (see Results), the allelic variants of the identified genes in the three 

S-haplotypes represent 16 different genes with evidence of linkage to the S-RNase. 

Additionally, one of the identified genes (MdFBX11, here referred as SFBBX11) was 

found to be monomorphic between the S3- and S9-haplotypes. Nevertheless, linkage of 

SFBBX11 with the S-RNase has been confirmed by FISH analysis. Additionally, a 

pseudogene (MdFBX4) was also found in the S9- BAC library (Minamikawa et al., 

2010). However, more genes may still exist since the complete sequence of the BAC 

clones in Florina was not determined (Minamikawa et al., 2010). In Malus, the different 

SFBB genes do not maintain the relative order to the S-RNase in the two haplotypes 

for which BAC contigs are available. The two SFBB genes flanking the S-RNase in S3 - 

SFBB11 (MdSFBB3-α) and SFBB12 (MdSFBB3-β) - and in S9 - SFBB5 (MdSFBB9-α) 

and SFBB7 (MdSFBB9-β) - are not homologous. Moreover, the relative order of the 

BAC contigs within the S-locus was not determined, so the order of the SFBB genes is 

only known within each contig and not at the S-locus level. (Minamikawa et al., 2010). 

More than 10 other SFBB allelic sequences have been reported for Malus, but no 

linkage with the S-RNase was tested and no S-haplotype was assigned (De Franceschi 

et al., 2011a; Li et al., 2011). However, these sequences can be used to help in the 

identification of Malus SFBB alleles. In Pyrus, at least eight SFBB genes were 

reported, where linkage to the S-RNase was detected for six different haplotypes, 

although seven other sequences were not assigned to any SFBB gene (Kakui et al., 

2011). These genes had synonymous polymorphism levels between 1.7-16.1% (Kakui 

et al., 2011), although the gene that had 16.1% was shown to be including two different 

genes (see Chapter 2). Furthermore, in this species, incomplete linkage with the S-

RNase was observed for SFBB6 (SFBB-α) and SFBB8 (SFBB-γ; (De Franceschi et al., 

2011b; Kakui et al., 2011)). However, Kakui et al. (2011) only observed incomplete 

linkage between SFBB6 and the S-RNase for the S4- allele, but not for the other alleles 

studied, and in Malus complete linkage was observed for these two genes in both the 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
61 

 

 
 

S3- and S9-haplotypes (Kakui et al., 2011; Minamikawa et al., 2010). Since the SFBB 

relative order in each haplotype is different, it is possible that a gene shows linkage in 

one haplotype, but not in another. Moreover, in Pyrus, S4
sm is a natural occurring 

mutant that lacks the S4-RNase and the SFBB1-S4 genes. As expected, due to the lack 

of the S-RNase gene, it shows a pistil-part SC phenotype. Moreover, its pollen grains 

are rejected by the S4- pistils, as expected due to its haplotype, but also by S1- pistils 

(Kakui et al., 2011). This suggests that SFFB1-S4 is responsible for degrading the S1-

RNase. In Petunia, Kubo et al. (2010) observed that different allelic forms of the same 

F-box gene tend to recognize the same S-RNase targets. Therefore the SFBB1 protein 

in Pyrus was expected to target the S1-RNase for the different S-haplotypes with the 

exception of S1-. However, when looking to the SFBB1 gene, in the S5-haplotype, the 

authors observed that it coded for a truncated protein. Nevertheless, this gene did not 

affect the compatibility phenotype when pollen with SFBB1-S5 was used to fertilize S1- 

pistils, so S1-RNase is probably targeted by other SFBB proteins from the S5- pollen. 

Moreover, in the case of the S1- phenotype, the SFBB1-S1 is not truncated and the 

pollen is normally rejected by S1- pistils. Hence, SFBB1 only marks the S1-RNase in 

the S4- haplotype, of the three studied. Therefore, it appears that different allelic forms 

of the same SFBB gene do not necessarily target the same S-RNase proteins for 

degradation. 

Based on the hypothesis that SFBB genes act together as pollen determinant, 

natural selection would favor the diversification of SFBB genes within a haplotype 

(Kakui et al., 2011). Therefore evidence for positive selection is not expected when 

individual SFBB genes are considered, but only between the SFBB genes of the same 

S-haplotype. Since only one SFBB gene was expected to be involved in the SI 

reaction, as in Prunus, the first analyses used single genes to test for positive 

selection, so they did not detect amino acids under positive selection. This approach 

was used for SFBB8 (Pyrus SFBB-γ; (De Franceschi et al., 2011a; Vieira et al., 2009)), 

SFBB2 (SFBB-β), SFBB6 (SFBB-α), SFBB7 (SFBB-ε) and SFBB12 (SFBB-δ) genes 

(De Franceschi et al., 2011a). However, when the identification of amino acids under 

positive selection was done for two of the haplotypes (Sa- and S22-) present in S. 

aucuparia, in 11 SFBB genes with evidence of linkage with the S-RNase, 12 amino 

acids under positive selection were identified, common to both S-haplotypes, and two 

more in S22-haplotype were identified (Aguiar et al., 2013). 

Malus domestica is an economically important species, being the main fruit crop in 

temperate regions (Velasco et al., 2010) and many of its cultivars have known 

genotypes. To date, only three S-haplotypes are well characterized in Malus (S3, S9 

(Minamikawa et al., 2010; Sassa et al., 2007), by BAC, and S10 (Okada et al., 2013)), 
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by PCR, so additional information is needed for other S-haplotypes to better 

characterize the system in this species. Moreover, the genome of Malus domestica has 

been sequenced, in the cultivar Golden Delicious (GD; S2S3; (Velasco et al., 2010)). 

Due to the different S-locus size, in Pyrinae, additional genes, which are involved in 

phenotypes not related to SI, are likely to be located in the S-locus region. These other 

genes could also be involved in economically important phenotypes like fruit 

development, ripening, color or flavor, so it is important to know how many SFBB 

genes are involved in the SI system in Pyrinae to know the full size of the S-locus. 

Hence it will be easier to identify such genes after the full extent of the S-locus is 

known. 

In this chapter, the SFBB genes of ten S-haplotypes of Malus domestica cultivars 

will be characterized using a PCR approach with general primers for the SFBB gene in 

nine Malus domestica cultivars. Twenty two SFBB genes were obtained, although two 

of them appear to be non-functional due to the presence of in-frame termination 

codons. In eight of the nine S-haplotypes, where the allelic sequence was obtained for 

at least five genes, amino acids under positive selection were identified. The only 

exception was the S25-haplotype where the small sample size could be the reason for 

amino acids under positive selection not being identified. The identification of amino 

acids under positive selection is important, because it may allow to identify which S-

RNase specificities are targeted by each SFBB gene and the different SFBB alleles. 

Although additional amino acids under positive selection may exist, as shown in 

additional analyses with all of the SFBB genes where the given S-haplotypes were 

obtained, it appears most of the sites under positive selection are detected. 

 

3.2 Materials and methods 

DNA extraction 

Genomic DNA was extracted from bud (for the parent individuals) or leaves (for the 

F1 progeny) according to the method in Ingram et al. (1997). 

 

Amplification of SFBB genes and determination of polymorphism levels 

SFBB genes were amplified in nine M. x domestica cultivars – Empire (Empire; 

S10S28), Fuji (Fuji; S1S9), Gala (Gala; S2S5), Golden Delicious (GD; S2S3), Honeycrisp 

(Honey; S2S24), Idared (Idared; S3S7), McIntosh (McInt; S10S25), Northern Spy (NSpy; 

S1S3) and Red Delicious (RD; S9S28) – using the SFBBgenF + SFBBgenR primers and 

the conditions described for S. aucuparia (see chapter 2). Amplification products were 

cloned, the inserts were digested and three colonies for each digestion pattern 

sequenced as described in chapter 2. Consensus sequences for the alleles of each 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
63 

 

 
 

SFBB gene were obtained based on the cultivars where they were present and in the 

sequences reported in the literature (Cheng et al., 2006; De Franceschi et al., 2011a; Li 

et al., 2011; Minamikawa et al., 2010; Okada et al., 2013; Sassa et al., 2007). In 32 

cases, a sequence we obtained could not be associated to an S-haplotype due to the 

fact that it was obtained from a single individual (these sequences are represented as 

Sx/Sy in Figure 3-2, Supplementary Figures 3-1 and 3-2 and Table 3-3). Four of the 

sequences (SFBB5-S10, SFBB5-S25, SFBB6-S2 and SFBB6-S5) were possible to assign 

to an S-haplotype only after using pollen transcriptome reads, from these ten cultivars. 

Synonymous polymorphism levels for each Malus SFBB gene were calculated using 

DnaSP v5.10 (Librado and Rozas, 2009). When a new SFBB gene was proposed 

based on a single S-haplotype, polymorphism levels were determined between the 

newly observed SFBB gene and the SFBB gene more closely related. 

 

Linkage with the S-RNase 

To address if the genes here described are SFBB genes, specific primers were 

designed for the SFBB genes (the primer pairs used in Sorbus – Supplementary Table 

2-1 – and the ones shown in Table 3-1). After the amplification, RFLP were used for 

each of the SFBB genes. When the amplification size with specific primers was too 

small to find a suitable polymorphism for digestion, a combination between one specific 

primer and the other SFBBgen primer was used (Figure 3-1 shows a schematics of the 

region that each pair of specific primers amplifies, compared to the general primers 

SFBBgenF + SFBBgenR). Linkage was analyzed in the progeny of the cross between 

GD x RD (S2S3 X S9S28), for seven SFBB genes (SFBB1, SFBB3, SFBB4, SFBB8, 

SFBB11 and SFBB14), by using the primer combination and restriction enzymes 

shown in Table 3-2. Linkage analyses for the rest of the genes and in the progeny of 

the crosses Fuji x Honey (S1S9 x S2S24) and Gala x McInt (S2S5 x S10S25) are being 

addressed in the laboratory. 

 

Table 3-1: Primers designed to study the linkage of each SFBB gene with the S-RNase that were not used in S. 

aucuparia 

Gene Primer F Primer R Tº Size (bp) 

SFBB1-S2S3S28 SFBB1F TAAATCAAATGAAAGTAT 47 642 

SFBB4 GCAACTTCCTGATTCATT TTCTTCACCATCCCTTGT 49 325 

SFBB10 GTTCAGATTCACGGTTAC AGGGATTCATTACGAAGG 49 521 

SFBB12 CGTTCTCAGGCTCACATT GCAAGGGATTCATTTCGG 51 674 

SFBB16 CATTGATAGTGATGAGAG TGAGGAAGAGCAGTATGT 47 387 

SFBBnew3 AACAAACTATCATCCTCC AAGTATGTATTTCTCGCC 48 624 

SFBBnew4 TCCTTCTCAACCGTTCTG TGTATTCCTCGCCATCTG 51 579 

SFBBnew5 GACAACAAACTCTCATCC ATCTCATCACCAAACTCA 48 638 
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Figure 3-1: Schematic representation of the amplification of each SFBB gene with specific primers, relative to the 

amplification with the SFBBgenF+ SFBBgenR primers 

 

Table 3-2: Primers and restriction enzymes used to assess linkage in GD x RD (S2S3 X S9S28) 

Gene (Primers) S-haplotype Restriction enzyme Restriction pattern 

SFBB1 

SFBB1F+SFBB1-

S2S3S28R 

S3 BspLI 97+704 - S3 

801 - S2, S9, S28 

SFBB3 

SFBB3F+SFBB3R 

S2 DdeI 305+270+13 – S2 

426+149+13 – S3 e S9 

S3 MseI 473+66+45+4 – S2 

361+104+70+45+8 - S3 

465+70+45+8 - S9 

SFBB4 

SFBB4F+SFBB4R 

S3 HphI 196+129 - S3 

325 – remaining alleles 

SFBB5 

SFBB5F+SFBBgenR 

S3 SspI 502+430- S3 

932 – remaining alleles 

S9 GsuI 932 - S9 

502+430 – remaining alleles 

SFBB8 

SFBB8F+SFBBgenR 

S9 MslI 661+184 - S9 

845 - S3 and S28 

SFBB11 

SFBBgenF+SFBB11R 

S2 Sau3AI 332+158+114+68 - S2 

332+272+68 -S3, e S9 

S3 AluI 325+227+120 - S3 

437+235 - S2, e S9 

S9 BsrDI 363+309 - S9 

309+198+165 - S2, e S3 

SFBB14 

SFBB14F+SFBB14R 

 

S3 MseI 211+165+69+44 - S3 

280+165+44 - S2; 

445+44 - S9 

S9 Sau3AI 178+168+111+32 - S9; 

457+32 - S2 and S3; 

279+109+69+32 - S28 
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Phylogenetic analysis 

Phylogenetic analysis used ClustalW, Muscle and T-Coffee alignment algorithms as 

implemented in ADOPS (Reboiro-Jato et al., 2012). Only codons with a support value 

above 2 were used for phylogenetic reconstruction. A Bayesian tree of 234 sequences 

(that includes the consensus sequences we have obtained and the ones reported in 

the literature), was obtained using MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001), 

for each of the three alignment methods, as implemented in the ADOPS pipeline. The 

S7-SLF2 gene from Petunia (AB568395) was used as an outgroup. 

Nine of the sequences we have obtained had nucleotidic differences with the ones 

reported in the literature in the region between SFBBgenF+SFBBgenR. The reported 

sequences showing polymorphism relative to our sequences are underlined in Table 3-

3 and marked with a plus sign in Figure 3-2 and Supplementary Figures 3-1 and 3-2. 

Additionally, the two sequences reported in the literature that could be assigned as 

SFBB3-S9 (AB539860 and FJ008667) had four nucleotidic differences between them. 

 

Identification of amino acids under positive selection 

Amino acids under positive selection were identified using ADOPS (Reboiro-Jato et 

al., 2012) for every S-haplotype where the allelic sequence was assigned with no doubt 

(sequences supported by at least two different colonies or a reported sequence) in five 

or more SFBB genes of the ones showing linkage with the S-RNase in any allele 

studied. At the moment, linkage with the S-RNase was observed by us in either of the 

three crosses studied for SFBB1, SFBB3, SFBB4, SFBB5, SFBB8, SFBB9, SFBB11 

and SFBB14. Moreover, other SFBB genes were already reported in the literature to be 

in linkage with the S-RNase namely SFBB2, SFBB6, SFBB7, SFBB10, SFBB12, 

SFBB13, SFBB16 and SFBBnew1. Although the gene MdSFBBX11 is monomorphic 

between the two S-haplotypes studied by Minamikawa et al. (2010) it has been shown 

by FISH analysis to be genetically linked to the S-RNase, so this gene was also used in 

the analyses to identify amino acids under positive selection. Hence, analyses were 

done for the S1-, S2-, S3-, S7-, S9-, S10-, S24-, S25- and S28-haplotypes. In the cases 

where polymorphism was present within the same S-haplotype, our sequence was 

used for the identification of amino acids under positive selection if it was supported by 

at least two colonies. Otherwise, the reported sequences were used for the analyses. 

Linkage for all of the SFBB genes was not yet tested, especially for the new genes 

we have identified. For this reason, and because only sequences supported by more 

than two colonies were used, additional analyses were done using all of the available 

genes, for which these nine S-haplotypes were assigned. When polymorphism was 

present for one S-haplotype, and our sequences were only supported by a single 
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colony, both our sequences and the reported ones were included in this second 

analysis. This approach allowed to see if additional amino acids under positive 

selection were identified in a larger sample, or if most of them were already identified. 

 

3.3 Results 

Amplification of SFBB genes and determination of polymorphism levels 

Using nine M. x domestica cultivars, a total of 22 SFBB genes were obtained (see 

Figure 3-2 and Supplementary Figures 3-1 and 3-2) that were initially defined by the 

phylogenetic relationship with the sequences of S. aucuparia. It should be noted that 

with the T-Coffee alignment algorithm some sequences do not cluster with the genes 

they represent (sequences marked in blue in Supplementary Figure 3-2). In Table 3-3, 

the number of colonies from each cultivar and the previously reported sequences that 

support each allele is indicated. Six genes were obtained that had not been identified in 

S. aucuparia (Aguiar et al., 2013), although sequences of four of them had previously 

been reported in Malus. One (SFBBX11) has been reported by Minamikawa (2010) as 

a monomorphic gene in both the S3- and S9- haplotypes, a second one (SFBBnew1) 

was reported by Okada (2013) in the cultivar Spartan (S9S10), the third was reported by 

Minamikawa (2010), as a pseudogene (MdFBX4), present only in the S9-haplotype of 

Florina, and the fourth (SFBBnew4) was reported by De Franceschi et al. (2011a) in 

McInt. The SFBB gene named SFBBnew1 clusters with SFBB8. However, since there 

is already a sequence assigned to the S9-haplotype for the SFBB8 gene, the new 

sequence, which was also assigned as S9-, must refer to a new gene. The same 

happens with SFBBnew2 that clusters with sequences from SFBB4 when using any of 

the three alignment methods. In these two genes (SFBB4 and SFBBnew2) two 

sequences assigned as S9- were also obtained. It should be noted that the SFBBnew2 

sequence shows an in-frame termination codon 120bp after the forward primer. Given 

that MdFBX4 represented a pseudogene, it was not included in the first analysis to 

assign allelic sequences. However, this pseudogene is identical to SFBBnew2, so, the 

sequence we have obtained in Fuji and RD was first named as SFBBnew2, but will be 

referred as SFBBnew2/MdFBX4 from now on. In SFBBnew3 and SFBB1, two 

sequences were obtained that are associated with the S28-haplotype, so they should 

also be different genes. When SFBB genes were characterized in Sorbus, none of 

them had a synonymous polymorphism level above 10% (Aguiar et al., 2013). Thus 

synonymous polymorphism were calculated for each of the SFBB genes here 

determined (see Table 3-4). The sequences identified as representing SFBB10, 

SFBB11 and SFBB12 have a synonymous polymorphism above 10% (for SFBB12 this 

value is higher than 10% even when the sequence of Empire - S10/S28 – that appears to   
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Figure 3-2: Bayesian phylogenetic tree of the SFBB genes obtained in M. x domestica, using Muscle alignment method. 

Sequences are represented by the species where they were obtained (Md – Malus domestica; Sau – Sorbus 

aucuparia). * - Alleles not obtained in this study, but supported by the literature. + - Sequences from the same allele with 

less than four differences. In red - sequences that must represent one allele, but have a number of nucleotidic 

differences that do not allow to determine a consensus sequence. Bayesian posterior probabilities above 0.60 are 

shown. 
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Table 3-3: Sequences supporting each of the SFBB alleles 

  S1 S2 S3 S5 S7 S9 

SFBB1 (3Fuji; 3+1incNSpy) (1GD; 4Honey) (1GD; 1Idared; 2NSpy)   (3Idared)   

SFBB2 (2Fuji; 1NSpy; HM013901) 2 (1+1Honey) - S2/S24; 
2 (1+1Gala) - S2/S5 

(2GD; 1NSpy; AB539857; 
GU345811) 

2 (1+1Gala) - S2/S5 (2Idared; GU345814; 
GU345815) 

(3Fuji; AB699120) 

SFBB3 (1NSpy) (2Gala; 5GD; 4Honey; 
DQ422811) 

(4GD; 5Idared; 2NSpy; AB539850) n/a n/a (AB539860; FJ008667)* 

SFBB4 (1Fuji; 1NSpy; DQ422810) n/a (3GD; 1Idared; 4NSpy; AB539846) (2Gala; GU345821) (GU345816)* (3Fuji; AB699121) 

SFBB5 n/a n/a (1GD; AB539844) n/a n/a (2Fuji; 1RD; AB270793) 

SFBB6 (2Fuji; 5NSpy; HM013899) (5Honey) (5GD; 4NSpy; AB539848) (3Gala) n/a (AB539858; HM013900)* 

SFBB7 (1Fuji; 6NSpy) 1incHoney; 1GD (1GD; 2NSpy; AB539845; 
GU345812) 

n/a (1Idared) (AB270794)* 

SFBB8 (1NSpy; HM013904) (1Gala) (4GD; 1Idared; 1NSpy; AB539861) n/a n/a (3Fuji; AB539853) 

SFBB9 (5Fuji; 3NSpy) (1Honey) - S2/S24 (3GD; 1Idared; 4NSpy; AB539863) n/a n/a (5Fuji; 3RD; AB539855) 

SFBB10 (2Fuji) (1GD) - S2/S3 (1GD) - S2/S3 n/a n/a (AB539856)* 

SFBB11 (2NSpy) (2Gala; 10GD; 4Honey) (1GD; 1Idared; AB270795) n/a (6Idared) (5Fuji; 3RD; AB539862) 

SFBB12 (2Fuji; 1NSpy) 2 (2+2Honey) - S2/S24 (4GD; 1Idared; 1NSpy; AB270796) n/a n/a (3Fuji; AB539849; HM013905) 

SFBB13 (6Fuij; 2NSpy) n/a (2GD; 2Idared; 6NSpy; AB539852) n/a (1+1inc Idared) (3Fuji; 3RD; AB539859) 

SFBB14 (3Fuji; 4NSpy) (2Gala; 1GD; 8Honey) (4GD; 1Idared; 1NSpy) (1Gala) (1+1 Idared) (3Fuji; 1RD) 

SFBB15             

SFBB16 (3NSpy) (2Gala; 1GD; 7Honey) (AB539851)* 2 (1+1 Gala) (1Idared) n/a 

SFBBX11 (1Fuji) (1GD) (6Fuji; 2NSpy; AB539854) (1Gala) n/a (6Fuji; 2NSpy; AB539854) 

SFBBnew1 n/a n/a n/a n/a n/a (2Fuji; AB699122) 

SFBBnew2/ 
MdFBX4 

n/a n/a n/a n/a n/a (7Fuji; 1RD; AB539847)  

SFBBnew3 n/a n/a n/a n/a n/a n/a 

SFBBnew4 (2Fuji; 2NSpy) (1inc GD) - S2/S3; 3 (1+1+2 
Honey) - S2/S24 

(1 inc GD) - S2/S3; (1 Idared) - S3/S7 n/a (1 Idared) - S3/S7 (1Fuji; HM013903) 

SFBBnew5 n/a 3 (4+1+1Gala) - S2/S5; 2 (1+1 
Honey) - S2/S24 

n/a 3 (4+1+1 Gala) - 
S2/S5 

n/a n/a 

 

* - sequences not obtained in our dataset, but reported in the literature 

underlined sequences - sequences with less than four nucleotidic differences relative to ours, or each-other (for SFBBB3-S9) 

In red – sequences from different cultivars representing the same allele that do not allow to obtain a consensus, due to the number of nucleotidic differences, or with more than three sequences from 

the same cultivar 

In gray – sequences obtained from cultivars containing that allele, but where the low number of differences does not allow to assign this haplotype 

n/a – not available 
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  S10 S24 S25 S28 

SFBB1       (1Empire; RD) 

SFBB2 (4Empire) - S10/S28; (3McInt; HM013916); 
(HM013917); (HM013918) - S10/S25 

2 (1+1Honey) - S2/S24 (3McInt; HM013916); (HM013917); (HM013918) - 
S10/S25 

(4Empire) - S10/S28 

SFBB3 (AB699123)* (4Honey) (1McInt) n/a 

SFBB4 (2Empire; 4McInt; AB699125; GU345818) (3Honey; GU345806) (4McInt) 1RD 

SFBB5 (1Empire) n/a (1McInt) n/a 

SFBB6 (2Empire; 7McInt; AB699128; HM013915) 2 (1+1Honey) (2McInt; HM013914) (3RD) 

SFBB7 (1Empire; AB699127; HM013924) (3Honey) (2McInt) n/a 

SFBB8 (AB699129; HM013920)* (2Honey) (HM013921)* (2Empire; 1RD) 

SFBB9 (4Empire; 6McInt) (1Honey) - S2/S24 (3McInt) (2Empire; 1RD) 

SFBB10 (6McInt) - S10/S25 n/a (6McInt) - S10/S25 (6Empire; 1RD) 

SFBB11 (3Empire; 6McInt; AB699126) (5Honey) (1McInt) n/a 

SFBB12 (1McInt; HM013923); (1McInt; HM013922) - 
S10/S25; (2Empire) - S10/S28 

2 (2+2Honey) - S2/S24 (1McInt; HM013923); (1McInt; HM013922) - 
S10/S25 

(2Empire) - S10/S28 

SFBB13 (1Empire; 1McIntosh; AB699124) n/a n/a (1Empire) 

SFBB14 n/a (3Honey) (3McInt) (2Empire; 1RD) 

SFBB15         

SFBB16 (1McInt) - S10/S25 (2Honey) (1McInt) - S10/S25 (1Empire; 2RD) 

SFBBX11 3 (1+1+1McInt) (1Honey) 3 (1+1+1McInt) n/a 

SFBBnew1 n/a n/a n/a n/a 

SFBBnew2/ 
MdFBX4 

n/a n/a n/a n/a 

SFBBnew3 n/a n/a n/a (2Empire; 3RD) 

SFBBnew4 (2Empire; HM013919) 3(1+1+2Honey) – S2/S24 n/a n/a 

SFBBnew5 (2Empire; 3McInt) 2 (1+1 Honey) - S2/S24 n/a (1Empire; 3RD) 

 

* - sequences not obtained in our dataset, but reported in the literature 

underlined sequences - sequences with less than four nucleotidic differences relative to ours, or each-other (for SFBBB3-S9) 

In red – sequences from different cultivars representing the same allele that do not allow to obtain a consensus, due to the number of nucleotidic differences, or with more than three sequences from 

the same cultivar 

In gray – sequences obtained from cultivars containing that allele, but where the low number of differences does not allow to assign this haplotype 

n/a – not available 
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be basal to the others is not considered). When looking to the phylogenetic trees in the 

three alignments, it is possible to define two different genes for each of the three 

genes. For SFBB10 one gene would be represented by the sequences assigned as S1-

, S2/S3- and S9- (the S1- sequence is misallocated in the tree obtained with T-coffee 

alignment), while the other would contain the sequences from S10/S25- and S28-. With 

this new division, it appears that the sequence of Sorbus belongs to an additional gene, 

since it appears to be basal to the sequences of Malus. For SFBB11, one gene would 

be defined by the sequences assigned as S1-, S2-, S7-, S9-, S24- and S25- (the SFBB11-

S1 sequence is misallocated in the tree from T-coffee), while the other would have the 

sequences of S3- and S10-. It should be noted that, according to this division the S. 

aucuparia sequences assigned as SFBB11-S22 and SFBB11-Sa would be split in two 

different genes. As for the SFBB12 sequences, a new putative division would split the 

sequences from S1-, both the sequences of S2/S24-, S9- and the sequences of S10/S25- 

represented by McInt and HM013922 in one gene, while the sequences of S3- and 

S10/S25- represented by McInt and HM013923 would belong to another (once again, the 

two previously reported sequences of SFBB12-S10/S25 are misallocated with the T-

coffee alignment). However, if these were different genes it was expected that at least 

one of the S-haplotypes would appear represented in both of the groups. Moreover, 

Minamikawa et al. (2010) has considered the SFBB11 and SFBB12 sequences 

corresponding to the S3- and S9-haplotypes as close relatives. When looking to all of 

the other genes that the authors have identified as being closely related (Minamikawa 

et al., 2010), between the two S-haplotypes, they cluster as alleles of the same SFBB 

gene in our analysis. Therefore, although each of the three genes presents a 

polymorphism level above 10%, they are still considered as a single gene, in this work. 

Despite the fact that nine cultivars were used to obtain the SFBB sequences, for 

some of the genes, it was not possible to associate some of the obtained sequences 

with a single allele, since all colonies that supported the sequence came from the same 

individual so they could represent either of the alleles present in the cultivar. In some 

cases, it was not possible to obtain the alleles that were previously reported in the 

literature, so the sequences previously reported were used in the subsequent analyses 

(sequences marked with an * next to the accession number in Figure 3-2, 

Supplementary Figures 3-1 and 3-2 and in Table 3-3). The grey cells in SFBB1 and 

SFBB15 in Table 3-3 represent alleles that could not be assigned due to the similarity 

between the sequences of the cultivars with different S-haplotypes, although 

sequences were obtained from the cultivars that have those haplotypes. 
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Table 3-4: Polymorphism levels of the SFBB genes. Underlined Ks values are above the 10% synonymous 

polymorphism threshold for an SFBB gene 

 Ks Number of sequences 

used in the analysis 

SFBB1 0.0086 5 

SFBB1+SFBBnew3 0.0757 6 

SFBB2 0.0566 14 

SFBB3 0.0588 8 

SFBB4 0.0437 11 

SFBB4+SFBBnew2/MdFBX4 0.0493 12 

SFBB5 0.0987 4 

SFBB6 0.0395 11 

SFBB7 0.0558 11 

SFBB8 0.0250 9 

SFBB8+SFBBnew1 0.0831 11 

SFBB9 0.0722 7 

SFBB10 0.1604 5 

SFBB11 0.1141 8 

SFBB12 0.1245 9 

SFBB12 without S10/S28  0.1089 8 

SFBB13 0.0541 6 

SFBB14 0.0853 10 

SFBB15 0.0055 2 

SFBB16 0.0598 9 

SFBBX11 0.0404 8 

SFBBnew1 0.0000 2 

SFBBnew3 - * 

SFBBnew4 0.0160 9 

SFBBnew5 (non functional gene) 0.0980 7 

* - a single sequence is available 

 

Furthermore, there were some sequences (ours and reported) that refer to the same 

allele, but had some polymorphism between them (less than three nucleotidic 

differences). The sequences that differ from the ones we have obtained are marked 

with a + sign in Figure 3-2, Supplementary Figures 3-1 and 3-2 and underlined in Table 

3-3. It should be noted that the sequence we have assigned as SFBB3-S1, since it had 

29 differences with SFBB3-S3, is identical to the sequence FJ008667 (obtained from 

the Megumi cultivar – S2S9). This Megumi sequence is considered as representing the 

S9 haplotype in Table 3-3, since it has only four differences with AB539860 reported by 

(Minamikawa et al., 2010) and 40 differences relative to the sequence of the S2-

haplotype. For that reason, both of the reported sequences are marked with a + sign in 

the phylogenetic trees (or underlined in Table 3-3). However, our sequence is only 

supported by a single colony, so its identity with FJ008667 may result from Taq 

polymerase mis-incorporations and it may not be the SFBB3-S1 allele, or the S1 and 

the S9 alleles may be very similar. 
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SFBB1 and SFBB15 genes have very similar sequences with less than 1% 

synonymous polymorphism (see Table 3-4) between different cultivars (the SFBB1-S1 

allele has a single non-synonymous difference compared to the SFBB1-S3 allele). In 

SFBB1 it was possible to assign six alleles to their S-haplotypes. However, the 

remaining sequences obtained from the different cultivars did not allow to assign any 

other sequence to a S-haplotype. For the gene SFBB15, three different alleles were 

obtained in S. aucuparia that could be assigned to different S-haplotypes. However, in 

Malus, two different sequences, identical in six and seven cultivars respectively, that 

have four nucleotidic differences between them, were obtained (see Figure 3-2 and 

Supplementary Figures 3-1 and 3-2). Therefore, no haplotypes were possible to assign 

for SFBB15 in M. x domestica. 

In SFBB3, SFBB4, SFBB5, SFBB8, SFBB9, SFBB10, SFBB11, SFBB12, SFBB13, 

MdFBX4, SFBBnew1 and SFBBnew3, all of the sequences obtained could be either 

assigned to an allele, or represent one of the two alleles from a cultivar. However, nine 

of them are only supported by a single colony and nine have less than four nucleotidic 

differences between our sequences and the ones in literature. In the remaining genes, 

either more than two sequences were obtained that could represent a different allele, 

or the sequences obtained from two cultivars had a number of nucleotidic differences 

between them that cannot be explained by Taq polymerase mis-incorporations only 

(Figure 3-2 and Supplementary Figures 3-1 and 3-2 sequences and Table 3-3 cells in 

red). Hence, in SFBB2, there are three McInt sequences reported by De Franceschi et 

al. (2011), one of them identical to the sequence we have obtained in McInt (supported 

by three colonies), so they probably represent two different genes, although the 

synonymous polymorphism levels of SFBB2 are below 10% even when the three are 

included (see Table 3-4). Additionally, one of the two Honey sequences we have 

obtained, supported by a single colony, has a frame-shift between 84-30 bp before the 

SFBBgenR primer. This frameshift, however, does not create any termination codons. 

