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Abstract Multiple independent recruitments of the

S-pollen component (always an F-box gene) during RNase-

based gametophytic self-incompatibility evolution have

recently been suggested. Therefore, different mechanisms

could be used to achieve the rejection of incompatible pollen

in different plant families. This hypothesis is, however,

mainly based on the interpretation of phylogenetic analyses,

using a small number of divergent nucleotide sequences. In

this work we show, based on a large collection of F-box S-

like sequences, that the inferred relationship of F-box S-

pollen and F-box S-like sequences is dependent on the

sequence alignment software and phylogenetic method

used. Thus, at present, it is not possible to address the phy-

logenetic relationship of F-box S-pollen and S-like sequen-

ces from different plant families. In Petunia and Malus/

Pyrus the putative S-pollen gene(s) show(s) variability pat-

terns different than expected for an S-pollen gene, raising the

question of false identification. Here we show that in Petu-

nia, the unexpected features of the putative S-pollen gene are

not incompatible with this gene’s being the S-pollen gene.

On the other hand, it is very unlikely that the Pyrus SFBB-

gamma gene is involved in specificity determination.

Keywords RNase-based gametophytic self-

incompatibility � F-box � SFBB � SLFL � SFB

Introduction

RNase-based gametophytic self-incompatibility (GSI) has

been studied, at the molecular level, in species of the

Solanaceae, Plantaginaceae, and Rosaceae families. A

single S-locus, containing separate pistil and pollen com-

ponents, determines specificities differences. To maintain

GSI, the two genes should coevolve. For diploid plant

species, when the S-haplotype present in the haploid pollen

grain matches one of the two S-haplotypes present in the

pistil, then the pollen is recognized as ‘‘self’’ and rejected

by the pistil (de Nettancourt 1977). In polyploid Prunus

species, a single match is also enough to cause pollen

rejection (Hauck et al. 2006).

The pistil component in all three families is known to be

the S-RNase gene (Roalson and McCubbin 2003). This

gene shows the expected features of an S-pistil component,

namely, high levels of synonymous and nonsynonymous

divergence, as well as enough positively selected amino

acid sites to account for the many specificities known to be

present in natural populations [between 10% and 20% of

all amino acid sites, spread over the protein; for Antirrhi-

num, however, no positively selected amino acid sites have

been identified; J. Vieira et al. 2007]. Evidence for his-

torical recombination has been detected at the S-RNase

gene in species of the Solanaceae and Rosaceae families,

which is unexpected (Schierup et al. 2001; Wang et al.

2001; Vieira et al. 2003; Ortega et al. 2006). Nevertheless,

most recombination events are inferred to be intragenic

gene conversion events that only affect small regions of the

gene and, thus, do not cause specificity breakdown (Vieira
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et al. 2003, 2007; Tsukamoto et al. 2008). Using the S-

RNase gene, phylogenetic analyses suggest that RNase-

based GSI has evolved only once, before the split of the

Asteridae and Rosidae, about 120 million years ago (Igic

and Kohn 2001; Steinbachs and Holsinger 2002; Vieira

et al. 2008a).

The pollen component has been identified as one (in the

case of Petunia [SLF], Antirrhinum [SLF], and Prunus

[SFB]) or several (in the case of Malus/Pyrus [SFBB] and

Nicotiana [DD]) F-box protein coding genes (Lai et al.

2002; Qiao et al. 2004; Kao and Tsukamoto 2004; Sijacic

et al. 2004; Entani et al. 2003; Ushijima et al. 2003, 2004;

J. Vieira et al. 2008b; Sassa et al. 2007; Cheng et al. 2006).

It should be noted that Petunia, Nicotiana, and Antirrhinum

belong to the Asteridae, while Prunus and Malus/Pyrus

belong to the Rosidae. The lack of correlation between the

pollen component being one or several genes and known

phylogenetic relationships is unexpected.

The suggestion that the pollen component is composed

of several genes in Malus, Pyrus, and Nicotiana is based on

the observation that, in the vicinity of the S-RNase gene,

there are two or more F-box genes showing pollen-specific

expression, linkage disequilibrium with the S-RNase, and

low variability levels (Sassa et al. 2007; Wheeler and

Newbigin 2007). Indeed, synonymous and nonsynonymous

variability levels are similar at the pollen and pistil com-

ponent genes only in Prunus (Ikeda et al. 2004; Nunes et al.

2006; Vieira et al. 2008b, c; Tsukamoto et al. 2008). Fur-

thermore, so far, only at Prunus SFB have enough posi-

tively selected amino acid sites been detected to account

for the large numbers of specificities known to be present

in natural populations (Nunes et al. 2006; Vieira et al.

