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Abstract
S-RNase-based gametophytic self-incompatibility (GSI) has evolved once before the split of

the Asteridae and Rosidae. This conclusion is based on the phylogenetic history of the S-
RNase that determines pistil specificity. In Rosaceae, molecular characterizations of Prunus
species, and species from the tribe Pyreae (i.e.,Malus,Pyrus,Sorbus) revealed different num-

bers of genes determining S-pollen specificity. In Prunus only one pistil and pollen gene deter-

mine GSI, while in Pyreae there is one pistil but multiple pollen genes, implying different

specificity recognition mechanisms. It is thus conceivable that within Rosaceae the genes in-

volved in GSI in the two lineages are not orthologous but possibly paralogous. To address this

hypothesis we characterised the S-RNase lineage and S-pollen lineage genes present in the

genomes of five Rosaceae species from three genera:M. × domestica (apple, self-incompati-

ble (SI); tribe Pyreae), P. persica (peach, self-compatible (SC); Amygdaleae), P.mume (mei,

SI; Amygdaleae), Fragaria vesca (strawberry, SC; Potentilleae), and F. nipponica (mori-ichigo,

SI; Potentilleae). Phylogenetic analyses revealed that theMalus and Prunus S-RNase and S-
pollen genes belong to distinct gene lineages, and that only Prunus S-RNase and SFB-line-
age genes are present in Fragaria. Thus, S-RNase based GSI system ofMalus evolved inde-

pendently from the ancestral system of Rosaceae. Using expression patterns based on RNA-

seq data, the ancestral S-RNase lineage gene is inferred to be expressed in pistils only, while

the ancestral S-pollen lineage gene is inferred to be expressed in tissues other than pollen.

Introduction
Self-incompatibility (SI), a genetic barrier to self-fertilisation in which the female reproductive
cells discriminate between genetically related and non-related pollen, and reject the former [1],
has evolved at least 35 times independently in different flowering plant lineages (see for
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instance Igic et al. [2]). RNase based gametophytic SI (GSI), a system where pollen tube growth
that expresses a specificity that matches either of those expressed in the style is inhibited by a
pistil ribonuclease, called S-RNase, is present in core-eudicots such as Solanaceae, Plantagina-
ceae, Rubiaceae (all Asteridae plant families), and Rosaceae (Rosidae) [3,4]. According to phy-
logenetic 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 million years ago
[5–7]. When RNase based GSI is lost, the system is never regained [2,8–10].

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 Rosa-
ceae, pollen specificity is determined by one F-box gene in Prunus (called SFB, S-haplotype spe-
cific F-box gene; [11–18], but multiple genes determine Pyreae (Malus, Pyrus, and Sorbus)
pollen specificity (called SFBBs, S-locus F-box brothers genes; [19–23]. It should be noted that,
in both cases, mutations at the S-pistil and S-pollen genes lead to loss of specificity recognition
[24–27], 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 Petu-
nia, and Nicotiana (the genes are called SLFs, S-locus F-box; [28,29]).

The different numbers of S-pollen genes implies different mechanisms of self-pollen recog-
nition in Pyreae and Prunus [16,29–32]. Although Pyreae and Prunus species have been diverg-
ing for about 32 MY [33], the phylogenetic relationship of S-pollen genes from the two species
groups is still unclear [19,28,34–36]. Nevertheless, in phylogenetic analysesMalus SFBB genes
always cluster with Prunus SLFLs (S-locus F-box like) genes, that are the closest neighbour
genes of the Prunus S-locus [12,13]. There is, however, no evidence for these genes being in-
volved in pollen GSI specificity since they are expressed in tissues other than pollen and anthers
[12,13], and their levels of diversity are markedly lower than those at the Prunus S-locus genes
[7,18,37] or theMalus SFBB genes [22,23]. Furthermore, the deletion of the SLFL1 gene in P.
avium S3- haplotype does not affect GSI specificity recognition [38]. Prunus SFB sequences, on
the other hand, depending on the settings and alignment algorithm used in phylogenetic analy-
ses, are shown as a very divergent group, or alternatively, as a sister group to a group of se-
quences that include the Petunia, Antirrhinum and Pyreae S-pollen genes [19,28,34–36].