In SFBB6, although the sequence referring to the S2-haplotype was confirmed with the 

use of pollen transcriptome, there are two additional sequences that have seven 

differences between them. Since polymorphism is present in the population, it was not 

possible to determine which one was the S24-haplotype, even when comparing to the 

transcriptome, so additional sequencing is being done to clarify this. In SFBB7, two 

different sequences were obtained that could represent the S2-haplotype, but they have 

six nucleotidic differences, so a consensus sequence was not possible to obtain. In 

SFBB14, there is a sequence in Idared that represents the S3-haplotype, that is 

identical to sequences obtained from GD and NSpy. However, there are two other 

sequences from this cultivar, with 43 differences between them: one of them has one 
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difference to S24- and 41 differences with S3-; the other has three differences to S28- 

and 10 differences with S3-, so either of them could represent S7-. In SFBB16, two Gala 

sequences, that could represent the S5-haplotype, have 11 nucleotidic differences 

between them, so a consensus was not obtained. For the gene SFBBX11, two 

sequences were identified in Fuji (S1S9): one identical to AB539854 (present in S3- and 

S9- (Minamikawa et al., 2010)) and to a sequence from NSpy (S1S3); the other, and 

supported by a single colony, has 16 differences with the first and could represent the 

S1-haplotype. A GD (S2S3) colony with 16 differences from AB539854 was also 

obtained and can represent the S2-haplotype. Therefore, the sequences obtained from 

single colonies in Gala and Honey can represent the S5- and S24-haplotypes 

respectively. Therefore, the sequences assigned to the S1-, S2-, S5- and S24-haplotypes 

are all supported by a single colony each. Furthermore, three colonies of McInt with 

more than 16 differences between each of them were also obtained for this gene. 

Although it seems that only the S3- and S9- alleles are identical in this gene, the fact 

that all of the other sequences for this gene are supported by a single colony, must be 

considered with caution, since they may have Taq polymerase mis-incorporations or be 

PCR recombinants. In SFBBnew4, there are three Honey sequences (one of them 

supported by two colonies) with five, six and seven differences between each of them, 

so it is not possible to obtain a consensus sequence for either S2- or S24-, since either 

of the two single colonies could result from PCR recombination or Taq polymerase mis-

incorporations, or the three obtained sequences represent two different genes. In 

SFBBnew5, there are three sequences obtained from Gala: one was supported by four 

colonies; another, supported by only one colony, has 83 nucleotidic differences (91% 

identity with the others) and a 39 bp insertion referring to the sequence supported by 

four colonies, located in position 690 of the amplified product with 

SFBBgenF+SFBBgenR and shared by the sequence assigned as S28-; the third 

sequence, also supported by a single colony, has 62 differences and a 40 bp insertion 

relative to the first sequence, that is located in position 114 of the amplified product and 

shared by one of the sequences from Honey. Moreover, five of the seven obtained 

sequences for this gene (the three from Gala, one of the sequences from Honey and 

the one assigned as S28-) show in-frame termination codons, so this is likely a non-

functional gene. 

 
Linkage analysis 

To work as S-pollen genes in the SI reaction, SFBB genes must be in linkage with 

the S-RNase. Therefore, linkage analyses are being done in three M. x domestica 

cultivars in the laboratory. For GD x RD (S2S3 X S9S28), complete linkage has already 

been confirmed for the S2-haplotype in SFBB3 and SFBB11, for the S3-haplotype of the 
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SFBB1, SFBB3, SFBB4, SFBB5, SFBB11 and SFBB14 and for the allele S9-haplotype 

in SFBB5, SFBB8 (Table 3-5), as expected if these genes are involved in the SI 

reaction. However, the S9-haplotype in the SFBB11 gene was identified in one more 

individual of the cross than it was expected, so the linkage appears to be violated for 

this allele. 

 

Table 3-5: Association results between the S-RNase alleles and the SFBB alleles in an F1 generation of a cross between 

GD x RD (S2S3 X S9S28) cultivars 

Gene Allele Progeny of the cross between GD x RD 

  S2-RNase (13) S3-RNase (15) S9-RNase (16) S28-RNase (12) 

SFBB1 S3 0 15 0 0 

SFBB3 S2 13 0 0 0 

 S3 0 15 0 0 

SFBB4 S3 0 15 0 0 

SFBB5 S3 0 15 0 0 

 S9 0 0 16 0 

SFBB8 S9 0 0 16 0 

SFBB11 S2 13 0 0 0 

 S3 0 15 0 0 

 S9 0 0 17* 0 

SFBB14 S3 0 15 0 0 

 S9 0 0 16 0 

* There is an individual whose restriction pattern for this gene is the expected for the SFBB11-S9, although the 

individual has been genotyped as having the S2S28-RNases 

 

Evidence for positive selection 

Adaptive evolution is likely to act on a small subset of amino acids, and thus 

average substitution rates across the gene may not indicate positive selection (Yang 

and Bielawski, 2000). Under the non-self recognition by multiple factors system, allelic 

products of each SFBB gene would be highly homologous with each other and would 

be expected to target similar fractions of S-RNases because allelic divergence of each 

SFBB is not required and would not be favored by natural selection (Kakui et al., 2011). 

An attempt to identify amino acids under positive selection has been made for the 

nine haplotypes where the sequence for at least five genes was obtained and 

supported by a minimum of two colonies or the S-haplotype was supported by a 

reported sequence (see Material and methods), in the genes that showed evidence for 

linkage with the S-RNase (SFBB1, SFBB2, SFBB3, SFBB4, SFBB5, SFBB6, SFBB7, 

SFBB8, SFBB9, SFBB10, SFBB11, SFBB12, SFBB13, SFBB14, SFBB16, SFBBX11 

and SFBBnew1). Hence, amino acids under positive selection were analyzed in 

thirteen genes for the S1-haplotype, six for the S2-, fifteen for S3-, five for S7-, fifteen for 

S9- (with two sequences for SFBB3), eight for S10-, seven for S24-, six for S25- and 
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seven for S28-. With the exception of the S25- haplotype, evidence for positive selection 

has been found for all of the haplotypes tested with more than 90% probability for both 

NEB and BEB, when using at least two of the alignment methods implemented in 

ADOPS. In the S25-haplotype, four amino acids under positive selection were only 

found with the Clustal alignment method, but none with Muscle or T-Coffee. This could 

be a result of the small sample size that resulted in differences in the alignments with 

the different methods, even though, in the S7-haplotype, only five genes were included 

and three amino acids under positive selection were identified. A total of 19 amino 

acids under positive selection were identified among the nine S-haplotypes (Table 3-6 

and amino acids marked in grey in Supplementary Figure 3-3). Of the identified amino 

acids, the ones in position 89, 182 and 224 of the alignment were only identified in the 

S10-haplotype, the one in position 213 was identified only in S9-haplotype and the one 

in position 268 was identified only in S7-haplotype (Supplementary Table 3-1). 

Although linkage with the S-RNase was already shown for the majority of the SFBB 

genes, it was not yet observed for SFBBnew3 and SFBBnew4. Moreover, some of the 

allelic sequences we have obtained are only supported by a single colony, so they 

were not included in the analyses to identify amino acids under positive selection (for 

example, in SFBBX11, only the sequence referring to S3/S9 was used, although five 

allelic sequences have been putatively identified and assigned to different S-

haplotypes). Therefore, additional analyses were performed for every S-haplotype used 

in the first analysis, with the exception of S3 where no additional sequences were 

available. This new analyses used all of the sequences we have obtained for every 

SFBB gene, even if they were only supported by a single colony, to see if there are 

more amino acids under positive selection that could be identified. The two exceptions 

were the sequences of SFBBnew2/MdFBX4 and SFBBnew5 since they appear to be 

non-functional genes. For all of the S-haplotypes, additional amino acids under positive 

selection were identified (amino acids marked with +' in Supplementary Table 3-1). In 

the S25-haplotype, where four amino acids under positive selection had been found with 

the Clustal alignment method only, five amino acids under positive selection were now 

identified by at least two of the alignment methods. Nevertheless, all of the amino acids 

identified as being under positive selection when the sample was increased had 

already been identified as being under positive selection for at least one of the 

haplotypes, with the smaller sample. The exception was the amino acid in position 294 

(identified in the larger sample in S1- and S7- only, see Supplementary Table 3-1, and 

underlined in Supplementary Figure 3-3). It should be noted that, with the exception of 

the two sequences from the S9-haplotype in the SFBB3 gene (both reported from the 

literature), there is no polymorphism, at the amino acids under  
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Table 3-6: Polymorphism at the amino acids under positive selection for the nine S-haplotypes analyzed 

Gene  25 42 48 52 84 89 90 92 105 140 148 150 182 198 213 221 224 237 239 268 294* 

SFBB1 S1 M N R P L D F E A R I T Y T E C C T E K S 

 S2 . . . . . . . . . . . . . . . . . . . . . 

 S3 . . . . . . . . . . . . . . . . . . . . . 

 S7 . . . . . . . . . . . . . . . . . . . . . 

 S28 . . . . . . . . . . . . . . . . . . . . . 

SFBB2 S1 V M R R L D H S V E T Q T T D N C S D L G 

 S3 . . . . . . L . . K S . . . . . . . . . R 

 S7 . . . . . E H . . G T . . . . . . . . . G 

 S9 . . . . . D . . . E . . . . . . . . . . . 

SFBB3 S1 L F Q R R N H Q E E T H T T S P Y T G N S 

 S2 . . . H . . . H . . . . . . T . F R . K . 

 S3 . . . R . . P Q . . . . . . . . . T . E . 

 S9AB539860 . . . . . . . . . . . . . . S . . . . N . 

 S9FJ008667 . . . . . . H . . . . . . . . . Y . . . . 

 S10 V . . . . . P E . . . . . . T . . I . E . 

 S24 . . . . . . . Q . . . . . . S . . T . N . 

 S25 . . . . . . . . . . . . . . . . . . . . . 

SFBB4 S1 V V K H R E H L S G D G T M K P C R G E S 

 S3 . . . . . Q . . . . . . . . . . . . . . . 

 S7 . . . Q . . . . . . . . . . . . . . . . . 

 S9 . . . H . . . . . . . . . . . . . . . . . 

 S10 . . . . . . . . . . . . . . . . . . . . . 

 S24 . . . . . . . . . . . . . . . . . . . . . 

 S25 . . . . . . . . . . . . . . . . . . . . . 

 S28 . . . . . E . . L . . . . . . . . . . . . 

SFBB5 S3 I V R Q M D N E V K V K S M D P C M N K C 

 S9 . . . . . . . . . . . . . . . . . C . . . 

 S10 . . . . . . . . . . I . . . . . . N . . . 

 S25 A . . Q . . . . . . . . . . . . . M . . S 

. – represents the same amino acid as in the line immediately above 

* - amino acid only identified as being under positive selection in the analyses with all of the SFBB genes  

n/a – not available 

Underlined alleles were used in both analyses. 
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Gene  25 42 48 52 84 89 90 92 105 140 148 150 182 198 213 221 224 237 239 268 294* 

SFBB6 S1 V V R R I D N Q V M L K S T D P C N N K C 

 S2 . . . . . . . . . T . . . . . . . . . .  

 S3 . . . . . . . . . . . . . . . . . . . n/a n/a 

 S9 . . . . . . . . . . . . . . . . R . . K C 

 S10 . . . . . . . . . . . . . . . . . . . . . 

 S25 . . . . . . . . . M . . . . . . C . . . . 

 S28 . . . . . . . . . T . . . . . . . . . . . 

SFBB7 S1 M V R Q I D N E A K T K S T E P S Y N N C 

 S3 . . . . M . . . V . . . . . . . C . . K . 

 S7 . . . . . . . D A . . . . . . . G . . . . 

 S9 . . . . . . . E V . . . . M . . . . . . . 

 S10 . . . . . . . . A . . . T T . . . . . . . 

 S10AB699127;HM013924 . . . . . . . . . . . . . . . . . . . . . 

 S24 . . . . I . . . V . . . S . . . S . . . . 

 S25 . . . . M . . . A . . . T . . . G . . . . 

SFBB8 S1 V A E Q R H E E V K T K T M K P Y C V K S 

 S1HM013904 . . . . . . . . . . . . . . . . . . . . . 

 S2 . . . . . . . . . . . . . . . . . . . . . 

 S3 . . Q . K . . . . . . . . . . . . . L . . 

 S9 . . E . . . . . . . . . . . . . . . V . . 

 S10 . . . . . P . . . . . . . . . . . . . . . 

 S24 . . . . . H . . . . . . . . . . . . . . . 

 S25 . . . . . P . . . . . . . . . . C . . . . 

 S28 . . . . . H . . . . . . . . . . Y . . . . 

SFBB9 S1 V M Q Y T H P Q I E I E R T K Q G N G K S 

 S3 . . . . . . . . T . . . . A . . . . . . . 

 S9 . . . . M . . . . . . . . T . . . . . . . 

 S10 . . . . T . . . . . . . . . . . . . . . . 

 S25 . . . . . . . . . Q . . . . . . . . . . . 

 S28 . . . . M . . . . E . . . . . . . . . . . 

SFBB10 S1 V P K Q L D F Q V E T E T T T S C T D T S 

 S9 A . . . . . . . . . . . . . . . . . . . . 

 S28 M . Q . . . . . L . . . . . N . . . . . . 

. – represents the same amino acid as in the line immediately above 

* - amino acid only identified as being under positive selection in the analyses with all of the SFBB genes  

n/a – not available 

Underlined alleles were used in both analyses.  
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Gene  25 42 48 52 84 89 90 92 105 140 148 150 182 198 213 221 224 237 239 268 294* 

SFBB11 S1 V A Q Q L D F L A E S Q T T T S H T G R S 

 S2 . . . . . . . . . . . . . . . . R . . . . 

 S3 . . . . . . . . . . N . . . . . . . . . . 

 S7 . . . . . . . . . . S . . . . . . . . . . 

 S9 . . . . . . . . . . . . . A . . . . . . . 

 S10 . . . . . . . . . . N . . M . . . . . . . 

 S24 . . . . . . . . . . S . . T . . . . . . . 

 S25 . . . . . . . . . . . . . A A . . . . . . 

SFBB12 S1 M A Q Q L D F L A K T Q T T Q H C S S T S 

 S3 V . . . . . . . . . . . . . K . . . N . . 

 S9 M . . . . . . . . . . . . . Q . . . S . . 

SFBB13 S1 M A N P L D F Q A K I G Y M E H S N G E S 

 S3 . . . . . . . . . Q . . . . . . . I . . . 

 S7 . . . . . . . . . K . . . . . . . T . . . 

 S9 . . . . . . . . . T . . . . . . . I . . . 

 S10 . . . . . . . . . K . . . . . . . . . . . 

 S28 . . . . . . . . . . . . . . . . . . . . . 

SFBB14 S1 V M K Y L H P Q A K I G T I K P C S G K S 

 S2 . . . . . . . . . . . . . . . . . . . . . 

 S3 . . . . . . . . . . . . . . . . . . . . . 

 S9 M . . . . . . . . . . . . . . . . . . . . 

 S24 V . . . . . . . . . . . . . . . . . . . . 

 S25 I . . . . . . . . . . . . . . . . . . . . 

 S28 . . . . . . . . . . S . . . E . . . . . . 

SFBB16 S1 V T D R Q H E E V K T K T T K P C S D K S 

 S2 . . . . . . . . . . . . . . . . . . . . . 

 S3 . . . . . . . . . . . . . . . . . . . . . 

 S7 . . . . . . . . . . . . . . . . . . . . . 

 S24 . . . . . . . . . . . . . . . . . . . . . 

 S28 . M . . . . . . . . . . . . . . . . . . . 

SFBBX11 S1 V T N Q L D Y L A K V R T T K S C T A K S 

 S2 . . . . . . . . . . . . . . . . . . . . . 

 S3S9 . . . . . . . . . . . . . . . . . . . . . 

 S24 . . . . . . . . . . . . . . . . . . . . . 

. – represents the same amino acid as in the line immediately above 

* - amino acid only identified as being under positive selection in the analyses with all of the SFBB genes  

n/a – not available 

Underlined alleles were used in both analyses.  
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Gene  25 42 48 52 84 89 90 92 105 140 148 150 182 198 213 221 224 237 239 268 294* 

SFBBnew1 S9 V A D Q R D D E L K T K T T I P C G E K S 
SFBBnew3 S28 V P N P L D F Q L K I I Y T G D C T G K S 
SFBBnew4 S1 M M D Y M H P L T E T R T T K P C T G K S 

 S9 . . . . . . . . . . . . . . . . . . . . . 
 S9-HM013903 . . . . . . . . . . . . . . . . . . . . . 
 S10 I . . . . . . . . . . . . . . . . . . . . 

. – represents the same amino acid as in the line immediately above 

* - amino acid only identified as being under positive selection in the analyses with all of the SFBB genes  

n/a – not available 

Underlined alleles were used in both analyses. 
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positive selection, in the sequences of the same S-haplotype showing polymorphism. The 

fact that a single additional amino acid under positive selection was identified when all of the 

sequences were analyzed, suggests that most of the sites under positive selection have 

already been identified. 

 

3.4 Discussion 

Non-self recognition by multiple factors has been reported as being the SI mechanism 

present in Pyrinae (Aguiar et al., 2013; De Franceschi et al., 2012; Kakui et al., 2011). In 

Malus, 16 SFBB genes (according to our results) have been previously reported with linkage 

to the S-RNase by Minamikawa et al. (2010); and Okada et al. (2013). However, the number 

of SFBB genes that are involved in the system is still unknown for most species. In this 

chapter, a similar approach to the one used in Sorbus aucuparia was done. In that species, 

16 SFBB genes were identified with the use of general primers, showing less than 10% 

polymorphism, and 11 of the 16 genes described had been shown to be in linkage with the 

S-RNase. Moreover, amino acids under positive selection were identified in those eleven 

SFBB genes for two S-haplotypes (Aguiar et al., 2013). 

In Malus, we have obtained 20 genes and two non-functional genes (one of them is 

SFBBnew2/MdFBX4 previously shown to be a pseudogene (Minamikawa et al., 2010)). 

Although this number of genes is higher than the one we have obtained in Sorbus, the 

SFBBgenF+SFBBgenR primers are present in 65.5% of Malus and Pyrus SFBB sequences 

available in GenBank (Aguiar et al., 2013). Therefore, it is possible that a gene may be 

amplified in Malus but not in Sorbus due to polymorphism in the primer region, thus 

explaining the different number of genes obtained. Moreover, eight of the sequences 

previously reported in the literature for the S3-, S9- and S10- haplotypes (and one sequence of 

S25- not previously assigned) were not obtained by our approach, although we have obtained 

other alleles from the same SFBB genes. In fact, for most of the genes, we were not able to 

obtain the sequence for all of the S-haplotypes. The only exception might be SFBB2, where 

sequences that could represent every S-haplotype are present in this analysis, although 

eight of them were obtained from single cultivars so it is not known which haplotype they 

represent. Clustering with SFBB2, there are also three reported sequences that could 

represent either the S10- or the S25-haplotypes, so they are probably two different genes. 

Nevertheless, for all of the other genes, there is always at least one S-haplotype that has not 

been represented in our study. Thus, it is possible that the new genes identified might also 

be present in Sorbus and not obtained with this approach, or they might have been lost in the 

population we studied. Also, additional approaches, like the use of pollen transcriptome data 
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or the construction of additional BAC libraries are required, so that all of the SFBB genes 

might be identified 

According to what was observed in Sorbus, synonymous polymorphism levels of the 

SFBB genes are always below 10% (Aguiar et al., 2013). However, the genes SFBB10, 

SFBB11 and SFBB12 have polymorphism levels above that (16,0%, 11,4% and 12,5% 

respectively). Therefore, each of them should be assigned as two different genes. 

Nevertheless, none of the S-haplotypes appears repeated within each of the three genes 

which suggests that they may be single genes. Moreover, Minamikawa et al. (2010) has 

considered the SFBB11 and SFBB12 sequences corresponding to the S3- and S9-haplotypes 

as close relatives. When looking to all of the other genes that the authors have identified as 

being closely related (Minamikawa et al., 2010), between the two S-haplotypes, they cluster 

as alleles of the same SFBB gene in our analysis. Therefore, it seems the SFBB10, SFBB11 

and SFBB12 are single genes with polymorphism levels above the 10% threshold. One of 

the possible causes for that could be that these genes have stopped being involved in the SI 

reaction. If this was the case, the genes would be evolving under neutrality and would start 

accumulating mutations, increasing their polymorphism levels since they are at the S-locus 

and recombination is suppressed. Moreover, they would eventually alter their pattern of 

expression. Nevertheless these three genes have been shown to be specifically expressed in 

pollen (Minamikawa et al., 2010; Sassa et al., 2007). Nevertheless, these genes could have 

stopped being involved in the SI reaction and still be expressed in pollen, if it was a recent 

event. On the other hand, two of the genes have polymorphism levels below 1%. These two 

genes were not identified in the BAC library of Florina (Minamikawa et al., 2010), so they 

could be located outside of the S-locus. However, SFBB1 is here shown to be in linkage with 

the S-RNase. Moreover, a blast search against the M. x domestica genome results in 

chromosome 17, where the S-locus is located, as the best hit. Furthermore, SFBB1 and 

SFBB15 were both identified in Sorbus (Aguiar et al., 2013), so these two genes also predate 

the Sorbus and Malus speciation and could be involved in the SI system, or might have been 

at some point in the past. Of the new genes identified, two of them (SFBBnew4 and 

SFBBnew5) were obtained for more than one of the S-haplotypes. However, SFBBnew5 

appears to be a non-functional gene, since five of the seven sequences of this gene, 

obtained from different cultivars, have in-frame termination codons. In SFBBnew4 some of 

the S-haplotypes are only based on a single colony and more than two different sequences 

were obtained from the Honey cultivar (S2S24) that have between five and seven nucleotidic 

differences. Therefore, additional sequencing is needed to support the sequences obtained 

for some of the haplotypes and to try to obtain one (or two) consensus sequences regarding 

the S2- and S24-haplotypes. The other two genes (SFBBnew1 and SFBBnew3) were only 

obtained for the S9- and S28-haplotype, respectively. These two genes for which only a single 
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haplotype has been obtained, as well as the SFBBnew2/MdFBX4 pseudogene, have less 

than 10% polymorphism level when their sequences are considered with the SFBB gene that 

appears as more closely related. However, the three of them were assigned as a new gene, 

since the haplotype for which they were identified was already present in the closest gene. 

Hence they were considered as new genes and linkage with the S-RNase has already been 

shown for SFBBnew1 (Okada et al., 2013). Considering that we have also identified two non-

functional genes (SFBBnew2/MdFBX4 and SFBBnew5) and that SFBB15 does not show 

sequence diversity between cultivars, it is expected that these three genes are probably not 

involved in the SI reaction in Malus at present time. Due to the mechanism regulating the 

system in Pyrinae (where each SFBB targets a sub-set of non-self S-RNases for 

degradation), it is possible that a gene stops being functional, without leading to the system 

breakdown. According to Williams et al. (2014), that found 17 SLF genes in Petunia inflata, 

this number of SLF genes allows that each S-RNase (32 specificities known) is targeted by 

at least two SLF proteins, as a failsafe mechanism. In Pyrinae, using a phylogenetic 

approach, 35 S-RNase specificities have been estimated (Vieira et al., 2010). Therefore, if 

the 20 functional SFBB genes we have identified were all involved in the SI reaction (or 19, if 

we don't count SFBB15), each S-RNase could also be targeted for degradation by at least 

two SFBB genes, as suggested for Petunia, maintaining the failsafe mechanism. 

In the F1 cross studied, GD x RD (S2S3 x S9S28), evidence for complete linkage with the S-

RNase was obtained for six of the seven studied genes, while incomplete linkage was 

obtained in SFBB11, for the S9 allele only. Evidence for incomplete linkage at a single allele 

within a gene has previously been reported in Pyrus for SFBB6 and SFBB8 (De Franceschi 

et al., 2011; Kakui et al., 2011), but not in Malus. Moreover, this gene has been previously 

shown to be located in the S-locus for the S3- (AB270795) and the S9-haplotypes 

(AB539862) and complete linkage with the S-RNase was obtained for 239 plant (122 with S3- 

and 117 with S9-; (Minamikawa et al., 2010; Sassa et al., 2007)). Therefore, it is unexpected 

that the S9-haplotype of this gene shows incomplete linkage with the S-RNase in our sample. 

However, since the linkage analyses were done by RFLP and the amplification product was 

not sequenced, polymorphism could be present in this individual at the digestion site, 

resulting in a false positive. Therefore, this polymorphism could be a point mutation in a 

single individual. Since it is not located in any of the amino acids identified as being under 

positive selection, it is not expected to be involved in the recognition of any S-RNase 

specificity. Thus, additional work is needed to confirm if this is indeed a false positive and the 

linkage is complete in our sample or if this individual is actually a recombinant. 

Amino acids under positive selection have been identified in eight of the S-haplotypes 

analyzed, in the genes where evidence for linkage with the S-RNase has been found, when 

using at least two alignment algorithms. The presence of identical amino acids at the 



84 FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 
 

positively selected sites between different S-haplotypes, in the same SFBB gene, suggests 

that alleles of these genes may be recognizing the same S-RNase specificities and marking 

them for degradation. Moreover, the variability at the amino acid sites under positive 

selection within SFBB genes may account for the differences observed in SI behavior when 

different alleles of the same SFBB gene are analyzed, which might help to infer which 

specificities does that SFBB allele target for degradation. For example, the fact that only 

SFBB3-S10 has a valine instead of a leucine at position 25 (Table 3-6), suggests that the 

leucine in position 25 at the SFBB3 gene might be essential in marking the S10-RNase for 

degradation, although biochemical confirmation is needed. Although a total of 19 amino acids 

under positive selection have been identified when using only SFBB genes, supported by at 

least two colonies and showing evidence for linkage with the S-RNase, one more was 

identified when the full set of SFBB genes with known allelic sequences were used. 

Therefore, although more amino acids under positive selection may exist, it is not expected 

that their number will greatly increase with a larger sample. Despite the fact that both of the 

analyses were done for only nine S-haplotypes, amino acids under positive selection are also 

expected to be identified in the S5-haplotype. Therefore, additional work is needed to 

determine accurately the different haplotypic sequences where there is still ambiguous data, 

as well as if other SFBB genes (SFBBnew3 and SFBBnew4) are in linkage with the S-RNase 

gene in M. x domestica. Moreover, for SFBBX11 although it appears that other alleles are 

possible to assign, it remains the question if only the S3S9 haplotypes have a monomorphic 

sequence, since the remaining haplotypes are supported by a single colony, or if it is like 

SFBB15 where no different allelic sequences are present. Only after most SFBB genes are 

identified and the amino acids present at the sites under positive selection are known, it will 

be possible to start inferring which S-RNase proteins are recognized by which SFBB and 

which S-haplotypes and to perform interaction assays. 
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3.6 Supplementary Material 

Supplementary Table 3-1: Alignment positions where amino acids under positive selection have been identified for each haplotype, using at least two alignment methods 

Haplotype Position 

 
25 42 48 52 84 89 90 92 105 140 148 150 182 198 213 221 224 237 239 268 294* 

S1 
 

+ + + + 
  

+ +' 
 

+ +' 
   

+ 
 

+ + 
 

+' 

S2 
 

+ + 
 

+' 
 

+ 
    

+ 
      

+' 
  

S3 
 

+ + + + 
  

+ 
  

+ + 
   

+ 
 

+ + 
  

S7 
 

+' +' 
    

+' 
   

+ 
   

+ 
 

+' 
 

+ +' 

S9 + 
 

+ + + 
 

+ +' 
 

+ + + 
 

+ + 
  

+ 
   

S10 +' +' + + + + + +' +' + + + + 
   

+ + 
   

S24 
 

+' 
  

+ 
      

+ 
     

+ 
   

S25 
  

+' 
 

+' 
     

+' 
  

+' 
   

+' 
   

S28 
 

+ + + 
  

+ 
    

+' 
     

+' 
   

 

+ - amino acids under positive selection identified in both analyses 

+' – amino acids under positive selection identified in the analyses with the larger sample only 

* - amino acids only identified as being under positive selection in the analyses with all of the SFBB genes 
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Supplementary Figure 3-1: Bayesian phylogenetic tree of the SFBB genes obtained in M. x domestica, using Clustal alignment 

method. Legend as in Figure 3-2 
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Supplementary Figure 3-2: Bayesian phylogenetic tree of the SFBB genes obtained in M. x domestica, using T-Coffee alignment 

method. Legend as in Figure 3-2. Sequences in blue do not cluster with the genes they represent. 
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Supplementary Figure 3-3: Amino acids under positive selection in the six haplotypes where the allelic sequence is known for at 

least five genes showing linkage with the S-RNase. 

Amino acids marked in grey were identified in the SFBB genes with evidence for linkage, supported by at least two 

colonies, and the one that is underlined (pos. 294) were identified in the analysis with all of the SFBB genes known for each of 

the six haplotypes. Underlined sequences were used in both analyses. 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
97 

 

 
 

4. Convergent evolution at the gametophytic self-

incompatibility system in Malus and Prunus  

Bruno Aguiar*, Jorge Vieira*, Ana E. Cunha, Nuno A. Fonseca, Amy Iezzoni, Steve van 

Nocker and Cristina P. Vieira, 2015. PLoS ONE 10(5) 

 

4.1 Introduction 

Self-incompatibility, a genetic barrier to self-fertilization in which the female reproductive 

cells discriminate between genetically related and non-related pollen, and reject the former 

(De Nettancourt, 1977), has evolved at least 35 times independently in different flowering 

plant lineages (see for instance Igic et al. (2008)). S-RNase-based GSI, a system where 

pollen tube growth that expresses a specificity that matches either of those expressed in the 

style in inhibited by a pistil ribonuclease, called S-RNase. is present in core-eudicots such as 

Solanaceae, Plantaginaceae, Rubiaceae (all Asteridae plant families), and Rosaceae 

(Rosidae; (Nowak et al., 2011; Roalson and McCubbin, 2003)). According to phylogenetic 

analyses of the T2-RNase gene family, this system has the peculiarity of a single evolution, 

that predates the split of the Asteridae and Rosidae, about 120 MYa (Igic and Kohn, 2001; 

Steinbachs and Holsinger, 2002; Vieira et al., 2008a)). When S-RNase-based GSI is lost, 

the system is never regained (Goldberg et al., 2010; Igic et al., 2006; Igic and Busch, 2013; 

Igic et al., 2008). 

Comparative analyses have been performed, using divergent species, to understand how 

the system has evolved. In this system there is evolutionary plasticity. For instance, within 

Rosaceae, pollen specificity is determined by one F-box gene in Prunus (called SFB; (Entani 

et al., 2003; Ikeda et al., 2004; Nunes et al., 2006; Romero et al., 2004; Sonneveld et al., 

2005; Ushijima et al., 2003; Ushijima et al., 2001; Vieira et al., 2008b), but multiple genes 

determine Pyrinae (Malus, Pyrus and Sorbus) pollen specificity (called SFBBs; (Aguiar et al., 

2013; Cheng et al., 2006; Kakui et al., 2007; Minamikawa et al., 2010; Sassa et al., 2007). It 

should be noted that, in both cases, mutations at the S-pistil and S-pollen genes lead to loss 

of specificity recognition (Kakui et al., 2011; Okada et al., 2011; Tao et al., 2007; Yamane et 

al., 2003a), thus supporting the correct identification of the genes determining GSI 

specificity. The multiplicity of pollen genes determining GSI is also observed in Solanaceae, 

both in Petunia and Nicotiana (the genes are called SLFs; (Kubo et al., 2010; Wheeler and 

Newbigin, 2007).  

The different number of S-pollen genes implies different mechanisms of self-pollen 

recognition in Pyrinae and Prunus (Hua and Kao, 2006; Hua et al., 2007; Kubo et al., 2010; 
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Luu et al., 2001; Sonneveld et al., 2005). Although Pyrinae and Prunus species have been 

diverging for about 32 MY (Vieira et al., 2010), the phylogenetic relationship of S-pollen 

genes from the two species groups is still unclear (Cheng et al., 2006; Ushijima et al., 2004; 

Vieira et al., 2009; Wang et al., 2004; Wheeler and Newbigin, 2007). Nevertheless, in 

phylogenetic analyses Malus SFBB genes always cluster with Prunus SLFL genes, that are 

the closest neighbor genes of the Prunus S-locus (Entani et al., 2003; Ushijima et al., 2003). 