2008b, c). Although the low variability levels reported in

Malus/Pyrus could somehow be related to the suggestion

that there are several pollen genes, in Petunia and Antir-

rhinum a single pollen gene has been reported, and vari-

ability levels at the pollen gene are similarly low.

The reported differences between RNase-based GSI

systems motivated the studies of the origin (single vs

multiple) of the S-pollen component. Phylogenetic studies

are, nevertheless, faced with many difficulties. For

instance, the sequences being compared have been inde-

pendently evolving for, at least, the last 120 million years.

Furthermore, F-box genes belong to a large gene family (L.

Wang et al. 2004).

The phylogenetic relationship of the S-pollen genes has

been addressed using neighbor-joining analyses and mostly

small data sets (N = 144, Wang et al. 2004; N = 14,

Ushijima et al. 2004; N = 31, Cheng et al. 2006) and

maximum parsimony (N = 36, Wheeler and Newbigin

2007). In these studies the pollen S-genes from Antirrhi-

mum (SLFs), Petunia (SLFs), and Malus (SFBBs) grouped

together with SLF-like Nicotiana sequences and Prunus

SLFLs genes (genes that are not involved in determining

pollen specificity; Matsumoto et al. 2008; Vieira et al.

2008d). Prunus SFB alleles fall into one clade that

appeared to be more closely related to A. thaliana (a self-

compatible species) F-box sequences than to other S-pollen

genes. Therefore, Prunus SFB gene has been postulated to

diverge early during RNase-based GSI evolution (Wang

et al. 2004; Wheeler and Newbigin 2007). Assuming that

SLF and SFB genes are involved in GSI, this observation

suggests that S-pollen genes may have been independently

recruited in RNase-based GSI (Wheeler and Newbigin

2007). Therefore, different mechanisms may be used to

achieve the rejection of incompatible pollen in each plant

family (Wheeler and Newbigin 2007).

To make the inferences discussed above, nucleotide

sequences from very divergent species are being aligned. It

is thus conceivable that the alignment algorithm used may

affect some of the conclusions. Here we explore this pos-

sibility using a nonredundant set of 210 complete non-

pseudogene nucleotide F-box S-pollen and S-like

sequences and three different alignment schemes. To

determine the possible effect of different phylogenetic

reconstruction methods, we use both a maximum likeli-

hood and a Bayesian approach. Here we show that both the

alignment algorithm used and the phylogenetic recon-

struction method greatly influence the inferred relationship

of very divergent groups of sequences. In the phylogenies

obtained here the sequences reported to be the S-pollen

gene in Solanaceae, Plantaginaceae, and Malus/Pyrus

cluster together with sequences not involved in specificity

determination, as previously reported (Wheeler and

Newbigin 2007). Nevertheless, here we argue that this

observation does not imply independent recruitments of the

S-pollen gene during RNase-based GSI evolution. We also

show that, for the Petunia SLF gene, although more

sequence data are needed, the findings so far are compat-

ible with this gene being the S-pollen gene. Moreover, we

show that the Pyrus SFBB-gamma gene is a very unlikely

candidate for an S-pollen gene.

Material and Methods

Datasets and Sequence Alignment

The dicot NCBI plant database was queried using the

protein sequence that corresponds to the entry gi29420812

(Prunus mume SLFL3) and TBLASTN, to get the nonre-

dundant set of 209 nucleotide nonpseudogene complete

sequences used in this study (Supplementary Table S1).

One SLF-like Oryza sativa nucleotide sequence

(gi115487495) was added to this set in order to have a

putative root when performing phylogenetic analyses. The
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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 nucleotide

alignment. The same set of sequences was aligned using

the software T-Coffee (Notredame et al. 2000). Two

alignments were created using T-Coffee’s accurate mode

and expresso mode. In both modes, the default options of

the program were used.

For the purpose of phylogenetic reconstruction, dis-

tance-based methods are avoided here since they use

information on the distance between the sequences and not

the nucleotide states themselves. Thus, to infer the rela-

tionship of the 210 complete nucleotide sequences, a fast

maximum likelihood method of tree reconstruction, as

implemented in GARLI (Zwickl 2006), was used with the

default options. The model implemented is the generalized

time-reversible (GTR) model of sequence evolution,

allowing for among-site rate variation and a proportion of

invariable sites. For large data sets containing very diver-

gent sequences this is almost always the best fit model of

sequence evolution (Zwickl 2006). Due to computational

burden, when using a Bayesian approach (the software

MrBayes; Huelsenbeck and Ronquist 2001), a subset of 84

complete nucleotide sequences that represents the most

divergent lineages (underlined sequences in Supplementary

Table S1) was used. Once more, we use the GTR model of

sequence evolution, thus allowing for among-site rate

variation and a proportion of invariable sites. Third codon

positions may have a gamma distribution shape parameter

that is different from that of first and second codon posi-

tions. Two simultaneous and completely independent

analyses, starting from different random trees, were run for

500,000 generations (each with one cold and three heated

chains). Samples were taken every 100th generation and

the first 1250 samples were discarded (burn-in).