Evolution by gene duplication has been suggested to explain the evolution of the S-pollen
genes in Rosaceae [28,34], but has never been explicitly addressed. It should be noted that a sin-
gle 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 compo-
nent 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 [39]. Thus, within Brassicaceae, the S-locus genes evolved twice
independently, although the system works in a similar way in the three genera [40–42]. It is
thus, possible that in Rosaceae, the differences observed are due to a secondarily evolution
from paralogs in one of the lineages. Determining whether this is the case, is crucial to the mo-
lecular characterization of the S-locus region in other species presenting the GSI system.

Genomes are now available for species of three Rosaceae genera, namelyMalus × domestica
(SI; [43]), Prunus persica (SC; [44]), P.mume (SI; [45]), Fragaria vesca (SC; [46]) and F. nippo-
nica (SI; [47]). 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 andMalus lineages 62 MY
ago [33,48]. 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 [49]. Analyses of the ribonuclease zymograms of the seedling of the F1, F2 and back

Evolution of the GSI System in Rosaceae

PLOS ONE | DOI:10.1371/journal.pone.0126138 May 19, 2015 2 / 24

Competing Interests: The authors have declared
that no competing interests exist.



crossing of crosses between SC and a SI Fragaria species, led to the identification of two un-
linked RNase loci, one located in chromosome 1 (called S-locus) and the other in chromosome
6 (called T-locus) [49]. In this system a single active allele at either of the two loci is sufficient
to confer self-incompatibility. Thus, self-compatibility implies being homozygous for null al-
leles at both loci [49]. 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 [50].

In this work we test the hypothesis of evolution from paralogs for the Prunus andMalus
GSI genes, by performing phylogenetic analyses of theMalus, Prunus and Fragaria T2-RNase
and SFBB-SFB genes identified in five Rosaceae genomes. We also use macro and micro syn-
teny data to support our findings. T2 RNase and F-box expression patterns were also character-
ized 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.

Methods

Identification ofM. × 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 theM. × domestica (a SI species), genome were identified by homology
with theM. × domestica S2-RNase (AAA79841.1), using blastp (Expect value (e)<0.05) and
the predicted peptides Database fromM. × domesticaWhole Genome v1.0 Assembly (http://
www.rosaceae.org; [43]). 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; [44]), and for Fragaria vesca (SC), usingM. × 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; [46]). Non-annotated S-RNase genes
and potential S-RNase lineage pseudogenes in these genome drafts, were identified by homolo-
gy using local tblastn with the above query sequences, and putative open reading frames
longer than 100 bp (getorf; http://emboss.sourceforge.net; [51]). For P.mume (SI; http://
prunusmumegenome.bjfu.edu.cn; [45]), 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; [51]). For F. nipponica [47]) 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 intro-
duction of sequence gaps to extend recognizable homology with the query sequence. The pres-
ence 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; [7]), but
present in other T2- RNases [4,7] was recorded for each sequence. Because S-RNases present at
maximum two introns [5,52], the number of putative introns was determined for these se-
quences. Since the isoelectric point of the S-RNase proteins varies between 8 and 10 [3], for all
peptides, isoelectric points were calculated using software available through ExPASy [53].

