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ABSTRACT
[bookmark: _GoBack]Plant immune genes, or resistance genes, are involved in a co-evolutionary arms race with a diverse range of pathogens. In agronomically important grasses, such R-genes have been extensively studied because of their role in pathogen resistance and in the breeding of resistant cultivars. In this study, we evaluate the importance of recombination, mutation and selection on the evolution of the R-gene complex Rp1 of Sorghum, Triticum, Brachypodium, Oryza and Zea. Analyses show that recombination is widespread, and we detected 73 independent instances of sequence exchange, involving on average 1,567 out of 4,692 nucleotides analyzed (33.4%). We were able to date 24 interspecific recombination events and found that four occurred post speciation, which suggests that genetic introgression took place between different grass species. Other interspecific events seemed to have been maintained over long evolutionary time, suggesting the presence of balancing selection. Significant positive selection (i.e. a relative excess of non-synonymous substitutions (dN/dS>1)) was detected in 17-95 codons (0.42-2.02%). Recombination was significantly associated to areas with high levels of polymorphism but not with an elevated dN/dS ratio. Finally, phylogenetic analyses show that recombination results in a general overestimation of the divergence time (mean=14.3%) and an alteration of the gene tree topology if the tree is not calibrated. Given that the statistical power to detect recombination is determined by the level of polymorphism of the amplicon as well as the number of sequences analyzed, it is likely that many studies have underestimated the importance of recombination relative to the mutation rate. 
INTRODUCTION
Recombination is one of the five fundamental evolutionary forces that shape DNA sequence variation and, depending on the interaction with other evolutionary forces, it can either increase or decrease sequence diversity (e.g. Nachman 2001; Wang et al. 2004; Klein et al. 2007; Spurgin et al. 2011). Recombination and recombination-like processes such as gene conversion generate novel genotypes and haplotypes by shuffling or replacing genetic material between or within chromosomes (Posada & Crandall 2001). This recombined genetic variation becomes the novel substrate that is available to natural selection, thereby facilitating adaptive evolution (McMullan and Gardiner 2015).
In conjunction with random genetic drift, recombination-like processes will eventually homogenize sequence variation and reduce nucleotide diversity (Klein et al. 2007). However, this process can be offset by positive selection acting on novel genetic variants, in which case recombination can effectively increase the level of genetic variation in the population expressed as the number of distinct haplotypes and/or genotypes (Takuno et al. 2008). As recombination can occur at a rate that is considerably higher than the mutation rate (Kosakovsky et al. 2006; Spurgin et al. 2011), it may be a particularly important evolutionary force in multigene families of immune genes where both recombination between member genes (i.e. gene conversion) and positive selection tend to play prominent roles. For example, recombination and gene conversion are believed to be fundamental in the generation of polymorphism in the vertebrate immune genes of the Major Histocompatibility Complex (MHC) (Hughes & Yeager 1998; Piertney & Oliver 2006; von Salomé et al. 2007). These processes have also been shown to be directly involved with pathogen recognition regions of immune genes (Richman et al. 2003; Spurgin et al. 2011). The identification and study of recombination blocks is therefore particularly relevant and interesting to further our understanding of the evolution of other immune gene families.
Unlike polymorphism introduced by mutation, recombination can generate genetic variation that has already been tried and tested by natural selection, and as such, it could play an important role in fuelling adaptive evolution. This may be particularly pertinent during introgression when taxa hybridize. Such introgression events can either produce hybrid species (Warwick & Black 1991; Allender & King 2010), or they can affect specific genomic regions whilst maintaining the original species boundaries (Pardo-Diaz et al. 2012). Recent studies suggest that introgression and horizontal gene transfer play an important role in the adaptive evolution of pathogens such as bacteria (Doroghazi & Buckley 2010), fungi (Stukenbrock & Bataillon 2012) and oomycetes (Richards et al. 2011).
Plant resistance genes (R-genes) are part of a signal-transduction system involved in disease resistance to invading pathogens including viruses, fungi, oomycetes, bacteria, nematodes and insects (Michelmore & Meyers 1998; Ellis et al. 2000; Nemri et al. 2010; Bozkurt et al. 2012). The majority of R-genes encode proteins with specific domains such as a nucleotide binding site (NBS or NB-ARC) and C-terminal leucine-rich repeats (LRR) (McDowell & Simon 2006). R-genes have received considerable attention from agricultural scientists because of the demand for resistant cultivars, as well as from ecologists and immunologists in the study of host-pathogen coevolution (Paterson et al. 2010). In contrast to most other protein-coding genes which tend to be under purifying selection, amino acid replacement substitutions (i.e. nonsynonymous mutations) can be positively selected for in the solvent-exposed residues of the LRR region of R-genes which is thought to be directly involved with pathogen recognition (Sun et al. 2001; Hulbert et al. 2001). Once alleles with positively-selected residues reach their equilibrium frequency, they can be maintained by balancing selection over long evolutionary periods of time (Castric & Vekemans 2007; Huard-Chauveau et al. 2013). Conversely, the NB-ARC region is characterized by a reduced rate of replacement substitutions, consistent with purifying selection. Finally, and similar to the MHC, T-cell receptors, and immunoglobulin genes, clusters of R-genes are thought to have evolved through a Birth-and-Death model (Nei & Rooney 2005) where duplication and gene loss explain the expansion and contraction of gene clusters (Leister 2004).