For the single gene analyses four data sets were used,

namely, five Petunia S-RNase sequences, the cognate

Petunia S-RNase sequences (Supplementary Table S2), a

set of 24 Pyrus SFBB-gamma sequences (stars in Supple-

mentary Table S1), and seven complete Pyrus S-RNase

sequences from the same cultivars and annotated as the

same specificity as the corresponding SFBB-gamma

sequences (Supplementary Table S2). SLF, SFB, and

S-RNase amino acid sequences were aligned using Clu-

stalX version 1.64b (Thompson et al. 1997). This align-

ment was used as a guide to align the corresponding

nucleotide sequences. Only two and six alignment gaps of

size 3 are present in the Petunia SLF and S-RNase align-

ment, respectively. All 24 Pyrus SFBB-gamma sequences

are of identical size, thus the alignment of these sequences

is not ambiguous. In the Pyrus S-RNases data set there are

seven alignment gaps.

Population Genetics Estimates

Population genetics estimates (synonymous and nonsyn-

onymous divergence values, linkage disequilibrium, mini-

mum number of recombination events, and Tajima’s D

values) were calculated using DnaSP 4.1 (Rozas et al.

2003) software. When calculating divergence values, the

Jukes-Cantor correction for multiple hits was used.

Inferences on Positively Selected Amino Acid Sites

For the identification of sites under positive selection we

used both the codeml software implemented in PAML 3.13

(Yang 1997) and the method of Wilson and McVean

(2006) as implemented in the omegaMap v 0.5 software

(www.danielwilson.me.uk) that uses a population genetics

approximation.

Using Yang’s (1997) method, maximum-likelihood

trees were generated with PAUP* (Swofford 2002) after

using Modeltest (Posada and Crandall 1998) to find the

simplest model of nucleotide sequence evolution that best

fits the data (using the AIC). At each step 100 replicates

were used. Starting branch lengths were obtained using the

Rogers-Swofford approximation method, and branch-

length optimization was performed using the one-dimen-

sional Newton-Raphson method with a pass limit equal to

20. Starting trees were obtained via stepwise addition and

tree-bisection-reconnection (TBR) was used as the branch-

swapping algorithm. Addition of sequences was random. A

molecular clock was not enforced.

For the Petunia SLF sequences the best model is the

TVM ? I ? G model, with base frequencies A = 0.3578,

C = 0.2530, G = 0.2027, and T = 0.1865, the rate matrix

A $ C = 0.5419, A $ G = 1.0766, A $ T = 0.5614,

C $ G = 0.8286, C $ T = 1.0766, and G $ T = 1.0000,

a proportion of invariable sites equal to 0.0945, and a gamma

distribution shape parameter equal to 0.7677 for variable

sites. For Petunia S-RNase sequences the best model is the

TVM ? G model, with base frequencies A = 0.3504,

C = 0.1863, G = 0.2018, and T = 0.2615, the rate matrix

A $ C = 3.1706, A $ G = 6.7285, A $ T = 2.9849,

C $ G = 3.7660, C $ T = 6.7285, and G $ T = 1.0000,

no invariable sites, and a gamma distribution shape param-

eter equal to 1.2853.

For the Pyrus SFBB-gamma sequences (24) the best

model is the HKY85 ? G ? I model, with base frequen-

cies A = 0.28840, C = 0.17310, G = 0.20960, and

T = 0.32890, a transition/transversion ratio of 4.8388, a

proportion of invariable sites equal to 0.8039, and a gamma

distribution shape parameter equal to 1.0575 for variable

sites. For Pyrus S-RNase sequences the best model is

GTR ? I, with base frequencies A = 0.3195, C = 0.2196,

G = 0.2011, and T = 0.2599, the rate matrix A $ C =

34 J Mol Evol (2009) 69:32–41
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2.1104, A $ G = 3.9279, A $ T = 1.7817, C $ G =

2.3518, C $ T = 2.5177, and G $ T = 1.0000, and a

proportion of invariable sites equal to 0.4077.