SFB, SLFL and SFBB—like genes were identified as described above usingM.× domestica
SFBB3-beta (BAF47180.1) and P. avium SFB3 (AAT72121.1) as queries forM. × domestica,
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SFBB3-beta, 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
theM. × domestica, P. persica and F. vesca genes here obtained, the genomic location was ob-
tained using GBROWSE at GDR (http://www.rosaceae.org; [43]) 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 im-
plemented in ADOPS [54]. It should be noted that when ADOPS is used, nucleotide 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 [55], as implemented in the ADOPS pipeline. The Generalised
Time-Reversible (GTR) model of sequence evolution was implemented in the analyses, allow-
ing 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 sec-
ond 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 frequen-
cies 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 ofMalus S-RNase, S-RNase lineage, SFB, SFBB,
and SFBB- like genes
To estimate expression of theMalus S- RNase like and SFB-like genes, we use RNA-seq data
fromM. fusca (a diploid wild apple species; http://vannocke.hrt.msu.edu/DBI-0922447/RNA-
seq.html; S. van Nocker, manuscript in preparation; S1 Table). Before assembly, adaptor se-
quences 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 [56–58]. The resulting high-quality reads
were used in the subsequent transcriptome assembly using Trinity with default parameters
[59]. FPKM values were estimated using the eXpress software [60] as implemented in Trinity.
All contigs were used as queries for tblastn searches using local blast [61]. The query sequences
used, except for the S-locus genes, were those ofM. domestica (RNase S-lineage 1
MDP0000210735A;Malus RNase S-lineage 2MDP0000682955;Malus SLFL3-likeMDC010871;
Malus SLFL-likeMDP0000266067 andMDP0000302221; andMalus SFB-likeMDP0000890198
andMDP0000393954), since divergence values betweenM. × domestica andM. fusca are low
(~0.02 [33,62]). In contrast, divergence values for S-locus genes are generally above 0.2 [37].
Therefore, query sequences for the S-RNase and SFBB genes were first obtained fromM. fusca,
whereas query sequences for S-RNase like and SFBB like genes were those previously annotated
inM. × domestica. For the S-RNase gene,M. fusca genomic DNA and primers SorbusRNaseF
(5'..AAGTTGTTTACGGTTCAC..3') and SorbusRNaseR (5'..TATTCTTTTGGCACTT
GA..3') were used for PCR with standard amplification conditions [35 cycles of denaturation
at 94°C for 30 seconds, primer annealing at 48°C for 30 s, and primer extension at 72°C for 3
min; [23]]. For the SFBB gene,M. fusca genomic DNA and primers SFBBgenF (5'..AAGTC
YCTGATGMGRTTC..3') and SFBBgenR (5'..GTCCATTACCCAYRTYTC..3') were used
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with the same amplification conditions. For each amplification product, four amplicons were
sequenced in order to obtain a consensus sequence. TheM. 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, [45]) 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; [63]). We applied the same methodology as in theMalus 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 [64] 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 scaf-
fold 241.9.

Results

Rosaceae S-RNase duplicate genes
We identify 21, six, five, 11, and seven T2-RNase genes in the draft genomes ofM. × domestica,
P. persica, P.mume, F. vesca, and F. nipponica, respectively (Table 1).

The large number ofMalus T2-RNase genes, compared with the other Rosaceae species, is
consistent with a recent whole genome duplication event in Pyreae [43,65].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 1). Amino acid pattern 4 is absent in all S-lineage genes [4,7]. Therefore, the
presence of this pattern inM. 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 1), exclude them as S-lineage
genes. Furthermore, S-RNases present at maximum two introns [5,52]. Thus, the presence of
more than two introns inM. 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 describedMalus, Prunus, Solanaceae, and Plantaginaceae S-RNases, and Faba-
ceae (Medicago truncatula, and Cicer arietinum) S-lineage genes (S-RNase like genes of self-
compatible species, that are surrounded by F-boxMalus SFBB/ Prunus SLFL like sequences,
and are expressed in tissues other than pistil; unpublished results) is presented in Fig 1 (see
also S1 Fig). The phylogeny supports the inferences that sequences presenting amino acid pat-
tern 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.

TheMalus S-RNase lineage genes defined three groups: Pyreae S-RNases, S-RNase lineage 1,
andMalus S-RNase lineage 2 (Fig 1; S1 Fig). The two S-RNases present in the sequencedM. ×
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Table 1. M. × domestica, P. persica, P.mume, F. vesca, and F. nipponica T2-RNase genes, larger than 500 bp.

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

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 - 1 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 9.37

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

(Continued)
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domestica cultivar, according to blastn results, are S2-RNase, and S3-RNase. Although the se-
quenced scaffold containing theMalus S3-RNase is not anchored, the S2-RNase is located on
Malus chromosome (MC) 17 (Table 1; Fig 2), in agreement with the linkage-based results [66].
Malus S-RNases cluster with Fabaceae S-lineage genes, and not with Prunus S-RNases. Thus,
we can conclude thatMalus and Prunus S-RNase genes represent two different gene lineages.

Four out of fiveMalus S-RNase lineage 1 putative functional genes are located on MC10
(Table 1; Figs 1 and 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 tran-
scriptional data (below) supports our inference that they represent two genes, namely one
S-RNase lineage gene and one F-box gene. Here we use the gene name and the suffix-A for the
S-RNase duplicate and-B for the F-box gene.Malus S-RNase lineage 2 genes are located at MC1
and MC15 (Table 1; Fig 2). These regions represent different linkage groups in the putative
Rosaceae ancestral genome (Fig 2).