The Rp1 resistance locus is a complex of paralogous genes which are responsible for plant resistance against common rust fungus (Puccinia spp., McIntyre et al. 2004). It has been isolated in agronomically important grasses such as Sorghum, Triticum (wheat), Hordeum, Zea (maize) and Oryza (rice) (Ayliffe et al. 2000; Ramakrishna et al. 2002; Luo et al. 2011) and it is well-studied (Collins et al. 1999; Sun et al. 2001; Ramakrishna et al. 2002; McIntyre et al. 2004; Smith and Hulbert 2005; Chintamanani et al. 2010; Smith et al. 2010). In 2011, a study by Luo et al. compared the phylogeny and organization of Rp1 genes in different species of Poaceae. This study brought to light the complexity of the evolutionary patterns associated with recombination, describing differences in the incidence of recombination in the Poaceae. Building on the analysis by Luo et al. (2011), our study identifies a possible explanation for the observed discrepancy in recombination rate between the grasses. Using the same DNA data consisting of 164 Rp1 sequences from five Poaceae genera (Zea, Brachypodium, Sorghum, Triticum and Oryza), we analyse the association between recombination, nucleotide polymorphism, positive selection and the number of sequences analysed. We also discriminate ancient recombination (trans-species polymorphism) from introgression to evaluate role of gene flow between diverged species in the evolution of this potentially fast-evolving gene complex. Finally, the effect of recombination on phylogenetic analysis and the dating of taxa is evaluated.
MATERIALS AND METHODS
Rationale
We analyze the evidence for recombination in five Poaceae genera with three objectives. Firstly, we describe the recombination events (i.e. locate breakpoint positions, establish insert size, identify the recombinant and parental sequences (the MRCAs of the recombinant fragments) and date the events – see also Method S1 and Figure S1). Secondly, we analyze how recombination events affect gene tree topology and divergence times. Finally, we test the potential adaptive role of recombination by analyzing whether there is a significant correlation between the incidence of recombination and positively selected sites. We also analyze evidence of balancing selection by studying the presence of trans-specific polymorphisms, i.e. the maintenance of allelic variants over long evolutionary time periods which are shared between species. Further tests of balancing selection we are unfortunately unable to conduct. In particular, we do not have data on the distribution of allele frequencies, which is expected to be enriched for intermediate frequency alleles under balancing selection. Also, we do not test whether the level of polymorphism is relatively elevated at the Rp1 genes, given that we do not study neutral reference loci (see Andrés 2011 for a review on the genetic signatures of balancing selection).  Throughout the study, we distinguish between recombinant and non-recombinant regions to avoid potential bias introduced by recombinant polymorphisms.
Empirical data
The nucleotide sequences were downloaded from the DNA public database Genbank using accession numbers submitted by Luo et al. (2011). The dataset consists of 164 homologs of the Rp1 resistance complex (expressed or pseudogenized) in five Poaceae genera including 17 species (see Table S1 for detailed description). Given that multiple Rp1 loci are amplified within individuals, the locus-affiliation of sequences cannot be ascertained. This is a common problem associated with polymorphism at multigene families (e.g. Llaurens et al. 2012). 
Alignment
Sequences vary from 3,430 bp to 3,864 bp consisting of partial coding regions (CDS) and were aligned using the complete multiple alignment in Clustal X (Larkin et al. 2007). All sequences include a nucleotide-binding site (NB-ARC) and were checked to be potentially functional or pseudogenized using the six-frame translation tool available on the BCM Launcher sequence utility website (http://searchlauncher.bcm.tmc.edu/seq-util/Options/sixframe.html). Functional annotations of the sequences were assigned using the Conserved Domain Database in Genbank (Marchler Bauer et al. 2005, see Figure S2).
Throughout the study, sequence names were abbreviated using the last three digits of their gi number from Genbank followed by the first letter of their genera and the first letter (or two when necessary) of the name of the species, e.g. 123_Og = gi|304325123_Oryza glaberrima (see Table S1 for gi numbers of all sequences).
Recombination analysis
Recombination was analyzed using seven methods implemented in RDP4 (Martin et al. 2010): RDP (Martin & Rybicki 2000), Geneconv (Sawyer 1989), Bootscan (Martin et al. 2005), MaxChi (Maynard Smith 1992), Chimaera (Posada & Crandall 2001), SiScan (Gibbs et al. 2000) and 3Seq (Boni et al. 2007). Sequences were set as linear and scanned using the default settings for the window size. Bonferroni correction was applied with ‘Auto Masking’ of similar sequences to avoid overly stringent type I error correction (Martin et al. 2010). The evidence for a recombination signal was considered to be strong if it was found to be significant in three or more detection methods. Similarly, moderate evidence was assumed when two methods were significant (Tables S2 and S3). In this classification, we conservatively considered MaxChi, Chimaera and 3Seq as a single method, given the similarity in algorithm. Recombination events resulted in a mosaic-like pattern of sequence similarities which was visualized using the software HybRIDS (Ward & van Oosterhout, in prep.) available at http://www.norwichresearchpark.com/HybRIDS.