There is, however, no evidence for these genes being involved in pollen GSI specificity since 

they are expressed in tissues other than pollen and anthers (Entani et al., 2003; Ushijima et 

al., 2003), and their levels of diversity are markedly lower than those at the Prunus S-locus 

genes (Vieira et al., 2008a; Vieira et al., 2007; Vieira et al., 2008b) or the Malus SFBB genes 

(Aguiar et al., 2013; Minamikawa et al., 2010). Furthermore, the deletion of the SLFL1 gene 

in P. avium S3-haplotype does not affect GSI specificity recognition (Matsumoto et al., 2008). 

Prunus SFB sequences, on the other hand, depending on the settings and alignment 

algorithm used in phylogenetic analyses, are shown as a very divergent group, or 

alternatively, as a sister group to a group of sequences that include the Petunia, Antirrhinum 

and Pyrinae S-pollen genes (Cheng et al., 2006; Ushijima et al., 2004; Vieira et al., 2009; 

Wang et al., 2004; Wheeler and Newbigin, 2007). 

Evolution by gene duplication has been suggested to explain the evolution of the S-pollen 

genes in Rosaceae (Vieira et al., 2009; Wheeler and Newbigin, 2007), but has never been 

explicitly addressed. It should be noted that a single evolution of the S-RNase gene does not 

exclude the possibility that S-RNase paralogs could be determining pistil specificity in 

different species. For instance in the Brassicaceae family, that exhibits sporophytic SI (SSI), 

in both Arabidopsis and Brassica genera the female component is a transmembrane 

receptor kinase (the SRK gene) and the male component is a cysteine rich gene (the SCR 

gene), but in Leavenworthia the S-locus genes have secondarily evolved from paralogs of 

SRK and SCR (Chantha et al., 2013). Thus, within Brassicaceae, the S-locus genes evolved 

twice independently, although the system works in a similar way in the three genera (Busch 

et al., 2008; Busch and Urban, 2011; Herman et al., 2012). It is thus possible that, in 

Rosaceae, the differences observed are due to a secondary evolution from paralogs in one 

of the lineages. Determining whether this is the case, is crucial to the molecular 

characterization of the S-locus region in other species presenting the GSI system. 

Genomes are now available for species of three Rosaceae genera, namely Malus 

domestica (SI; (Velasco et al., 2010)), Prunus persica (SC; (Verde et al., 2013)), P. mume 

(SI; (Zhang et al., 2012)), Fragaria vesca (SC; (Shulaev et al., 2010)) and F. nipponica (SI; 

(Hirakawa et al., 2013)). The complete set of S-RNase lineage genes, and genes showing 

homology to S-pollen genes, coupled with synteny information can give insight into the 

evolution of GSI in Rosaceae. Fragaria shares the most common ancestor with Prunus and 
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Malus lineages at about 62 MY ago (Njuguna et al., 2012; Vieira et al., 2010). The molecular 

characterization of the Fragaria S-locus has not been performed, but there is evidence for 

the involvement of stylar RNases, although other loci may be involved as well (Bošković et 

al., 2010). Analyses of the ribonuclease zymograms of the seedling of the F1, F2 and back 

crossing of crosses between SC and a SI Fragaria species, led to the identification of two 

unlinked RNase loci, located in chromosome 1 (called S-locus) and the other in chromosome 

6 (called T-locus; (Bošković et al., 2010)). In this system e active allele at either of the two 

loci is sufficient to confer self-incompatibility. Thus, self-compatibility implies being 

homozygous for null alleles at both loci (Bošković et al., 2010). Such inference depends, 

however, on the existence of the null alleles at each locus. These null alleles are associated 

with a lack of RNase activity. Nevertheless, because of the methodology used (isoelectric 

focusing of the stylar native protein extract and staining for ribonuclease activity), the 

different number of ribonuclease proteins in the different species may reflect differences in 

other ribonucleases not involved in GSI. Indeed, ribonucleases not determining GSI can also 

be expressed in pistil tissues (Rojas et al., 2013).  

In this work we test the hypothesis of evolution from paralogs for the Prunus and Malus 

GSI genes, by performing phylogenetic analyses of the Malus, Prunus and Fragaria T2-

RNase and SFBB-SFB genes identified in five Rosaceae genomes. We also use macro and 

micro synteny data to support our findings. T2 RNases and F-box expression patterns were 

also characterized in order to understand how difficult it is to evolve the restricted expression 

pattern shown by S-pistil and S-pollen genes. Inferences on the Fragaria and ancestral 

Rosaceae S-locus are presented. 

 

4.2 Material and methods 

Identification of M. x domestica, P. persica, P. mume, F. vesca and F. nipponica S-

RNase, S-RNase-like genes, SFB, SLFL and SFBB-like genes 

S-RNase like genes in the M. x domestica (a SI species) genome were identified by 

homology with the M. x domestica S2-RNase (AAA79841.1), using blastp (Expect value 

(e)<0.05) and the predicted peptides Database from M. x domestica Whole Genome v1.0 

Assembly (http://www.rosaceae.org; (Velasco et al., 2010)). A similar approach was used for 

P. persica (SC) using peach S1-RNase (BAF42768.1) as the query and the Peach genome 

v1.0 predicted peptides Database (http://www.rosaceae.org; (Verde et al., 2013)), and for 

Fragaria vesca (SC) using M. x domestica S4-RNase (AF327223.1) and P. avium S23-

RNase (AY259114.1) as queries, and the F. vesca Genome v1.0 ab initio gene proteins 

(http://www.rosaceae.org; (Shulaev et al., 2010)). Non-annotated S-RNase genes and 

potential S-RNase lineage pseudogenes in these genome drafts, were identified by 
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homology using local tblastn with the above query sequences, and putative open reading 

frames longer than 100 bp (getorf; http://emboss.sourceforge.net; (Rice et al., 2000)). For P. 

mume (SI; http://prunusmumegenome.bjfu.edu.cn; (Zhang et al., 2012)), S-RNase like genes 

were identified by homology using local tblastn with the above query sequences, and 

putative open reading frames longer than 100 bp (getorf; http://emboss.sourceforge.net; 

(Rice et al., 2000)). For F. nipponica (SI; (Hirakawa et al., 2013) we used NCBI blastn (word 

size of 7 and standard algorithm parameters) using as query the above sequences and as 

database F. nipponica whole-genome shotgun contigs (wgs). It should be noted that the F. 

nipponica genome assembly is not available. In some cases, sequences were curated by 

introducing sequence gaps to extend recognizable homology with the query sequence. The 

presence of amino acid pattern 4 ([CG]P[QLRSTIK][DGIKNPSTVY]) that is absent in S-

RNases and S-lineage genes (genes similar to functional S-RNases but not involved in GSI; 

(Vieira et al., 2008a)), but present in other T2-RNases (Nowak et al., 2011; Vieira et al., 

2008a) was recorded for each sequence. Because S-RNases present at maximum two 

introns (Igic and Kohn, 2001; Vieira and Charlesworth, 2002), the number of putative introns 

was determined for these sequences. Since the isoelectric point of the S-RNase proteins 

varies between 8 and 10 (Roalson and McCubbin, 2003), for all peptides, isoelectric points 

were calculated using software available through ExPASy (Artimo et al., 2012). 

SFB-, SLFL- and SFBB-like genes were identified as described above using: M. x 

domestica SFBB3-β (BAF47180.1) and P. avium SFB3 (AAT72121.1) as queries for M.  

domestica; SFBB3-β, P. avium SLFL1 (BAG12295.1) and SFB3 as queries for P. persica 

and P. mume; and SFBB3-beta and SFB3 as queries for F. vesca and F. nipponica. Query 

sequences were trimmed to eliminate the F-box region, and only matches with e<E-12 were 

considered. For the M. x domestica, P. persica and F. vesca genes here obtained, the 

genomic location was obtained using GBROWSE at GDR (http://www.rosaceae.org; 

(Velasco et al., 2010)) to retrieve the sequence of the region and blast two sequences 

(bl2seq) to obtain the location of the gene sequence used. 

 

Phylogenetic analyses 

Phylogenetic analyses utilized Muscle, ClustalW2 and T-Coffee alignment algorithms as 

implemented in ADOPS (Reboiro-Jato et al., 2012). It should be noted that when ADOPS is 

used, nucleotidic sequences are first translated and then aligned using the amino acid 

alignment as a guide. Only codons with a support value above 2 were used for phylogenetic 

reconstruction. Bayesian trees were obtained using MrBayes 3.1.2 (Huelsenbeck and 

Ronquist, 2001), as implemented in the ADOPS pipeline. The Generalized Time-Reversible 

(GTR) model of sequence evolution was implemented in the analyses, allowing for among-

site rate variation and a proportion of invariable sites. Third codon positions were allowed to 

http://emboss.sourceforge.net/
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have a gamma distribution shape parameter different from that of first and second codon 

positions. Two independent runs of 2,000,000 generations with four chains each (one cold 

and three heated) were carried out. The average standard deviation of split frequencies was 

always ~0.01 and the potential scale reduction factor for every parameter was ~1.00, 

showing that convergence was achieved. Trees were sampled every 100th generation and 

the first 5000 samples were discarded (burn-in). The remaining trees were used to compute 

the Bayesian posterior probabilities for each clade of the consensus tree. 

 

Expression analyses of Malus S-RNase, S-RNase lineage, SFB, SFBB and SFBB-

like genes 

To estimate expression of the Malus S-RNase-like and SFB-like genes, we use RNA-seq 

data from Malus fusca (a diploid wild apple species; http://vannocke.hrt.msu.edu/DBI-

0922447/RNA-seq.html; S. van Nocker, manuscript in preparation; Supplementary Table 4-

1). Before assembly, adaptor sequences were removed from raw reads. FASTQC reports 

were then generated and based on this information the resulting reads were trimmed at both 

ends. Nucleotide positions with a score lower than 20 were masked (replaced by an N). 

These analyses were performed using the FASTQ tools implemented in the Galaxy platform 

(Blankenberg et al., 2010; Giardine et al., 2005; Goecks et al., 2010). The resulting high-

quality reads were used in the subsequent transcriptome assembly using Trinity with default 

parameters (Haas et al., 2013). FPKM values were estimated using the eXpress software 

(Roberts and Pachter, 2013) as implemented in Trinity. All contigs were used as queries for 

tblastn searches using local blast (Johnson et al., 2008). The query sequences used, except 

for the S-locus genes, were those of M. x domestica (RNase S-lineage 1 MDP0000210735A; 

Malus RNase S-lineage 2 MDP0000682955; Malus SLFL3-like MDC010871; Malus SLFL-

like MDP0000266067 and MDP0000302221; and Malus SFB-like MDP0000890198 and 

MDP0000393954), since divergence values between M. x domestica and M. fusca are low 

(~0.02 (Chagné et al., 2008; Vieira et al., 2010)). In contrast, divergence values for S-locus 

genes are generally above 0.2 (Vieira et al., 2007). Therefore, query sequences for the S-

RNase and SFBB genes were first obtained from M. fusca, whereas query sequences for S-

RNase like and SFBB like genes were those previously annotated in M. x domestica. For the 

S-RNase gene, M. fusca genomic DNA and primers SorbusRNaseF 

(5'..AAGTTGTTTACGGTTCAC..3') and SorbusRNaseR (5'..TATTCTTTTGGCACTTGA..3') 

were used for PCR with standard amplification conditions (35 cycles of denaturation at 94ºC 

for 30 seconds, primer annealing at 48ºC for 30s, and primer extension at 72ºC for 3 

minutes; (Aguiar et al., 2013)). For the SFBB gene, M. fusca genomic DNA and primers 

SFBBgenF (5'..AAGTCYCTGATGMGRTTC..3') and SFBBgenR 
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(5'..GTCCATTACCCAYRTYTC..3') were used with the same amplification conditions. For 

each amplification product, four amplicons were sequenced in order to obtain a consensus 

sequence. The M. fusca S-RNase and SFBB sequences have been submitted to GenBank 

(accession numbers KP768248 (M. fusca S28-RNase), KP768249 (M. fusca S-RNase) and 

KP768250 (M. fusca SFBB)). 

 

Expression analyses of the Prunus S-RNase, S-RNase lineage, SFB, SFB-like and 

SLFL-like genes 

To estimate relative expression levels in Prunus, for the S-RNase, S- RNase lineage, 

SFB, SFB-like, and SLFL-like genes, we used P. mume cultivar landrace mRNA expression 

(SRA SRP014885, (Zhang et al., 2012)) from fruit (GSM986570), stem (GSM986569), root 

(GSM986568), leaf (GSM986567) and bud (GSM986566). Furthermore, we used two other 

transcriptomes from P. mume cultivar Nanko for unpollinated pistils and pollen (DRR013977, 

and DRR002283, respectively; (Habu and Tao, 2014)). We applied the same methodology 

as in the Malus expression analyses, using as query sequences for the S-locus genes S-

RNase scaffold 241.33 and SFB scaffold 241.2 for cultivar landrace, and S1-RNase 

(BAF91149.1), S7-RNase (BAF91155.1), SFB1 (BAD08320.1) and SFB7 (BAD08321.1) for 

cultivar Nanko. Since levels of polymorphism in coding regions are low within P. mume 

cultivars (Sun et al., 2013) for the remaining genes we used, for both cultivars, the same 

sequences: PA1 scaffold 202.35.1, S-RNase lineage 1 scaffold 442.35, SFB-like lineage 

scaffold 57.55 and scaffold 57.57, and SLFL-like scaffold 101.195, and scaffold 241.9. 

 

4.3 Results 

Rosaceae S-RNase duplicate genes 

We identify 21, six, five, 11, and seven T2-RNase genes in the draft genomes of M. × 

domestica, P. persica, P. mume, F. vesca and F. nipponica, respectively (Table 4-1). 

The large number of Malus T2-RNase genes, compared with the other Rosaceae 

species, is consistent with a recent whole genome duplication event in Pyrinae (Jung et al., 

2012; Velasco et al., 2010). M. × domestica T2-RNase genes are located in chromosomes 

1, 4, 5, 10, 13, 15, 16 and 17. In P. persica they are located in chromosome 1, 5, 6, and 8. F. 

vesca T2-RNase genes are located in chromosomes 1, 4, 5, and 6 (Table 4-1). Amino acid 

pattern 4 is absent in all S-lineage genes (Nowak et al., 2011; Vieira et al., 2008a). 

Therefore, the presence of this pattern in M. domestica MDP0000826052, M. domestica 

MDP0000400831, P. persica ppa011026m, P. persica ppa011014m, F. vesca 04702, F. 

vesca 04703a, F. nipponica gi561785734.a, and F. nipponica gi561785734.b genes (Table 

4-1), excludes them as S-lineage genes. Furthermore, S-RNases present at maximum two 
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introns; (Igic and Kohn, 2001; Vieira and Charlesworth, 2002). Thus, the presence of more 

than two introns in M. domestica MDP0000267606, M. domestica MDP0000236215, M. 

domestica MDP0000213741, M. domestica MDC027512.1, P. persica ppa009963m, and F. 

vesca 27604 genes, strongly suggests that these genes are also not S-lineage genes. 

The phylogenetic relationship of the Rosaceae T2-RNase sequences here identified, 

together with previously described Malus, Prunus, Solanaceae and Plantaginaceae S- 

RNases, and Fabaceae (Medicago truncatula, and Cicer arietinum) S-lineage genes (S-

RNase-like genes of self-compatible species, that are surrounded by F-box Malus SFBB/ 

Prunus SLFL like sequences, and are expressed in tissues other than pistil; chapter 5) is 

presented in Figure 4-1. The phylogeny supports the inferences that sequences presenting 

amino acid pattern 4, and/or more than two introns, are not S-lineage genes, since they do 

not cluster with Malus, Prunus, Solanaceae and Plantaginaceae S-RNases. 

The Malus S-RNase lineage genes defined three groups: Pyrinae S-RNases, S-RNase 

lineage 1 and Malus S-RNase lineage 2. The two S-RNases present in the sequenced M. × 

domestica cultivar, according to blastn results, are S2-RNase, and S3-RNase. Although the 

sequenced scaffold containing the Malus S3-RNase is not anchored, the S2-RNase is located 

on Malus chromosome (MC) 17 (Table 4-1; Figure 4-2), in agreement with the linkage-based 

results (Maliepaard et al., 1998). Malus S-RNases cluster with Fabaceae S-lineage genes, 

and not with Prunus S-RNases. Thus, we can conclude that Malus and Prunus S-RNase 

genes represent two different gene lineages. 

 

Table 4-1: T2-RNase genes, larger than 500 bp identified in M. × domestica, P. persica, P. mume, F. vesca and F. nipponica 

Gene& Location T2-RNase amino 

acid pattern 4 

Intron 

number 

IP 

M. domestica MDP0000682955 chr1:22338267..22339935 - 1 9.06 

M. domestica MDP0000164105{ chr1:1866066.. 1866836 - 1 8.94 

M. domestica MDC021344. 1+ chr1:11078800.. 11079914 - 2 8.06 

M. domestica MDC003135. 1+ chr4:<18896214.. 18896958 CVSIFL 1 8.8 

M. domestica MDP0000267606 chr5:18789226.. 18793453 - 8 6.99 

M. domestica MDP0000236215 chr5:18797610.. 18799502 - 5 7.49 

M. domestica MDP0000213741 chr10:14197693.. 14200724  - 8 6.51 

M. domestica MDP0000251832A chr10:16073208.. 16073872 - 1 8.92 

M. domestica MDP0000210735A chr10:<16057129.. 16057893 - 1 7.71 

M. domestica MDP0000135121A- 

MDP0000191077A 

chr10:16077500.. 16078329 - 1 8.55 

M. domestica MDP0000301521A chr10:16048401.. 16049187 - 1 7.60 

M. domestica MDP0000826052 chr13:4501130.. 4503209 CPSSNG 3 5.54 

M. domestica MDP0000184285{ chr15:9375831.. 9376749 - 1 9.00 

M. domestica MDP0000160706 chr15:9373449.. 9374358 - 1 9.01 

M. domestica MDP0000413951{ chr15:9322264.. 9323181 - 1 8.93 

M. domestica MDP0000400831 chr16:3068981.. 3073746 CPSSSG 4 4.56 
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&- it should be noted that alternative human-curated gene annotations have been used for these genes. 

Underscored are the amino acid positions that are not according to the T2-RNase lineage amino acid pattern 4 

[CG]P[QLRSTIK][DGIKNPSTVY][ADEIMNPSTV][DGKNQST]), described in Vieira et al. (2008a).  

IP- isoelectric point. 

# 'Golden Delicious' was chosen for genome sequencing. Accordingly, this cultivar has S2-RNase and S3-RNase (Velasco et 

al., 2010). 

+ termination codons are found in the sequence. 

{ gaps were introduced to avoid termination codons. 

- not found 

M. domestica MDC027512.1 chr16:3068534.. 3069508 CPS(R/G)NG 3 4.68 

M. domestica MDP0000345854 (S2-

RNase#) 

chr17:21481499.. 21482326 - 1 9.09 

M. domestica MDP0000266136 (S3-

RNase#) 

unanchored:31129763.. 31131739 - 1 9.29 

M. domestica MDP0000250548A unanchored:63263516.. 63265109 - 1 7.54 

M. domestica MDP0000164359 unanchored:7252151.. 7253066 - 1 8.8 

     

P. persica ppa011026m scaffold_1:27131291.. 27132588  CPSGSG 3 4.76 

P. persica ppa011014m scaffold_1:27134558.. 27136052 CPSSNG 3 5.01 

P. persica ppa011133m scaffold_5:8474328... 8475151 AQGKDN 1 8.85 

P. persica ppa018459m (S2-RNase) scaffold_6:26446964.. 26448303 - 2 9.31 

P. persica ppa024151m scaffold_8:19241555.. 19242552  - 2 9.33 

P. persica ppa009963m scaffold_8:17565332.. 17567646  RPSSCH 8 7.47 

     

P. mume scaffold 241.33 (S-RNase) scaffold241_33.9:14388.. 18225 - 2 9.40 

P. mume scaffold 442.35 scaffold442_35.0:1381191.. 1382394 - 2 8.98 

P. mume scaffold 202.35.1 scaffold202_35.5:128144.. 128944 - 2 8.77 

P. mume scaffold 202.35.2+ scaffold202_35.5:171196.. 183215 - 2 8.77 

P. mume scaffold 101.33.1 scaffold101_33:595252.. 596037 -  9.00 

     

F. vesca 12961 LG1 scf0513192:1522693.. 1523488 - 1 7.56 

F. vesca scf0513144.1+ LG2 scf0513144:220982.. 212791 - 2 9.09 

F. vesca 04702 LG4 scf0513158:3029880.. 3030999 CPSSNG 3 5.23 

F. vesca 04703a LG4 scf0513158b:3033059.. 3034531 CPSSSG 2 4.64 

F. vesca scf0513159.1 LG4 scf0513159:1951083.. 1955585 VPGQRT 1 8.44 

F. vesca 27604 LG5 scf0513122:220987.. 222000 CPSHTS 3  

F. vesca 26822 LG5 scf0513128:351490.. 352739 - 2 7.09 

F. vesca 22609 LG5 scf0513066:569.. 2628 - 1 8.95 

F. vesca 00227 LG6 scf0512945:94300.. 95094 - 1 6.28 

F. vesca 00230 LG6 scf0512945:109295.. 110059 - 1 6.25 

F. vesca scf0513063.1 LG6 scf0513063:97878.. 98677 - 1 8.25 

     

F. nipponica gi561674690-gi561985884-

gi561957436 

FNI_icon04160559.1:209; 

FNI_iscf00016107.1:1323 

- 2 8.75 

F. nipponica gi561805796 FNI_iscf00094180.1: 2189.. 4087 - 2 9.15 

F. nipponica gi561877040 FNI_iscf00056473.1: 321.. 1113 - 1 6.21 

F. nipponica gi561785734.a FNI_iscf00105316.1: 149.. 1616 CPSSSG 2 4.58 

F. nipponica gi561785734.b FNI_iscf00105316.1:3729.. 4877 CPSSNG 3 5.24 

F. nipponica gi561793890 FNI_iscf00094180.1: 2189.. 4087 - 2 7.09 

F. nipponica gi561844698 FNI_iscf00073203.1:509.. 1142 - 1 6.50 
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Figure 4-1: Bayesian phylogenetic tree showing the relationship of the M. x domestica (M. domestica MDP/MDC), P. persica (P. 

persica ppa/ppb), P. mume (P. mume scaffold), F. vesca, and F. nipponica T2-RNase lineage genes. 

The tree was rooted with T2-RNase A. thaliana RNS2 (NM129536). Numbers below the branches represent posterior credibility 

values above 60. In grey are the reference sequences (S-RNases from Prunus, Pyrinae, Solanaceae and Plantaginaceae and 

Fabaceae S-lineage genes). # indicate sequences with more than two introns; (4) the sequences that show, in the putative 

protein sequence, amino acid pattern 4, that is absent in all S-lineage genes (Nowak et al., 2011; Vieira et al., 2008a); the + 

indicate sequences that present termination codons; the { indicate sequences where gaps were introduced to avoid termination 

codons. Analysis was performed using T-coffee alignment method. 
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Figure 4-2: Chromosomal localization of the S-RNase (marked in pink) SFB, SFBB, and SLFL (marked in blue) lineage genes in 

P. persica (A), M. domestica (B), and F. vesca (C) genomes. 

Different shapes represent the different S-RNase and F-box SFB-, SFBB-, and SLFL-lineage genes (as shown). To represent 

two or more sequential genes, a bracket at the left of the chromosome is used. Each Prunus chromosome is marked in a 

different color: PG1-pink, PG2-light green, PG3-light blue, PG4-purple, PG5-yellow, PG6-green, PG7-orange and PG8-red. 

These colors are then used to assign the synteny regions for the M. domestica and F. vesca chromosomes, according to Figure 

1 in Jung et al. (2012).  Regions with unknown synteny that are between regions showing synteny with the same chromosome 

are marked in stripes, and regions with unknown synteny between syntenic regions from different chromosomes are marked in 

grey. Brackets on the right of each chromosome represent the nine ancestral synteny regions (1 to 9) according to Figure 4 in Illa 

et al. (2011). 
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the F-box gene. Malus S-RNase lineage 2 genes are located at MC1 and MC15 (Table 4-1; 

Figure 4-2). These regions represent different linkage groups in the putative Rosaceae Four 

out of five Malus S-RNase lineage 1 putative functional genes are located on MC10 (Table 

4-1; Figure 4-2). These four genes have been wrongly annotated due to the incorporation of 

exons from a different gene into a single one (http://www.rosaceae.org/). Indeed, our 

transcriptional data (below) supports our inference that they represent two genes, namely 

one S-RNase lineage gene and one F-box gene (Supplementary Table 4-2). Here we use 

the gene name and the suffix -A for the S-RNase duplicate and -B for ancestral genome 

(Figure 4-2). 

Prunus S-RNase lineage genes also define three groups: the Prunus S-RNase gene, the 

S-RNase lineage 1 (that cluster with Malus S-RNase lineage 1 genes) and a Prunus specific 

group that included the P. avium PA1 ((Yamane et al., 2003b); Figure 4-1). In P. mume, a SI 

species, only one of the S-RNase alleles was obtained. By performing blastn, it is clear that 

this S-RNase sequence has not been previously identified. It should be noted that, 

chromosomal location is only available for P. persica, a SC species. SC in Prunus has been 

achieved by non-sense mutations mainly at the SFB gene, but also at the S-RNase gene 

(Tao et al., 2007), mutations producing low S-RNase transcription levels (Yamane et al., 

2003c) and mutations at loci unlinked to the S-locus (Vilanova et al., 2006; Zuriaga et al., 

2013). In P. persica we identify the S2-RNase that does seems functional. According to the 

location of the P. persica S2-RNase allele, the S-locus region is at scaffold 6, as reported by 

Dirlewanger et al. (2004). This scaffold shows synteny to Malus MC2/MC15, MC3/MC11 and 

MC4/MC12, but not to MC17 (Illa et al., 2011; Jung et al., 2012). Indeed, when the 194 Kb 

region flanking the Prunus S2-RNase is used as query against the M. x domestica genome 

two hits are observed with M x domestica chromosome 4 and chromosome 12 

(Supplementary Figure 4-2). It should be noted that, in Malus, because of a whole genome 

duplication, large syntenic regions are found between two or more chromosomes (Figure 4-

2; (Jung et al., 2012)). Thus, the S-locus regions in Prunus and Malus represent different 

linkage groups in the putative Rosaceae ancestral genome (Figure 4-2). P. avium PA1 

(Yamane et al., 2003b) in two of the alignment methods clusters with S-RNase lineage 1 

genes. Thus, it may represent a duplication of this gene lineage and not a duplication of the 

Prunus S-RNase gene (Yamane et al., 2003b). Like in Malus, P. persica ppa024151m S-

RNase lineage 1 gene has in its vicinity an F-box gene (P. persica ppa024694m; 

Supplementary Table 4-3). This gene is located at Prunus scaffold PG8, a linkage group 

syntenic with Malus MC10 (and also MC5, and MC3/MC11; (Illa et al., 2011; Jung et al., 

2012) where Malus S-RNase lineage 1 genes are located. These regions represent the 

putative Rosaceae ancestral linkage group 1 (Figure 4-2).  
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There are Fragaria S-RNase lineage genes that cluster with Prunus S-RNases (the F. 

nipponica gi561805796, F. nipponica gi561674690-gi561985884-gi561957436 and the 

pseudogene F. vesca scf0513144.1), but none of the Fragaria genes cluster with the Malus 

S-RNase gene (Figure 4-1; Supplementary Figure 4-1). It should be noted that F. nipponica 

is a SI species (Evans and Jones, 1967), that shows three bands in zymograms (Bošković et 

al., 2010), and F. vesca is a SC species that lacks stylar S-RNase activity (Bošković et al., 

2010). In Fragaria, two unlinked RNase loci, the S-locus (FC1) and T-locus (FC6) have been 

described, although a single active allele at either of the two loci is sufficient to confer self-

incompatibility (Bošković et al., 2010). Based on the ribonuclease zymograms, Fragaria T2-

RNases can show high iso-electric point, as those at the S-locus (located at FC1 (Bošković 

et al., 2010)), characteristic of S-RNases (Roalson and McCubbin, 2003), but they can also 

be at the base of the cathodal region, as those at the T-locus (located in FC6 (Bošković et 

al., 2010)), thus presenting a neutral iso-electric point. The F. nipponica gi561805796 and F. 

nipponica gi561674690-gi561985884-gi561957436 sequences, that cluster with the Prunus 

S-RNase, encode proteins with an iso-electric point above 9 (Table 4-1) and thus, in 

principle, can only represent alleles of the Fragaria S-locus S-RNase gene. Moreover, these 

sequences show two introns at the same positions as the Prunus S-RNase gene (Vieira and 

Charlesworth, 2002). Nevertheless, the presence of F. vesca scf0513144.1 sequence that 

shows low levels of divergence with F. nipponica gi561674690-gi561985884-gi561957436 

(Ks in coding regions is 0.039, after Jukes Cantor correction) suggests that this F. nipponica 

sequence is not a S-RNase allele, but a S-lineage gene. By blastn it is observed that this 

gene is highly conserved in Fragaria (nucleotidic identity higher than 98 % in F. ananassa 

(dbj|BATT01112757.1|), F. nubicola (dbj|BATW01064019.1|), and F. orientalis 

(dbj|BATX01305571.1)). Moreover, F. vesca scf0513144.1 is located at linkage group FC2 

(Figure 4-2), and the two Fragaria S-locus regions have been assigned to FC1 (Sargent et 

al., 2006). Therefore, only the F. nipponica gi561805796 gene may represent one of the 

Fragaria S-locus pistil genes, but unfortunately genomic location of this gene is not available 

in F. nipponica since the contig where it is located is short (4292 bp). Since F. vesca is a SC 

species and thus the S-locus region may be deleted or non-functional and the F. nipponica 

gi561805796 sequence clusters with Prunus S-RNases, we also performed a blastn search 

using the 194 Kb Prunus S2-RNase flanking region as query against the F. vesca genome. 

Two regions were identified showing synteny, one at FC1 and another at FC6, the two 

regions identified by Bošković et al. (2010), as the regions harbouring the S- and T- locus 

respectively (Supplementary Figure 4-3). The syntenic region located at FC1 is 

approximately at the middle of chromosome 1 and the region located at FC6 is 

approximately located at one end of chromosome 6 near the Pgl1 gene, which is broadly 

compatible with the locations of the S- and T- loci based on the recombination map shown 
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by Bošković et al. (2010). Therefore, levels of diversity for the F.nipponica gi561805796 

gene together with segregation analyses and genomic localization are needed to determine 

if this is indeed the Fragaria S-RNase gene. 

To identify other Fragaria T2-RNase gene candidates we also looked at levels of 

nucleotide similarity among Fragaria species for the other T2-RNase-lineage genes at FC1 

and FC6. Since a single active allele at either of the two loci is sufficient to confer self-

incompatibility (Bošković et al., 2010), both loci must be under positive selection and thus, 

levels of diversity at each of the T2-RNase genes is expected to be large. In FC1 there is 

only one S-RNase-lineage gene (Figure 4-2), namely F. vesca 12961 (Table 4-1). This gene 

codes for a putative T2-RNase with a neutral iso-electric point (Table 4-1) and basic 

ribonucleases have been assigned to FC1. The phylogenetic relationship of this sequence 

depends on the alignment method used (Figure 4-1 and Supplementary Figure 4-1). 