Prunus S-RNase lineage genes also defined three groups: the Prunus S-RNase gene, the
S-RNase lineage 1 (that cluster withMalus S-RNase lineage 1 genes), and a Prunus specific
group that includes the P. avium PA1 ([67]; Fig 1; S1 Fig). In P.mume, a self-incompatible spe-
cies, 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 lo-
cation is only available for P. persica, a self-compatible (SC) species. SC in Prunus has been
achieved by non-sense mutations mainly at the SFB gene, but also at the S-RNase gene [24],
mutations producing low S-RNase transcription levels [68], and mutations at loci unlinked to
the S-locus [69,70]. In P. persica we identify the S2-RNase that does not have in frame stop co-
dons. 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. [71]. This scaffold shows synteny toMalusMC2/MC15,
MC3/MC11, and MC4/MC12, but not to MC17 [65,72]. Indeed, when the 194 Kb region flank-
ing the Prunus S2-RNase is used as query against theM. x domestica genome two hits are ob-
served withM. x domestica chromosome 4 and chromosome 12 (S2 Fig). It should be noted
that, inMalus, because of a whole genome duplication, large syntenic regions are found be-
tween two or more chromosomes (Fig 2, [65]). Thus, the S-locus regions in Prunus andMalus

Table 1. (Continued)

Gene& Location T2-RNase amino acid
pattern 4

Intron
number

IP

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

&- it should be noted that alternative human-curated gene annotations have been used for these genes. A FASTA file with the curated coding region

sequences is provided as supplementary material (S1 File).

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. [7].

IP- isoelectric point.
#'Golden Delicious' was chosen for genome sequencing. Accordingly, this cultivar has S2-RNase and S3-RNase [43].
+ stop codons are found in the sequence.
{gaps were introduced to avoid stop codons.
- not found

doi:10.1371/journal.pone.0126138.t001
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Fig 1. Bayesian phylogenetic tree of Rosaceae T2-RNase lineage, using T-coffee alignment method.
The tree shows the relationship of theM. 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, Pyreae, Solanaceae, and
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represent different linkage groups in the putative Rosaceae ancestral genome (Fig 2). P. avium
PA1 [67] 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 [67]. Like inMalus, P. persica ppa024151m S-RNase lineage 1 gene has in its vicinity an F-
box gene (P. persica ppa024694m; S3 Table). This gene is located at Prunus scaffold PG8, a link-
age group syntenic withMalusMC10 (and also MC5, and MC3/MC11) [65,72] whereMalus
S-RNase lineage 1 genes are located. These regions represent the putative Rosaceae ancestral
linkage group1 (Fig 2).

There are Fragaria S-RNase lineage genes that cluster with Prunus S-RNases (the F. nippo-
nica gi561805796, F. nipponica gi561674690- gi561985884- gi561957436, and the pseudogene F.
vesca scf0513144.1), but none of the Fragaria genes cluster with theMalus S-RNase gene (Fig 1;
S1 Fig). It should be noted that F. nipponica is a SI species [73], that shows three bands in zy-
mograms [49], and F. vesca is a SC species that lacks stylar S-RNase activity [49]. 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 [49]. Based
on the ribonuclease zymograms, Fragaria T2-RNases can show high IP, as those at the S-locus
(located at FC1; [49]), characteristic of S-RNases [3], but they can also be at the base of the
cathodal region, as those at the T-locus (located at FC6;[49]), thus presenting a neutral IP. The
F. nipponica gi561805796, and F. nipponica gi561674690-gi561985884-gi561957436 sequences,
that cluster with the Prunus S-RNase, encode proteins with an isoelectric point above 9
(Table 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 [52]. 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 an S-RNase
allele, but a S-lineage gene. Indeed, using blastn and Fragaria whole genome shotgun contigs
(wgs) Database, this gene is highly conserved in Fragaria (nucleotide 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 (Fig
2), and the Fragaria S-locus has been assigned to FC1[74]. Therefore, only the F. nipponica
gi561805796 gene may represent one of the Fragaria S-locus pistil genes, but unfortunately ge-
nomic 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 self-compatible 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. [49], as the regions har-
bouring the S- and T- locus, respectively (S3 Fig). The syntenic region located at FC1 is approx-
imately 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 by Bošković et al. [49]. Therefore,
levels of diversity for the F. nipponica gi561805796 gene together with segregation analyses 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 [4,7]; the + indicate sequences that present stop codons; the {indicate sequences where gaps were
introduced to avoid stop codons.