Dating the recombination events
	Recombination events were dated through Bayesian inference using BEAST version 1.6.2 (Drummond & Rambaut 2007). We used two dating estimates (Figure S3) to minimize biases associated with incomplete lineage sorting/ incomplete sampling. Both of these estimates are based on the nucleotide divergence observed between the Rp1 homologs’ inserts which are free of recombination: 
(i) The Recombinants Radiation estimate (RR-estimate) is based on the number of SNPs present at the insert in the contemporary population of recombinant sequences. For each event, we use the inserts (Figure S1 and Method S1) from all the recombinants that were flagged up by RDP4. The RR-estimates assumes that all SNPs of the recombinants at the insert must have been generated since the recombination event.
(ii) The best Donor vs best Recombinant estimate (DR-estimate) is based on the nucleotide divergence at the insert between the donor and the recombinant that are most similar to each other. The DR-estimate assumes that since the recombination event the donor and recombinant have diverged and that the accumulated SNPs can be used to estimate the age of the event.
Of the two measures, the RR-estimate is a downwards-biased estimate of the age of the recombination event because it is likely that not all contemporary recombinant haplotypes have been sampled. Given that some polymorphisms might be missed, this would underestimate the age of the event. The DR-estimate, on the other hand, is likely to represent an upwards-biased estimate of the age because the ‘true’ donor may not be present in the dataset (Figure S3). Consequently, polymorphisms that existed between the ‘true’ donor and the donor that was identified would be erroneously attributed to the divergence that occurred after recombination, thereby inflating the DR-estimate. We report both estimates arguing that the ‘true’ age should fall between both estimates. Both dating methods are significantly correlated (Regression: R2 = 0.64; F1,36 = 30.46; p<0.001, Figure S4) and do not seem to be statistically different (paired t-test: df=18, T=0,29; p=0.779). When only one recombinant sequence was given by RDP4 or when the best donor was flagged up as unknown (see Method S1), the RR- or the DR-estimate could not be measured, respectively.
Artificial inflation of the age of the recombination divergence time might occur when two recombination events overlap. In such cases, polymorphisms introduced by the more recent recombination event would result in an overestimation of the age of the initial recombination event. To avoid this bias, only those nucleotides from a single recombination event were used in the dating analysis. In cases where two recombination events overlapped, the overlapping regions were removed and the nucleotides of the focal recombination event were concatenated.
Priors used in BEAST were set using BEAUti v1.6.2 (Table 1). An uncorrelated relaxed molecular clock (UCLN) was used as a strict clock was rejected for part of the recombination events by the Maximum Likelihood test of the molecular clock in Mega 6 (results not shown), (Brown and Yang 2011). The UCNL was also chosen because it has been shown to perform well when the data is either clock-like (for some recombination events) or when the rate of molecular evolution is variable (Drummond et al. 2006). The mutation rate was estimated by BEAST with a starting value of µ=1.10-8 per site per year according to Swigonová et al. (2004) and Gossmann et al. (2010). A birth-and-death speciation process was chosen given that studies of Michelmore & Meyers (1998), Nei & Rooney (2005) and Guo et al. (2011) showed that resistance genes, and more widely speaking, immune genes, evolve through cycles of deletion, pseudogenization and duplication. BEAST was run 10 times for each recombination event. Results files were combined using LogCombiner v1.7.1 with a burn-in of 10%. Tracer v1.5 was used to calculate the mean and the upper and lower bounds of the 95% highest posterior density interval (95% HPD) for the age of divergence of the MRCA. Tracer was also used to calculate the Effective Sample Size (ESS) of each parameter (the likelihood and tree likelihood were equal to at least 100 and the MRCA were dated with ESS exceeding 100, in most cases by a large margin). Trees were summarized as maximum clade credibility trees using TreeAnnotator v1.7.1 and visualized in FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree).  
Recombination and phylogeny
The evolutionary and phylogenetic consequences of recombination on gene tree topology and divergence times were analyzed by constructing phylogenies and dating branches. To compare and contrast tree topology, we constructed two datasets of the same sequences. The first dataset (i.e. the total alignment) is affected by recombination and includes all nucleotides. In the second dataset (the truncated alignment) all inserts were removed, and polymorphisms in this dataset should only stem from mutation not recombination. The total alignment was 4,692 bp and the truncated alignment consisted of sequences of 3,242 (SEM = 116) bp on average.