When using the method of Wilson and McVean (2006)

we use the same settings as by Nunes et al. (2006) and

Vieira et al. (2008b). Briefly, 250,000 iterations were

performed and a burn-in of 25,000 was used. Both an

objective and a subjective prior specification approach was

used and the results were checked for convergence. In the

subjective approach the values used as priors reflect the

prior belief that there is little recombination in the data set,

as by Nunes et al. (2006).

Looking for Correlated Evolutionary Histories

Linear correlations were calculated using Ka and Ks values

and the SPSS Statistics 16.0 software (SPSS Inc., Chicago,

IL). The partition homogeneity test was performed, as

implemented in PAUP* (heuristic search using as opti-

mality criterion parsimony; 1 million replicates).

Results

Phylogenetic Analyses of SLF-Like Sequences

RNase-based GSI is thought to have arisen about

120 million years ago, before the Asteridae-Rosidae split.

Thus, to make inferences on the evolution of this system,

nucleotide sequences from very divergent species must be

compared. Since divergent nucleotide sequences are being

compared, the alignment and phylogenetic methods used

may affect the conclusions that are made. Therefore, we

have used three sequence alignment approaches, as well as

two phylogenetic inference approaches (Materials and

Methods) for each of the three resulting alignments. The

phylogenetic trees obtained are shown in Supplementary

Figs. S1 and S2. Based on these phylogenies we define

eight sequence groups (Fig. 1; see also Supplementary

Table S1). Two hundred five of 210 sequences are always

classified in the same group, irrespective of the alignment

and phylogenetic method used. Nevertheless, as shown in

Fig. 1, the relationships between the different sequence

groups differ depending on the alignment and phylogenetic

method used. When only amino acid aligned positions with

a score [3 are used, as suggested by Notredame et al.

(2000), different phylogenetic trees are still obtained when

different alignment algorithms are used (data not shown).

All phylogenies obtained here suggest that putative S-

pollen sequences from Petunia, Antirrhinum, and Pyrus/

Malus cluster together with sequences not involved in

specificity determination, an observation previously made

by Wheeler and Newbigin (2007).

Recently, Newbigin et al. (2008) pointed out that, in at

least some species, the putative S-pollen gene shows var-

iability patterns and genealogical histories far different

than expected for an S-pollen gene (Newbigin et al. 2008).

Those authors conclude that either some S-pollen genes

have been falsely identified or there is a major problem

with theoretical expectations. The possible wrong identi-

fication of the S-pollen gene in a given plant family can

obviously affect the conclusions about whether this gene

has been independently recruited several times during

RNase GSI evolution. So far, most expected features have

been observed for the Prunus SFB gene only (Ikeda et al.

2004; Nunes et al. 2006; Vieira et al. 2008b). Most

importantly, only in Prunus have enough positively

selected amino acid sites been reported at both the S-RNase

and the SFB gene to account for the many specificities

found in natural populations. At present, enough nucleotide

sequences are available to perform the needed analyses for

the Petunia SLF and Pyrus SFBB-gamma genes only.

Those results are presented in the following Results

sections.

Variability Levels at the Petunia SLF and S-RNase

Genes

Using the set of five Petunia haplotypes available (Sup-

plementary Table S2), synonymous (Ks) and nonsynony-

mous (Ka) values were calculated for the S-RNase and SLF

genes. The average Ks value is 0.736 and 0.145 for the S-

RNase and SLF genes, respectively. The average Ka value

is 0.360 and 0.050 for the S-RNase and SLF genes,

respectively. The low SLF Ks and Ka values are unexpected

given an estimated proportion of invariable sites of 9.5%

for this gene (Materials and Methods). A Tajima’s D value

of –0.98 and –0.81 is obtained for the S-RNase and SLF

gene, respectively, indicating an excess of rare variants.

Nevertheless, for both cases, the Tajima’s D value is not

statistically different from that expected under a neutral

scenario, under the conservative assumption of no

recombination.

The low variability levels at the SLF gene compared

with those at the S-RNase gene are suggestive of nonneg-

ligible levels of recombination. Indeed, 158 (1.2%) of the

13,336 possible pairwise comparisons show all four

gametic types. Nevertheless, the five S-RNase gene

sequences show a similar pattern (680 [4.6%] of 14,878

possible comparisons). The minimum number of recom-

bination events (Hudson and Kaplan 1985) implied by the

small data set of five SLF and S-RNase sequences is 12 and

27, respectively. For both the SLF and the S-RNase gene

there are no pairs of sites showing significant linkage dis-

equilibrium after Bonferroni correction, although this could

be, in principle, accounted for by the small sample size.

J Mol Evol (2009) 69:32–41 35
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The average level of linkage disequilibrium is lower for

SLF (Kelly’s 1997; Zns = 0.273) than for the S-RNase

gene (Zns = 0.350).