doi:10.1371/journal.pone.0126138.g001
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Fig 2. Chromosomal localization of the S-RNase, SFB, SFBB, and SLFL lineage genes. P. persica (A),M. domestica (B), and F. vesca (C) S-RNase
lineage genes are marked in pink, SFB, SFBB, and SLFL lineage genes are marked in blue. Different shapes represent the different S-RNase and F-
box SFB-, SFBB-, and SLFL- lineage genes. 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 colour: PG1- pink, PG2 light green, PG3 light blue, PG4- purple, PG5- yellow, PG6-green, PG7- orange, and PG8-red.
These colours are then used to assign the synteny regions for theM. domestica and F. vesca chromosomes, according to Fig 1in Jung et al., [65]. Regions
with unknown synteny but between regions that show synteny with the same chromosome are marked in stripes, and regions with unknown synteny between

Evolution of the GSI System in Rosaceae

PLOS ONE | DOI:10.1371/journal.pone.0126138 May 19, 2015 10 / 24



genomic localization are needed to determine if this is indeed the Fragaria S-locus 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 [49],
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 (Fig 2), namely F.
vesca 12961 (Table 1). This gene codes for a putative T2-RNase with a neutral IP (Table 1), and
basic ribonucleases have been assigned to FC1. The phylogenetic relationship of this sequence
depends on the alignment method used (Fig 1, and S1 Fig). Nevertheless, this gene is highly
conserved (nucleotide 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 eitherMalus or Prunus
S-pollen genes (Fig 2), and thus it is unlikely to be the Fragaria S-RNase S-locus gene. Located in
FC6 there are three genes, namely F. vesca 00227, F. vesca 00230, and F. vesca scf0513063.1
(Table 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 nu-
cleotide homology (more than 97%) is observed in F. iinumae (dbj|BATU01072984.1|), F. ana-
nassa (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|BATU01063406.1contig (427 bp long) is blasted against
the F. vesca genome, only one hit is obtained with F. vesca scf0513063, with 94% homology. Sim-
ilar 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 (Fig 2). Nevertheless,
this region is not located on the FC6 region identified by Bošković et al. [49] 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 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 se-
quences identified by Bošković et al. [49]. 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 se-
quences 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 (Fig 1). These F. vesca genes are located at LG 5 (Table 1). Further-
more, 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

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 Fig 4 in Illa et al. [72].

doi:10.1371/journal.pone.0126138.g002
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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 ge-
nome 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 (Fig 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. There-
fore, 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 withMalus S-RNases,
we can conclude thatMalus and Prunus S-RNase genes represent two different gene lineages,
and that Fragaria is most similar to Prunus. Moreover, the regions whereMalus and Prunus S-
locus are located are not orthologous.

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 ge-
nomes ofM. × domestica, P. persica, P.mume, F. vesca and F. nipponica, respectively (S2, S3,
S4, S5, and S6) Tables. Of these, only 49M. × 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 Petu-
nia SLFs genes (known to be involved in GSI specificity determination; see reviews by Tao and
Iezzoni [75], and De Franceschi et al. [76]), and Prunus SLFL genes (not involved in GSI speci-
ficity determination, but that are located in the region surrounding the S-locus; S4, S5, and S6
Figs). Not all of them seem to be functional, since they contain in-frame stop codons or inser-
tion/deletions that disrupt the ORF (S2, S3, S4, S5, and S6 Tables). The phylogenetic relation-
ship of the selected SFB-, SLFL- and SFBB- like sequences from the five genomes (Fig 3; see
also S7 Fig), defined three main Rosaceae gene lineages, namely: 1)Malus SFBB-like gene line-
age; 2) SFB-like gene lineage, and 3) a large SLFL-like gene lineage.