A phylogeny was estimated using BEAST for the total and truncated datasets (Figure 3).  In order to do so, we used an uncorrelated relaxed molecular clock to take into account lineage-specific rate heterogeneity (Lepage et al. 2007). Priors used to date recombination events were applied (Table 1) but we preferred 20,000,000 steps in the MCMC and 20 replicates to get more robust phylogenies. The same analysis was performed using the calibrations points shown in Table 1 (Figure 4). The Rp1 divergences between species within a genus and between genera were finally compared between the two phylogenetic trees using a paired t-test. 
Finally, to test whether recombination creates diversity or homogenizes sequences, we made pairwise comparisons of the number of polymorphic sites (P) between recombining (inserts) and non-recombining (recipient ) regions (Figure S1). Sequences were sampled and permutated using Minitab version 12.1 to avoid bias from different sample sizes and number of species per genus. P within and outside of the inserts were statistically compared using a paired t-test.
Evidence for adaptive recombination
We investigated whether the effect of recombination on nucleotide diversity is adaptive in the Poaceae Rp1 complex by testing for the presence of positive selection within each genus and by investigating whether recombinant alleles are maintained by balancing selection. Omega (ω), the ratio of nonsynonymous to synonymous substitutions (dN/dS) is less than one under a situation of purifying selection, while positive selection results in an omega exceeding unity (ω > 1). However, the relationship between omega and selection can be obscured by recombination. Both nonsynonymous and synonymous substitutions accumulate more rapidly under recombination than with mutations alone, which can lead to a high type I error rate (Anisimova et al. 2003; Andrews & Gojobori 2004). Furthermore, recombination can cause a significant increase of dS in codons under positive selection because synonymous substitutions can hitchhike alongside the non-synonymous changes (see Spurgin et al. 2011). We therefore performed two different tests that consider the probable adaptive role of recombination: (i) a maximum likelihood test in PAML 4.5 (Yang 2007) and (ii) a recombination hotspot test in RDP4 (Heath et al. 2006). 
(i) We compared three models of positive selection implemented in PAML 4.5: the M3 (discrete), M2a (positive selection) and the M8 (beta and ω) to their null models of neutral evolution (M0—one ratio, M1a—nearly neutral, and M7—beta, respectively). The M0 averages the ω ratio across all sites in the protein. The M1a model assumes two site classes, conserved (0 < ω0 < 1) and neutral (ω1 = 1) and M2a adds a positive selection site class (ω2 > 1). The M3 model estimates the proportion of conserved, neutral, and unrestricted codons from the data. M7 and M8 models assume an ω ratio with a beta distribution among sites, where M8 adds the extra site class (ω > 1). To determine the significance of improved fit of alternative models against the null model, the log likelihood was multiplied times two (2ΔlnL), which was used as a likelihood ratio test and compared to a χ2 distribution with 2 or 4 degrees of freedom (depending on the model comparison). The Bayes Empirical Bayes posterior probabilities (Yang et al. 2005) from the M8 model were used to identify codons under positive selection (posterior probability > 0.95) in cases where selection models were a significantly better fit compared to null models and correlation between the number of recombination events per site and positive selection (dN/dS) per site was tested with a Pearson’s test. 
(ii) We identified and quantified the recombination hotspots throughout the alignment using the recombination hotspot test in RDP4 (Heath et al. 2006). The rationale is that if recombination is adaptive, it would occur more frequently in regions known to be involved in the recognition of pathogen or in the initiation of signal transduction where positive or diversifying selection is expected (LRR domains, Figure S2).
Finally, we test whether heterospecific recombinant alleles have been maintained over long evolutionary time periods by dating recombinant blocks shared between species (see “Dating the recombination events” above). The rationale is that after a new R-allele has been selected for by positive selection, the probability that it will persist in the population is increased by balancing selection, leading to trans-species polymorphism. 
RESULTS
The incidence of recombination
Recombination was detected at every taxonomic level in the Poaceae family (Figures 1 and S2). In total, 73 recombination events were supported by two methods or more (Tables S2 and S3), including 38 intraspecific events, 34 interspecific events and 1 intergeneric event. Of these, 50 events were strongly supported by three or more independent methods.
Recombination blocks were associated with ~21% of the nucleotides in Sorghum bicolor,  ~33% of the nucleotides in Oryza and more than 50% in Zea (with 970 bp, 1710 bp and 2653 bp on average, respectively). In contrast, recombination was associated with no more than 4% of the nucleotides in Triticum and no recombination was found in Brachypodium distachyon. The number of nucleotides that were identified to be affected by recombination was positively associated to the number of sequences analysed in each taxon (Pearson correlation: r= 0.931; p<0.05, Table S1).
Dating the recombination events
We estimated the date of the recombination events to test whether sequence exchange occurred before the split of the taxa (i.e. pre-speciation recombination), or whether individuals from different cultivars, species or genera hybridized resulting in introgression (post-speciation gene flow and recombination). Out of the 24 interspecific events that could be dated, 20 events were dated between 26,400 and 1,477,000 years ago at a point in time before speciation. Those ancient recombination events must have occurred in a common ancestor of the species, and the signal has not yet been eroded by subsequent mutations. 