Testing Whether the Petunia S-RNase and SLF

Evolutionary Histories Are Compatible

The difference in average Ks values between the SLF and

the S-RNase genes is unexpected under the assumption that

the two genes are linked, i.e., that they share a common

evolutionary history (see Variability Levels at the Petunia

SLF and S-RNase Genes, above). Thus, to test whether the

Petunia S-RNase and SLF evolutionary histories are com-

patible, using the set of five available Petunia haplotypes,

synonymous (Ks) and nonsynonymous (Ka) divergence

values were calculated for all S-RNase pairwise compari-

sons and for the corresponding SLF pairwise comparisons,

as performed by Nunes et al. (2006). For Ks the Pearson

correlation coefficient is –0.303 (n = 10; p [ 0.05). Sim-

ilar results were obtained for Ka (the Pearson correlation

coefficient is –0.372; n = 10; p [ 0.05). Therefore, the

relative allele ages of the two genes are not correlated

(Fig. 2). When the partition homogeneity test is performed

a highly significant value is obtained (p \ 0.000001),

indicating that the S-RNase and SLF evolutionary histories

are incompatible.

Evidence for Positively Selected Amino Acid Sites

at the Petunia SLF and S-RNase S-Haplotype Genes

Under the assumption that the maximum-likelihood tree

obtained here reflects the true evolutionary relationship of

the five SLF sequences, the simpler model that best fits the

data is model M2 (three classes, one of them with Ka/Ks

[1; Supplementary Table S3). This assumption may be

unrealistic, since the analyses presented under Variability
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Fig. 1 Schematic representations of the phylogenetic trees shown in

Supplementary Figs. S1 and S2. Panel 1: using 210 complete F-box S-

pollen and S-like nucleotide sequences and a fast maximum

likelihood method, as implemented in GARLI (Zwickl 2006).

Numbers are the percentage of times a given cluster is observed.

Panel 2: using 84 complete F-box S-pollen and S-like nucleotide

sequences (that represent all most divergent lineages) and a Bayesian

approach (Huelsenbeck and Ronquist 2001). Numbers are posterior

credibility values [0.60. The sequences were aligned using: (a)

T-Coffee’s accurate alignment mode (Notredame et al. 2000); (b)

T-Coffee’s express alignment mode (Notredame et al. 2000); and (c)

the CLUSTALW algorithm implemented in DAMBE (Xia and Xie

2001). Based on these phylogenies we define eight sequence groups,

called A to H
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Levels at the Petunia SLF and S-RNase Genes and Testing

Whether the Petunia S-RNase and SLF Evolutionary His-

tories Are Compatible (above) suggest nonnegligible levels

of recombination. Eighty-one and eight-tenths percent of

the codons fall into a class with Ka/Ks \1 (purifying

selection), 17.9% fall into a class with Ka/Ks = 1 (neutrally

evolving) and 0.3% of the codons (site 293) fall into a class

with Ka/Ks = 12.4 (strong positive selection). For the latter

amino acid site the posterior probability of selection is

[95% (Table 1). At this site there are five different amino

acids, all charged (E, D, R, K, and H). When using the 95%

criterion and the Wilson and McVean (2006) method

(using both the subjective and the objective prior specifi-

cation approaches), no amino acid sites are detected as

being positively selected. Nevertheless, this method

assumes, for instance, that the alleles sampled are a random

sample of the alleles present in the population, and this

may not be true. Violating this assumption may affect the

conclusions that are made. Site 293 has a posterior prob-

ability of selection of 79% and 76% using the objective and

subjective prior specification approach, respectively.

Overall there is weak evidence for one positively selected

amino acid site at the reported Petunia pollen gene, but this

can be attributed to the small sample size (five sequences

only). It is therefore imperative to obtain further sequences

for this gene.

When Yang’s (1997) method is applied to the five S-

RNase sequences of the corresponding SLF- S-haplotypes,

the best model that fits the data is M2 (three classes, one of

them with Ka/Ks [1; Supplementary Table S3). Only two

amino acid sites show a posterior probability of selection

[95% (Table 1). When using the 95% criterion and the

Wilson and McVean (2006) method (using both the sub-

jective and the objective prior specification approach), no

amino acid sites are detected as being positively selected.

This is in contrast with 13 sites previously identified using

the same methodology and 64 Solanaceae S-RNase

sequences (Vieira et al. 2007).