Eleven genes cluster with theMalus SFBB reference genes (Fig 3). Seven SFBB-like genes are
fromMC17 (the location of theMalus S-locus; Fig 2), but only two (MDC005063 and
MDP0000294286) seem to be functional. The other genes are likely non-functional since align-
ment gaps had to be included to put the sequence back into the right frame, or have in frame
stop codons (S2 Table). The exact number ofMalus SFBBs is unknown, but more than 10
genes have been described at the S-locus [22,77]. Therefore, S-pollen genes are poorly repre-
sented in theMalus genome sequence. It should be noted thatMDP0000150027 gene located at
MC16 codes for a protein that is identical to SFBBX17 (BAJ11965), that shows linkage with the
S9-RNase [22], and thus, it must be erroneously located. The other three SFBB-like genes locat-
ed at MC2 and MC16 (Fig 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 stop codons (S2 Table). 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. There-
fore, linkage analyses with the S-RNase gene are needed for the identification of SFBB genes.
Malus SFBB genes are closely related to Prunus and Fragaria SLFL-like genes (Fig 3), as
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Fig 3. Bayesian phylogenetic tree of Rosaceae SFB- and SFBB-like genes, using T-coffee alignment
method. The tree shows the relationship of theM. × 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, Pyreae 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 + indicate sequences that present stop codons;
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described before [19,28,34–36].Malus SFBB genes are, however, a distinct lineage since there
are otherMalus SLFL genes that are more closely related to Prunus and Fragaria SLFL genes
thanMalus SFBB genes. Furthermore,Malus SLFL-like lineage genes are not present in the
Malus S-locus region (MC17; Fig 2).

Malus SLFL-like genes are a very heterogeneous group of genes (Fig 3) and they are located
in nine chromossomes (Fig 2; S2 Table). Nevertheless, the twoMalus SLFL-like genes,
MDC010871 located at MC4, andMDP0000250455 located at MC12 (Figs 2 and 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 reportMalus SFB-like sequences for the first time.MDP0000890198,MDC024304,
andMDP0000393954 genes, located at MC13, cluster with Prunus and Fragaria SFB-like
genes. TheseMalus SFB-like genes represent, however ancient gene duplications that occurred
before the separation of Fragaria and theMalus/Prunus lineage. They could represent the SFB-
like genes of the ancestral Rosaceae group 1 (Fig 2; [65,72]).

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
[24]. The P.mume scaffold 57.94 and P.mume scaffold241.2 are the two SFB alleles of the culti-
var sequenced (Fig 3), and have not been described before. Prunus SFB gene is clearly a distinct
lineage of theMalus SFBB genes (Fig 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 se-
quences; Fig 3), it is easily distinguished from the SFB gene since it presents low sequence di-
vergence. Furthermore, this gene in P. persica is located in PG3 (S3 Table). 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;
[12,13]), 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 andMalus (Fig 3).
About 70% of those are located at FC6 (Fig 2) and are the result of two tandem duplications
(Fig 2; [65,72]). Only F. vesca 06873 clusters with Prunus SFB, and SFB-like P.
persica ppa021167m, and P.mume scaffold 57.55 genes (Fig 3). Although F. vesca 06873 is locat-
ed at FC6 (that is syntenic to PG6, where the Prunus S-locus is located; Fig 2, and S3 Fig), it
shows 98% nucleotide 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 F. vesca F-box SFBB- SFB-
SLFL- like genes located in FC1 region cluster with Prunus orMalus S-pollen genes, as ob-
served for the T2-RNases.

In conclusion, the evidence here presented implies that Prunus SFB gene is from a distinct
phylogenetic clade of theMalus SFBB genes. FurthermoreMalus SFBB genes are a sister clade
ofMalus 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 re-
gion flanking the S2-RNase (see above). Furthermore, we found no evidence forMalus SFBB
lineage genes in Fragaria.

the {indicates sequences where gaps were introduced to avoid stop codons. In brackets are indicated the
chromosomal location ofM. domestica, P. persica and F. vesca genes (S2, S3, and S5 Tables).

doi:10.1371/journal.pone.0126138.g003
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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. InMalus we analysed 17 tissues derived from developmental
transitions of the wild appleM. fusca (S1 Table), 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 (Fig 4A), as described before [78], but they also
show low expression in entire flower buds.Malus S-RNase lineage 2 gene, shows a similar pat-
tern of expression to the S-RNase gene (maximum expression in pistils one week prior to an-
thesis, much less in stigma of flowers at anthesis, and entire flowers buds; Fig 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
(Fig 4B). Prunus S-RNases, S-RNase lineage 1, and PA1genes are also expressed in the pistil and
buds (Fig 5A and 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.