Interestingly, four events were dated to have occurred post-speciation, i.e. after the split of the species (recombination events 32, 48, 49 and 60; Tables S5 and S6). For example, the most recent event involving Zea luxurians and Z. mays parviglumis (event 60: mean (5-95% CI) age = 722 (0 – 2,858) years) occurred long after both species diverged, which is estimated at 60,000 – 140,000 years ago (Ross-Ibarra et al. 2009). Similarly, introgression between Oryza nivara and O. glaberrima  (event 49) was dated  27,320 (134 – 85,522) years ago, while these species diverged 1.2 million years ago (MYA) (Tian et al. 2011). Figure 2 shows that the two diverged species (O. nivara and O. glaberrima) share an almost identical block of circa 600 bp (bp 79-657), which is indicative of recent hybridization and genetic introgression.
Recombination and gene phylogeny
In order to study the impact of recombination on the gene tree, the Poaceae dataset was used to construct four phylogenetic trees. Figure 3 shows the tree inferred with BEAST without priors for species divergences, and Figure 4 shows the tree inferred with BEAST using the calibration points included in Table 1. In both figures, tree (A) was constructed using the total alignment, which includes both recombinant and non-recombinant regions, while tree (B) is based on the truncated alignment, i.e. after removing all recombination blocks.
Recombination affects the gene tree topology both within and among species (Figure S5), as well as between genera (Figure 3).  Although recombination has no effect on mean divergence times (or on gene tree topology) when using calibration points (paired t-test: t=-1.31; p=0.226), it does affect the overall divergence time estimate of the genera when no priors are provided (in bold in Figures 3 and 4; see Table S7 for mean estimated age of divergence and 5-95% CI). Without calibration points, the divergence time was significantly underestimated by a mean of 14.3% when using the truncated alignment (i.e. recombination blocks have been removed) compared to the same analysis using the overall alignment (paired t-test: t=4.07; p=0.004, Figure 3B). The most extreme bias was observed in the Oryza spp., in which case we observed a 20.6% reduction of the divergence time estimate when ignoring the effects of recombination in an analysis without calibration points. 
In order to examine the effect of recombination on nucleotide polymorphisms within a species, we computed the number of polymorphic sites (P) within recombining and non-recombining regions (Figure S6). The mean P was found to be 4.4% higher in recombining blocks than in non-recombining blocks (paired t-test: T=-10.37, p<0.001), (mean (±SE) P = 0.27474 (±0.05354) versus P = 0.26314 (±0.05112) in non-recombining blocks).
Evidence for adaptive recombination
We tested for significant positive selection in each genus to investigate the potential adaptive evolutionary role of recombination (see Table S8 for model output). There is significant evidence of positive selection in Oryza, Triticum and Zea with 17, 26 and 95 codons flagged up as positively-selected by the Bayes Empirical Bayes (BEB) approach of Model 8 in PAML, respectively (p<0.001 for the three model comparisons, Tables S8 and S9). However, the correlation between selection and recombination in Oryza, Zea and Triticum is not significant (Pearson’s correlation r = -0.001, r = -0.015 and r =-0.046, respectively; p>0.05). Recombination in the Poaceae Rp1 complex is thus not more (or less) likely to be associated to areas under positive selection identified by an elevated omega (dN/dS) ratio. This is furthermore supported by the recombination hotspots test in RPD4 (Heath et al. 2006) where significant recombination hotspots were not detected in sites supposedly subject to positive selection (LRR), see Figure S7.
Finally, interspecific recombination events were dated from a mean age equal to 430,179 years (range: 69,155 – 1,477,500) for the DR estimate, and 313,494 years (range: 26,411 – 1,127,600) for the RR estimate, suggesting that balancing selection may have acted to maintain advantageous heterospecific recombinants over long periods of time.
DISCUSSION
The incidence of recombination
A total of 73 recombination events were confirmed between the Rp1 homologs of the Poaceae. High levels of recombination have already been observed in resistance genes in general (Chen et al. 2010; Leister 2004), including in the Rp1 multigene family (Luo et al. 2011; Ramakrishna et al. 2002; Sun et al. 2001) as the member genes of the Rp1 complex are found to often mispair and recombine during meiosis (Sun et al. 2001; Smith et al. 2010). However, we observe evidence of sequence exchange between taxa which we argue is explained by genetic introgression after hybridization, given that the age of the recombinant block is significantly younger than the estimated split between the species. 
Gene diversity in Triticum Rp1 genes was significantly higher than orthologs from the other species (Table S4). This is consistent with the observation that there are two divergent loci in Triticum between which sequence exchange is thought to be restricted (Luo et al. 2011). In contrast, Brachypodium Rp1 genes showed significantly less gene diversity than their orthologs in other species. Both Triticum (with its high nucleotide diversity) and Brachypodium (with its low level of polymorphism) showed considerably less recombination (4% and 0% nucleotides affected, respectively) compared to the other grasses (35% on average). Both genera also had a low number of sequences in the dataset (19 and 18 for Triticum and Brachypodium, respectively, compared to 56 in Oryza and 63 in Zea but only 8 sequences in Sorghum). 