Variability and Recombination Levels at the Pyrus

SFBB-gamma Gene

The Pyrus SFBB-gamma nucleotide sequences (14, 8, and

2 from P. pyrifolia, P. bretschneideri, and P. sinkiangensis,

respectively) are of identical size, thus the alignment is not

ambiguous. Although there is no information about these

sequences other than that in GenBank, it is known that in

all cases but two, they are from different cultivars. In the

phylogenetic analyses they always cluster together with

high support. The average Ks is 0.024 and the average Ka is

0.008, therefore we assumed that they are alleles of the

same gene. There is an excess of rare variants as indicated

0
0 0,2 0,4 0,6 0,8 1

Ks S-RNase

K
s

S
F

B

0,2

0,4

Fig. 2 Synonymous divergence values for the Petunia SLF and

corresponding S-RNase gene

Table 1 Amino acid sites under positive selection (x[ 1) identified

using PAML 3.1 (Yang 1997)

Petunia Pyrus

SLF S-RNase SFBB-gamma S-RNase

293 (0.992) 19 (0.974) 7 (0.997) 26 (0.901)

52 (0.927) 10 (0.998) 39 (0.941)

349 (0.974) 67 (1.000)a,b

68 (0.999)a,b

73 (0.999)a,b

77 (0.995)a,b

84 (0.995)a,b

86 (0.991)a,b

87 (0.961)a,b

89 (0.979)a,b

90 (0.986)a,b

110 (0.987)a,b

111 (0.979)a,b

118 (0.957)

125 (0.992)

130 (0.998)b

152 (0.989)

165 (0.998)a,b

169 (0.996)a,b

170 (0.986)a,b

192 (0.988)a,b

193 (0.933)a,b

194 (0.998)a,b

206 (0.982)

219 (0.969)a,b

220 (0.993)a,b

221 (0.976)a,b

225 (0.969)a

Note: The posterior probability of selection (using naive empirical

Bayes) is given in parentheses. Those amino acid sites that are also

identified as being positively selected using the 95% criterion and the

Wilson and McVean (2006) method, using both the a subjective and

the bobjective prior specification approach, are also indicated
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by a negative Tajima’s D (1989) value of –1.54, although

this value is not statistically different from that expected

under a neutral scenario under the conservative assumption

of no recombination.

The low Ks and Ka values are compatible with an esti-

mated proportion of invariable sites of 0.8039 (Materials

and Methods). Although there are no Pyrus polymorphism

reference values, such low levels of variation suggest that

the Pyrus SFBB-gamma gene experiences nonnegligible

levels of recombination. Indeed, 118 (3.9%) of the 3003

possible pairwise comparisons show all four gametic types.

The minimum number of recombination events (Hudson

and Kaplan 1985) implied by the sequence data is six.

There are only five pairs of sites showing significant

linkage disequilibrium after Bonferroni correction (sites 6

and 29, 864 and 885, 864 and 918, 885 and 918, and 1135

and 1153), and the average level of linkage disequilibrium

is low (Kelly’s 1997; Zns = 0.063).

Evidence for Positively Selected Sites at the Pyrus

SFBB-gamma and a Subsample of S-RNase Genes from

the Same S-Haplotypes

Assuming that the maximum-likelihood tree obtained here

reflects the true evolutionary relationship of the 24 Pyrus

SFBB-gamma sequences, the simpler model that best fits

the data is model M2 (three classes, one of them with Ka/Ks

[1; Supplementary Table S3). Ninety-six and six-tenths

percent of the codons fall into a class with Ka/Ks \1

(purifying selection), 0% fall into a class with Ka/Ks = 1

(neutrally evolving), and 3.4% of the codons fall into a

class with an average Ka/Ks = 3.99 (positive selection).

For amino acid sites 7, 10, and 349 the posterior probability

of selection is[95%. There are three (S, G, and I), two (L

and P), and three (R, C and H) different amino acids at sites

7, 10, and 349, respectively.

Using the 95% criterion and the Wilson and McVean

(2006) method (using both the subjective and the objective

prior specification approach), no amino acid sites are

detected as being positively selected. Nevertheless, as

stated before, this method assumes that the sampled alleles

are a random sample of the alleles present in the popula-

tion, and this is likely not true for domesticated species

such as Pyrus. Violating this assumption may affect the

conclusions that are made. Sites 7, 10, and 349 have a

posterior probability of selection of 94% and 83%, 89%

and 74%, and 19% and 28% under the objective and sub-

jective prior specification approach, respectively. Overall,

there is weak evidence for two positively selected amino

acid sites (sites 7 and 10) at the Pyrus SFBB-gamma gene.

When Yang’s (1997) method is applied to seven S-

RNase sequences of the corresponding SLF- S-haplotypes

(S-RNases from the same cultivar, annotated as the same

specificity), the model that best fits the data is M2 (three

classes, one of them with Ka/Ks [1; Supplementary Table

S3). Twenty-eight amino acid sites show a posterior

probability of selection [95% (Table 1). Using the 95%

criterion and the Wilson and McVean (2006) method, 21 of

those amino acid sites identified by Yang’s (1997) method

as being positively selected are also identified using both

the subjective and the objective prior specification

approach (Table 1).