Nevertheless, this gene is highly conserved (nucleotidic identity higher than 98 %) in F. 

ananassa (dbj|BATT01682710.1|), F. nubicola (dbj|BATW01027551.1|), and F. orientalis 

(dbj|BATX01257665.1|). Moreover, the F. vesca 12961 gene is not surrounded by F-box 

genes showing similarity to either Malus or Prunus S-pollen genes (Figure 4-2), and thus it is 

unlikely to be the Fragaria S-locus gene. Located in FC6, there are three S-RNase-lineage 

genes, namely F. vesca 00227, F. vesca 00230, and F. vesca scf0513063.1 (Table 4-1) that 

could represent T2-RNases of the T-locus. F. vesca 00227 gene is highly conserved 

(nucleotide identity higher than 98 %) in F. ananassa (dbj|BATT01017701.1|), F. nubicola 

(dbj|BATW01044818.1|), and F. orientalis (dbj|BATX01013415.1|). For F. vesca 00230 gene, 

high nucleotide homology (more than 97 %) is observed in F. iinumae 

(dbj|BATU01072984.1|), F. ananassa (dbj|BATT01231756.1|), F. nubicola 

(dbj|BATW01024410.1|) and F. orientalis (dbj|BATX01105279.1|). Therefore, it is unlikely 

that these genes represent the Fragaria T2-RNase T-locus gene. For F. vesca scf0513063.1 

gene, levels of similarity with other Fragaria species is below 96 % (F. iinumae 

(dbj|BATU01063406.1|) and F. ananassa (dbj|BATT01457356.1|)). When the 5´region of F. 

iinumae dbj|BATU01063406.1 contig (427 bp long) is blasted against the F. vesca genome, 

only one hit is obtained with F. vesca scf0513063, with 94 % homology. Similar result is 

observed with 3' region of F. ananassa dbj|BATT01457356.1| contig. Therefore, these T2-

RNases seem to be orthologous. The F. vesca scf0513063.1 gene can thus, represent the 

T2-RNase at the T-locus. Indeed, this gene has in its vicinity a F-box gene (Figure 4-2). 

Nevertheless, this region is not located on the FC6 region identified by Bošković et al. (2010) 

as being the T-locus region. Indeed, the T-locus region is near the Pgl1 gene and the F. 

vesca scf0513063.1 gene is located on the other side of the chromosome. It should also be 

noted that the F. vesca scf0513063.1 gene is not located in the F. vesca region that shows 

http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=BATW01&page=1&display=contig&search=BATW01027551
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synteny with the Prunus S-locus flanking region and that is near the Pgl1 gene (see above). 

None of the sequences here identified as the putative Fragaria S- an T- locus share 

homology with the S-RNase peptide sequences identified by Bošković et al. (2010). Indeed, 

these peptide sequences show similarity with the protein encoded by F. vesca 17424 

(LG2:9,443,884..12,126,193) gene that belongs to the Glo_EDI_BRP_like superfamily.  

Since for F. nipponica contigs, chromosomal location is not available, we address also if 

F. nipponica gi561793890, F. nipponica gi561844698 and F. nipponica gi561877040 T2-

RNase sequences could represent the T2-RNases of the T-locus. For both F. nipponica 

gi561793890 and F. nipponica gi561844698 low levels of divergence were observed with F. 

vesca 26822 and F. vesca 22609, respectively (Figure 4-1). These F. vesca genes are 

located at LG5 (Table 4-1). Furthermore, F. nipponica gi561793890 is highly conserved 

(nucleotide identity higher than 97 %) in F. nubicola (dbj|BATW01019403.1|), F. orientalis 

(dbj|BATX01097770.1|), and F. ananassa (dbj|BATS01008420.1|). High conservation is also 

observed between F. nipponica gi561844698 T2-RNase and sequences of F. orientalis 

(dbj|BATX01070344.1|), and F. ananassa (dbj|BATT01173691.1|). Thus, it is unlikely that 

these genes are the Fragaria S-RNase T-locus gene. The F. nipponica gi561877040 

sequence is 1394 bp long and the T2-RNase gene is 793 bp long. High nucleotide 

conservation (99 %) is observed only with F. ananassa (dbj|BATT01303160.1|) at the entire 

region. Such high homology is not expected between different S-RNase alleles, but this F. 

ananassa individual could share the same S-RNase allele with that of F. nipponica. When 

the F. nipponica gi561877040 T2-RNase region is used as query against the F. vesca 

genome using blast, 90 % homology is observed with F. vesca scf0512945. This region 

contains the F. vesca 00227 gene, that in the phylogenetic analyses clusters with F. 

nipponica gi561877040 T2-RNase (Figure 4-1). When the same approach is used but the 

flanking regions of F. nipponica gi561877040 T2-RNase are used as query, high homology 

(96 %) is observed with F. vesca scf0513158_5. A higher homology (99 %) is observed with 

this F. vesca contig, using as query the larger F. ananassa contig (5740 bp long). F. vesca 

scf0513158_5 is located at LG5. Therefore, there is no evidence for this sequence being the 

T-locus RNase gene in Fragaria.  

In summary, given the close relationship of F. nipponica gi561805796 gene with Prunus 

S-RNase gene, and the presence of Fabaceae S-lineage genes that cluster with Malus S-

RNases, we can conclude that Malus and Prunus S-RNase genes represent two different 

gene lineages and that Fragaria is most similar to Prunus. Moreover, the regions where 

Malus and Prunus S-locus are located are not orthologous.  
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Malus, Prunus and Fragaria SFB, SLFL and SFBB-like genes 

A total of 84, 45, 56, 85, and 55 SFB- and SLFL-like sequences were derived from the 

draft genomes of M. × domestica, P. persica, P. mume, F. vesca and F. nipponica, 

respectively (Supplementary Table 4-2, Supplementary Table 4-3, Supplementary Table 4-4, 

Supplementary Table 4-5 and Supplementary Table 4-6). Of these, only 49 M. × domestica, 

17 P. persica, 22 P. mume, 44 F. vesca and 27 F. nipponica genes, show a close 

relationship with Prunus SFB, Malus SFBBs and Petunia SLFs genes (known to be involved 

in GSI specificity determination; see reviews by Tao and Iezzoni (2010), and De Franceschi 

et al. (2012)) and Prunus SLFL genes (not involved in GSI specificity determination, but that 

are located in the region surrounding the S-locus; Supplementary Figure 4-4, Supplementary 

Figure 4-5 and Supplementary Figure 4-6). Not all of them seem to be functional, since they 

contain in-frame termination codons or insertion/deletions that disrupt the ORF 

(Supplementary Table 4-2, Supplementary Table 4-3, Supplementary Table 4-4, 

Supplementary Table 4-5 and Supplementary Table 4-6). The phylogenetic relationship of 

the selected SFB-, SLFL- and SFBB-like sequences from the five genomes (Figure 4-3; see 

also Supplementary Figure 4-7), defined three main Rosaceae gene lineages, namely: 1) 

Malus SFBB -like gene lineage; 2) SFB-like gene lineage and 3) a large SLFL-like gene 

lineage. 

Eleven genes cluster with the Malus SFBB reference genes (Figure 4-3). Seven SFBB-

like genes are from MC17 (the location of the Malus S-locus; Figure 4-2), but only two 

(MDC005063 and MDP0000294286) seem to be functional. The other genes are likely non-

functional since alignment gaps had to be included to put the sequence back into the right 

frame, or have in frame termination codons (Supplementary Table 4-2). The exact number of 

Malus SFBBs is unknown, but more than 10 genes have been described at the S-locus 

(Minamikawa et al., 2010; Sassa et al., 2010). Therefore, S-pollen genes are poorly 

represented in the Malus genome sequence. It should be noted that MDP0000150027 gene 

located at MC16 codes for a protein that is identical to SFBBX17 (BAJ11965; SFBB3), that 

shows linkage with the S9-RNase (Minamikawa et al., 2010) and thus, it must be erroneously 

located. The other three SFBB-like genes located at MC2 and MC16 (Figure 4-2) are likely 

non-functional since alignment gaps had to be included to put the sequence back into the 

right frame, or have in frame termination codons (Supplementary Table 4-2). The presence 

of SFBB-like sequences in regions other than the S-locus implies that phylogenetic analyses 

alone may lead to the incorrect assignment of SFBB-like genes to the S-locus. Therefore, 

linkage analyses with the S-RNase gene are needed for the identification of SFBB genes. 
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Figure 4-3: Bayesian phylogenetic tree showing the relationship of the M. x domestica (M. domestica MDP/MDC), P. persica (P. 

persica ppa/ppb), P. mume (P. mume scaffold), F. vesca and F. nipponica F-box SFBB- and SFB- like genes. 

In grey are the reference sequences (Prunus SFB, Prunus SLFLs, Pyrinae SFBBs and Petunia SLF genes). The tree was rooted 

with A. thaliana F-box/kelch-repeat gene (NM111499). Numbers below the branches represent posterior credibility values above 

60. The + indicates sequences that present termination codons; the { indicates sequences where gaps were introduced to avoid 

termination codons. In brackets are indicated the chromosomal location of M. domestica, P. persica and F. vesca genes 

(Supplementary Tables 4-2, 4-3 and 4-5). Analysis was performed using T-coffee alignment method.  



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
113 

 

 
 

Malus SFBB genes are closely related to Prunus and Fragaria SLFL-like genes (Figure 4-3), 

as described before (Cheng et al., 2006; Ushijima et al., 2004; Vieira et al., 2009; Wang et 

al., 2004; Wheeler and Newbigin, 2007). Malus SFBB genes are, however, a distinct lineage 

since there are other Malus SLFL genes that are more closely related to Prunus and 

Fragaria SLFL genes than Malus SFBB genes. Furthermore, Malus SLFL-like lineage genes 

are not present in the Malus S-locus region (MC17; Figure 4-2).  

Malus SLFL-like genes are a very heterogeneous group of genes (Figure 4-3) and they 

are located in nine chromossomes (Figure 4-2; Supplementary Table 4-2). Nevertheless, the 

two Malus SLFL-like genes MDC010871, located at MC4, and MDP0000250455, located at 

MC12 (Figure 4-2, Figure 4-3), that are orthologs of Prunus SLFL genes located in the 

vicinity of the S-locus region (SLFL3 and P. persica ppa016207m) are located in syntenic 

regions. This suggests the presence of SLFL-like genes similar to those of the Prunus S-

locus in the ancestral Rosaceae group 9. 

Here we report Malus SFB-like sequences for the first time. MDP0000890198, 

MDC024304, and MDP0000393954 genes, located at MC13, cluster with Prunus and 

Fragaria SFB-like genes. These Malus SFB-like genes represent, however ancient gene 

duplications that occurred before the separation of Fragaria and the Malus/Prunus lineage. 

They could represent the SFB-like genes of the ancestral Rosaceae group 1 (Figure 4-2; (Illa 

et al., 2011; Jung et al., 2012)). 

In the P. persica S-locus region there is a mutated S2-SFB gene (P. persica 

ppa011628m; a 5 bp sequence is inserted in the S2-SFB gene) that has been reported to 

cause SC in this species (Tao et al., 2007). The P. mume scaffold 57.94 and P. mume 

scaffold241.2 are the two SFB alleles of the cultivar sequenced (Figure 4-3) and have not 

been described before. Prunus SFB gene is clearly a distinct lineage of the Malus SFBB 

genes (Figure 4-3). Although there is a SFB-like gene closely related to Prunus SFB gene 

(represented by P. persica ppa021167m and P. mume scaffold 57.55 sequences; Figure 4-

3), it is easily distinguished from the SFB gene since it presents low sequence divergence. 

Furthermore, this gene in P. persica is located in PG3 (Supplementary Table 4-3). In the 

vicinity of the Prunus S-locus, there are seven SLFL genes: three previously reported - 

SLFL1 (P. persica ppa021716m), SLFL2 (P. persica ppa025849m) and SLFL3 (P. persica 

ppa026586m; (Entani et al., 2003; Ushijima et al., 2003)), three unreported SLFLs genes -P. 

persica ppa019333m, P. persica ppa016317m and P. persica ppa016207 and one 

unreported putative SLFL pseudogene (ppb020773m+). 

In Fragaria, the number of SLFL-like genes is larger than in Prunus and Malus (Figure 4-

3). About 70% of those are located at FC6 (Figure 4-2) and are the result of two tandem 

duplications, in a region that is syntenic to Prunus PG6 (Figure 4-2; (Illa et al., 2011; Jung et 
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al., 2012)). Only F. vesca 06873 clusters with Prunus SFB, and SFB-like P. persica 

ppa021167m, and P. mume scaffold 57.55 genes (Figure 4-3). Although F. vesca 06873 is 

located in FC6 (that is syntenic to PG6, where the Prunus S-locus is located; Figure 4-2), it 

shows 98% nucleotidic identity with sequences from other Fragaria species (F. nubicola 

BATW01053320.1; F. iinumae BATU01056017.1). Thus, F. vesca 06873 pseudogene 

represents a SFB-like gene, and not a non functional S-pollen gene. None of the Fragaria F-

box SFBB-, SFB-, SLFL-like genes located in FC1 region clusters with Prunus or Malus S-

pollen genes, as observed for the T2-RNases. 

In conclusion, the evidence here presented implies that Prunus SFB gene is from a 

distinct phylogenetic clade of the Malus SFBB genes. Furthermore Malus SFBB genes are a 

sister clade of Malus and Prunus SLFL genes. Although no putative Fragaria S-pollen has 

been identified, the presence of SLFL-like genes orthologous of the Prunus SLFL genes 

located in the vicinity of the Prunus S-locus, at FC6, suggests a similar organization to that 

of Prunus S-locus for the Fragaria T-locus. This region is the same that is identified when 

using the 194 Kb Prunus region flanking the S2-RNase (see above). Furthermore, we found 

no evidence for Malus SFBB lineage genes in Fragaria. 

 

Malus and Prunus expression analyses of the S-RNase, S-RNase lineage, SFB, 

SFB-like, SFBB, and SLFL-like genes 

In order to understand how difficult it is to evolve the restricted expression pattern shown 

by S-pistil and S-pollen genes, inferences must be made on the expression of the ancestral 

S-RNase lineage and S-pollen lineage genes. We addressed the expression of these 

lineage genes using RNA-seq expression data. In Malus we analyzed 17 tissues derived 

from developmental transitions of the wild apple M. fusca (Supplementary Table 4-1) and in 

Prunus, seven tissues from two P. mume cultivars (Material and Methods).  

Malus S-RNase gene is most highly represented in whole pistils one week prior to 

anthesis, in stigmas and styles of flowers at anthesis (Figure 4-4A), as described before 

(Broothaerts et al., 1995), but they also show low expression in entire flower buds. Malus S-

RNase lineage 2 gene, shows a similar pattern of expression to the S-RNase gene 

(maximum expression in pistils one week prior to anthesis, much less in stigma of flowers at 

anthesis, and entire flowers buds; Figure 4-4B), but levels of expression are about seven 

times lower than for the S-RNase. In contrast, S-RNase lineage 1 genes show maximum 

expression in seeds, and moderate expression in embryos and ovary (Figure 4-4B). Prunus 

S-RNases, S-RNase lineage 1 and PA1genes are also expressed in the pistil and buds 

(Figure 4-5A and Figure 4-5B). Therefore, the ancestral S-RNase gene is, inferred to show 

expression mainly in pistils but also, at lower amounts, in stigmas, styles of flowers at 

anthesis and flowers buds. 
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Figure 4-4: Expression levels (FPKM) for the M. fusca S- RNase (A), S-RNase lineages (B), SFBB (C), SLFL3-like (D), SLFL-like 

(E) and SFB-like (F) gene lineages in 17 tissues. 
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Figure 4-5: Expression levels (FPKM) for the P. mume S-RNase (A), S-RNase lineages (B), SFB (C), SFB-like (D), SLFL1-, 

SLFL2- SLFL3-like (E) and other F box SLFL-like (F) gene lineages in 7 tissues. 

 

Expression of SFBB genes is reported to be pollen-specific (De Franceschi et al., 2012; 

Kakui et al., 2011; Minamikawa et al., 2010; Okada et al., 2011; Sassa et al., 2007). 

Accordingly, we found expression in anthers at anthesis (Figure 4-4C). It should be noted 

that SFBB expression is 5000 times lower than that of the S-RNase gene. SLFL-like genes 

are a very large group of genes, and thus, they show different patterns of expression. They 

can show maximum expression in anthers and pollen such as MDC010871 (Figure 4-4D), 

and MDP0000266067 (Figure 4-4E), but can be also expressed in a few other tissues (pistil, 
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style stamen and filaments) such as MDC010871 (Figure 4-4D), or they can show moderate 

expression in most of the tissues analyzed, such as the MDP0000266067 gene (Figure 4-

4E). They can even show no expression in anthers and pollen such as MDP0000302221 

(Figure 4-4E), but show low expression in most of the tissues analyzed. Prunus SLFL genes 

are expressed in pollen (Figure 4-4E), as described before (Entani et al., 2003; Ushijima et 

al., 2003), in flowering buds, but also, very little, in the pistil. Expression in pollen and buds 

are also observed for other Prunus SLFL-like genes (Figure 4-5F). Thus, from this data it is 

not possible to infer the expression of the ancestral SFBB gene.  

Although Prunus SFB gene has been reported as highly expressed in pollen and anthers 

(Ushijima et al., 2003), it shows 70 times less expression than the Prunus S-RNase gene 

(Figure 4-5C). This gene is also expressed in buds. Similar expression pattern is observed 

for the closely related SFB-like P. mume scaffold 57.55. More divergent SFB-like genes 

have a different expression pattern (see for instance P. mume scaffold 241.9, (Figure 4-5D) 

and Malus MDP0000890198 (Figure 4-4F) genes). We can infer that the ancestral Prunus 

SFB gene would show a similar expression to that of Prunus SFB.  

 

4.4 Discussion  

S-RNase-based GSI, according to the S-RNase gene has evolved about 120 MYa and 

thus is expected to be shared among distantly related species. Our results show that, in 

Malus and Prunus the S-RNase and the S-pollen genes have evolved from paralogous 

genes. The Malus S-RNase and SFBB gene lineages are not present in Prunus, and 

Fragaria. The presence of the F. nipponica gi56180596 Prunus S-RNase and SFB lineage in 

Fragaria, suggests that Fragaria and Prunus share a common ancestral S-locus region. The 

location of this gene is unknown, but given its basic iso-electric point, it could represent the 

Fragaria S-locus. The location of this gene must be however confirmed. The presence of 

SLFL-like genes in Fragaria FC6 that cluster with Prunus SLFL-like genes surrounding the 

S-locus region, as well as the conservation between the Prunus S-locus flanking regions and 

this FC6 region, further suggests that the T-locus  could show a similar organization to that 

of Prunus S-locus. This region is located near the Pgl1 gene and thus corresponds to the T-

locus identified by Bošković et al. (2010). The F. vesca scf0513063.1 gene identified as a 

T2-RNase T-locus candidate gene, is, however, not located in the region identified by 

Bošković et al. (2010) as being the T-locus, and thus should be treated with caution. 

The hypothesis that Fragaria and Prunus share a common ancestral self-incompatibility 

locus organization is unexpected because of the similarities between the Petunia and Malus 

S-RNase-based GSI mechanism of pollen recognition by multiple S-pollen genes (Aguiar et 

al., 2013; Cheng et al., 2006; De Franceschi et al., 2012; Kakui et al., 2011; Kakui et al., 
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2007; Kubo et al., 2010; Minamikawa et al., 2010; Sassa et al., 2007; Wheeler and 

Newbigin, 2007). Thus, in Fragaria that is an out group to Prunus and Malus, the S-locus 

genes were expected to belong to the Malus S-lineage. It could be that in the ancestral 

Rosaceae, there were three loci determining GSI, the S- and T- Fragaria loci and the Malus 

S-locus. Under this scenario, different GSI loci were retained and lost in different Rosaceae 

SI species. 

One alternative hypothesis is that the Malus S-locus region could have evolved de novo 

from a partial duplication of the ancestral Fragaria/Prunus-like S-locus region. Under this 

hypothesis the S-RNase duplicate gene is the Malus pistil component and duplicates of the 

ancestral SLFL-like genes (Malus SFBB genes) are now the S-pollen genes. It is likely that 

the ancestral SLFL-like genes were expressed in pollen, but also in other tissues and thus, 

they could have evolved an expression restricted to pollen and anthers. Further genomic 

data from other Rosaceae SI species, as well as a better assembly for Fragaria SI species, 

is needed to distinguish the two hypotheses. 

The molecular characterization of S-RNase-based GSI often starts with a search for S-

RNase lineage genes, since they are just a few. Moreover, S-RNase lineage genes can be 

easily distinguished from other T2-RNases by looking at the sequences of the proteins they 

encode. Indeed, Vieira et al. (2008a) have shown that amino acid patterns 1 and 2 are 

exclusively found in proteins encoded by S-lineage genes, while pattern 4 is not found in any 

protein encoded by S-lineage genes. Moreover, in contrast to other T2-RNases, S-RNase 

lineage sequences have just one or two introns (Igic and Kohn, 2001) and encode proteins 

with a basic isoelectric point (Roalson and McCubbin, 2003). Nevertheless, phylogenetic 

analyses of the S-RNase lineage genes alone is not enough to identify the S-RNase gene. 

For instance, in Coffea (Rubiaceae) there are at least three distinct S-RNase lineage genes 

(Nowak et al., 2011). The secondary evolution of GSI from paralogous regions further 

complicates the identification of the S-RNase gene. Thus, identifying the GSI biochemical 

components in non characterized eudicot species may be more difficult than anticipated. The 

expression pattern is not enough either, since, as we here show, there are S-RNase 

duplicates with an expression pattern identical to that of the S-RNase gene. Therefore, 

besides phylogenetic and expression analyses, evidence for high polymorphism levels, 

positively selected amino acid sites, as well as segregation analyses in controlled crosses 

are needed to identify the S-RNase. It should be noted that, in the Pyrinae S-locus region, 

there are likely also genes that perform functions unrelated to self-incompatibility (Okada et 

al., 2011; Sassa et al., 2007). Such genes might contribute to other phenotypes of 

agronomical interest. In Rosaceae species where the S-locus is large, as in Pyrinae, variants 

at these genes will co-segregate with GSI specificities (Uyenoyama, 2005). It is thus, 
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important to determine whether the S-locus structure of most Rosaceae species is similar to 

that present in Pyrinae. 

In conclusion, S-RNase-based GSI may evolve multiple times from S-locus paralogous 

regions, as it happens in Rosaceae. In Brassicaceae, a duplication event of the S-locus 

region and recruitment of the paralogous genes of the ancestral SSI Arabidopsis and 

Brassica S-locus genes that determine SI has been described also in Leavenworthia 

(Chantha et al., 2013). Thus, multiple independent recruitment of SI genes from the same 

gene families may be an unexpected but common evolutionary process in plants SI systems.  

 

4.5 Appendix 

Fragaria SI system has been proposed to be regulated by two independent loci (Sargent 

et al., 2006). Moreover, the SI reaction has been proposed to initiate even if the pollen and 

pistil specificities matched at only one of the two loci (Bošković et al., 2010). Nevertheless, 

when we looked to the S-RNase lineage genes in the Fragaria vesca, we found no evidence 

for the presence of the S-locus in Fragaria FC1, since the only gene identified in this 

chromosome (F. vesca 12961) has a neutral iso-electric point and basic proteins have been 

assigned to the S-locus (Bošković et al., 2010), is highly conserved (nucleotidic identity 

higher than 98 %) when compared to F. ananassa, F. nubicola and F. orientalis and does 

not have F-box genes in its vicinity. On the other hand, the F. vesca scf0513063.1 gene, 

located at FC6 has similarity levels below 96 %, when compared to F. iinumae and F. 

ananassa. Moreover, it has a F-box gene in its vicinity. Therefore it could be a good 

candidate for the T-locus region. Nevertheless, it is located in a region that is not syntenic to 

the Prunus S-locus. Furthermore, of the two genes that cluster with the Prunus S-RNase we 

were only able to obtain diversity levels for the gene F. vesca scf0513144.1 (located in FC2), 

that has a Ks of 0.039 in coding regions with F. nipponica gi561674690-gi561985884-

gi561957436. The gene F. nipponica gi561805796 was not identified in F. vesca, so it was 

not possible to determine the nucleotidic identity between these two species and the 

chromosome where it is located is not known. S-RNase-based GSI can evolve from different 

paralogs, as shown above. Since the sequences we identified shared no homology with the 

peptide sequences identified by Bošković et al. (2010) and the S-RNase sequences that 

have been reported as being involved in SI systems have one or two introns (Igic and Kohn, 

2001) and usually encode for basic proteins (Kao and McCubbin, 1996), it is possible that in 

Fragaria a different RNase paralog had been recruited in this genus. Hence, we further 

studied the remaining F. vesca RNase duplicate genes with iso-electric point above 8 that 

did not present the motif 4 described in Vieira et al. (2008a) (F. vesca scf0513159.1, F. 
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vesca 22609) as well as F. vesca scf0513063.1 for polymorphism levels reference. The 

gene F. vesca scf0513159.1 has 99% sequence identity in the coding regions with F. 

orientalis and 95% with F. nipponica. F. vesca 22609 has 99% nucleotidic identity with F. 

ananassa and F. nubicola and 94% with F. nipponica. F. vesca scf0513063.1 has 96% 

sequence identity with F. iinumae and 95% with F. ananassa. Nevertheless, from these 

species, only F. nipponica  and F. nubicola (Bošković et al., 2010) are said to be self-

incompatible. Therefore, if one of these genes was the S-RNase gene in Fragaria it could 

still have high polymorphism in SI species. These three genes appear as sister groups of S-

RNase lineage 1 and Prunus PA1 gene, although they have not been assigned to any of the 

S-RNase lineages identified (Figure 4-1). Moreover, no F-box genes were detected in the 

same scaffold as any of them (Table 4-1 and Supplementary Table 4-5). Nevertheless, it is 

possible that non-annotated F-box genes could be present in the vicinity of any of these 

genes. Thus, we further studied these three genes in four Fragaria self-incompatible species 

(F. mandschurica, F. nipponica, F. pentaphylla and F. viridis (Njuguna et al., 2012)). For that 

we designed specific primers for the exons of each gene (as shown in Table 4-2 and Figure 

4-6) and genomic DNA, obtained and sent by Aaron Liston, for each species to sequence 

the amplification product for each of the species and determine their diversity levels between 

species. 

 

Table 4-2: Primers used to study the F. vesca RNase duplicate genes with iso-electric point above 8 

Gene Primer F Primer R Ta (ºC) Size (bp) 

Scf0513159 ATCCTTCATCTACTTTGC (P1) AATCGCTCATCTGTCATC (P2) 49 172 (cDNA); 340 

(genomic) 

22609 GTAGGCAAGCACTGATAA (P3) TGTTTTTCCCGATTTTCT (P4) 50 330 (cDNA); 

>1303 (genomic) 

Scf0513063 CGTGACAAGGAGAATGGA (P5) GTGGGCAAGCAGGGTTTA (P6) 53 449 (cDNA); 598 

(genomic) 

 

 

Figure 4-6: Schematic representation of the primers used to study the F. vesca RNase lineage duplicates. 

The dashed line in F. vesca 22609 represents a region where the sequence is unknown 
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The amplification of scf0513159 (located in FC4) resulted in a single amplification product 

of ~350 bp in the four species analyzed. The synonymous polymorphism for this gene varied 

between 0.0132 and 0.0405 between the four species analyzed (six to 18 times lower than 

the 0.241 observed in Prunus (Vieira et al., 2007)). The amplification of F. vesca 22609 

(located in FC5), resulted in two amplification products of 500 and 550 bp in F. nipponica, F 

mandschurica and F. pentaphylla and two amplification products of 500 and 1000 bp in F. 

viridis. Thus we studied the 500bp amplification product in the four species and the 550bp 

product in the three species where it was present, but not the 1000bp amplification product, 

since it was only present in F. viridis and diversity levels between species were not possible 

to obtain. The amplification product of 500 bp had a synonymous polymorphism level of 

0.0185 between F. viridis and the other three species, but was identical between the other 

species. The amplification product of 550 bp had a synonymous polymorphism level of 

0.0112 between F. pentaphylla and F. nipponica/F. mandschurica, but was identical in these 

two species. It should be noted that the intron described in F. vesca had at least 973bp, 

since a part of the sequence has not been sequenced. Nevertheless, it is possible that there 

are two different genes, only annotated as a single gene by automatic annotation programs, 

due to the similarity between their sequences. That could explain why the two amplification 

products obtained are smaller than the expected amplification size. F. vesca scf0513063.1 is 

the only gene of the three, with iso-electric point above 8, that is located in Fragaria FC6 

(Table 4-1). The amplification product for this gene has about 600bp and it had a 

synonymous polymorphism level of 0.0474 between the different species, with the exception 

of the species pairs F. nipponica/F. viridis and F. mandschurica/F. pentaphylla, where the 

sequences were identical at the synonymous polymorphism level. 

Based on these results, it seems that none of the RNase duplicate genes that were 

identified in F. vesca, as having an iso-electric point above 8, are likely to be the S-RNase 

gene in this genus. Each of these three genes has a synonymous polymorphism level below 

0.0474 between the SI species analyzed, much lower than the 0.241 observed in the Prunus 

S-RNase gene. Thus, if Fragaria GSI system is regulated by S-RNase, as expected, the 

gene identified as F. nipponica gi561805796 is still the best candidate for being the S-RNase 

gene in this genus. 
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Supplementary Table 4-1: M. fusca RNA-seq data. 

Description Data Set # Reads % of >= Q30 

Bases 

Mean Quality 

 R9_1 30,621,152 nd nd 

Entire flower buds not including pedicels; petals emerging R9_2 34,308,486 80 32.28 

 R9_3 19,752,388 85.22 33.87 

 R10_1 26,497,798 nd nd 

Flower pedicels R10_2 27,956,018 79.73 32.19 

 R10_3 17,588,352 85.75 34.05 

Mostly or fully expanded leaves from several nodes along 

stem including vegetative nodes near the base and flowering 

nodescloser to the apex 

R12_1 28,099,080 78.27 31.81 

R12_2 33,070,014 80.4 32.41 

R12_3 18,183,332 86.38 34.26 

Petioles from expanded leaves from several nodes along 

stem including vegetative nodes near the base and flowering 

nodes closer to the apex 

R14_1 18,912,840 79.25 32.11 

R14_2 37,530,824 80.42 32.41 

R14_3 18,420,518 85.35 33.9 

 R15_1 24,556,472 80.25 32.37 

Flower petals ~1 week prior to anthesis1 R15_2 19,111,692 75.74 31.2 

 R15_3 18,880,598 85.68 34.03 

 R16_1 47,216,126 80.41 32.41 

Flower pistils ~1 week prior to anthesis1 R16_2 27,022,958 73.91 30.65 

 R16_3 15,808,380 84.29 33.55 

 R18_1 24,436,462 79.57 32.14 

Flower sepals ~1 week prior to anthesis1 R18_2 18,704,416 74.9 30.95 

 R18_3 17,645,202 85.55 34.01 

 R19_1 37,117,246 77.89 31.69 

Flower stamens ~1 week prior to anthesis1 R19_2 20,223,670 74.61 30.85 

 R19_3 16,694,774 86.48 34.28 

Anthers at anthesis R23_2 36,587,052 77.42 31.52 

 R23_3 17,570,958 84.97 33.79 

Stamen filaments at anthesis R25_1 33,749,220 77.99 31.71 

 R25_3 16,352,486 85.79 34.02 

Basal section of pistils at anthesis R26_1 28,401,362 75.41 31.1 

 R26_2 47,011,298 84.41 33.56 

Pollen at anthesis R26_3 19,885,086 85.73 34.04 

 R28_2 22,983,314 80.05 32.36 

Stigmas from flowers at anthesis R28_3 18,303,100 84.74 33.74 

 R31_1 24,950,678 81.15 32.73 

Styles from flowers at anthesis R31_3 14,019,952 83.55 33.32 

 R32_3 16,872,202 85.31 33.92 

Fruit minus seed ~1 week after anthesis R35_1 19,231,528 81.22 32.73 

 R35_3 19,326,736 84.94 33.82 

Fertilized ovules ~1 week after anthesis R36_3 25,912,720 85.37 33.96 

Embryo dissected from seed 1 mm or less in diameter 

~3 weeks after anthesis 
R39_3 18,243,256 85.97 34.12 
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Supplementary Table 4-2: M. x domestica (MDP/MDC) F-box genes, larger than 900 bp, obtained using as query M. x domestica 

SFBB3-beta (AB270796) and P. avium S3-SFB (AY571665) protein sequences without the F-box region, and an expect value 

lower than e-12. 