We observed a strong positive correlation between the number of sequences sampled per species and the number of detectable recombination events. This suggests that the low number of recombination events in Triticum and Brachypodium probably reflects a reduction in statistical power to detect recombination and/or a reduction in the probability to include recombinant or parental sequences. Altogether, this shows that the level of nucleotide polymorphism combined with the number of sequences analyzed per taxon plays an important role in the power to detect recombination. This corroborates several studies that showed that the statistical power to detect recombination was affected by sequence divergence, amount of recombination, rate variation among sites and/or the number of sequences analyzed (Posada & Crandall 2001; Wiuf et al. 2001; Bruen et al. 2006). In all likelihood, with the increase in sample sizes that can be analyzed using Next Generation Sequencing technologies and developments in new software to study this variation, the importance of recombination in molecular evolution will be increasingly revealed. 
Dating the recombination events 
Out of the 24 interspecific recombination events that could be dated, 20 predated speciation and had not yet been eroded by subsequent mutations (Table S5). The presence of these recombinants over long evolutionary time is consistent with trans-species evolution (Klein et al. 1998) and (associative) balancing selection (e.g. Charlesworth 2006; van Oosterhout 2009). Strong balancing selection on immune genes can maintain multiple divergent alleles within species while reducing the allelic divergence among species (Klein et al. 1998; 2007).  
Interestingly, four recombination events were found to be younger than the species from which they were identified (Table S6). Three of these events involved both an African and an Asian rice species (Tang et al. 2010) including two events between rice species of the diverged genome types AA and BB (Ammiraju et al. 2006, Table S6). The most recent event was identified as having occurred 722 (0-2,858 CI) years ago, and it was observed in two wild Zea species that diverged ≥60,000 years ago (Ross-Ibarra et al. 2009). This implies that introgression occurred in the Poaceae family between diverged species. This result is consistent with previous studies such as those of Ross-Ibarra et al. (2009) and Ren et al. (2003) which suggested potential gene flow between Zea wild species and between African and Asian rice, respectively. Here, we confirm that Z. luxurians and Z. mays ssp. parviglumis may have introgressed recently (Ren et al. 2003) and we bring evidence for gene exchange between the globally distributed and domesticate Oryza sativa ssp. (Sweeney & McCouch 2007) and its relatives, including African rice O. glaberrima and O. punctata.
Recombination and gene tree topology
In this study, we investigate the phylogeny of the Rp1 gene complex of Poaceae. Gene trees can differ dramatically from species trees, particularly for genes that are under balancing selection (Schierup et al. 2001; van Oosterhout 2009). Other factors such as incomplete lineage sorting, gene duplication and deletion can also change the tree topology of individual genes (Pamilo and Nei 1988; Maddison 1997; McCormack 2010). Recombination has also been shown to impact phylogeny (molecular clock, branch lengths, time to the grand most recent common ancestor (GMRCA)) (Schierup & Hein 2000a; Arenas & Posada 2010a; Arenas 2013). These impacts vary depending on the phylogenetic method used (Schierup & Hein 2000b), the relatedness of sequences and the extent of regions involved in recombination (Posada & Crandall 2002). 
With the addition of calibration points based on speciation events, divergence time estimates and gene tree topology were not affected by recombination events. Conversely, without calibration points, recombination significantly altered the divergence time estimates of taxa, as well as the overall gene tree topology. Increased levels of polymorphism in recombinant regions resulted in a 14.3% overestimation of the age of the taxa in the phylogenetic tree using the total alignment compared to the tree with recombinant regions removed (i.e. the truncated alignment). This effect was most evident in Oryza, where the estimated age of the Rp1 divergence increased from 14.6 to 18.4 MYA when using the total alignment (20.6% bias). This increase in divergence time could be caused by the association between recombination and increased nucleotide variation. Indeed we observed a 4.4% increase in nucleotide diversity in recombinant regions. 
A correlation between recombination and nucleotide divergence has been observed in several organisms, including Drosophila melanogaster (Begun & Aquadro 1992; Begun et al. 2007), Beta vulgaris subsp. maritima (Kraft et al. 1998), humans (Nachman et al. 1998) and Mus domesticus (Nachman 1997) (reviewed by Smukowski & Noor 2011). Whether or not there is a true, causal link (i.e. recombination generated the diversity) cannot be deduced from these data as higher levels of nucleotide polymorphism can increase the power to detect recombination events (Posada 2002; Etherington et al. 2005). Nevertheless, our analyses show that ignoring recombination can have critical impacts on divergence time estimates, which emphasizes that appropriate analyses are warranted to detect and correct for the effects of recombination in phylogenetic studies that aim to date the divergence of taxa. Using calibration points or distinguishing between recombinant and non-recombinant regions are relatively straightforward procedures which can be used when investigating the phylogeny of genes affected by recombination.