Discussion

The phylogenetic analyses performed here suggest that few

conclusions can be drawn regarding the relationship of F-

box S-pollen and S-like sequences from different plant

families. Only three sequence groups include sequences

from both Asteridae and Rosidae species (Fig. 1), and none

of the groups containing S-pollen gene sequences includes

sequences from both the Asteridae and the Rosidae species.

The Petunia/Nicotiana SLF sequences are not a sister

group to the Pyrus/Malus sequences (Fig. 1), as previously

suggested (Cheng et al. 2006). Depending on the settings

and alignment algorithm used, Prunus SFB sequences are

shown as a very divergent group or, alternatively, as a

sister group to a group of sequences that include the

Petunia, Antirrhinum, and Pyrus/Malus S-pollen genes

(with a posterior probability of 77% in Bayesian analyses;

Supplemental Fig. S2B). Moreover, depending on the

alignment used, the most closely related sequence to Pru-

nus SFB sequences could be either none, a sequence from

Vitis vinifera, or a sequence from Populus trichocarpa. The

inference of very old lineages that are only observed in a

single plant family, despite the larger sample size (namely,

the Prunus SFB sequences, a group composed exclusively

of A. thaliana sequences, a group composed exclusively of

M. truncatula sequences, and a group composed of Malus/

Pyrus/Prunus sequences), suggests that it may be impos-

sible to infer the relationship of divergent F-box S-like

sequences with certainty. All such groups, however,

include Rosidae species only. Despite the availability of

large amounts of genome sequencing data for several

Rosidae species, such as, A. thaliana, M. truncatula, L.

japonicus, V. vinifera, and P. trichocarpa, the known

relationships between Rosidae families is rarely retrieved

in the phylogenies. Nevertheless, for Asteridae, the known

relationships are recovered (Plantaginaceae and Solanaceae

sequences). It is, however, difficult to establish the gener-

ality of this finding, since fewer data are available for

Asteridae species. Given these results and the finding that

the S-RNase gene (based on phylogenetic analyses of T2

RNases [Igic and Kohn 2001; Steinbachs and Holsinger

2002; Vieira et al. 2008a]) evolved only once before the
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Rosidae/Asteridae split, it is not possible to conclude,

based on a phylogenetic argument alone, that S-pollen

genes have been independently recruited during RNase GSI

evolution.

The sequences that cluster together with the putative S-

pollen gene in Solanaceae and Malus/Pyrus are sequences

not involved in specificity determination. Assuming that

these genes are determining pollen GSI, this result could

suggest multiple independent recruitment of the S-pollen

gene (Wheeler and Newbigin 2007). Nevertheless, it is

conceivable that, during evolution, the S-pollen gene has

been duplicated. Although the most likely fate of such

duplication is pseudogeneization, in some cases the

duplicate gene may acquire a new function, thus explaining

the observed pattern. It should be noted that the closest

neighbors of S-pollen genes are very often genes that are in

the immediate vicinity of the S-pollen gene and that they

show pollen specific expression, as expected according to

the proposed evolutionary scenario. Duplication and

acquisition of a new function have been reported for genes

that belong to the S-RNase lineage (Igic and Kohn 2001;

Vieira et al. 2008a), although the pistil gene is more rarely

duplicated than the S-pollen gene. In conclusion, in the

absence of further evidence, the default scenario for

RNase-based GSI evolution should be that both the pistil

and the pollen components evolved only once.

The Petunia S-pollen SLF gene presents low synony-

mous divergence (0.145; see Results), an observation pre-

viously made by Wheeler and Newbigin (2007) and

Newbigin et al. (2008). Although there are no good esti-

mates for synonymous diversity levels in Petunia neutrally

evolving genes, we used for comparison the average level

of synonymous diversity for the Nicotiana alata 48A gene

(0.0266; data not shown). It is likely that the value for the

SLF gene is indeed high. The pistil and pollen component

histories are also apparently uncorrelated. If this is true, in

Petunia, historical recombination was enough to uncouple

the evolutionary history of the SLF and S-RNase genes.

Nevertheless, the SLF variability patterns are still likely

affected by the presence of the S-locus in its vicinity due to

incomplete linkage. It is conceivable that genetic exchange

within the S-RNase or SLF genes rather than between the

two genes is the explanation for such a finding. Evidence

for intragenic recombination at the Petunia S-RNase gene

has been reported before by several authors (Wang et al.