Gene & Location  

MDP0000195030 chr1:15112330..15113770 

MDC012597+ chr2:4100397..4101612 

MDP0000928355 chr2:8890996..8892049 

MDP0000208257 chr2:30132849..30133986 

MDP0000311908 chr2:30146864..30148010 

MDP0000141789 chr3:2447275..2448187 

MDP0000302136 chr3:2457298..2458549 

MDP0000213117{ chr3:2586454..2587653 

MDP0000705325- MDP0000119265 chr4:7330203..7331388 

MDC010871 chr4:19506886..19508158 

MDC016621 chr5:495053..496187 

MDP0000129533 chr5:773685..774897 

MDP0000811085 chr5:12171759..12173001 

MDP0000677840{ chr8:13866821..13868098 

MDP0000621107{ chr8:13861064..13862339 

MDP0000314464+ chr8:15408226..15409843 

MDP0000252213 chr9:9451048..9452287 

MDP0000309369 chr9:9472773..9473982 

MDP0000612137 chr9:9486121..9487360 

MDP0000305369 chr9:9499453..9500494 

MDP0000188009 chr9:30591575..30592514 

MDP0000608169{ chr9:30607155..30608223 

MDP0000532686{ chr9:30633626..30634682 

MDP0000124943 chr9:30659635..30660715 

MDP0000239868{ chr9:30662090..30663281 

MDP0000301521B-MDC010558 chr10:16049269..16050748 

MDP0000210735B chr10:16053480..16054863 

MDP0000668824 chr10:16056982..16058482 

MDP0000251832B chr10:16072373..16073873 

MDP0000191077B- MDP0000135121B chr10:16076829..16078329 

MDP0000775116 chr10:16172926..16174375 

MDP0000286006 chr10:20776979..20778137 

MDP0000314371 chr10:30988971..30990084 

MDP0000264736 chr10:32390589..32391723 

MDP0000266067 chr10:32536060..32537761 

MDP0000136463 chr10:33051994..33053203 

MDP0000198793 chr10:33064507..33065446 

MDP0000140303{ chr10:33120909..33122116 

MDP0000214655 chr10:33122395..33123592 

MDP0000214657 chr10:33129276..33130470 

MDP0000260506 chr10:33131903..33133115 

MDP0000749480 chr10:33135433..33136675 

MDP0000508628+ chr11:3053749..3054914 

MDP0000307848+ chr11:3082452..3083721 

MDP0000771195+ chr11:3087523..3088977 

MDC021386 chr11:4995537..4996722 

MDP0000191866{ chr11:7799015..7799926 

MDP0000286994 chr11:7803806..7805453 

MDP0000765061 chr11:21452714..21453854 

MDP0000239896 chr11:21474958..21476098 

MDP0000279765+ chr12:4963575..4964636 

MDP0000250455 chr12:28169466..28170633 
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MDP0000120551 chr12:28692416..28693757 

MDP0000890198 chr13:29605654..29606770 

MDC024304+ chr13:29610726..29611840 

MDP0000393954 chr13:29647634..29648702 

MDP0000157854 chr13:31337845..31339459 

MDP0000203221+ chr13:32778100..32779174 

MDP0000203079 chr14:28562538..28563741 

MDC020595 chr15:7582350..7583778 

MDP0000302015 chr15:7618694..7620104 

MDP0000211900 chr15:7618807..7620217 

MDP0000482907 chr15:8210567..8211821 

MDP0000454730 chr15:9332590..9334279 

MDP0000273622 chr15:9639321..9641019 

MDP0000150027 chr16:5313986..5315168 

MDP0000122064{ chr16:10808145..10809329 

MDC017402+ chr16:20506662..20507845 

MDP0000283975 chr17:1425039..1426290 

MDP0000642465- MDP0000433152 chr17:8284871..8286212 

MDP0000778153 chr17:17437100..17438195 

MDP0000257050 chr17:17443211..17444306 

MDP0000218451 chr17:19431136..19432282 

MDP0000271736 chr17:19456973..19458119 

MDC021404+ chr17:21266799..21267986 

MDP0000294286 chr17:21308644..21309829 

MDC005063 chr17:21370441..21371641 

MDC006348+ chr17:21602540..21603662 

MDC027842+ chr17:21633727..21634928 

MDP0000237680{ chr17:21775307..21776490 

MDP0000480923+ chr17:21910339..21911540 

MDP0000321866+ unanchored:12710745..12711738 

MDP0000250548B unanchored:63258661..63260110 

MDP0000302221 unanchored:95487681..95488692 

MDP0000516900 unanchored:109065168..109066164 

 

&- it should be noted that alternative human-curated gene annotations have been used for these genes. 

+ termination codons are found in the sequence 

{ gaps were introduced to avoid termination codons  



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
131 

 

 
 

Supplementary Table 4-3: P. persica (P. persica ppa/ppb) F-box genes, larger than 900 bp, obtained using as query Prunus 

SLFL1 (AB360342), Malus SFBB3-beta (AB270796) and Prunus SFB (AY571665) sequences without the F-box region as query, 

and an expect value lower than e-12. 

Gene & Location  

ppa022209m scaffold_1:11104442..11103366 

ppa026431m scaffold_1:11107823..11106606 

ppa025585m{ scaffold_1:13420455..13421647 

ppa018335m scaffold_1:16265159..16264047 

ppa024149m+ scaffold_2:15040308..15038781 

ppa019459m+ scaffold_2:23217849..23219025 

ppa017733m scaffold_3:82421..83440 

ppa022860m scaffold_3:88778..89716 

ppa021167m scaffold_3:2482639..2483766 

ppa017043m scaffold_3:2500078..2501214 

ppa021853m{ scaffold_3:2503710..2504805 

ppa026724m scaffold_3:6190370..6191434 

ppa020444m scaffold_3:8117500..8116370 

ppa025214m scaffold_3:8216219..8217337 

ppa018725m scaffold_3:8292968..8294116 

ppa015020m scaffold_3:8459689..8460966 

ppa023731m scaffold_3:8530667..8531926 

ppa017255m scaffold_3:15052303..15051131 

ppa006542m scaffold_4:472603..473784 

ppa015105m scaffold_4:8612480..8611293 

ppa016785m scaffold_4:8626706..8625480 

ppa024529m scaffold_4:8631673..8630453 

ppa023029m+ scaffold_4:11314564..11313329 

ppa015083m scaffold_4:13895017..13896237 

ppa017095m+ scaffold_4:13899738..13900742 

ppa021936m scaffold_5:9505535..9504363 

ppa024138m scaffold_5:9509017..9507764 

ppa023709m scaffold_6:6653434..6654705 

ppa027205m scaffold_6:24733960..24732689 

ppa019333m scaffold_6:26319994..26318630 

ppb020773m+ scaffold_6:26339332..26338173 

ppa025849m scaffold_6:26398922..26400193 

ppa016317m scaffold_6:26420476..26419253 

ppa011646m/ppa011628m{ scaffold_6:26422392..26423524 

ppa021716m scaffold_6:26450833..26449619 

ppa026586m scaffold_6:26470157..26471368 

ppa016207m scaffold_6:26513040..26511865 

ppa016094m scaffold_7:3683808..3684974 

ppa005203m scaffold_7:22519699..22518284 

ppa015307m scaffold_8:18869498..18870712 

ppa023104m scaffold_8:18872992..18874218 

ppa023668m+ scaffold_8:19231108..19229803 

ppa024694m scaffold_8:19239450..19240769 in the vicinity of ppa024151m 

ppa015315m scaffold_15:92521..91346 

 

&- it should be noted that alternative human-curated gene annotations have been used for these genes. 

+ termination codons are found in the sequence 

{ gaps were introduced to avoid termination codons  
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Supplementary Table 4-4: P. mume F-box genes, larger than 900 bp, obtained using as query Prunus SLFL1 (AB360342), Malus 

SFBB3-beta (AB270796) and Prunus SFB (AY571665) sequences without the F-box region as query, and an expect value lower 

than e-12. 

Gene & Location  

P. mume scaffold 101-148 gb|AOHF01009195.1|: 2161..3365  

P. mume scaffold 101-149 gb|AOHF01009199.1|: 3872..5079  

P. mume scaffold 101-151 gb|AOHF01009200.1|: 10175..11407  

P. mume scaffold 101-156 gb|AOHF01009206.1|: 1491..2636  

P. mume scaffold 101-195 gb|AOHF01009225.1|: 4734..6059  

P. mume scaffold 101-39 gb|AOHF01009221.1|: 89..1180  

P. mume scaffold 101-75 gb|AOHF01009191.1|: 11446..12735  

P. mume scaffold 111-13 gb|AOHF01006122.1|: 53420..54835  

P. mume scaffold 111-14 gb|AOHF01006122.1|: 61055..61978  

P. mume scaffold 123-32 gb|AOHF01005628.1|: 12309..13493  

P. mume scaffold 141-16 gb|AOHF01003463.1|: 12383..13585 

P. mume scaffold 142-14 gb|AOHF01002490.1|: 92..1399  

P. mume scaffold 157-45 gb|AOHF01006970.1|: 17793..18968  

P. mume scaffold 157-46 gb|AOHF01006970.1|: 15500..16759  

P. mume scaffold 165-117 gb|AOHF01006322.1|: 13410..14540  

P. mume scaffold 165-123 gb|AOHF01006327.1|: 1428..2567  

P. mume scaffold 165-19 gb|AOHF01006312.1|: 26017..27150  

P. mume scaffold 176-10 gb|AOHF01004826.1|: 17142..18488  

P. mume scaffold 176-11 gb|AOHF01004826.1|: 21765..23009  

P. mume scaffold 176-7 gb|AOHF01004826.1|: 5024..6301  

P. mume scaffold 217-3 gb|AOHF01005136.1|: 5638..6915  

P. mume scaffold 217-4 gb|AOHF01005136.1|: 9471..10643  

P. mume scaffold 217-41 gb|AOHF01005143.1|: 22159..23388  

P. mume scaffold 217-6 gb|AOHF01005136.1|: 42147..43421  

P. mume scaffold 241-1 gb|AOHF01001494.1|: 9551..10789  

P. mume scaffold 241-122 gb|AOHF01001496.1|: 17039..18325  

P. mume scaffold 241-2 gb|AOHF01001494.1|: 25169..26311  

P. mume scaffold 241-5 gb|AOHF01001495.1|: 25081..26382  

P. mume scaffold 241-9 gb|AOHF01001500.1|: 36023..37390  

P. mume scaffold 248-26 gb|AOHF01004780.1|: 5024..6193  

P. mume scaffold 248-34 gb|AOHF01004784.1|: 2742..3782  

P. mume scaffold 265-24 gb|AOHF01013594.1|: 46063..47259  

P. mume scaffold 345-23 gb|AOHF01006994.1|: 35809..37062  

P. mume scaffold 35-31 gb|AOHF01004181.1|: 19741..20997  

P. mume scaffold 35-32 gb|AOHF01004181.1|: 17139..18335  

P. mume scaffold 35-33 gb|AOHF01004181.1|: 14125..15279  

P. mume scaffold 350-10 gb|AOHF01005117.1|: 15903..17096  

P. mume scaffold 442-26 gb|AOHF01005968.1|: 9379..10506  

P. mume scaffold 442-80 gb|AOHF01006022.1|:1447..2772 

gb|AOHF01000286.1|: 7485..8675  P. mume scaffold 501-55 

P. mume scaffold 57-55 gb|AOHF01006065.1|: 60631..61761  

P. mume scaffold 57-57 gb|AOHF01006066.1|: 11868..13007  

P. mume scaffold 57-94 gb|AOHF01006065.1|: 63402..64538  

P. mume scaffold 61-152 gb|AOHF01008883.1|: 2652..4061  

P. mume scaffold 62-38 gb|AOHF01003275.1|: 19283..20404  

P. mume scaffold 62-39 gb|AOHF01003275.1|: 14479..15594  

P. mume scaffold 62-92 gb|AOHF01003307.1|: 2581..3735  

P. mume scaffold 653-22 gb|AOHF01003632.1|: 48296..49444  

P. mume scaffold 653-25 gb|AOHF01003632.1|: 63960..65234  

P. mume scaffold 702-3 gb|AOHF01004855.1|: 3036..4211  

P. mume scaffold 76-87 gb|AOHF01010842.1|: 61136..62506  

P. mume scaffold 76-88 gb|AOHF01010842.1|: 57401..58630  

P. mume scaffold 831-15 gb|AOHF01001551.1|: 3243..4421  
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P. mume scaffold 831-18 gb|AOHF01001553.1|: 34396..35619  

P. mume scaffold 86-14 gb|AOHF01001442.1|: 14505..15479  

P. mume scaffold 941-10 gb|AOHF01008419.1|: 1189..2283  

 

&- it should be noted that alternative human-curated gene annotations have been used for these genes. 

+ termination codons are found in the sequence 

{ gaps were introduced to avoid termination codons  



134 FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 

Supplementary Table 4-5: F. vesca F-box genes, larger than 900 bp, obtained using as query Malus SFBB3-beta (AB270796) 

and Prunus SFB3 (AY571665) sequences without the F-box region, and an expect value lower than e-12. 

Gene & Location  

F. vesca 23970     LG1:scf0512991 [1456057 - 1457214]  

F. vesca 31571{    LG1:scf0513096 [213798 - 213112]  

F. vesca 30870+    LG1:scf0513105 [443007 - 442141]  

F. vesca 12960   LG1:scf0513192 [1520910 - 1522238]  

F. vesca 12964   LG1:scf0513192 [1543944 - 1545278]  

F. vesca 14687   LG1:scf0513192 [3176531 - 3175440]  

F. vesca 30968{   LG1:scf0513105 [886608 - 889190]  

F. vesca 12678{   LG1:scf0513192 [482960 - 485343]  

F. vesca 01631   LG2:scf0512984 [287494 - 288411]  

F. vesca 31811    LG2:scf0513097 [241772 - 242860]  

F. vesca 08642   LG2:scf0513134 [999398 - 1000417]  

F. vesca 07343   LG2:scf0513137 [270254 - 268992]  

F. vesca 10569   LG2:scf0513144 [222294 - 223556]  

F. vesca 11074   LG2:scf0513144 [624804 - 625997]  

F. vesca 00135{    LG3:scf0512941 [18997 - 18143]  

F. vesca 00137   LG3:scf0512941 [26961 - 25699]  

F. vesca 00138   LG3:scf0512941 [34887 - 33601]  

F. vesca 00139   LG3:scf0512941 [39420 - 38131]  

F. vesca 00144   LG3:scf0512941 [55803 - 54541]  

F. vesca 01460   LG3:scf0512978 [511167 - 512378]  

F. vesca 01510   LG3:scf0512978 [812155 - 813468]  

F. vesca 01511   LG3:scf0512978 [816010 - 817251]  

F. vesca 30620   LG3:scf0513104 [1326400 - 1327533]  

F. vesca 28155   LG3:scf0513125 [1303634 - 1304866]  

F. vesca 28156   LG3:scf0513125 [1305981 - 1307297]  

F. vesca 27119   LG3:scf0513130 [9704 - 10987]  

F. vesca 27125{   LG3:scf0513130 [39302 - 40021]  

F. vesca 27126   LG3:scf0513130 [46604 - 47803]  

F. vesca 27127   LG3:scf0513130 [61325 - 62485]  

F. vesca 27232   LG3:scf0513130 [824173 - 833553]  

F. vesca 27144   LG3:scf0513130 [155111 - 156301]  

F. vesca 27297+   LG3:scf0513130 [1229904 - 1229293]  

F. vesca 10399   LG3:scf0513142 [87233 - 86043]  

F. vesca 19576   LG3:scf0513171 [398725 - 397385]  

F. vesca 19580+   LG3:scf0513171 [421458 - 422354]  

F. vesca 19586   LG3:scf0513171 [445747 - 444542]  

F. vesca 06384   LG4:scf0513158.5 [126057 - 127427]  

F. vesca 25063   LG5:scf0513024 [268613 - 269782]  

F. vesca 25064  L G5:scf0513024 [271254 - 272351]  

F. vesca 32228{   LG5:scf0513098 [637820 - 639342]  

F. vesca 31215   LG5:scf0513106 [124310 - 125473] 

F. vesca 31258   LG5:scf0513106 [452134 - 450905]  

F. vesca 31259   LG5:scf0513106 [455330 - 454188]  

F. vesca 31260   LG5:scf0513106 [460158 - 458881]  

F. vesca 26070+   LG5:scf0513111 [1274694 - 1275623]  

F. vesca 26823   LG5:scf0513128 [356326 - 355007]  

F. vesca 00227+   LG6:scf0512945 [89412 - 100597]  

F. vesca 00228   LG6:scf0512945 [102249 - 103559]  

F. vesca 24207   LG6:scf0512999 [117228 - 118340]  

F. vesca 22134+   LG6:scf0513061 [16689 - 17636]  

F. vesca 22135    LG6:scf0513061 [18294 - 19508]  

F. vesca 22136+   LG6:scf0513061 [28689 - 29294]  

F. vesca 22139   LG6:scf0513061 [40112 - 38799]  

F. vesca 22141   LG6:scf0513061 [49925 - 51271]  

F. vesca 22143   LG6:scf0513061 [64601 - 63378]  
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F. vesca 21830   LG6:scf0513073 [231277 - 232458]  

F. vesca 31293   LG6:scf0513095 [6138 - 4870]  

F. vesca 31294   LG6:scf0513095 [8762 - 7515]  

F. vesca 31295   LG6:scf0513095 [10934 - 9774]  

F. vesca 31299   LG6:scf0513095 [24339 - 25643]  

F. vesca 31302   LG6:scf0513095 [58150 - 56804]  

F. vesca 31304    LG6:scf0513095 [63319 - 62084]  

F. vesca 31308   LG6:scf0513095 [92370 - 93695]  

F. vesca 31309   LG6:scf0513095 [101481 - 100240]  

F. vesca 31313+    LG6:scf0513095 [122355 - 122990]  

F. vesca 31297   LG6:scf0513095 [145356 - 146603]  

F. vesca 31298    LG6:scf0513095 [154220 - 155080]  

F. vesca 31430    LG6:scf0513095 [165021 - 163786]  

F. vesca 31431B{    LG6:scf0513095 [170173 - 169400]  

F. vesca 31431A   LG6:scf0513095 [173552 - 172317]  

F. vesca 31445{   LG6:scf0513095 [238383 - 240657]  

F. vesca 31347   LG6:scf0513095 [651060 - 649870]  

F. vesca 09720   LG6:scf0513149 [586513 - 587877]  

F. vesca 07296+   LG6:scf0513160 [2084139 - 2085272]  

F. vesca 07479   LG6:scf0513160.6 [514689 - 513547]  

F. vesca 06873{    LG6:scf0513160.6 [114487 - 113804]  

F. vesca 15846   LG6:scf0513165 [1788249 - 1787131]  

F. vesca 16576   LG6:scf0513168.6 [180610 - 181866]  

F. vesca 16693   LG6:scf0513168.6 [863363 - 864550]  

F. vesca 18133   LG6:scf0513177 [170654 - 171757]  

F. vesca 21316   LG7:scf0513044 [1566153 - 1564633]  

F. vesca 03038   LG7:scf0513156 [246889 - 245801]  

F. vesca 19380   LG7:scf0513170 [5091812 - 5090577]  

F. vesca 13385   LG7:scf0513190 [3261416 - 3262555]  

F. vesca 14294+   LG7:scf0513179 [1320971 - 1321483] 

 

&- it should be noted that alternative human-curated gene annotations have been used for these genes. 

+ termination codons are found in the sequence 

{ gaps were introduced to avoid termination codons  



136 FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 

Supplementary Table 4-6: F. nipponica F-box genes, larger than 900 bp, obtained using as query Malus SFBB3-beta 

(AB270796) and Prunus SFB3 (AY571665) sequences without the F-box region as query, and a expect value lower than e-12 

Gene & Location  

F. nipponica gi561556854 FNI_icon04474451.1: 887.. 1959  

F. nipponica gi561557907+ FNI_icon04467507.1.: 1151.. 2197  

F. nipponica gi561559086 FNI_icon04462005.1.: 21.. 1097  

F. nipponica gi561559258.4 FNI_icon04461197.1.: 62.. 1420  

F. nipponica gi561559258.2 FNI_icon04461197.1.: 116.. 1420  

F. nipponica gi561561475 FNI_icon04451229.1.: 1... 1171  

F. nipponica gi561562078 FNI_icon04449153.1.: 87... 1312  

F. nipponica gi561565316 FNI_icon04438109.1.; 333.. 1458  

F. nipponica gi561565460 FNI_icon04437663.1.: 137.. 1387  

F. nipponica gi561568374 FNI_icon04428611.1.: 41.. 1318  

F. nipponica gi561569045 FNI_icon04426539.1.: 1.. 1287  

F. nipponica gi561570730 FNI_icon04421799.1.: 217.. 1231  

F. nipponica gi561574648 FNI_icon04410529.1: 88.. 1119  

F. nipponica gi561785494 FNI_iscf00105449.1.: 1115.. 2702  

F. nipponica gi561787313 FNI_iscf00104447.1.: 650.. 1792  

F. nipponica gi561791228 FNI_iscf00102507.1.: 129.. 1241  

F. nipponica gi561798091 FNI_iscf00098619.1.: 13.. 1023  

F. nipponica gi561805008 FNI_iscf00094632.1.: 3305.. 4500  

F. nipponica gi561805008.1 FNI_iscf00094632.1.; 231.. 1496  

F. nipponica gi561805665 FNI_iscf00094253.1.: 315.. 1349  

F. nipponica gi561822778 FNI_iscf00084932.1.: 1702.. 2894  

F. nipponica gi561822778 FNI_iscf00084932.1.: 677.. 1672  

F. nipponica gi561829741 FNI_iscf00081382.1.: 482.. 1829  

F. nipponica gi561834172 FNI_iscf00079004.1.: 3.. 1109  

F. nipponica gi561839259 FNI_iscf00076273.1.: 1172.. 2419  

F. nipponica gi561839260 FNI_iscf00076272.1.: 564.. 1811  

F. nipponica gi561841953 FNI_iscf00074655.1.: 466.. 1782  

F. nipponica gi561842767{ FNI_iscf00074225.1.: 84.. 1804  

F. nipponica gi561844919 FNI_iscf00073088.1.: 1139.. 2442  

F. nipponica gi561852308 FNI_iscf00069194.1.: 81.. 1193  

F. nipponica gi561856415{ FNI_iscf00067034.1.: 737.. 1850  

F. nipponica gi561871574{ FNI_iscf00059300.1.: 648.. 1728   

F. nipponica gi561878308 FNI_iscf00055830.1.: 3841.. 2501  

F. nipponica gi561886374 FNI_iscf00051562.1.: 2.. 1069  

F. nipponica gi561886376 FNI_iscf00051561.1.: 2.. 1063  

F. nipponica gi561888034{ FNI_iscf00050728.1.: 451.. 1771  

F. nipponica gi561894399 FNI_iscf00047535.1.: 1.. 1218   

F. nipponica gi561895524{ FNI_iscf00046966.1.: 3254.. 4359  

F. nipponica gi561904340 FNI_iscf00042532.1.: 336.. 1634  

F. nipponica gi561904422 FNI_iscf00042489.1.: 1.. 986 

F. nipponica gi561912076 FNI_iscf00038878.1.:1668.. 2657  

F. nipponica gi561915494 FNI_iscf00037183.1.:1.. 979  

F. nipponica gi561924690 FNI_iscf00032413.1.:1644.. 2897  

F. nipponica gi561929655 FNI_iscf00029911.1.: 1621.. 2889  

F. nipponica gi561939354{ FNI_iscf00025048.1.: 350.. 1252  

F. nipponica gi561946063 FNI_iscf00021662.1.: 984.. 2198  

F. nipponica gi561947308 FNI_iscf00021032.1.: 719.. 1687  

F. nipponica gi561955395 FNI_iscf00017157.1.: 4970.. 6316  

F. nipponica gi561959386 FNI_iscf00015039.1.: 3591.. 4904  

F. nipponica gi561959511 FNI_iscf00014913.1.: 508.. 1794  

F. nipponica gi561966037 FNI_iscf00011472.1.: 1.. 1248  

F. nipponica gi561975492 FNI_iscf00006470.1.: 311... 1528  

F. nipponica gi561978595.13 FNI_iscf00004819.1.: 1221.. 2510  

F. nipponica gi561982817.78 FNI_iscf00002587.1.: 2405.. 3436  
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F. nipponica gi561986317 FNI_iscf00000719.1.: 1768.. 3264  

 

&- it should be noted that alternative human-curated gene annotations have been used for these genes. 

+ termination codons are found in the sequence 

{ gaps were introduced to avoid termination codons  
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Supplementary Figure 4-1: Bayesian phylogenetic trees showing the relationship of the M. x domestica (MDP/MDC), P. persica 

(P. persica ppa/ppb), P. mume (P. mume scaffold), F. vesca, and F. nipponica T2-RNase lineage genes, using ClustalW2 (A), 

and Muscle (B) alignment algorithm. Legend as in Figure 1. 
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Supplementary Figure 4-2: Dot matrix view showing the conservation of the Prunus S-locus and flanking regions in M. x 

domestica. The Prunus region is that in between the ppa019333m (SLFL-like) and pp016207m (SLFL-like; see Supplementary 

Table 4-3) while the Malus region is that in between position 19264736 to19566015 (MC4; panel A) and position 27854860 to 

28144804 (MC12; panel B). 
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Supplementary Figure 4-3: Dot matrix view showing the conservation of the Prunus S-locus and flanking regions in F. 

vesca. The Prunus region is that in between the ppa019333m (SLFL-like) and pp016207m (SLFL-like; see Supplementary 

Table 4-3) while the Fragaria region is that in between position13347728 to13464174 (FC1; panel A) and position 2001274 to 

2067898 (FC6; panel B). 
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Supplementary Figure 4-4: Bayesian phylogenetic tree showing the relationship of the M. x domestica (MDP/MDC) F-box SFBB- 

and SFB- like genes with Prunus SFB, Prunus SLFL1, Prunus SLFL2, Prunus SLFL3, Malus SFBB, and Petunia SLF genes. 

Numbers below the branches represent posterior credibility values above 60. In grey are the reference sequences (Prunus SFB, 

Prunus SLFL, Pyrinae SFBBs, and Petunia SLF genes). Analysis utilized ClustalW2 alignment method.  
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Supplementary Figure 4-5: Bayesian phylogenetic tree showing the relationship of the P. persica (P. persica ppa/ppb) and P. 

mume (P. mume scaffold) F-box SFBB- and SFB- like genes with Prunus SFB, Prunus SLFL1, Prunus SLFL2, Prunus SLFL3, 

Malus SFBB, and Petunia SLF genes. Numbers below the branches represent posterior credibility values above 60. In grey are 

the reference sequences (Prunus SFB, Prunus SLFL, Pyrinae SFBBs, and Petunia SLF genes). Analysis utilized ClustalW2 

alignment method. 
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Supplementary Figure 4-6: Bayesian phylogenetic tree showing the relationship of the F. vesca, and F. nipponica F-box SFBB- 

and SFB- like genes with Prunus SFB, Prunus SLFL1, Prunus SLFL2, Prunus SLFL3, Malus SFBB, and Petunia SLF genes. 

Numbers below the branches represent posterior credibility values above 60. In grey are the reference sequences (Prunus SFB, 

Prunus SLFL, Pyrinae SFBBs, and Petunia SLF genes). Analysis utilized ClustalW2 alignment method. 
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Supplementary Figure 4-7: Bayesian phylogenetic trees showing the relationship of the M. x domestica (MDP), P. persica (P. 

persica ppa), P. mume, F. vesca, and F. nipponica F-box SFBB- and SFB- like genes genes, using ClustalW2 (A), and Muscle 

(B) alignment algorithms. Legend as in Figure 3. 
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5. No evidence for Fabaceae Gametophytic self-

incompatibility being determined by Rosaceae, 

Solanaceae, and Plantaginaceae S-RNase lineage 

genes 

Bruno Aguiar*, Jorge Vieira*, Ana E. Cunha and Cristina P. Vieira. 2015. BMC Plant 

Biology (2015) 15:129 

 

5.1 Introduction 

Useful agronomic traits can be found in wild populations of crop species. Nevertheless, a 

large fraction of species with hermaphroditic flowers have developed genetic mechanisms that 

allow the pistil to recognize and reject pollen from genetically related individuals (self-

incompatibility; (De Nettancourt, 1977)), and this may affect the efficient incorporation of such 

traits into crop varieties. SI is, in general, evolutionarily advantageous, because it promotes 

cross-fertilization, and thus inbreeding depression avoidance. 

Fabaceae is an economically important plant family with a large number of self-

incompatible species (62.3% in Caesalpinioideae, 66.7% in Mimosoideae and 22.1% in 

Papilionoideae sub families; (Arroyo et al., 1981)), that have been reported often as showing 

self-incompatibility of the gametophytic type (GSI (Arroyo et al., 1981; Atwood, 1940; Casey et 

al., 2010; De Nettancourt, 1977; Heslop-Harrison and Heslop-Harrison, 1982; Igic et al., 2008; 

Rodríguez-Riaño et al., 1999; Shivanna and Owens, 1989; Weller et al., 1995)). In GSI, if the 

specificity of the haploid pollen grain matches either one of the diploid pistil, an incompatible 

reaction occurs, leading to the degradation of the pollen tube within the style (Kao and 

Tsukamoto, 2004). It should be noted, however, that in all Fabaceae species, where pollen 

tube growth was assessed in controlled crosses, only in species of the genus Trifolium the 

GSI reaction seems to be complete and takes place in the style (Atwood, 1940; Leduc et al., 

1990), as observed in Rosaceae (for a review see (De Franceschi et al., 2012; Tao and 

Iezzoni, 2010), Solanaceae (Wang and Kao, 2011) and Plantaginaceae (Vieira and 

Charlesworth, 2002; Xue et al., 1996). In other species such as Vicia faba (Rowlands, 1958), 

Lotus corniculatus (Bubar, 1959), Cytisus striatus (Rodríguez-Riaño et al., 1999), Coronilla 

emerus and Colutea arborescens (Galloni et al., 2007) there is, however, a significant 

difference on the percentage of pollen growth in self and cross-pollinations. In C. striatus, one 

of the species here studied, the percentage of ovules that are penetrated by pollen tubes is 

72% in hand self-pollinated flowers compared with the 90.6% when hand cross-pollinations 
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are performed (Rodríguez-Riaño et al., 1999). These authors have shown that an important 

fraction of self pollen tubes collapse along the style, as expected for GSI systems, as 

observed in Rosaceae, Solanaceae and Plantaginaceae SI species. 

Although the molecular characterization of the S-locus has never been performed, some 

authors have further suggested that in Fabaceae GSI is S-RNase-based (Arroyo et al., 1981; 

Casey et al., 2010; De Nettancourt, 1977; Heslop-Harrison and Heslop-Harrison, 1982; Igic et 

al., 2008; Rodríguez-Riaño et al., 1999; Shivanna and Owens, 1989; Weller et al., 1995). 

Nevertheless, there are other GSI systems, such as that present in Papaveraceae (see review 

of (Wilkins et al., 2014)). Moreover, late-acting SI (LSI), so called because rejection of self-

pollen takes place either in the ovary prior to fertilization, or in the first divisions of the zygote 

(Allen and Hiscock, 2008), has been described in Fabaceae (Briggs et al., 1987; Bubar, 1959; 

Sage and Webster, 1990; Valtueña et al., 2010). It should be noted that, LSI can also be of 

the gametophytic type (Allen and Hiscock, 2008). In Fabaceae, however, the genetic basis of 

the different mechanisms that control LSI are mostly unknown, and thus, in this work we only 

address the possibility that Fabaceae GSI is determined by a S-RNase gene that clusters with 

those of the well characterized Rosaceae (De Franceschi et al., 2012; Tao and Iezzoni, 2010), 

Solanaceae (Wang and Kao, 2011) and Plantaginaceae (Vieira and Charlesworth, 2002; Xue 

et al., 1996) species. The most common ancestor of Fabaceae (Rosidae) and Rosaceae 

species lived about 89-91 MYa (Wikstrom et al., 2001). Since, according to phylogenetic 

analyses of the T2-RNases, S-RNase-based GSI has evolved only once, before the split of 

the Asteridae and Rosidae, about 120 MYa (Igic and Kohn, 2001; Steinbachs and Holsinger, 

2002; Vieira et al., 2008a), at least some Fabaceae SI species are expected to have this 

system. Therefore, in principle, a homology based approach could be used to identify the 

putative pistil S-locus gene in Fabaceae species. 