Evidence for adaptive recombination
Interestingly, recombinant Rp1 genes have been shown to confer modified resistance phenotypes (Hulbert et al. 2001; Smith & Hulbert 2005), which suggests that recombination could have a functional role in adaptive evolution. Positive selection has also been found to act on the resistance genes (or immune genes) of many taxa (Hulbert et al. 2001; Ayliffe et al. 2000; McDowell & Simon 2006; van Oosterhout et al. 2006). In the present study, we used PAML to detect positively-selected codons within the Rp1 sequences. While PAML assumes a single phylogeny underlying the data, recombination can lead to mosaic-like sequences with different fragments having different evolutionary histories. However, models M7 and M8 of PAML were shown to be relatively robust when recombination is present (Anisimova 2003; Castric and Vekemans 2007). Using the latter model, we found evidence for positive selection in Oryza, Zea and Triticum based on an elevated ratio of nonsynonymous to synonymous substitutions. Such a finding is consistent with host-parasite coevolution where a genetic innovation by one is countered by genetic adaptation in the other (van Valen 1973; Obbard et al. 2006; Paterson et al. 2010). Theoretically, the increase in haplotype diversity caused by recombination may allow for the recognition of new pathogens (Chen et al. 2010; Spurgin et al. 2011) and these novel recombinant haplotypes could be initially under positive selection. Once their equilibrium frequency has been reached, the recombinant haplotypes can be maintained over long evolutionary time by balancing selection (Hoerger et al. 2012). 
Although positive selection was detected in three genera, our analysis did not support an evolutionary adaptive role of recombination based on a signal of positive selection. We found no correlation between the signal of positive selection (dN/dS>1) and the number of recombination events or sites associated with pathogen recognition. This contrasts with the findings of a number of other studies, which reported higher rates of positive selection and recombination in the LRR, reflecting this domain’s rapid evolution and involvement in the arms race with pathogens (Bent & Mackey 2007; Smith et al. 2010). 
Studies might erroneously detect a positive correlation between recombination and dN/dS>1 because recombination may increase diversity locally (within codons) (Arenas & Posada 2010b). This could give the impression that some sites are under selection when they are not. The (erroneous) conclusion that an association exists between recombination and dN/dS>1 might be drawn when the analysis is codon-based, e.g. when using the models M3, M7 and M8 in PAML (see Arenas & Posada 2010b). Our analysis was based on the latter models, yet we did not detect a significant association between positively selected sites and recombination. 
So are there reasons why studies fail to detect a genuine association between recombination and dN/dS>1? One explanation is that recombination can erode its own signal by homogenizing sequence variation and enhancing the effects of drift (Eimes et al. 2011; Llaurens et al. 2012). Secondly, both synonymous and non-synonymous polymorphisms are equally affected by recombination due to genetic hitchhiking and the linkage between the sites in recombinant blocks (Spurgin et al. 2011). As a consequence, both types of polymorphisms (dN and dS) increase in the recombinant regions, but this does not necessarily increase the dN/dS ratio, even though the site itself might be under positive selection. With regards to our study, although there may be a genuine lack in association between recombination and selection, both latter explanations could also explain why we did not detect evidence for adaptive recombination in Rp1 genes of grasses. Nevertheless, many recombination events were detected in the resistance gene of these species, and 20 of these events appear to have been maintained over long evolutionary time. This is consistent with balancing selection and highlights the role of recombination introducing favorable sequence variation into the resistance genes of grasses are. 
CONCLUSIONS
We detected a total number of 73 recombination events in Rp1 genes of five genera of grasses showing that recombination occurred between cultivars, species and even genera. All recombination events were dated using a novel method and we show that hybridization occurred several times during the evolution of Poaceae. Large differences existed in the extent of recombination amongst genera, ranging from 0 to 2653 bp (0 – ~50%). We show that the level of nucleotide polymorphism is highest in areas with recombination, and we discuss biological and methodological explanations that can contribute to this phenomenon. We did not find evidence for an association between positively-selected sites and recombination; however, interspecific recombinant alleles seem to have been maintained by balancing selection through long periods of time. Finally, we demonstrate that the use of calibration points (e.g. based on fossil records) is warranted to estimate the species divergence particularly if the gene is suspected to be affected by recombination. If no data is available to calibrate the splits in the tree, researchers are advised to identify and exclude recombinant regions before conducting phylogenetic analyses as this would help avoid biasing the divergence time estimates.
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Table 1. Settings used in BEAUti and BEAST to obtain a dated phylogeny. 1 Calibration points only used for the phylogenies in Figure S7.
	