Expression of SFBB genes is reported to be pollen-specific [21,22,26,27,76]. Accordingly, we
found expression in anthers at anthesis (Fig 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 expres-
sion in anthers and pollen such asMDC010871 (Fig 4D), andMDP0000266067 (Fig 4E), but
can be also expressed in a few other tissues (pistil, style stamen and filaments) such as
MDC010871 (Fig 4D), or they can show moderate expression in most of the tissues analysed,
such as theMDP0000266067 gene (Fig 4E). They can even show no expression in anthers and
pollen such asMDP0000302221 (Fig 4E), but show low expression in most of the tissues ana-
lysed. Prunus SLFL genes are expressed in pollen (Fig 5E), as described before [12,13], in flow-
ering buds, but also, very little, in the pistil. Expression in pollen and buds are also observed for
other Prunus SLFL-like genes (Fig 5F). Thus, from this data it is not possible to infer the ex-
pression of the ancestral SFBB gene.

Although Prunus SFB gene has been reported as highly expressed in pollen and anthers
[12], it shows 70 times less expression than the Prunus S-RNase gene (Fig 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, (Fig 5D) andMalus MDP0000890198 (Fig 4F) genes). We can
infer that the ancestral Prunus SFB gene would show a similar expression to that of Prunus
SFB.

Discussion
S-RNase based GSI, according to the S-RNase gene has evolved about 120 MY ago, and thus is
expected to be shared among distantly related species. Our results show that, inMalus and Pru-
nus the S-RNase and the S-pollen genes have evolved from paralogous genes. TheMalus
S-RNase and SFBB gene lineages are not present in Prunus, and Fragaria. The presence of the
F. nipponica gi561805796 Prunus S-RNase lineage gene suggests that Fragaria and Prunus
share a common ancestral S-locus region. The location of this gene is unknown, but given its
basic IP, it could represent the Fragaria S-locus. The location of this gene must be however
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Fig 4. M.fusca expression levels (FPKM) for S-RNase, SFB, SFBB, and SLFL lineage genes in 17 tissues. (A) S- RNase, (B) S- RNase lineages, (C)
SFBB, (D) SLFL3-like, (E) SLFL-like, and (F) SFB-like genes.

doi:10.1371/journal.pone.0126138.g004
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Fig 5. P.mume expression levels (FPKM) for S-RNase, SFB, SFBB, and SLFL lineage genes in 7 tissues. (A) S- RNase, (B) S- RNase lineages, (C)
SFB, (D) SFB-like, (E) SLFL1-, SLFL2- SLFL3-like, and (F) other F box SLFL-like (F) gene lineages.

doi:10.1371/journal.pone.0126138.g005

Evolution of the GSI System in Rosaceae

PLOS ONE | DOI:10.1371/journal.pone.0126138 May 19, 2015 17 / 24



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 simi-
lar 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. [49]. The F. vesca scf0513063.1 gene
identified as a T2-RNase T-locus candidate gene, is, however, not located in the region identi-
fied by Bošković et al. [49] 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 andMalus S-RNase
based GSI mechanism of pollen recognition by multiple S-pollen genes [19–23,26,28,29,76].
Thus, in Fragaria that is an out group to Prunus andMalus, the S-locus genes were expected to
belong to theMalus S-lineage. It could be that in the ancestral Rosaceae, there were three loci de-
termining GSI, the S and T Fragaria loci and theMalus S-locus. Under this scenario, different
GSI loci were retained and lost in different Rosaceae SI species.