Three amino acid patterns (amino acid patterns 1 and 2 that are exclusively found in 

proteins encoded by S-RNase lineage genes, and amino acid pattern 4 that is not found in 

any of the proteins encoded by S-RNase lineage genes), allow the distinction of S-RNase 

lineage genes from other T2 -RNase genes (Nowak et al., 2011; Vieira et al., 2008a). These 

patterns can be used to easily identify putative S-lineage genes using blast searches. The 

results can be further refined by selecting only those genes that encode basic proteins 

(isoelectric point higher than 7.5) since S-RNases have an isoelectric point between 8 and 10 

(Roalson and McCubbin, 2003). Furthermore, the number of introns can also be used to select 

S-lineage genes since S-RNases have one or two introns only (Figure 1 in Vieira and 

Charlesworth (2002)). Phylogenetic analyses, where a set of reference genes are used, can 

then be performed to show that such genes belong, indeed, to the S-lineage. Nevertheless, in 

order to show that the identified genes are the pistil S-locus, it is necessary to show that their 

expression is restricted to pistils, that they have high polymorphism levels, that there is 
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evidence for positive selection and that in controlled crosses they co-segregate with S-locus 

alleles (see references in (Vieira et al., 2010)). 

The pollen component(s), always an F-box protein, has been identified as one gene in 

Prunus (Rosaceae; called SFB (Entani et al., 2003; Ikeda et al., 2004; Nunes et al., 2006; 

Sonneveld et al., 2005; Ushijima et al., 2003; Vieira et al., 2008b)), but multiple genes in 

Pyrinae (Rosaceae; called SFBBs (Aguiar et al., 2013; Cheng et al., 2006; De Franceschi et 

al., 2011; Kakui et al., 2011; Kakui et al., 2007; Minamikawa et al., 2010; Okada et al., 2011; 

Sassa et al., 2007)) and Solanaceae (called SLF; (Kubo et al., 2010; Wheeler and Newbigin, 

2007; Williams et al., 2014)). F-box genes belong to a large gene family, and so far, no typical 

amino acid patterns have been reported for S-locus F-box protein sequences. Therefore, in 

non-characterized species, it is difficult to identify the pollen S-gene(s) using sequence data 

alone. In contrast to the S-RNase gene, Pyrinae SFBB genes show low polymorphism and 

high divergence (Aguiar et al., 2013; De Franceschi et al., 2011; Kakui et al., 2011; 

Minamikawa et al., 2010; Okada et al., 2011). Pollen S-gene(s) is (are), however, expected to 

be mainly expressed in the pollen (Entani et al., 2003; Kubo et al., 2010; Sassa et al., 2007; 

Ushijima et al., 2003; Wheeler and Newbigin, 2007).  

Although the mechanism of self pollen tubes recognition is different when one or multiple 

S-pollen genes are involved (Luu et al., 2001; Sonneveld et al., 2005), SSK1 (SKP1-like) 

proteins are involved in the SI reaction in Rosaceae, Solanaceae and Plantaginaceae 

species, where GSI systems are well characterized. SKP1-like proteins are adapters that 

connect diverse F-box proteins to the SCF complex and that are necessary in a wide range of 

cellular processes involving proteasome degradation (see references in (Huang et al., 2006)). 

SSK1 proteins have been described only in species having S-RNase-based GSI (Hua and 

Kao, 2006; Huang et al., 2006; Xu et al., 2013; Zhao et al., 2010), and thus, their presence 

has been suggeted as a marker for S-RNase-based GSI (Xu et al., 2013). These proteins are 

highly conserved and have a unique C-terminus, composed of a 5-9 amino acid residues 

following the conventional "WAFE" motif that is found in most plant SKP1 proteins (Zhao et al., 

2010). Therefore, the genes encoding such proteins can be easily retrieved using blast 

searches. In Solanaceae, Plantaginaceae, and Pyrinae, SSK1 proteins are expressed in 

pollen only (Hua and Kao, 2006; Huang et al., 2006; Xu et al., 2013; Zhao et al., 2010), but in 

Prunus they are also expressed in styles (Matsumoto and Tao, 2012). 

To identify T2-RNases that could be S-locus candidate genes in Fabaceae subfamily 

Papilionoideae, in this work, we characterized the S-lineage T2-RNase genes in five genomes 

of species belonging to three major sub-clades: Trifolium pratense, Medicago truncatula and 

Cicer arietinum from the inverted-repeat-lacking clade (IRLC), Glycine max from the millettioid 

clad and Lupinus angustifolius from the genistoid clade. Trifolium and Medicago are the most 
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closely related genera and they share the most recent common ancestor at about 24 MYa 

(Lavin et al., 2005). Cicer is diverging from these two genera for about 27 MY. Glycine is 

diverging from the IRLC clade for about 54 MY and Lupinus is diverging from these for about 

56 MY (Lavin et al., 2005). Except for T. pratense, all these species are self-compatible. 

Nevertheless, the S-locus region could, in principle, be present, although the S-locus genes 

are expected to be non-functional (Tsuchimatsu et al., 2010). Compatible with this view, 

sequences closely related to the SSK1 genes are here identified in T. pratense, M. truncatula, 

C. arietinum and G. max genomes. In T. pratense, M. truncatula and C. arietinum we identify 

S-RNase lineage genes that, in phylogenetic analyses, cluster with Pyrinae S-RNases. 

Furthermore, in M. truncatula and C. arietinum genomes, where large scaffolds are available, 

these sequences are surrounded by F-box genes that, in phylogenetic analyses, cluster with 

S-pollen genes. Nevertheless, none of these genes show expression only in tissues related 

with GSI. Moreover, T. pratense genes present levels of diversity lower than those of the 

characterized S-RNase genes. We also obtained a style with stigma transcriptome for Cytisus 

striatus, a species where self-pollen tubes have been reported to collapse along the style, 

although partially (Rodríguez-Riaño et al., 1999). Once again, we found two genes that 

encode proteins showing the typical features of SSK1 genes and three T2-RNase-like 

sequences, but none of these genes shows expression and variability levels compatible with 

being the S-RNase gene. Thus, we find no evidence for RNase based GSI in C. striatus. The 

data here presented supports the hypothesis that in Fabaceae GSI is not determined by 

Rosaceae, Solanaceae and Plantaginaceae S-RNase lineage genes. Alternative hypotheses 

are here discussed regarding the presence of SSK1 genes and Fabaceae GSI system. 

 

5.2 Material and methods 

SSK1-like genes 

To identify SSK1-like sequences in flowering plants we have used NCBI´s Pattern hit 

initiated blastp using as query A. hispanicum SSK1 (ABC84197.1) and the pattern WAFExxD, 

as well as Pyrus x bretschneideri SSK1-like (CCH26218.1), and Prunus avium SSK1-like 

(AFJ21661.1) proteins and the pattern GVDED. For the non-annotated T. pratense genome 

(PRJNA200547; (Ištvánek et al., 2014)) we have obtained all putative open reading frames 

longer than 100 bp (getorf; http://emboss.sourceforge.net; (Rice et al., 2000)). Then we used 

local tblastn (Johnson et al., 2008), with an Expect value of (e)<0.05, and as query the above 

Rosaceae SSK1-like proteins. 

 

http://emboss.sourceforge.net/


 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
149 

 

 
 

T. pratense, M. truncatula, C. arietinum, G. max and L. angustifolius S-RNase-lineage 

genes 

Since four, out of the five, genomes here studied are from self-compatible species, S-pistil 

genes may be present as non-annotated pseudogenes. Therefore, putative open reading 

frames longer than 100 bp (getorf; http://emboss.sourceforge.net; (Rice et al., 2000)) were 

obtained for T. pratense (PRJNA200547; (Ištvánek et al., 2014)), M. truncatula (PRJNA30099, 

PRJNA10791, (Young et al., 2011); http://www.medicagohapmap.org), C. arietinum 

(PRJNA190909, PRJNA175619, (Varshney et al., 2013); http://cicar.comparative-

legumes.org), G. max (PRJNA48389, PRJNA19861, (Schmutz et al., 2010); 

http://www.Soybase.org) and L. angustifolius (PRJNA179231; (Yang et al., 2013); 

http://lupinus.comparative-legumes.org) genomes. Then, T2-RNase lineage sequences 

(including putative pseudogenes) of these species were identified and annotated by homology 

using local tblastn (Johnson et al., 2008), using an Expect value of (e)<0.05, and as query the 

M. x domestica S2-RNase (AAA79841.1) and P. persica S1-RNase (BAF42768.1) proteins. If 

the inferred genes have been annotated before, the original name and accession number is 

indicated for that gene. Only sequences larger than 500 bp, and not presenting pattern 4 

(absent in all S-RNases; (Vieira et al., 2008a)), were considered. In some cases, sequences 

were curated by introducing sequence gaps to extend recognizable homology with the query 

sequence. Other Fabaceae T2-RNase sequences from M. sativa, Pisum sativum, Lens 

culinaris, (also belonging to IRLC), Lotus corniculatus, L. japonicus (from the robinoid clade), 

Cajanus cajan, (from the millettiod clade), Cyamopsis tetragonoloba (from the indigoferoid 

clade) and Arachis hypogaea (from the dalbergioid clade) were obtained from GenBank, using 

tblastn, an Expect value (e)<0.05, and the above M. x domestica and P. persica sequences as 

query (Supplementary Table 5-1). For all peptides, isoelectric points were calculated using 

ExPASy (Artimo et al., 2012). Given the large number of genes analyzed, for the sake of 

simplicity, in this work, we use short gene codes rather than the long mostly non-informative 

gene names. The correspondences between gene codes and gene names are given in Table 

5-1 and Supplementary Table 5-1. 

 

F-box SFBB- and SFB-like genes in the vicinity of C. arietinum and M. truncatula S-

RNase-like genes 

Putative open reading frames longer than 100 bp (getorf; http://emboss.sourceforge.net; 

(Rice et al., 2000)) were obtained for the 500 Kb of the C. arietinum and M. truncatula regions 

surrounding putative S-RNase lineage genes. F-box genes were identified and annotated by 

homology using local tblastn (Johnson et al., 2008), an Expect value of (e)<0.05) and the M. x 

domestica SFBB3-beta (AB270796.1), P. avium SFB3 (AY571665.1) and P. axillaris S19-SLF  

http://emboss.sourceforge.net/
http://emboss.sourceforge.net/
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Table 5-1: M. truncatula, C. arietinum, G. max and L. angustifolius T2-RNases larger than 500 bp, not presenting in their amino acid sequence amino acid pattern 4 according to Vieira et al. (2008) 

Locus Gene code IP Intron number Motif 1 Motif 2 Motif 4 Location 

T. pratense        

ASHM01010303 { Tp1 9.20 1 FVIHGLWPSR WPSLKYN - ASHM01010303: 956... 1742 

ASHM01021082 Tp2 8.82 1 FTIHGMWPSN WPSYTSP - ASHM01021082: 467... 1277 

ASHM01011821 Tp3 7.57 1 FSVHGVWPTN WPDLKGG - ASHM01011821: 2194... 2920 

ASHM01032414 Tp4 9.20 1 FVIHGLWPVF WPSLKYN - ASHM01032414: 1330... 2116 

ASHM01032369 + Tp5 9.92 1 FTIHGLWPSN WPNLKWT - ASHM01032369: 1121... 2019 

ASHM01005450 Tp6 9.18 1 FSLHGLWPSN WPSLFVG - ASHM01005450: 3673... 4373 

ASHM01035891 Tp7 9.06 1 FTIHGLWPSN WPNLLMV - ASHM01035891: 1083... 2003 

ASHM01035915 Tp8 9.51 1 FTLHGIWPSN WPDLKGQ - ASHM01035915: 1152... 2109 

ASHM01087496 Tp9 8.11 1 FSIHGLWPQN WPSLTGN - ASHM01087496: 1... 681  

ASHM01016923 Tp10 6.87 1 FSIHGLWPQN WPSLTGK - ASHM01016923: 1540... 2300 

ASHM01047800 Tp11 9.48 1 FTTHGLWPSN WPNLKGP - ASHM01047800:1... 629 

ASHM01027928 Tp12 8.75 1 FTIHGLWPSN WPNLLSN - ASHM01027928:226... 1002 

ASHM01008805 Tp13 8.85 1 FSIHGLWPQN WPSLTGN - ASHM01008805:250... 977 

ASHM01049573 Tp14 8.64 1 FTTHGLWPSN WPNLKGP - ASHM01049573:1... 575 

ASHM01036061 { Tp15 9.20 1 FVIHGLWPSI WPSLKYN - ASHM01036061: 956... 1742 

M. truncatula        

AC123571.8  (Medtr5g022810) Mt1 7.57 2 FVMHGLWPAN WPDLLVY - Mt5:8,780,338..8,781,194 

AC149207.1 (Medtr2g021830) Mt2 7.06 1 FTLHGLWPSN WPNLFGA - Mt2:7,405,970..7,406,697 

AC149207.2 Mt3 8.57 2 FTVHGLWPSN WPSVTTT - Mt2:7,383,161..7,384,370 

AC149269.11 (Medtr6g090200)  Mt4 6.39 1 FTIQGLFPNN WINYIGD - Mt6:22,040,215..22,039,455 

 AC159124.1 > Mt5 9.06 2 LTVHGLWPSN WPDVGGT - Mt2:7,374,496..7,375,004 

AC196855-3 (Medtr2g104330) { Mt8 8.05 1 FTLHGFWPSN YPFDFNT DFNTTK Mt2:34,011,354..34,010,761 

CR936945 (Medtr5g086410)  Mt9 8.45 1 LTIRGLWPST WPSLNSG - Mt5:36,330,498..36,331,243 

CU459033 (Medtr5g086770) Mt10 5.78 2 FKIWGLWPVR WPSLFGP SLFGPD Mt5:36,498,402..36,499,282 

CT573354 Mt12 8.83 1 FTIHGVWPSN WPRLDTA - Mt3:9,158,726..9,157,789 

CU026495 Mt13 8.83 1 FTIHGLWPSN WPRLDTA - Mt3:9,139,338..9,138,417 

AC126012 (Medtr5g0977101) Mt14 5.20 1 FLLYGAWPVD WRDIKNG IKNGDD Mt5:41,755,316..41,755,711 

AC233685_48.1 (XM003637773)  Mt16 9.21 1 FTIHGLWPTN WPDVIHG - MtU:12,302,642..12,303,437 

Medtr2g021910.2 Mt17 8.54 2 LTIHGLWPSN WPSIYGD IYGDDD Mt2:7,440,534..7,441,199 

Mettr2g021910.2 Mt18 8.40 2 LTIHGLWPSN WPTIYGS IYGSDD Mt2:7,445,004..7,445,674 

AC124218 (XM003624084)  Mt20 8.82 1 FTIHGLWVEN WPSLYQK LYQKSS Mt7:22,479,456..22,480,238 

CM001222 { Mt23 9.55 1 FSIHGLWPTN WPDAVYG - Mt6:12,596,544..12,596,922 

BT148419 Mt24 5.77 1 FTIHGLWPDY WPSLSCG - MtT:10,244,733..10,244,880 

BT136026 AFK35821 Mt25 6.86 3 FTFILQWPGS WPSLRCP CPRLNN Mt5:17,636,584..17,636,691 

AW776643 > Mt26 8.47 n.a FGIHGLWPTN WPNLLEW - - 

C. arietinum        

XP_004503396 (NC021165)  Ca1 8.62 1 FTIHGLWPSN WPNLKGQ - Ca6:2,486,865..2,487,892 
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CM001766.1 Ca2 9.35 1 LTVHILWGTN WNDHSFC - Ca3:9,734,288..9,735,009 

XP_004486305 (CM001764.1) {  Ca3 9.44 1 FTVHGLWPSN WPNLFGN - Ca1:34,647,053..34,647,728 

XP_004486305 (CM001764.1)  Ca4 7.59 1 FTVHGLWPSN WPNLFGN - Ca1:5,252,166..5,252,821 

CM001767.4 Ca5 8.47 1 FTIHGLWPYN WPDLKGQ - Ca4:42,156,653..42,157,571 

CM001767.3 { Ca6 6.43 2 FIIHGLWPSN WPNLKGQ - Ca4:3,880,028..3,880,839 

CM001768.1 { Ca7 9.02 1 FTIHGLWPSN WSNLKGQ - Ca5:12,546,395..12,547,197 

CM001768.2 Ca8 9.24 1 FTIHGLWPFN WPNLNGQ - Ca5:11,753,113..11,753,945 

CM001769.1 Ca9 9.28 1 FTIHGLWPNN WPSLIKG - Ca6:45,431,765..45,432,712 

XP_004505385 (CM001769.2) Ca10 8.85 1 FTIHGLWPSN WPNLKGQ - Ca6:16,977,346..16,978,256 

CM001769.4 Ca11 8.61 1 FTLHGLWPSN WPNLNGV - Ca6:31,097,283..31,098,019 

CM001769.5 { Ca12 7.79 1 FTIHGLWPSN WPSLTMS - Ca6:28,777,475..28,778,149 

CM001769.6 { Ca13 9.03 1 FTLHGLWPSN WPNLNGG - Ca6:33,284,148..33,284,935 

CM001769.7 > Ca14 8.27 1 KIIHGLWPSN PSLTKSQ - Ca6:28,744,494..28,745,117 

CM001769.8 Ca15 8.80 1 FTIHGLWPSN WPNLKGQ - Ca6:2,486,787..2,487,895 

XP_004507007 (CM001769.9)  Ca16 9.17 1 FTIHGLWGTN WPDVINQ - Ca6:52,088,714..52,089,462 

XP_004503396 (CM001769.10)  Ca17 9.09 1 FTIHGLWPSN WPNLKGQ - Ca6:2,486,751..2,487,895 

XP_004505385 (CM001769.11)  Ca18 8.85 1 FTIHGLWPSN WPNLKGQ - Ca6:16,977,346..16,978,256 

XP_004514375 (gi484567706) > Ca19 8.47 1 FTLHGLWPSN WPNLNGV - scaffold485:91,749..192,162 

XP_004506021 (gi484571392)  Ca20 9.02 1 FKIHGLWPSN WPSLIDS - Ca6:28,325,256..28,326,148 

XP_004515186 (gi484566269)  Ca21 9.16 1 FKIHGLWPNT WPSLKKS - scaffold948:113,466..114,365 

G. max        

CM000836 Gm1 9.05 1 FTIHGLWPQN WPNLNTQ - GM03: 42522935... 42523824 

XP003548020 (NC016103) { Gm2 5.71 2 FTISYFRPRK WPDLTTD - GM16: 30294108... 30295346 

NP001235172 (NC016089) Gm3 6.80 2 FTISYLHPMR WPDLRTD - GM02: 5707162… 5708520 

XP003519927 (NC016089) Gm4 5.47 2 FTISYFRPRK WPDLRTD - GM02: 5686955… 5688178 

XP0035181161 (NC016089)  Gm5 7.49 2 FTISYLHPMR WPDLRTD - GM02: 5682344… 5683625 

XP003518119 (NC016089) Gm6 6.30 2 FTISYLHPMR WPDLRTD - GM02: 5698841… 5700244  

CM000853 Gm7 8.61 3 FSIHGLWPNF WASLSCA - GM20:5212321... 5214271 

L. angustifolius        

AOCW01152977 La1 9.04 0 FTLHGLWPIN WPNLNGK - scaffold92513_2 

IP- isoelectric point. 

Underscored are amino acids that are not allowed in the motifs of (Vieira et al., 2008). 

+ sequences presenting termination codons in the putative coding region. 

{ sequences where gaps were introduced to avoid termination codons in the putative coding region. 

> very divergent sequences that, although they present all the criteria of S-lineage and S-RNase genes, were not included in phylogenetic analyses 
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(AY766154.1) proteins. The correspondences between gene codes and gene names are 

given in Supplementary Table 5-2. 

 

Phylogenetic analyses 

Five data sets were used: 1- SSK1-like genes from flowering plants (that includes as 

reference sequences from Solanaceae, Plantaginaceae and Rosaceae SSK1-like genes); 2- 

Fabaceae S-RNase-like genes that encode proteins with an isoelectric point higher than 7.5 

(S-RNases are always basic proteins; (Igic and Kohn, 2001)), with the exception of the Mt5, 

Mt26, Ca14 and Ca19 sequences that result in the introduction of many alignment gaps in the 

resulting alignment. Reference sequences are Solanaceae, Plantaginaceae and Rosaceae S-

RNases genes; 3- C. arietinum and M. truncatula F-box SFBB- and SFB-like genes in the 

vicinity of S-RNase lineage genes. Reference sequences are Solanaceae and Plantaginaceae 

SLFs, Malus SFBBs and Prunus SFB and Rosaceae S-like pollen genes (genes similar to S-

pollen genes but that are not involved in GSI specificity); 4- C. striatus CsRNase1, CsRNase2 

genes. Reference sequences are Fabaceae S-RNase-like genes that encode proteins with an 

isoelectric point higher than 7.5, Solanaceae, Plantaginaceae and Rosaceae S-RNases genes 

and 5- C. striatus CsRNase3 gene. Reference sequences are Solanaceae, Plantaginaceae 

and Rosaceae S-RNases genes. With the exception of data set 5 (because of the size (264 

bp) of C. striatus CsRNase3 sequence), sequences in the data sets were aligned with the 

ClustalW2, Muscle and T-coffee alignment algorithms as implemented in ADOPS (Reboiro-

Jato et al., 2012). Only codons with a support value above 2 are used for phylogenetic 

reconstruction. Bayesian trees were obtained using MrBayes 3.1.2 (Huelsenbeck and 

Ronquist, 2001), as implemented in the ADOPS pipeline, using the GTR model of sequence 

evolution, allowing for among-site rate variation and a proportion of invariable sites. Third 

codon positions were allowed to have a gamma distribution shape parameter different from 

that of first and second codon positions. Two independent runs of 2,000,000 generations with 

four chains each (one cold and three heated chains) were set up. The average standard 

deviation of split frequencies was always about 0.01 and the potential scale reduction factor 

for every parameter about 1.00 showing that convergence has been achieved. Trees were 

sampled every 100th generation and the first 5000 samples were discarded (burn-in). The 

remaining trees were used to compute the Bayesian posterior probabilities of each clade of 

the consensus tree. 

In the phylogenetic analyses that include C. striatus CsRNase3 gene we used the MEGA 5 

software (Tamura et al., 2011). The alignment was performed using ClustalW, and for the 

phylogenetic reconstruction we used pairwise deletion and minimum evolution method. We 

ran 10000 bootstrap replications, using maximum composite likelihood method, and including 

transitions + transversions substitutions and all codons. 
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Expression of T. pratense Tp3 and Tp6 genes in styles with stigmas, ovaries, petals 

and leaves 

To collect enough material for the cDNA synthesis of style with stigma (since in T. pratense 

each individual has less than six inflorescences with less than 50 flowers at anthesis), we 

have mixed the plant material obtained from two different individuals. These individuals 

present an amplification product of the expected size, obtained from genomic DNA (extracted 

from leaves, using the method of Ingram et al. (1997)), using specific primers for Tp3 and Tp6 

genes (Supplementary Table 5-3), and standard amplification conditions of 35 cycles of 

denaturation at 94 ºC for 30 s, primer annealing temperature according to Supplementary 

Table 5-3 for 30 s, and primer extension at 72 ºC for 2 min. More than 500 styles with stigmas 

were collected from these two individuals that were frozen in liquid nitrogen and stored at -80 

°C. For one of these individuals we also collected ovaries, and leaves. Total RNA was 

extracted using TRIzol® (Invitrogen, Spain) according to the manufacturer's instructions and 

treated with DNaseI (Turbo RNase-Free) (Ambion, Portugal). RNA quantity was assessed by 

NanoDrop v.1.0 (Thermo Scientific). cDNA was synthesized with SuperScript® III First-Strand 

Synthesis System for RT-PCR from Invitrogen. Elongation factor 1-α (Elf1-α) was used as 

positive control for cDNA synthesis. Standard amplification conditions as described above 

were used.  

 

Levels of diversity at T. pratense Tp3 and Tp6 genes 

To determine levels of diversity for Tp3 and Tp6 genes, genomic DNA from leaves of five 

T. pratense individuals of a Porto population (assigned as TpPorto1 to TpPorto5) was 

extracted using the method of Ingram et al. (1997). For each individual, genomic DNA was 

used in PCR reactions using primers 1821F+1821R, and 5450F + 5450R, to amplify Tp3 and 

Tp6 genes, respectively (Supplementary Table 5-3). Standard amplification conditions were 

35 cycles of denaturation at 94 ºC for 30 s, primer annealing according to Supplementary 

table 5-3 for 30 s, and primer extension at 72 ºC for 3 min. The amplification products were 

cloned, using the TA cloning kit (Invitrogen, Carlsbad, CA). For each amplification product, the 

insert of an average of 10 colonies was cut separately with RsaI and Sau3AI restriction 

enzymes. For each restriction pattern three colonies were sequenced in order to obtain a 

consensus sequence. The ABI PRISM BigDye cycle-sequencing kit (Perkin Elmer, Foster 

City, CA), and specific primers, or the primers for the M13 forward and reverse priming sites of 

the pCR2.1 vector, were used to prepare the sequencing reactions. Sequencing runs were 

performed by STABVIDA (Lisboa, Portugal). DNA sequences were deposited in GenBank 

(accession numbers KR054719-KR054728) Nucleotidic sequences were aligned using 
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ClustalW algorithm as implemented in MEGA 5 (Tamura et al., 2011). Analyses of DNA 

polymorphism were performed using DnaSP (version 4.1) (Rozas et al., 2003). 

 

Expression of M. truncatula Mt3, Mt17, Mt18, Mt20, Mt7_7, Mt2_10 and Mt2_11 genes  

For the genes of interest, using blast at M. truncatula gene expression atlas 

(http://mtgea.noble.org/v3/; Affymetrix GeneChip Medicago Genome Array; (Benedito et al., 

2008)) we identify Probeset ID and the expression pattern associated with that probe. For the 

genes not represented in the M. truncatula gene expression atlas, we used blastn and the 

SRA SRP033257 experiment sets for M. truncatula (99 RNA-Seq data sets from a mixed 

sample of M. truncatula root knot galls infected with Meloidogyne hapla (a plant-nematode)). 

 

Cytisus striatus style with stigma transcriptome 

C. striatus has been described as having partial GSI, since a fraction (about 27 %) of self-

pollen tubes after hand self-pollination, stop growing along the style and the ovary (Rodríguez-

Riaño et al., 1999). For one C. striatus individual (assigned as Cs1), from a population at 

Marecos (Valongo, Portugal), 400 flower buds ranging from 1.8 to 2 cm (the size of pre-

anthesis stages; (Rodríguez-Riaño et al., 2006)) were dissected to collect the styles with 

stigmas, that were frozen in liquid nitrogen and stored at -80 °C. Total RNA was extracted as 

described above. RNA quantity was assessed by NanoDrop v.1.0 (Thermo Scientific) and 

RNA quality by BioRad's Experion System. A total RNA sample of approximately 2.691 μg, 

with RQI of 7.1, and a 260/280 nm absorption ratio 2.08 was obtained. Total RNA was 

processed for Illumina RNA-Seq, at BGI (Hong Kong, China). 

Only high quality reads were provided by BGI. Before assembly, adaptor sequences were 

removed from raw reads. FASTQC reports were then generated and based on this information 

the resulting reads were trimmed at both ends. Nucleotide positions with a score lower than 20 

were masked (replaced by an N). These analyses were performed using the FASTQ tools 

implemented in the Galaxy platform (Blankenberg et al., 2010; Giardine et al., 2005; Goecks 

et al., 2010). The resulting high-quality reads were used in the subsequent transcriptome 

assembly using Trinity with default parameters (Haas et al., 2013). The Transcriptome 

Shotgun Assembly project has been deposited at GenBank PRJNA279853, and the assemble 

transcriptome at http://evolution.ibmc.up.pt/node/77. All contigs were used as queries for 

tblastn searches using local blast (Johnson et al., 2008), and the SSK1 and S-RNase query 

sequences reported above. Fragments Per Kilobase of target transcript length per Million 

reads mapped (FPKM) values were estimated using the eXpress software (Roberts and 

Pachter, 2013) as implemented in Trinity. BLAST2Go (Conesa et al., 2005) was used to 

identify the 100 most expressed genes and determine PFAM (protein families) codes. 
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The genomic sequence of the C. striatus S-lineage T2-RNases 

To determine intron number for C. striatus CsRNase1, CsRNase2 and CsRNase3, primers 

were designed (Supplementary Table 5-3) based on the sequences obtained from the 

transcriptome. Genomic DNA was extracted from leaves of the Cs1 individual, as described 

above, and used as template in PCR reactions. Standard amplification conditions were 35 

cycles of denaturation at 94 ºC for 30 s, primer annealing according to Supplementary Table 

5-3 for 30 s, and primer extension at 72 ºC for 3 min. The amplification products were cloned, 

and sequenced as described above. The genomic sequences for C. striatus CsRNase1 and 

CsRNas2 genes of individual Cs1were deposited at GenBank (KR054703-KR054718). 

 

Expression of the C. striatus S-lineage T2-RNases genes in pollen, ovaries, petals, 

pistils, leaves and fruits 

Pollen, ovaries, petals, pistils, leaves and fruits from individual Cs1 were collected and 

immediately frozen in liquid nitrogen and stored at -80 °C. Total RNA and cDNA synthesis was 

performed as described above. Elongation factor 1-α (Elf1-α) was used as positive control for 

cDNA synthesis. Primers CytSRN-62F + CytisusRNase531R, CytR2-cons142F + CytR2-

445R, and Cy10F + Cy10R were used for the amplification of the CsRNase1, CsRNase2, and 

CsRNase3 genes, respectively (Supplementary Table 5-3). Standard amplification conditions 

were 35 cycles of denaturation at 94 ºC for 30 s, primer annealing temperature according to 

Supplementary Table 5-3 for 30 s, and primer extension at 72 ºC for 2 min. 

 

Nucleotidic diversity at C. striatus S-lineage genes 

To determine levels of diversity for CsRNase1, CsRNase2 and CsRNase3 genes, genomic 

DNA from leaves of four C. striatus individuals of the Marecos population (assigned as Cs2 to 

Cs5) was extracted as described above. For each individual, genomic DNA was used in PCR 

reactions using the same primers and conditions described above. The amplification products 

were cloned, as described above. For each amplification product, the insert of an average of 

10 colonies was cut separately with RsaI, and Sau3AI restriction enzymes. For each 

restriction pattern three colonies were sequenced in order to obtain a consensus sequence. 

Nucleotidic sequences were aligned using ClustalW algorithm as implemented in MEGA 5 

(Tamura et al., 2011). Analyses of DNA polymorphism were performed using DnaSP (version 

4.1) (Rozas et al., 2003). 
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5.3 Results 

SSK1-like genes in Fabaceae 

SSK1 genes(s) are restricted to species having S-RNase-based GSI (Hua and Kao, 2006; 

Huang et al., 2006; Xu et al., 2013; Zhao et al., 2010). The presence/absence of this gene(s) 

has been reported as a diagnosis marker for the presence/absence of S-RNase-based GSI 

(Hua and Kao, 2006; Huang et al., 2006; Xu et al., 2013; Zhao et al., 2010). The protein 

encoded by SSK1 has an unique C-terminus, composed of 5-9 amino acid residues, following 

the conventional "WAFE" motif (Zhao et al., 2010). In Rosaceae, this amino acid tail shows 

the conserved sequence “GVDED” (Additional file 5 in (Matsumoto and Tao, 2012)). In 

Solanaceae and Plantaginaceae this motif is not so well conserved but a D residue is always 

found at the last position of the motif. It should be noted that, most of the Fabaceae genomes 

that are available, are from self-compatible species, and thus, SSK1 genes may be non-

functional, or not involved in SI pathway. Therefore, when retrieving the sequences we 

allowed for some variability regarding these motifs (see Material and methods). 

When using these features and the NCBI flowering plant species database, we retrieved 21 

sequences from Solanaceae (three), Plantaginaceae (one), Rosaceae (eight), Fabaceae 

(five), Malvaceae (one), Rutaceae (one), Euphorbiaceae (one) and Salicaceae (one) species. 