	Description
	Priors for recombination events
	Priors for total phylogeny
	References

	Site Models
	Substitution model
	HKY
	HKY
	Hasegawa et al. 1985

	
	Site heterogeneity model
	Gamma
	Gamma
	

	Clock Model
	Molecular Clock
	Uncorrelated relaxed molecular clock
	Uncorrelated relaxed molecular clock
	Brown & Yang 2011

	
	Mutation rate
	Estimation with starting rate of 10-8
	Estimation with starting rate of 10-8
	Gossman et al. 2010

	Tree priors
	
	Speciation  : Birth-Death Process
	Speciation  : Birth-Death Process
	Prasad et al. 2011

	MCMC
	Length of chain (C)
	10,000,000
	20,000,000
	

	
	Log (L) every
	10,000 steps
	20,000 steps
	

	
	Number of replicate analyses
	10
	20
	

	Tree priors1
(Calibration points)
	S. bicolor and Z. spp.(Panicoideae)
	
	9 mya (SEM = 1)
	Strable & Scanlon 2009

	
	 [Ta-Bd] (Pooideae)
	
	35.5 mya (SEM = 4)
	Wu & Ge 2012

	
	Oryza spp. (Ehrhartoideae) and the rest
	
	47 mya (SEM = 5)
	Gaut 2002



Figure 1. Bootstrapped Neighbor-joining tree of the sequences used in this study. Tree constructed using Mega 5 (Tamura et al. 2011). Recombination events detected by at least three methods in RDP4 are represented by linking the recombinant to the donor sequence, with the event number (used throughout). Bootstrap values under 70 and sequences that were not best donors, recombinants or recipients are not shown. Sequences’ names were abbreviated using the last three digits of their gi number from Genbank followed by the first letter of their genera and the first letter (or two when necessary) of the name of the species, e.g. 123_Og = gi|304325123_Oryza glaberrima.
Figure 2. Recombination event n°49 between diverged Oryza spp. that is located between 79 - 657 bp. Top panel shows the sequence similarity between three grasses visualised using the colours of a RBG colour triangular in the software HybRIDS (http://www.norwichresearchpark.com/HybRIDS). Areas where two contigs have the same ‘mixed’ colour (yellow, purple or turquoise) are indicative of shared polymorphisms. The bottom panel shows the linear plot of the proportion of SNPs shared between the three pairwise sequence comparisons. Base postion is shown on the X-axis. O. nivara and O. glaberrima share a high sequence similarity at the 5’ end of the Rp1 gene, which is indicative of recombination.
Figure 3. Maximum clade credibility trees using the total (A) and the truncated alignment (B) with no priors on divergence times. Trees were inferred using BEAST v1.62. Estimated ages of divergence are depicted in bold and posterior probabilities in italic. Abbreviations, Sb: Sorghum bicolor, Ta1 and Ta2: Triticum aestivum, Bd: Brachypodium distachyon.
Figure 4. Maximum clade credibility trees using the total (A) and the truncated alignment (B) as well as fossil calibrations (Table 1). Trees were inferred using BEAST v1.62. Estimated ages of divergence are depicted in bold and posterior probabilities in italic. Abbreviations, Sb: Sorghum bicolor, Ta1 and Ta2: Triticum aestivum, Bd: Brachypodium distachyon.
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