One alternative hypothesis is that theMalus S-locus region could have evolved de novo
from a partial duplication of the ancestral Fragaria/Prunus-like S-locus region. Under this hy-
pothesis the S-RNase duplicate gene is theMalus pistil component and duplicates of the ances-
tral 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 SI Rosaceae species, as well as a better assembly for Fragaria SI species, is needed to dis-
tinguish 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 distin-
guished from other T2-RNases by looking at the sequences of the proteins they encode. Indeed,
Vieira et al. [7] 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 [5] and encode proteins with a basic isoelectric point [3]. Nevertheless, phylogenet-
ic 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 [4]. 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 characterised
eudicot species may be more difficult than anticipated. The expression pattern is not enough ei-
ther, 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 analy-
ses in controlled crosses are needed to identify the S-RNase. It should be noted that in the Pyr-
eae S-locus region there are likely also genes that perform functions unrelated to self-
incompatibility [21,27]. Such genes might contribute to other phenotypes of agronomical inter-
est. In Rosaceae species where the S-locus is large, as in Pyreae, variants at these genes will co-
segregate with GSI specificities [79]. It is thus, important to determine whether the S-locus
structure of most Rosaceae species is similar to that present in Pyreae.

In conclusion, S-RNase based GSI may evolve multiple times from S-locus paralogous re-
gions, 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 [39]. Thus, multiple independent
recruitment of SI genes from the same gene families may be an unexpected but common evolu-
tionary process in plant SI systems.
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Supporting Information
S1 Fig. Bayesian phylogenetic tree of Rosaceae T2-RNase lineage using ClustalW2 (A), and
Muscle (B) alignment algorithm. The trees show the relationship of theM. x domestica
(MDP/MDC), P. persica (P. persica ppa/ppb), P.mume (P.mume scaffold), F. vesca, and F. nip-
ponica T2-RNase lineage genes. Legend as in Fig 1.
(TIF)

S2 Fig. Dot matrix view showing the conservation of the Prunus S-locus and flanking re-
gions inM. x domestica. The Prunus region is that in between the ppa019333m (SLFL-like)
and pp016207m (SLFL-like) (see S3 Table) while theMalus region is that in between position
19264736 to19566015 (MC4; panel A) and position 27854860 to 28144804 (MC12; panel B).
(TIF)

S3 Fig. Dot matrix view showing the conservation of the Prunus S-locus and flanking re-
gions in F. vesca. The Prunus region is that in between the ppa019333m (SLFL-like) and
pp016207m (SLFL-like) (see S3 Table) while the Fragaria region is that in between position
13347728 to13464174 (FC1; panel A) and position 2001274 to 2067898 (FC6; panel B).
(TIF)

S4 Fig. Bayesian phylogenetic tree ofM. x domestica (MDP/MDC) SFBB- and SFB- like
genes. The tree shows the relationship of these genes with Prunus SFB, Prunus SLFL1, Prunus
SLFL2, Prunus SLFL3,Malus SFBB, and Petunia SLF genes. Numbers below the branches rep-
resent posterior credibility values above 60. In grey are the reference sequences (Prunus SFB,
Prunus SLFL, Pyreae SFBBs, and Petunia SLF genes). Analysis utilized ClustalW2 alignment
method.
(TIF)

S5 Fig. Bayesian phylogenetic tree of the P. persica and P.mume SFBB- and SFB- like
genes. The tree shows the relationship of P. persica (ppa/ppb) and P.mume (P.mume scaffold)
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 credibil-
ity values above 60. In grey are the reference sequences (Prunus SFB, Prunus SLFL, Pyreae
SFBBs, and Petunia SLF genes). Analysis utilized ClustalW2 alignment method.
(TIF)

S6 Fig. Bayesian phylogenetic tree of the F. vesca, and F. nipponica SFBB- and SFB- like
genes. The tree shows 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 Pe-
tunia SLF genes. Numbers below the branches represent posterior credibility values above 60.
In grey are the reference sequences (Prunus SFB, Prunus SLFL, Pyreae SFBBs, and Petunia SLF
genes). Analysis utilized ClustalW2 alignment method.
(TIF)

S7 Fig. Bayesian phylogenies of Rosaceae SFBB- and SFB- like genes, using ClustalW2 (A),
and Muscle (B). The trees show the relationship ofM. x domestica (MDP), P. persica (P.
persica ppa), P.mume, F. vesca, and F. nipponica SFBB- and SFB- like genes. Legend as in Fig 3.
(TIF)

S1 File. FASTA file of theM. × domestica, P. persica, P.mume, F. vesca, and F. nipponica
T2-RNase genes, larger than 500 bp, used in the phylogenetic analyses.
(TXT)
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S1 Table.M. fusca RNA-seq data.
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(DOCX)
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