Two other sequences, cy54873-cy21397 (this gene is the result of merging two sequences - 

cy54873g1 and cy21397g1 that overlap in a 22 bp region at the end of one and beginning of 

the other; PRJNA279853; http://evolution.ibmc.up.pt/node/77) and cy41479g1 

(PRJNA279853; http://evolution.ibmc.up.pt/node/77) were identified in the C. striatus style with 

stigma transcriptome. These C. striatus sequences are incomplete at the 5' region since, 

using blastx, the first 77 amino acids of SSK1 proteins are not present in these sequences. On 

the other hand, these sequences are complete at the 3' region since they present the putative 

amino acid sequence presents the Rosaceae GVDED motif after the WAFE motif. 

 Their phylogenetic relationship, as well as the C-terminus sequence motif is presented in 

Figure 5-1 (see also Supplementary Figure 5-1). Fabaceae SSK1-like genes are more closely 

related to Rosaceae SSK1 sequences than to Solanaceae and Plantaginaceae (Figure 5-1), 

according to the known relationship of the plant families. It should be noted that only the two 

C. striatus deduced proteins present the Rosaceae GVDED motif after the WAFE motif. The 

T. pratense ASHM01022027.1 and G. max XM_003545885 genes present the WAFExxxxD 

motif, described for Solanaceae and Plantaginaceae SSK1 gene. The presence of SSK1 

genes in Fabaceae is, thus, consistent with the claims of S-RNase-based GSI in Fabaceae. 
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Figure 5-1: Bayesian phylogenetic tree showing the relationship of SSK1-like genes in flowering plants presenting these genes, 

available at GenBank (sequences were aligned using the Muscle algorithm). 

Numbers below the branches represent posterior credibility values above 60. The tree was rooted using Oryza sativa AP003824 

and Citrus maxima FJ851401 genes that encode proteins not presenting the C-terminus amino acid motif following the 

conventional "WAFE" motif. The C-terminus amino acid motif following the conventional "WAFE" of the proteins encoded by each 

SSK1 gene is also presented. Amino acids that are different from the "WAFE" motif are underlined. 

 

SSK1 genes showing the Rosaceae motif are also found in Hevea brasiliensis 

(Euphorbiaceae) and Populus trichocarpa (Salicaceae). None of these species, or species of 

these families, has been described as having GSI. Furthermore, in Citrus clementina SSK1 

like proteins present a proline instead of a glutamic acid in the Rosaceae WAFEGVDED motif. 

Citrus species present GSI and cytological analysis showed that growth of pollen tubes is 
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arrested in different regions depending on the species analyzed (Ngo et al., 2010). In C. 

clementina pollen tubes are arrested in the upper styles (Distefano et al., 2009). RNase 

activity has been identified in stigmas and pistils of C. reticulata (Miao et al., 2011; Roiz et al., 

1995) and also in ovaries of C. grandis (Chai et al., 2011), but the genetic mechanism is not 

clear yet (Miao et al., 2013). Indeed, in the comparative transcriptome analyses of stylar cells 

of a self-incompatible and a self-compatible cultivar of C. clementina, no T2-RNases where 

identified (Caruso et al., 2012), rising doubts if GSI is S-RNase-based in C. clementina. In T. 

cacao (Malvaceae) a SSK1 like protein with the same pattern as in C. clementina has also 

been identified. In this species self-pollen tubes grow to the ovary without inhibition, and self-

incompatibility occurs at the embryo sac (Ford and Wilkinson, 2012), and not in the style. 

Nevertheless, other Malvaceae species such as diploid species of the Tarasa genera present 

GSI (Table 1 in (Tate and Simpson, 2004)), although the genetic mechanism is unknown. 

 

T. pratense, M. truncatula, C. arietinum, G. max and L. angustifolius T2-RNase S-

lineage genes 

Given the evidence for the presence of SSK1 genes in Fabaceae (see above), we 

attempted to identify the S-RNase gene in Fabaceae species. Three main criteria were used 

to first identify putative S-RNase lineage genes in the T. pratense, M. truncatula, C. arietinum, 

G. max and L. angustifolius genomes, namely: 1) similarity at the amino acid level with S-

RNases from Malus and/or Prunus (Materials and methods); 2) the gene must encode a 

protein where amino acid pattern 4 is absent, once this pattern is found in non-S-RNase 

lineage genes only (Nowak et al., 2011; Vieira et al., 2008a); and 3) the gene must encode a 

protein with an isoelectric point higher than 7.5, since S-RNases are always basic proteins 

(Igic and Kohn, 2001; Roalson and McCubbin, 2003). Except for T. pratense, the genomes 

here analyzed are from self-compatible species. Nevertheless, the S-locus region could also 

be present, although the S-genes could show mutations that disrupt the coding region. For 

instance, in Rosaceae, mutated versions of the S-RNase and/or SFB genes have been 

described in self-compatible species (Tao et al., 2007). Table 5-1 summarizes the features of 

all gene sequences longer than 500 bp showing similarity at the amino acid level with S-

RNases from Malus and/or Prunus. Although intron number was not used as a criterion for the 

selection of the genes, all these genes have one or two introns in the same location as those 

of the S-RNases (Vieira and Charlesworth, 2002). Three T. pratense (Tp1, Tp5, and Tp15, 

Table 5-1), two M. truncatula (Mt8 and Mt23, Table 5-1), five C. arietinum (Ca3, Ca6, Ca7, 

Ca12, Ca13, Table 5-1) and one G. max (Gm2, Table 5-1) genes are likely non functional, 

since they present termination codons in their putative coding region. The number of putative 

S-lineage genes in T. pratense, M. truncatula and C. arietinum (species from the IRLC clade) 

is about three times larger than in G. max (millettioid clade) or L. angustifolius (from the 
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genistoid clade). Although in C. arietinum the large number of T2-RNase lineage genes can 

be attributed to recent gene duplications, most of the T. pratense, and M. truncatula gene 

duplications are old (Figure 5-2 and Supplementary Figure 5-2). Three Lotus corniculatus, two 

L. japonicus, one Pisum sativum, one Cajanus cajan, one Lens culinaris and one Cyamopsis 

tetragonoloba T2-RNase sequences that code for putative proteins without amino acid pattern 

4, and that code for basic proteins were also included in the phylogenetic analyses 

(Supplementary Table 5-1). 

According to the phylogenetic analyses, the Fabaceae sequences that show amino acid 

patterns 1 and 2 (T. pratense Tp5, Tp8, Tp10, Tp11, Tp12 and Tp14, M. truncatula Mt12 and 

Mt13, C. arietinum Ca1, Ca3, Ca4, Ca10, Ca15, Ca17 and Ca18; Table 5-1), that are present 

in Rosaceae, Solanaceae, Plantaginaceae and Rubiaceae S-RNases (Nowak et al., 2011; 

Vieira et al., 2008a), do not cluster together (Figure 5-2, and Supplementary Figure 5-2). 

Furthermore, Fabaceae genes - Tp6, Tp3, Ca4, Mt3, Mt17 and Mt18, in two of the alignment 

methods used (Figure 5-2 and Supplementary Figure 5-2B), cluster with Pyrinae S-RNases. 

Mt17 and Mt18 are neighbor genes (they are 3805 bp apart; Table 5-1). Mt17 is 56164 bp 

apart from Mt3 (Table 5-1). These genes could also represent the Fabaceae S-RNase. 

Although, the phylogenetic relationship of M. truncatula Mt20 gene and Plantaginaceae S-

RNases depends on the alignment method used, we also included this gene in the following 

analyses. 

 

Expression patterns of T. pratense Tp3 and Tp6, C. arietinum Ca4 and M. truncatula 

Mt3, Mt17, Mt18 and Mt20 genes 

S-RNase expression is restricted to the stigma, styles and pistils of flowers at anthesis 

where it is mostly abundant (Broothaerts et al., 1995; Nowak et al., 2011; Roalson and 

McCubbin, 2003). For T. pratense we address the expression of genes Tp3, and Tp6 using 

cDNA of styles with stigmas, ovaries, and leaves. Tp3 gene shows expression in styles with 

stigmas, ovaries, and leaves (Figure 5-3A). For Tp6 gene, expression is observed in the styles 

with stigmas and in leaves (Figure 5-3B). Since T. pratense is a SI species, these genes are 

thus, likely not S-RNases. Accordingly, levels of silent site (synonymous sites and non-coding 

positions) diversity for Tp3 and Tp6 genes are 0.008 and 0.011, respectively (based on 

fiveindividuals and a genomic region of 447 bp and 414 bp, respectively). S-RNases show 

levels of variability higher than 0.23 (Vieira et al., 2007). 
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Figure 5-2: Bayesian phylogenetic tree showing the relationship of the Fabaceae S-RNase lineage genes and Prunus, 

Pyrinae, Solanaceae and Plantaginaceae S-RNases (shaded sequences). 

 

Sequences were aligned using the Muscle algorithm. Numbers below the branches 

represent posterior credibility values above 60. + indicate the sequences presenting 

termination codons in the putative coding region. { indicate the sequences where gaps were 

introduced to avoid termination codons in the putative coding region. The "1 - 2" indicate the 

sequences presenting amino acid patterns 1 and 2 typical of the S-RNase gene. 
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Figure 5-3: Expression pattern for the T. pratense Tp3 (A), and Tp6 (B) S-RNase lineage genes in pistils, ovaries, and leaves. 

 

The elongation factor 1-α (Elf1-α) gene, the positive control for cDNA synthesis, is 

presented for these tissues (C). 

 

Genes similar to the S-RNase but that are not involved in GSI may, in principle, show 

expression in other tissues. Indeed, Malus (Rosaceae) S-RNase lineage 1 genes are 

expressed in embryo and seeds (chapter 4). This is in contrast to the S-RNase gene 

expression that is restricted to the stigma, styles and/or pistils of flowers at anthesis 

(Broothaerts et al., 1995; Nowak et al., 2011; Roalson and McCubbin, 2003). Therefore, 

genes showing expression in tissues other than the stigma, styles and/or pistils of flowers at 

anthesis are unlikely to be S-RNases. For C. arietinum Ca4 gene, blast searches against 

NCBI EST database, shows that this gene is expressed in etiolated seedlings 

(XM_004486248). Thus, this gene likely not involved in GSI. 

According to M. truncatula Gene Expression Atlas (Material and Methods) Mt20 

(Mtr.49135.1.S1_at) also shows expression in leaf and root tissues, among other tissues 

analyzed. Since Mt3, Mt17 and Mt18 genes are not represented in the Affymetrix GeneChip, 

used in M. truncatula Gene Expression Atlas (Material and methods), we addressed their 

expression using blastn and the SRA experiment sets for M. truncatula (99 RNA-Seq data 

sets from SRP033257 study from a mixed sample of M. truncatula root knot galls infected with 

Meloidogyne hapla (a nematode)). We find evidence for expression of the three genes in this 
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large RNA-seq data set (Supplementary Table 5-4). Therefore, according to gene expression, 

none of these genes seems to be determining pistil GSI specificity. 

 

F-box genes in the vicinity of the C. arietinum Ca4 and M. truncatula Mt3, Mt17, Mt1, 

and Mt20 genes 

At the S-locus region, the S-RNase gene is always surrounded by the S-pollen gene(s), 

that can be one gene, as in Prunus (called SFB; (Entani et al., 2003; Ikeda et al., 2004; Nunes 

et al., 2006; Sonneveld et al., 2005; Ushijima et al., 2003; Vieira et al., 2008b), or multiple 

genes, as in Pyrinae (called SFBBs; (Aguiar et al., 2013; Cheng et al., 2006; Kakui et al., 

2007; Kubo et al., 2010; Minamikawa et al., 2010; Sassa et al., 2007), and Solanaceae (called 

SLFs (Kubo et al., 2010; Wang and Kao, 2011; Wheeler and Newbigin, 2007)). It should be 

noted that in Prunus other F-box genes called SLFLs, not involved in GSI specificity 

determination (Matsumoto et al., 2008), are also found surrounding the S-RNase gene (Entani 

et al., 2003; Ushijima et al., 2003). Therefore, as an attempt to identify the S-locus in 

Fabaceae species, we identified all SFBBs/SLFs, SLFLs, and SFB-like genes in the vicinity (1 

Mb) of the C. arietinum Ca4, and M. truncatula Mt3, Mt17, Mt18 and Mt20 genes (Figure 5-4, 

see Methods). For those gene sequences larger than 500 bp, phylogenetic inferences using 

reference genes (see Material and methods) show that C. arietinum Ca1_5 and M. truncatula 

Mt2_10, Mt2_11, and Mt7_7 are F-box genes that belong to the Malus, Solanaceae, and 

Plantaginaceae S-pollen and Prunus S-like pollen genes clade (Figure 5-5, and 

Supplementary Figure 5-3). 

 

Expression pattern of the C. arietinum Ca1_5 and M. truncatula Mt2_10, Mt2_11 and 

Mt7_7 genes 

Prunus SFB, Petunia and Antirrhinum SLFs and Malus SFBB (S-pollen genes determining 

GSI specificity) genes have expression restricted to pollen and anthers (Kakui et al., 2007; 

Kubo et al., 2010; Minamikawa et al., 2010; Sassa et al., 2010; Sassa et al., 2007; Wheeler 

and Newbigin, 2007). Prunus SLFL genes, however, are expressed in pollen and anthers but 

also in the style (Entani et al., 2003; Ushijima et al., 2003). Furthermore Malus SLFL genes 

are also expressed in pollen, and anthers, but also in pistils, leaves, and seeds (Vieira CP, 

unpublished). Therefore, we addressed the expression pattern of C. arietinum Ca1_5 and M. 

truncatula Mt2_10, Mt2_11 and Mt7_7 genes.  

C. arietinum Ca1_5 gene is expressed in etiolated seedlings (NW_004515210). Thus, this 

gene, as the S-RNase like sequence located in its vicinity, cannot be involved in GSI. M. 

truncatula Mt7_7, and Mt2_11 genes, according to Gene Expression Atlas (Material and 

methods), are expressed in leafs, petiole, stems, flowers and roots, among other tissues 

analyzed (Mt7_7 -Mtr.14778.1.S1_at and Mt2_11 - Mtr.2939.1.S1_at). For Mt2_11 gene an 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
163 

 

 
 

EST (CA990259.1) also supports expression of this gene in immature seeds 11 to 19 days 

after pollination. Mt2_10 gene is not represented in the Affymetrix GeneChip and there is no 

EST data for this gene. Therefore, we addressed their expression using blastn and the SRA 

SRP033257 experiment data sets for M. truncatula (a mixed sample of M. truncatula root knot 

galls infected with M. hapla). We find evidence for expression of this gene in this large RNA-

seq data set (Supplementary Table 5-4). Therefore, according to gene expression, none of 

these genes seems to be determining S-pollen GSI specificity. 

 

 

Figure 5-4: Representation of F-box SFB -SFBB- and SLFL-like genes located in the 500 Kb region surrounding the C. arietinum 

Ca4 gene (A), and M. truncatula Mt3, Mt17, Mt18, and Mt20 S-RNase like genes (B), marked in grey. 

Sequences assigned with # are very divergent sequences that were not included in phylogenetic analyses. 
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Figure 5-5: Bayesian phylogenetic tree showing the relationship of the F-box SFB -SFBB- and SLFL- like genes surrounding the C. 

arietinum Ca4, M. truncatula Mt3, Mt17, Mt18, and Mt20 genes, and S-pollen genes from Prunus, Malus, Solanaceae and 

Plantaginaceae, and Prunus S-like genes (genes not involved in GSI specificity; see Introduction). 

The reference sequences are shaded. Sequences were aligned using the Muscle algorithm. The tree was rooted using A. thaliana 

F-box/kelch-repeat (NM111499) gene. Numbers below the branches represent posterior credibility values above 60. 
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T2-RNases from the C. striatus style with stigma transcriptome 

Since we found no evidence in the available Fabaceae genomes for S-RNase like genes 

that could be involved in GSI specificity, we performed a transcriptome analysis of C. striatus 

styles with stigmas. This species has been described as having partial GSI (Rodríguez-Riaño 

et al., 1999). Five C. striatus sequences obtained from the style with stigma transcriptome 

show similarity with S-RNases (Table 5-2; PRJNA279853; 

http://evolution.ibmc.up.pt/node/77).  CsRNase4 and CsRNase5 genes encode proteins with 

amino acid pattern 4 that is absent from all known S-RNases (Nowak et al., 2011; Vieira et al., 

2008a). These genes encode putative acidic proteins (with an isoelectric point of 4.63 and 

4.92, respectively), in contrast with S-RNases that are always basic proteins (Igic and Kohn, 

2001; Roalson and McCubbin, 2003). Furthermore, they share at least 85% amino acid 

similarity with other Fabaceae proteins that are expressed in tissues other than pistils (G. max 

XP_003518732.1 and P_001235183.1 respectively). Moreover, these genes have three 

introns, and known S-RNases have only one or two introns (Vieira and Charlesworth, 2002). 

Therefore CsRNase4, and CsRNase5 genes are not S-RNases.  

 

Table 5-2: C. striatus T2- RNases present in the style with stigma transcriptome 

Gene name Transcriptome 

annotation 

Size 

(bp) 

Amino acid patterns 

   1 2 4  

CsRNase1 c46311_g1 876 FTIHGLWPDN WPRLFTA - 

CsRNase2 c46642_g1 831 FTIHGLWPDY WPSLSCS KPSSCN 

CsRNase3 c75927_g1 248 FSVHGLWPST n.a. n.a 

CsRNase4 c48285_g2 594 FGIHGLWPNY WPTLSCP CPSSNG 

CsRNase5 c49408_g1 681 FGIHGLWPNY WPSLSCP CPSSNG 

Underscored are the amino acids that are not allowed in the motifs of (Vieira et al., 2008a). 

n.a. the available sequence does not cover this region 

 

CsRNase1 and CsRNase2 genes code for proteins that do not present amino acid pattern 

4, like the S-RNase gene (Table 5-2). Because the CsRNase3 coding sequence is incomplete, 

it is not possible to ascertain whether the protein encoded by this gene shows the amino acid 

pattern 4. Phylogenetic analyses of CsRNase1 and CsRNase2 genes, together with the 

sequences of other Fabaceae S-lineage genes, Rosaceae, Solanaceae and Plantaginaceae 

S-RNases show that none of these genes belong to the known S-RNase gene lineages 

(Figure 5-6A, Supplementary Figure 5-4). CsRNase3 gene, however, clusters with Pyrinae S-

RNases, and thus could represent a putative S-RNase gene (Figures 5-6B). For CsRNase3 

gene, in the 266 bp region available, there are no introns. Accordingly, in the corresponding 

region there are no introns at the S-RNase gene. Nevertheless, unlike the S-RNases, 

CsRNase3 gene is expressed in ovaries, petals, leaves and fruits (Figure 5-7A). Moreover, 
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levels of silent site diversity for this gene are moderate (π = 0.0233; based on a genomic 

region of 133 bp and five individuals of C. striatus from the Marecos population), but lower 

than that of the S-RNase gene (higher than 0.23; (Vieira et al., 2007)). Thus, CsRNase3 gene 

does not present the expected features of a S-RNase gene. 

Since we could not find any S-RNase candidate belonging to the Rosaceae, Solanaceae 

and Plantaginaceae S-RNase lineage genes, we characterized the CsRNase1 and CsRNase2 

genes, that do not belong to any of the known S-RNases lineages. CsRNase1 gene is one of 

the most expressed genes (see Fragments Per Kilobase of target transcript length per Million 

reads mapped (FPKM) at position 23 in Supplementary Table 5-5), but their genomic 

sequence revealed three introns (Supplementary Figure 5-5A). CsRNase1 gene is expressed 

in ovaries, petals, pistils, leaves and fruits (Figure 5-7B), in contrast with the S-RNases that 

are expressed mainly in pistils (Broothaerts et al., 1995; Nowak et al., 2011; Roalson and 

McCubbin, 2003). Furthermore, levels of silent site (synonymous sites and non-coding 

positions) variability for this gene are low (π = 0.0006; based on a genomic region of 1020 bp 

and five individuals of C. striatus from the Marecos population) which is in sharp contrast with 

the expectation of high levels of variability at the S-RNase gene (Vieira et al., 2007). 

Therefore, the overall evidence is that the CsRNase1 gene is not a S-pistil gene. For 

CsRNase2 gene the genomic sequence revealed five introns (Supplementary Figure 5-5B), it 

shows expression in ovaries, petals, pistils, leaves and fruits (Figure 5-7C), and low levels of 

silent site (synonymous sites and non-coding positions) variability (π = 0.0157; based on a 

genomic region of 1147 bp and five individuals of C. striatus from the Marecos population). 

Therefore, CsRNase2 gene is also not a S-pistil gene. 

 

5.4 Discussion 

Phylogenetic analysis of T2-RNase genes from five Fabaceae genomes and one pistil 

transcriptome revealed more than six S-lineage genes. The two T. pratense genes that are 

phylogenetically related with Pyrinae S-RNases show, however, expression and 

polymorphism levels incompatible with being involved in GSI. Furthermore, the sequences 

obtained in the Portuguese population for the two T. pratense genes phylogenetically related 

with Pyrinae S-RNases, are very similar to that of the individual sequenced in the T. pratense 

genome. Moreover, none of the other Fabaceae T2-RNase genes that are phylogenetic 

related with known S-RNases, revealed expression patterns compatible with a candidate 

Fabaceae S-pistil gene. It could be argued that only T. pratense shows complete GSI (Dhar et 

al., 2006; Lawrence, 1996), and that the S-locus region may not present in the other available 

SC species genomes. Nevertheless, the presence of the same gene lineages in the T. 

pratense, M. truncatula and/or C. arietinum suggests that this is not the case. In Rosaceae, 

SC species still present the S-locus region, but S-RNase and SFB genes are non functional 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
167 

 

 
 

 

Figure 5-6: Bayesian phylogenetic trees showing the relationship of: (A) C. striatus CsRNase1and CsRNase2 genes and Fabaceae 

S-RNase lineage genes and Prunus, Pyrinae, Solanaceae and Plantaginaceae S-RNases. Sequences were aligned using the 

Muscle algorithm, and (B) CsRNase3 gene and Prunus, Pyrinae, Solanaceae and Plantaginaceae S-RNases. The reference 

sequences are shaded. Numbers below the branches represent posterior credibility values above 60. 
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Figure 5-7: Expression pattern for the C. striatus S-RNase lineage genes CsRNase3 (A), CsRNase1 (B), and CsRNase2 (C) in 

pollen, ovaries, leaves, fruits, petals and pistils. 

The elongation factor 1-α (Elf1-α) gene, the positive control for cDNA synthesis, is presented for these tissues (D). 

 

(Tao et al., 2007). Nevertheless, mutations at loci involved in GSI but that are unlinked to the 

S-locus are also observed (Vilanova et al., 2006; Zuriaga et al., 2013). A similar pattern is also 

described in other SI systems such as that present in Brassicaceae family. For instance, the 

S-locus is present in the genome of the SC Arabidopsis thaliana, but the genes determining S-

specificity are nonfunctional (Bechsgaard et al., 2006; Boggs et al., 2009). It should be noted, 

however, that the SI loss in M. truncatula is at least twice as old as that of Arabidopsis 

thaliana. Therefore, genomes of SC species can also help in the identification of the putative 

S-locus genes. 

The presence of Fabaceae sequences that cluster with Pyrinae S-RNases and S-pollen 

genes supports the hypothesis that we have identified the orthologous Pyrinae S-locus region 

in Fabaceae. These genes in Fabaceae seem to be performing functions other than GSI. 

Therefore, we show that in Fabaceae, the Rosaceae, Solanaceae, and Plantaginaceae S-

RNase gene lineages are not involved in GSI, thus raising the hypothesis that in Trifolium GSI 

is not S-RNase-based. This hypothesis has been suggested before, based on the analysis of 

the M. truncatula T2 RNases located in chromosome 1, that is largely syntenic to linkage 

group HG1 of T. pratense, where the S-locus has been mapped (Casey et al., 2010), since 

there are no T2-RNases exhibiting significant similarity to Solanaceae, Rosaceae and 
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Plantaginaceae here. Nevertheless, under the current hypothesis S-RNase-based GSI 

evolved only once (Igic and Kohn, 2001; Steinbachs and Holsinger, 2002; Vieira et al., 

2008a). It is, however, conceivable that the ancestral S-locus has been duplicated during 

evolution. The presence of Fabaceae sequences presenting motifs 1 and 2 along the 

phylogeny support this hypothesis. In C. striatus, however, none of the T2-RNase genes 

expressed in pistils is determining GSI. Thus, there is no evidence to suggest that other T2-

RNase lineage genes could be determining Fabaceae GSI. If this is the case, Fabaceae GSI 

has evolved de novo, and thus, the information on Solanaceae, Rosaceae, Plantaginaceae  

and Rubiaceae S-RNases is not useful for the identification of the Fabaceae S-locus. It is 

expected that the S-pistil gene is highly expressed in the tissue where GSI occurs, and 

transcriptome analyses of this tissue can produce a list of genes showing high expression 

levels, such that we present for C. striatus (see Supplementary Table 5-5). Nevertheless, 

expression analyses, levels of diversity and segregation analyses in controlled crosses will be 

needed to identify which gene(s) is(are) involved in S-pistil specificity. 

It should be noted that in several Fabaceae species, we find SSK1-like genes with the 

typical features of those found in S-RNase-based SI species from other plant families. It is 

conceivable that SSK1-like genes will be present in species where T2-RNase genes 

belonging to the S-lineage are present, even though such genes may not be involved in S-

RNase-based GSI. This must be the case for C. striatus. Moreover, the presence of a SSK1-

like gene in C. clementina where no T2-RNases were identified from the transcriptome 

analyses of stylar cells of a SI and a SC cultivar (Caruso et al., 2012) offers support to this 

hypothesis. 

The possibility that the frequency of self-incompatible species is overestimated in 

Fabaceae should not be also, ruled out. Indeed, the presence of bi-nucleated pollen (typically 

associated with GSI), as well as fruit and seed production, are frequently used to assess the 

breeding system of a species. Nevertheless, other processes known to occur in Fabaceae 

species can affect fruit and seed production. For instance, Papilionoideae species have a 

membrane at the stigmatic surface that needs to be disrupted for pollen grain germination. In 

species of this subfamily the flower's own pollen can cover the stigma at the bud stage 

(Asmussen, 1993; López et al., 1999; Rodet et al., 1998; Rodríguez-Riaño, 1997; Rodríguez-

Riaño et al., 1999), but it does not germinate while the stigmatic surface is intact (Gibbs and 

Sassaki, 1998; Rodríguez-Riaño et al., 1999; Shivanna and Owens, 1989). With flowering 

maturation, this stigmatic membrane in SI species, must be scratched by a pollinator that visits 

the flower (Galloni et al., 2007; Rodríguez-Riaño et al., 1999, 2004). Moreover, LSI has been 

described in many Fabaceae species such as Medicago sativa (Cooper and Brink, 1940), 

Vicia faba (Rowlands, 1958), Pisum sativum (Briggs et al., 1987) and Colutea arborescens 
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(Galloni et al., 2007) from the IRLC clade; Lotus corniculatus (Miri and Bubar, 1966) and 

Coronilla emerus (Galloni et al., 2007), both from the robinoid clade; Phaseolus vulgaris (Sage 

and Webster, 1990) from the millettioid clade; Dalbergia miscolobium (Gibbs and Sassaki, 

1998) and D. retusa (Seavey and Bawa, 1986) from the dalbergioid clade; as well as in 

Genista hirsuta, Adenocarpus complicatus, Retama sphaerocarpa, Cytisus striatus, C. 

grandiflorus (Rodríguez-Riaño et al., 1999, 2004), and C. multiflorus (Rodríguez-Riaño et al., 

2004; Valtueña et al., 2010) from the genistoid clade. In Fabaceae, LSI is due to multiple 

causes such as disharmony in endosperm/embryo development (Valtueña et al., 2010), 

differential growth rate of the pollen tubes within the ovaries (Brink and Cooper, 1938; Bubar, 

1959), embryonic abortion (Briggs et al., 1987; Sage and Webster, 1990) and inbreeding 

depression (Rodríguez-Riaño et al., 2004). Although the genetics and physiology of LSI is still 

poorly understood, it is clear that it can be genetically determined (Allen and Hiscock, 2008) 

and that LSI and GSI can co-occur, as it happens in C. striatus (Rodríguez-Riaño et al., 1999). 

Indeed, LSI implies similar growth of pollen tubes in the style following self- and cross-

pollination (see for instance (Gibbs and Bianchi, 1993; Waser and Price, 1991)), and in this 

species there is a significant difference in the percentage of pollen growth in self and cross-

pollinations. Therefore, besides LSI, an additional partial GSI system has been inferred in C. 

striatus (Rodríguez-Riaño et al., 1999). Similar inferences have been made for V. faba 

(Rowlands, 1958), L.  corniculatus(Bubar, 1959), C. emerus and Colutea arborescens (Galloni 

et al., 2007). 

In conclusion, there is no evidence for Rosaceae, Solanaceae, and Plantaginaceae S-

RNase lineage genes determining GSI in Fabaceae species. LSI is frequent in this family and 

may co-occur with GSI. Nevertheless, so far, in Fabaceae, only Trifolium species have been 

described as presenting GSI only. Thus, LSI or LSI in combination with GSI, will be likely the 

major hurdle when attempting to efficiently incorporating traits of agronomical interest from 

wild populations into crop varieties. 
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5.6 Supplementary Material 

 

Supplementary Table 5-1: Fabaceae T2-RNases available in GenBank not presenting amino acid pattern 4. 

Gene name Gene code PI Motif 1 Motif 2 Motif 4 

Lotus corniculatus      

511246152 Lc1 5.54 FTIHGLWPDY WPSLSCG  

511259292 Lc2 8.66 FTIHGLWPST QPNWCQP - 

511259293 Lc3 8.78 FTIHGLWPST WPDMIKPT - 

511256017 Lc4 9.36 FTIHGLWPGN WPNMLKA - 

L. japonicus      

292789702 (AK339271) Lj1 9.78 LVIHGLWPSN WPEMLPP - 

BT148442  Lj2 7.55 FTIHGLWPGN WPNMLAT - 

388505137 BT140840  Lj3 6.79 FTIHGLWPGN WPNMLAA - 

CN825207 (AFK37221) Lj4 6.34 FTIHGLWPGN WPNMLAA - 

Arachis hypogaea      

298122009 Ah1 5.14 FTIHGLWTDY WPSYSCS - 

372398525 Ah2 6.24 FTIHGLWPTN WPSLQPG - 

Pisum sativum      

332432295 Ps1 5.94 FVIHGLWPSK WPALFEN - 

332444566 Ps2 8.82 FTIHGLWPSK WPALFKK - 

Cajanus cajan      

297438042 Ccajan 8.59 FTIYYLRPRK WPDLRTD  

Lens culinaris      

331110541 Lens1 6.16 FTIHGLWPDY WPSLSCG SPSSCS 

Cyamopsis tetragonoloba      

EG990835 Ct1 8,86 FTIHGLWPAN WPNLKGT - 

Medicago sativa      

335964967 Ns1 5.69 FTIHGLWPDY WPSLSCG SPSSCS 

Underscored are amino acids that are not allowed in the motifs of (Vieira et al., 2008) 
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Supplementary Table 5-2 Correspondences between gene codes and gene names for F-box SFBB- and SFB - like genes in the 

vicinity of C. arietinum and M. truncatula S-RNase like genes. 

Gene code Gene name 

C. arietinum  

Ca1_1 LOC101510735 

Ca1_2 LOC101512567 

Ca1_3 LOC101511907 

Ca1_4 LOC101515143 

Ca1_5 LOC101500141 

M. truncatula   

Mt2_1 Medtr2g021050 

Mt2_2 Medtr2g021150 

Mt2_3 Medtr2g021160 

Mt2_4 Medtr2g021160 

Mt2_5 Medtr2g021170 

Mt2_6 Medtr2g021190 

Mt2_7 Medtr2g021210 

Mt2_8 Medtr2g021250 

Mt2_9 Medtr2g021250 

Mt2_10 Medtr2g021770 

Mt2_11 Medtr2g021800 

Mt2_12 Medtr2g025420 

Mt7_1 Medtr7g078840 

Mt7_2  Medtr7g078860 

Mt7_3 Medtr7g078900 

Mt7_4  Medtr7g078940 

Mt7_5 Medtr7g079160 

Mt7_6 Medtr7g079370 

Mt7_7 Medtr7g079640 
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Supplementary Table 5-3: Primers used in this work. 