2001; Schierup et al. 2001; Vieira et al. 2003), and here we

show evidence for recombination at the Petunia SLF gene.

Recombination analysis of 1205 segregating plants showed

no recombination between the SLF and the S-RNase gene,

although the two genes are about 161 kb apart (Wang et al.

2003). Even very low recombination rates within or

between the two genes over a long evolutionary time can,

however, have an impact on the inferred allele

relationships. A similar scenario has recently been pro-

posed for the Prunus SLF1 gene that is the neighbor gene

of the Prunus S-RNase gene (Vieira et al. 2008d) and is not

involved in determining S-pollen specificity (Matsumoto

et al. 2008).

For the five Petunia SLF and S-RNase S-haplotype

genes, there is evidence for a few positively selected amino

acid sites, using Yang’s (1997) method only. Nevertheless,

when similar analyses were performed using 64 Solanaceae

S-RNase sequences, 13 positively selected amino acid sites

were identified (Vieira et al. 2007). Therefore, many more

Petunia S-pollen SLF gene sequences are needed to

determine the number of positively selected amino acid

sites with a high degree of confidence.

The other unexpected feature of Petunia SLF is that it is

expressed in pollen but not at the expected time (Sijacic

et al. 2004). The expression of an S-pollen gene is expected

to be maximal during pollen tube growth, and not at

anthers stage 4, as observed for Petunia SLF gene. The

transcript abundance may not, however, reflect protein

levels, and in vitro germination may not reflect the situa-

tion in vivo (Sijacic et al. 2004). Nevertheless, it is clear

that this is the gene responsible for competitive interaction

in Petunia (Sijacic et al. 2004; Tsukamoto et al. 2005) and

it has been assumed, although never decisively proven, that

the gene responsible for competitive interaction is the same

as the S-pollen gene. It should be noted that polyploidy in

Prunus, and therefore duplication of the S-pollen gene,

does not lead to self-compatibility. Hence, competitive

interaction is not a universal feature of S-RNase-based GSI

(Hauck et al. 2006; Nunes et al. 2006).

At the Pyrus SFBB-gamma gene there is weak evidence

for two positively selected amino acid sites (sites 7 and 10).

This is in contrast with the results obtained with fewer S-

RNase sequences from the same S-haplotypes. Although,

only seven sequences were analyzed, 21 amino acid sites

show a high ([95%) posterior probability of being posi-

tively selected. Furthermore, the two sites at the Pyrus

SFBB-gamma gene are located in the F-box motif region of

the protein (Cheng et al. 2006), an a priori unlikely region

for specificity determination. Since these were detected

with Yang’s method only, they could represent false pos-

itives. It is known that violation of the assumptions of this

method, such as recombination in the data set, can result in

the detection of false-positive sites (Wilson and McVean

2006). For comparison, the F-box region in Prunus shows

strong hydrophobicity and no amino acid sites under

positive selection (Ikeda et al. 2004). Levels of synony-

mous and nonsynonymous variability are low at the Pyrus

SFBB-gamma gene (the average Ks and Ka per site is 0.024

and 0.008, respectively). Furthermore, the average level of

linkage disequilibrium is also low (Kelly’s 1997;

Zns = 0.063). Therefore, there is little evidence for an
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effect of the S-locus on the patterns of evolution of the

Pyrus SFBB-gamma gene. Overall, it seems unlikely that

the Pyrus SFBB-gamma gene plays a role in specificity

determination, in contrast with what was suggested by

Sassa et al. (2007). This conclusion is not dependent on

whether the S-pollen component is monogenic or multi-

genic. Indeed, if the system is monogenic, then enough

positively selected amino acid sites must be found in a

given gene to account for the number of different speci-

ficities found in natural populations, and this is clearly not

the case for Pyrus SFBB-gamma gene. If the system is

multigenic, then each gene involved in specificity deter-

mination will show a fraction of the total number of pos-

itively selected amino acid sites needed to account for the

number of different specificities found in natural popula-

tions. This seems also not to be the case for the Pyrus

SFBB-gamma gene.

Overall, three main conclusions are made here regarding

the evolution of the S-pollen gene: (i) there is no con-

vincing evidence to suggest that the S-pollen gene was

independently recruited multiple times during evolution

since it is not possible to address the phylogenetic rela-

tionship of F-box S-pollen and S-like sequences from dif-

ferent plant families; (ii) the gene identified as being the

Petunia S-pollen shows several unexpected features,

although, at present, there is no major reason to suspect that

it has been wrongly identified; and (iii) it is very unlikely

that the Pyrus SFBB-gamma gene is involved in specificity

determination.
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