Gene Primer F Sequence Primer R Sequence T.a.º Size (bp) 

Elf1-α Elf1-F CCACCAACCTTGACTGGTAC Elf1-R CCACGCTTGAGATCCTTCAC 54 319 

Tp6 

 

5450-F 

 

CGACTTACTTCAGTTTGC 

 

5450-R 

 

AAATGAGAGAAGGTTCAA 

 

49 

 

449 (genomic) 

408 (cDNA) 

Tp3 

 

1821-F 

 

TATGGTCGCAGCTCAATG 

 

1821-R 

 

GCTAGTAGGCTTTCAAAA 

 

49 

 

483 (genomic) 

410 (cDNA) 

CsRNase1 

 

CytSRN-62F 

 

TGCTATCTTTACAATGGC 

 

CytRNase531R 

 

TTACCCTTTTTATCGTCA 

 

49 

 

1056 (genomic) 

487 (cDNA) 

   
CytSRN-379R TTTTTCCAAGAGCAATAG 

  

 
CytSRN-Fintrao2 AAAACACTCGTCAACAAT CytSRN-R ATCGCTTCCTCAACATCC 48 547 

CsRNase2 

 

CytR2-cons142F 

 

TGTAGCAAACCATCCTCA 

 

CytR2-445R 

 

AGAAGCACAGACGAAGTT 

 

52 

 

1183 (genomic) 

299 (cDNA) 

 
CytR2-824F TGTAGCAAACCATCCTCA 

    

   
CytR2-Rint AGATTATTACCCCACTGC 

  
CsRNase3 Cy10F ATGGGGCTTATGACTATT Cy10R GGAAAACGATGTGGTGAG 48 169 
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Supplementary Table 5-4: Reads from the SRP033257 experiment of M. truncatula (RNA-Seq data sets from a mixed sample of 

M. truncatula root knot galls infected with Meloidogyne hapla (a plant-nematode)) supporting the expression of the Mt3, Mt17, 

Mt18 and Mt_10 genes. 

Gene Reads 

Mt3 gnl|SRA|SRR1043883.43136986.1 

 gnl|SRA|SRR1043883.32010848.1 

 gnl|SRA|SRR1043797.10726404.1 

 gnl|SRA|SRR1043795.25285202.1 

 gnl|SRA|SRR1043779.54087688.1 

 gnl|SRA|SRR1043666.57815839.1 

Mt17 gnl|SRA|SRR1043885.10658370.1 

 gnl|SRA|SRR1043881.2087054.1 

 gnl|SRA|SRR1043808.4289521.1 

 gnl|SRA|SRR1043798.35907529.1  

 gnl|SRA|SRR1043784.24879450.1 

 gnl|SRA|SRR1043742.55576161.1 

 gnl|SRA|SRR1043684.56906268.1 

 gnl|SRA|SRR1043605.31305766.1 

 gnl|SRA|SRR1043107.12591822.1 

 gnl|SRA|SRR1043068.51016104.1  

Mt18 gnl|SRA|SRR1043874.15040445.1 

 gnl|SRA|SRR1043781.31064223.1 

 gnl|SRA|SRR1043778.2254378.1 

 gnl|SRA|SRR1043106.15306711.1 

Mt2_10 gnl|SRA|SRR1043886.27606493.1  

 gnl|SRA|SRR1043876.38060156.1 

 gnl|SRA|SRR1043744.3162043.1 

 gnl|SRA|SRR1043713.23430899.1 

 gnl|SRA|SRR1043686.23125586.1 

 gnl|SRA|SRR1043674.18978417.1 

 gnl|SRA|SRR1043106.35104704.1 
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Supplementary Table 5-5: The 100 most expressed genes of the C. striatus stigma with style transcriptome.



184 FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
185 

 

 
 



186 FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 



 
FCUP 

Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 
187 

 

 
 

 

FPKM- Fragments Per Kilobase of target transcript length per Million reads mapped   

Mean similarity- the average similarity of the putative C. striatus protein and the 20 most similar proteins at NCBI    

NA- not available   

IPS- InterProScan 
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Supplementary Figure 5-1: Bayesian phylogenetic trees showing the relationship of SSK1-like genes in flowering plants. 

Sequences were aligned using ClustalW2 (A), and T-coffee (B) algorithms. The tree was rooted using O. sativa (AP003824) and 

C. maxima (FJ851401) genes. Numbers below the branches represent posterior credibility values above 60. 
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Supplementary Figure 5-2: Bayesian phylogenetic trees showing the relationship of Fabaceae S-RNase lineage genes and 

Prunus, Pyrinae, Solanaceae and Plantaginaceae S-RNases. Sequences were aligned using ClustalW2 (A), and T-coffee (B) 

algorithms. The reference sequences are shaded 



190 FCUP 
Characterization of the S-locus in Rosidae (Rosaceae and Fabaceae) 

 

 

 

Supplementary Figure 5-3: Bayesian phylogenetic trees showing the relationship of the F-box SFB -SFBB- and SLFL- like genes 

surrounding the C. arietinum Ca4, M. truncatula Mt3, Mt17, Mt18 and Mt20 genes, and S-pollen genes from Prunus, Malus, 

Solanaceae and Plantaginaceae and Prunus S-like genes (shaded sequences). Sequences were aligned using ClustalW2 (A), 

and T-coffee (B) algorithms. The tree was rooted using A. thaliana F-box/kelch-repeat (NM111499) gene. Numbers below the 

branches represent posterior credibility values above 60. 
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Supplementary Figure 5-4: Bayesian phylogenetic trees, showing the relationship of the C. striatus CsRNase1 and CsRNase2 

genes with Fabaceae S-RNase lineage genes and Prunus, Pyrinae, Solanaceae and Plantaginaceae S-RNases (shaded 

sequences). Sequences were aligned using ClustalW2 (A), and T-coffee (B) algorithms. Numbers below the branches represent 

posterior credibility values above 60. 
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Supplementary Figure 5-5: Representation of the genomic region of C. striatus CsRNase1(A) and CsRNase2 (B) genes. Lines 

represent introns, grey boxes represent exons, and arrows indicate the most external primers used. 
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6. General Discussion, Future Perspectives 

and Conclusions 

SI systems prevent self-fertilization in plants. Although there are two major forms of 

homomorphic SI systems (GSI and SSI; (De Nettancourt, 1977)), S-RNase-based GSI 

was shown to be present in species of Rosaceae (Rosidae), Solanaceae, 

Plantaginaceae and Rubiaceae (Asteridae). Hence, it has been thought to have 

evolved only once, about 120 MYa before the split of Asteridae and Rosidae (Igic and 

Kohn, 2001; Steinbachs and Holsinger, 2002; Vieira et al., 2008). Moreover, S-RNase 

lineage sequences were found in Euphorbiaceae and Malvaceae (Rosidae; where no 

S-RNase lineage genes had been previously described), as well as Cucurbitaceae and 

Fabaceae (Rosidae; (Vieira et al., 2008)). The first studies in S-RNase-based GSI 

suggested that two genes were responsible for the SI reaction. An S-RNase, 

expressed only in pistils, as the female determinant, and an F-box, expressed only in 

pollen, as the male determinant. When the male and female determinants presented 

the same S-haplotypic specificity (self-) the SI reaction would occur and no fruits would 

be formed. These genes, present at the S-locus and therefore in linkage with each 

other, were expected to have S-haplotypic specific polymorphism and to have similar 

levels of polymorphism between them (McClure, 2004). Nevertheless, similar 

polymorphism between the S-RNase and the F-box genes was only observed in 

Prunus (Rosaceae). In this genus, although several F-box genes were present at the 

S-locus, only one had the expected polymorphism levels (Nunes et al., 2006; Ushijima 

et al., 2004). This F-box protein is proposed to bind to the self S-RNases protecting 

them from being inhibited (Luu et al., 2001; Sonneveld et al., 2005). For the Pyrinae 

subtribe (Rosaceae) and in the Solanaceae and Plantaginaceae species, several F-box 

genes were also identified in the S-locus, but all of them had lower polymorphism 

levels, compared to those of the S-RNase (Hua et al., 2007; Kakui et al., 2011; 

Minamikawa et al., 2010; Sassa et al., 2007). Therefore, it was suggested that multiple 

F-box genes could be acting together in the SI reaction. 

Although several F-box genes, named SFBB, have been previously shown to exist 

at the S-locus level in Malus and Pyrus (Kakui et al., 2011; Minamikawa et al., 2010; 

Okada et al., 2013; Sassa et al., 2007), there were never more than 12 associated to a 

single haplotype. In this work, it is shown that at least 16 SFBB genes are present in 

Sorbus, Pyrus and Malus (see chapter 2), with 20 genes identified in Malus (see 

chapter 3). In a non-self recognition system with multiple genes, a big number of SFBB 
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genes involved in the system is advantageous to increase the specificity recognition. 

For example, in Petunia, Williams et al. (2014) has identified 17 SLF genes in the S2- 

and S3-haplotypes. If each of the SLF genes was capable of detoxifying five S-RNases 

(the maximum observed until now), than each of the 32 known S-RNase specificities 

would be targeted by at least two different SLF proteins, which would act as a failsafe 

mechanism. Since in Pyrinae 35 S-RNase specificities have been estimated (Vieira et 

al., 2010), the 20 SFBB genes identified in Malus would also allow the failsafe 

mechanism suggested for Petunia. Moreover, the fact that in Malus four additional 

genes were identified, compared to Sorbus, is probably a consequence of their 

identification by degenerate primers (present in 65.5% of the sequences present in 

GenBank, see section 2.2) and does not mean that they only exist in Malus. In fact, it is 

also shown that the SFBB genes from the three species predate the appearance of the 

three genera (about 5 MYa). When the age of the SFBB genes was determined, they 

were between 8.27-23.96 MY old. Therefore, the SFBB genes have no orthologs in 

Prunus, that is diverging from Pyrinae at about 32 MYa. In phylogenetic analyses 

Malus SFBB genes always cluster with Prunus SLFL genes, appearing as sister groups 

((Minamikawa et al., 2010; Vieira et al., 2009) and chapter 4). SLFL genes are the 

closest neighbor genes of the Prunus S-locus. It should be noted that the oldest 

Pyrinae S-RNase lineages are also about 23 million years old and that the S-RNase 

alleles also predate speciation in Pyrinae (Raspé and Kohn, 2002). Nevertheless, it is 

difficult to determine which sequences belong to each SFBB genes based only in 

phylogenetic analyses, unless more than two sequences appear at the same individual. 

Another way of determining that two sequences belong to two different genes is the 

use of different individuals to determine the S-haplotypic sequences of each SFBB, as 

we have done in Malus. If the same S-haplotype is assigned in two different sequences 

that appear to belong to the same SFBB, than the two sequences belong to different 

SFBB genes. Levels of synonymous polymorphism for the SFBB genes are between 

0.4% and 16.0%. Although in Sorbus none of the SFBB genes had more than 10.0% 

synonymous polymorphism (Table 2-2), three of the genes from Malus had a 

polymorphism level between 10.0% and 16.0% (Table 3-4). Therefore, the identification 

of more haplotypes for each SFBB gene is needed, in order to more accurately 

determine the maximum polymorphism level each SFBB has. Nevertheless, it is 

possible that not all of the SFBB genes here identified are involved in the SI reaction, 

since they were identified with degenerate primers designed for F-box genes. 

Therefore, we could have amplified genes that are not located at the S-locus. 

Moreover, since SFBB genes only target a sub-set of the S-RNase proteins, it is 

possible that the S-RNase specificities, that one of the SFBB recognizes, have been 
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lost in the population and, therefore, that SFBB gene is not being selected anymore. In 

order to maintain their specificities, S-RNase and F-box genes are expected to co-

evolve and, therefore, to be in linkage (McClure, 2004). For that reason, linkage 

between the S-RNase and the SFBB genes was shown in both Sorbus (for eleven 

genes in chapter 2) and Malus (for seven genes in chapter 3 and another eight 

previously reported in the literature (Minamikawa et al., 2010; Okada et al., 2013)). 

Nevertheless, the different SFBB genes present a different organization at the S-locus, 

relative to the S-RNase gene (Minamikawa et al., 2010), so a gene may be in linkage 

with the S-RNase in one haplotype but not in another. We have observed this, for one 

of the genes in Malus (SFBB11) that had been shown, by BAC analysis, to be located 

in the S-locus (Minamikawa et al., 2010). This gene, for which we have shown 

complete linkage in the S2- and S3-haplotypes, showed incomplete linkage in our 

analysis in the S9-haplotype. Incomplete linkage has previously been observed in Pyrus 

only, for the SFBB6 and SFBB8 genes (De Franceschi et al., 2011b; Kakui et al., 2011) 

and was associated to genes that might have lost their function in the SI reaction in 

some of the haplotypes only. Nevertheless, Minamikawa et al. (2010) has also shown 

that this gene shows complete linkage with the S-RNase in 239 plants (117 plants with 

the S9-haplotype and 122 plants that do not have the S9-haplotype). Moreover, the 

linkage is not complete in our sample, because of a single individual. Although 

recombination is expected to be suppressed at the S-locus, evidence for recombination 

at the S-RNase gene has been observed (Vieira et al., 2010). Furthermore, the fact 

that a given SFBB gene was not in linkage with the S-RNase gene in an individual 

would only have any effect in the SI system in the population on a short term basis, if 

the mis-linked allele would target the S-RNase of the haplotype where it was located. In 

this case, the analyzed polymorphism is not located in one of the amino acids under 

positive selection. Therefore, if this polymorphism was a point mutation in a single 

individual, it is not expected to be involved in the recognition of any S-RNase 

specificity. Additionally, it is shown that amino acids under positive selection, are 

identified only when the analyses are done between the different genes of the same S-

haplotype. Prior to this work, analyses to identify amino acids under positive selection 

were done for the different S-haplotypes of a single SFBB gene (De Franceschi et al., 

2011a; Vieira et al., 2009) with either one or no amino acids under positive selection 

being identified. Those first analyses were based on the assumption that a single SFBB 

gene was involved in the system as it happens in Prunus. However, under the non-self 

recognition by multiple factors system, allelic products of each SFBB gene were 

expected to be highly homologous with each other and to target similar fractions of S-
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RNases because allelic divergence of each SFBB would not be required and would not 

be favored by natural selection (Kakui et al., 2011). Therefore, we searched for amino 

acids under positive selection by analyzing the different SFBB genes of the same S-

haplotype. In this work, we have identified 12 and 14 amino acids under positive 

selection in Sorbus for the Sa- and S22-haplotypes respectively, when using at least two 

alignment methods. In Malus we have identified a minimum of four and a maximum of 

15 amino acids under positive selection in the nine haplotypes (with the larger sample 

that included SFBB genes not yet shown to be in linkage with the S-RNase) in a total of 

20 between all of the S-haplotypes. It should be noted that in Sorbus the analyses to 

identify amino acids under positive selection were made in 11 genes for both 

haplotypes, while in Malus the number of genes used in each haplotype was different 

(the minimum number of genes used was five, in the S7-haplotype and the maximum 

was 15 in the S3-haplotype). This results have further supported the involvement of 

multiple SFBB genes in the SI reaction in Pyrinae as suggested for Solanaceae and 

Plantaginaceae. The presence of identical amino acids at the positively selected sites 

between different S-haplotypes, in the same SFBB gene, suggests that alleles of these 

genes may be recognizing the same S-RNase specificities and marking them for 

degradation. Moreover, the variability at the amino acid sites under positive selection, 

within the same SFBB gene, may account for the differences observed in SI behavior 

when different alleles of the same SFBB gene are analyzed. This differences, might 

help to infer which specificities does that SFBB allele target for degradation. For 

example, the fact that only SFBB3-S10 has a valine instead of a leucine at position 25 

(Table 3-6), suggests that the leucine in position 25 at the SFBB3 gene might be 

essential in marking the S10-RNase for degradation, although biochemical confirmation 

is needed. Therefore, additional work is needed to identify how many SFBB genes are 

involved in the SI system in Pyrinae, as well as their haplotypic sequences, in order to 

try to infer which SFBB proteins and haplotypic specificities interact with which S-

RNase proteins. These latter analyses (the identification of the haplotypic sequences of 

each SFBB and linkage analyses between S-RNase and SFBB genes) are currently 

being done in our group, in Malus, in other SFBB genes for the cross presented in 

chapter 3 - GD x RD (S2S3 x S9S28) - and in two additional crosses - Gala x McInt (S2S5 

x S10S25) and Fuji x Honey (S1S9 x S2S24). After the identification of the haplotypic 

sequences for each SFBB, biochemical tests must be done, in vitro, to confirm the S-

RNase/SFBB interaction predictions. Although transformation experiments would be 

more informative, since an SFBB protein could have affinity to interact with the S-

RNase but not be able to interact in vivo, there are no transformation nor antisense 

RNA technology used to induce post-transcriptional gene silencing in these species, at 
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the moment (Lopez-Gomollon and Dalmay, 2010). Moreover, the Pyrinae species 

studied are shrubs or trees that have a minimum 2–3 years juvenile period following 

planting (Shulaev et al., 2008). Furthermore, the S-locus in Pyrinae is larger than 300 

Kb and other genes, not involved in the SI reaction are expected to be located there. 

These genes, may be involved in economically important traits, such as the fruit 

phenotype in different cultivars. Therefore, the SI genes present at the S-locus should 

be completely known, so that the identification of other genes not involved in SI can be 

more accurate.  

Over the last decade, the S-RNase-based GSI was proposed to have evolved only 

once, about 120 million years ago, before the split of Asteridae and Rosidae. 

Therefore, it would be expected that the SI reaction would use the same mechanism 

and the same set of genes in the different groups where it is present. Nevertheless, in 

Rosaceae, two different mechanisms appear to be present, with a different number of 

F-box genes involved in each mechanism. In Prunus, a single F-box gene is proposed 

to interact with the self S-RNases protecting them from inhibition, while in Pyrinae each 

of several F-box genes is proposed to interact with a sub-set of the non-self S-RNases, 

targeting them for degradation by the 26 proteasome. Moreover, the mechanism 

proposed for Pyrinae appears to be similar to the one observed in Solanaceae and 

Plantaginaceae. Therefore, it would be possible that the genes involved in the SI 

reaction in both Prunus and the Pyrinae subtribe are not orthologous, but paralogous 

as suggested by phylogenetic analyses of the F-box genes (Minamikawa et al., 2010; 

Vieira et al., 2009). For that reason, we analyzed the gene duplications from both the 

S-RNase and the F-box lineages in three genera of Rosaceae, where the genome 

sequence is available (Malus, Prunus and Fragaria). We have observed that the S-

RNase and F-box lineages of Malus are not present in Prunus and Fragaria, but both 

the S-RNase and F-box lineages from Prunus are present in Fragaria. Although the 

Fragaria gi561805796 gene represents the Prunus S-RNase lineage, and thus, could 

represent the S-locus in Fragaria, its genomic location is unknown. Moreover, we have 

observed, in Fragaria chromosome 6, the presence of Fragaria SLFL genes that cluster 

with the Prunus SLFL genes in the S-locus. This region shows conservation with the 

flanking region of the Prunus S-locus (Illa et al., 2011; Jung et al., 2012). However, it is 

not located in the region previously identified as the T-locus (Bošković et al., 2010). 

Fragaria shares the most common ancestor with Prunus and Malus lineages at 62 MYa 

(Njuguna et al., 2012; Vieira et al., 2010), while Prunus and Malus are only diverging 

for about 32 MYa (Vieira et al., 2010). Therefore, the absence of Malus S-RNase and 

F-box lineages in the Fragaria genus and the presence in Fragaria of the lineages from 
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Prunus, suggests that the SI system of Prunus is the ancestral form in Rosaceae and 

that the Malus S-locus has evolved de novo. Moreover, we have identified, for the first 

time, the presence of SFB-like genes in Malus. This finding gives further support to the 

S-locus of Prunus being ancestral in Rosaceae. Once again, this was unexpected due 

to the similarities between Pyrinae, Solanaceae and Plantaginaceae. Therefore, there 

is also the possibility that three different S-loci were present in the Rosaceae ancestral 

(one similar to the current S-locus of Malus and another similar to the ones in 

Fragaria). This hypothesis would suggest that different GSI loci were retained and lost 

in different Rosaceae SI species. Nevertheless, since Fragaria is an outgroup to both 

Prunus and the Pyrinae, if the Malus S-locus was ancestral, it would imply that the 

Malus S-lineages would have been lost twice (at the Fragaria genus and at the Prunus 

genus independently). On the contrary, if the Fragaria/Prunus S-locus is the ancestral, 

there would have been a single duplication event in the Pyrinae lineage. Therefore, this 

is more likely to have occurred. Evolution by gene duplication had been suggested to 

explain the evolution of the S-pollen genes in Rosaceae (Vieira et al., 2009; Wheeler 

and Newbigin, 2007), but has never been explicitly addressed. According to our results, 

the S-RNase-based GSI in the Prunus genus and the Pyrinae subtribe has evolved 

from different paralogs not only at the F-box lineage, but also at the S-RNase, even 

though it has been suggested that when S-RNase-based GSI is lost, the system is 

never regained (Goldberg et al., 2010; Igic et al., 2006; Igic and Busch, 2013; Igic et 

al., 2008). Nevertheless, a single origin of the S-RNase gene does not exclude the 

possibility that S-RNase paralogs could be determining pistil specificity in different 

species. Other examples of convergent evolution by recurring to paralogs are found in 

the literature suggesting that this is not such a rare event. For instance in the SI 

system, in Arabidopsis and Brassica (Brassicaceae) the female component is a 

transmembrane receptor kinase (the SRK gene) and the male component is a cysteine 

rich gene (the SCR gene). In Leavenworthia, however, the S-locus genes have 

secondarily evolved from paralogs of SRK and SCR (Chantha et al., 2013). Another 

example is the one of the caffeine biosynthesis pathway. Phylogenetic analysis show 

that the N-methyltransferases genes from Coffea canephora form a distinct clade than 

those of Theobroma cacao or Camellia sinensis suggesting a minimum of two 

independent evolutions of caffeine biosynthetic N-methyltransferases activity (Denoeud 

et al., 2014). If S-RNase-based GSI can evolve from paralogs, as here shown, the 

identification of the GSI biochemical components in non characterized eudicot species 

may be more difficult than anticipated. Furthermore, we also show that there are S-

RNase duplicates with an expression pattern identical to that of the S-RNase gene, so 

this characteristic alone cannot be used to help to determine if a gene is the S-RNase 
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gene involved in the system or not. Therefore, besides phylogenetic and expression 

analyses, evidence for high polymorphism levels, positively selected amino acid sites, 

as well as segregation analyses in controlled crosses, are needed to identify the S-

RNase. Moreover, Fragaria SI system has been proposed to be controlled by two 

independent loci, located in two different chromosomes (Bošković et al., 2010; Sargent 

et al., 2006). However, the only gene we found at FC1 has a neutral iso-electric point 

(the RNases identified at the S-locus in FC1 are basic (Bošković et al., 2010)) and the 

SLFL genes we found at FC6, that cluster with the ones from Prunus, and that could 

represent the T-locus in Fragaria are located in a different region than the one 

assigned as the T-locus (Bošković et al., 2010). Nevertheless, we found two RNase 

lineage genes from F. nipponica that cluster with the Prunus S-RNase. These two 

genes have an iso-electric point above 8, characteristic of the S-RNases and two 

introns located in the same region as the ones from Prunus S-RNase. However, one of 

these genes (F. vesca scf0513144.1, F. nipponica gi561674690-gi561985884-

gi561957436) has an in-frame termination codon in motif 2 (characteristic of the S-

RNase genes) in Fragaria vesca (an SC species), but does not present the termination 

codon in F. nipponica (a SI species). Therefore, this gene could be non-functional in F. 

vesca only, causing the SC phenotype. Nevertheless, it is located in FC2, where none 

of the two S-loci from Fragaria has been assigned to. Moreover, between the two 

species, it shows a synonymous polymorphism of 0.039, about 6 times lower than the 

polymorphism from the S-RNase in Prunus (Ks=0.241 according to Vieira et al. 

(2007)). The other gene (F. nipponica gi561805796) was only identified in F. nipponica 

genome. This species genome has not been assembled, so this gene was not 

assigned to any chromosome yet. Moreover, a tblastn against the genome of F. vesca, 

points to the location of F. vesca 00230 and F. vesca scf0513144.1, that are already 

present in our analysis, as the two best hits. Therefore, levels of diversity for this gene 

together with segregation analyses are needed to determine if this is indeed the 

Fragaria S-RNase gene. To confirm that, in Fragaria, the GSI system was not 

established using a different paralog from Malus and Prunus, we have also analyzed 

the two other RNase duplicates that had an iso-electric point above 8 and where the 

amino acidic motif 4 was absent (F. vesca scf0513159 (FC4), F. vesca 22609 (FC5)). 

None of these three genes had F-box genes in its vicinity. Moreover, their divergence 

levels between four SI species (F. mandschurica, F. nipponica, F. pentaphylla and F. 

viridis) were always below 0.05. Once again, this value is about five times lower than in 

the Prunus S-RNase. Therefore none of these three genes is the S-RNase gene in 

Fragaria and F. nipponica gi561805796 is still the gene most likely to be the S-RNase  
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in Fragaria. In order to determine if this is really the S-RNase gene in Fragaria, 

diversity levels should be analyzed in F. nipponica and segregation experiments should 

be done. Moreover, since F. nipponica genome has not been assembled yet and no 

chromosomal information is available, sequencing of the surrounding region should be 

done to see if there are any F-box genes in its vicinity. Since we propose that the S-

locus gene in Fragaria is similar to the one in Prunus, it is expected that a single F-box 

gene also regulates the SI system in this genus, even though more F-box genes may 

be present, as it happens with the SLFL genes in Prunus. 

In this work, we have also addressed if the GSI system in Fabaceae was of the S-

RNase-based type. This family has a large number of self-incompatible species (Arroyo 

et al., 1981) that have been reported as showing self-incompatibility of the GSI type 

(Arroyo et al., 1981; Atwood, 1940; Casey et al., 2010; De Nettancourt, 1977; Heslop-

Harrison and Heslop-Harrison, 1982; Igic et al., 2008; Rodríguez-Riaño et al., 1999; 

Shivanna and Owens, 1989; Weller et al., 1995). The most recent ancestor between 

Rosaceae and Fabaceae has lived for about 89-91 MYa (Wikstrom et al., 2001). 

Moreover an S-RNase lineage sequence, containing the amino acidic motifs 1 and 2 

characteristic of the S-RNase genes, was found in species of Lotus (Vieira et al., 

2008). Therefore, it would be expected that the GSI system would be S-RNase-based 

as it happens in Rosaceae. Trifolium is the only genus in Fabaceae, where pollen tube 

growth was assessed, in which the pollen tubes are fully arrested in the upper style in 

self-pollinations (Atwood, 1940; Leduc et al., 1990). For the other genera, it appears 

that the SI reaction is only partial, although there is still a significant difference in the 

pollen tube growth between self- and cross-pollinations (Bubar, 1959; Galloni et al., 

2007; Rodríguez-Riaño et al., 1999; Rowlands, 1958). Therefore, the partial SI reaction 

can also be regulated by an S-RNase-based mechanism. If this is the case, the pollen 

component is also expected to be an F-box, as it happens in Rosaceae, Solanaceae 

and Plantaginaceae. However, as previously said, the F-box genes, that are involved in 

the SI reaction, are different in number and in the polymorphism levels in different 

groups of species. Nevertheless, independently of the mechanism involved in the SI 

reaction, SSK1 (SKP1-like) proteins are always involved in the self-incompatibility 

reaction. These proteins are adapters that connect diverse F-box proteins to the SCF 

complex and that are necessary for protein degradation. Moreover, SSK1 proteins 

have been reported as being exclusive of the S-RNase-based GSI system (Hua and 

Kao, 2006; Huang et al., 2006; Xu et al., 2013; Zhao et al., 2010). Therefore, we have 

analyzed the S-RNase and the SSK1 gene duplications in five Fabaceae genomes 

(Medicago truncatula, Cicer arietinum, Glycine max, Lupinus angustifolius – all SC 

species – and Trifolium pratense – an SI species) and one style with stigma 
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transcriptome (Cytisus striatus – partially SC). Our results show the presence of the 

same RNase gene lineages in the T. pratense, M. truncatula and/or C. arietinum, 

suggesting that the S-locus is likely to be present even in SC species, as previously 

shown in some species of Rosaceae (Tao et al., 2007). We have also observed that 

there are at least six RNase lineage genes in Fabaceae, containing the motifs 1 and 2, 

which suggests the duplication of the ancestral S-locus in Fabaceae. Moreover, RNase 

sequences from Fabaceae cluster with the known S-RNases from Prunus, Pyrinae, 

Solanaceae and Plantaginaceae. In M. truncatula and C. arietinum, these RNase 

sequences are surrounded by F-box genes, as expected if they were involved in the SI 

reaction. Nevertheless, expression in other tissues is observed in M. truncatula and C. 

arietinum, for the RNase duplicate genes that are phylogenetically related to the known 

S-RNases. In Trifolium pratense, the two RNase genes clustering with the Pyrinae also 

show expression in tissues not involved in GSI, as well as polymorphism levels 

incompatible with either of them being an S-RNase. Therefore, the Fabaceae RNase 

genes from the same lineages of Rosaceae, Solanaceae and Plantaginaceae are not 

involved in GSI. We have also obtained the pistil transcriptome of C. striatus, a species 

where self-pollen tubes are reported to collapse along the style, although partially 

(Rodríguez-Riaño et al., 1999). We have obtained three RNase genes, from the 

transcriptome analysis. However, the three genes are also expressed in tissues other 

than the pistils. This suggests that the SI system in this species is not S-RNase-based. 

Therefore, there is no evidence to suggest that other RNase lineage genes are 

determining Fabaceae GSI. Nevertheless, SSK1, containing the typical features found 

in S-RNase-based SI species, were also found in Fabaceae. Thus, it is possible that 

SSK1-like genes are present in species where RNase genes belonging to the S-RNase 

lineage genes are also present and not only in species with S-RNase-based GSI. GSI 

has been assessed as the main Fabaceae breeding system based on the presence of 

bi-nucleated pollen (typically associated with GSI), as well as fruit and seed production. 

Nevertheless, even if a partial GSI system is present, other mechanisms like the 

presence of a stigmatic membrane in the Papilionoideae or the LSI have been 

reported, that appear to be the major form of regulating the fruit production in this 

family (Gibbs and Bianchi, 1999; Seavey and Bawa, 1986). Therefore, Fabaceae GSI 

is likely to have evolved de novo. Even so, due to the fact that in T. pratense all self-

pollen tubes are arrested in the upper style, a new recruitment of an S-RNase could 

have occurred in this genus, similar to what happened in Malus. Therefore, the other T. 

pratense genes that had the motifs 1 and 2, but did not cluster with known S-RNases 

(Tp5, Tp8, Tp10, Tp11, Tp12 and Tp14) are being studied further by our group. 
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Diversity levels of these genes are being studied and expression patterns will be 

addressed for those genes where the diversity levels are similar to those observed for 

the S-RNase gene. Although the S-RNase-based GSI could have evolved from a 

different lineage in Fabaceae, it would be unlikely that this system would only be 

maintained in Trifolium. Nevertheless, in systems where the S-RNase gene is known, 

diversity levels for other RNase duplicate genes has not been addressed. Therefore, 

despite the fact that the two T. pratense genes studied have very low polymorphism 

levels, it is possible that one of the other lineages might have been recruited, especially 

if the S-RNase-based GSI has been the ancestral form of SI in Fabaceae. 

In conclusion, it is shown in this work that the S-RNase-based GSI has had de novo 

evolutions in the history of Eudicots, by recurring to paralog genes for both the male 

and female determinants. Although the players are expected to belong to the S-RNase 

and F-box lineages, the fact that S-RNase-based GSI might evolve from paralog 

regions difficults the identification of the GSI biochemical mechanism in non 

characterized eudicot species. Therefore, RNase genes, surrounded by F-box genes 

and with the expected expression patterns, can be present in a species, without them 

being involved in the SI reaction. Moreover, it is shown that the Rosaceae, Solanaceae 

and Plantaginaceae S-RNase lineages are not involved in the SI reaction in Fabaceae, 

although it cannot be excluded that a different lineage is involved in Trifolium. 
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