Adaptive divergence with gene flow in incipient speciation of Miscanthus floridulus/sinensis complex (Poaceae)
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Summary
Young incipient species provide ideal materials for untangling the process of ecological speciation in the presence of gene flow. Miscanthus floridulus/sinensis complex manifests diverse phenotypic and ecological differences despite a recent divergence (~1.59 million years ago). To elucidate the process of genetic differentiation during early stages of ecological speciation, we analyzed genomic divergence in the Miscanthus complex using 72 randomly selected genes from a newly assembled transcriptome. In this study, rampant gene flow was detected between species, estimated as M = 3.36 × 10-9 to 1.20 × 10-6, resulted in contradicting phylogenies across loci. Nevertheless, BEAST analyses uncovered the species identity, revealing the effects of extrinsic cohesive forces that counteracted the nonstop introgression. As expected, early in speciation with gene flow, only 3 to 13 loci were highly diverged; 2–5 outliers (ca. 2.78–6.94% of the genome) were characterized by strong linkage disequilibrium, and asymmetrically distributed among ecotypes, indicating footprints of diversifying selection. In conclusion, ecological speciation of incipient species of Miscanthus likely followed the parapatric model, whereas allopatric speciation cannot be completely ruled out, especially between the geographically isolated northern and southern M. sinensis, in which no significant gene flow across oceanic barriers was detected. Divergence between local ecotypes in early-stage speciation began at a few genomic regions that overcame gene flow under the influence of natural selection and divergence hitchhiking. 
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Introduction


Speciation is an elementary process of evolution that eventually leads to species diversity and ecosystem complexity. How one ancestral species splits into two progeny species has been a central theme in evolutionary biology (Coyne and Orr, 2004). The long-accepted model of allopatric speciation, in which two progeny species arise in different geographical locations, stresses complete reproductive isolation immediately after the split of an ancestral population (cf. Hoskin et al., 2005)
. Various endogenous and exogenous mechanisms of reproductive barriers have been elucidated 
 ADDIN EN.CITE 
(Noor, 1999; Lowry et al., 2008; Brower, 2010; Scopece et al., 2010; Muir et al., 2012)
. Recent studies nevertheless showed long-lasting gene flow between sister species Minder and Widmer, 2008(; Penaloza-Ramirez et al., 2010)
, seemingly indicating that parapatric speciation is more likely. Gene flow tends to homogenize the genetic composition between interbreeding populations and impedes genomic divergence between species Kane et al., 2009()
, particularly for plants in which speciation frequently occurs through repeated hybridization Abbott et al., 2013()
 and/or polyploidization Paun et al., 2011()
. Even so, species diversification is known to occur even when recurrent gene flow takes place at the same time; that species will eventually become reproductively isolated, though the process often takes a long time (Feder et al., 2012a). 
    When homogenizing forces are acting simultaneously with diversifying evolutionary forces on diverging populations, resolving the mechanisms underlying the speciation is challenging. Predominant gene flow tends to break down any preexisting isolation and differentiation between species, whereas the presence of genomic regions of high divergence Turner et al., 2005()
 implies the effects of extrinsic evolutionary forces against gene flow Hahn et al., 2011(; Via, 2012)
. Given these simultaneous, counteracting evolutionary forces, untangling the evolutionary footprints of the speciation process is difficult because the long histories of isolation for these species coupled with greater divergence in their genomes might erase any “footprints” of their evolutionary history 
 ADDIN EN.CITE 
(Nadeau et al., 2011; Nosil and Feder, 2011; Feder et al., 2012a)
. Therefore, the genomic structure of divergence is likely to be detectable during the earliest stages of plant speciation. A young incipient species is exemplified by populations of varieties or subspecies that are in the process of diverging to the point of speciation but still linked through gene flow; such incipient species are useful for uncovering the signatures of genomic divergence at initial stages of speciation, when genomic regions that are under divergent selection would emerge among the background variation. As plants adapt to different environments, strong selection may favor some traits and genes, leading to ecotypes that have colonized the niches. During early-stage speciation, with continuing gene flow, divergence is expected to be limited to a few genomic regions in which genes are under strong selection to overcome gene flow Andrew and Rieseberg, 2013()
. 

In contrast, accumulation of genetic differences through both stochastic and deterministic processes would lead to genome-wide differentiation between older species Feder et al., 2012b()
. Accordingly, most portions of the genome of species that have a longer divergence history, e.g., Arabidopsis species, which began diverging 7 million years ago, tend to be highly differentiated among the species Wang et al., 2010()
. The species boundaries of incipient races of a species complex are likely blurred as a result of frequent gene flow Via, 2012()
 and the effects of incomplete lineage sorting because of a short divergence history 
 ADDIN EN.CITE 
(Maddison and Knowles, 2006; Frajman et al., 2009)
. The phylogeny of such incipient species is difficult to reconstruct either from a lack of phylogenetic information when only one or few molecular markers are used Nichols, 2001()
 or from phylogenetic inconsistency across multiple loci. 
Incipient species of Miscanthus floridulus and M. sinensis are ecologically differentiated but connected by gene flow. Miscanthus species (Poaceae), C4 biofuel plants that grow rapidly and are highly resistant to pathogens 
 ADDIN EN.CITE 
(Chou et al., 2001; Christian et al., 2008; Dohleman and Long, 2009)
, display high levels of ecological and morphological polymorphisms. The two species are distributed in East Asia overlapping in southern Japan, Taiwan, and southeastern China 
 ADDIN EN.CITE 
(Clifton-Brown et al., 2008; Clifton-Brown et al., 2010)
. Compared with M. floridulus that is more or less uniform morphologically, M. sinensis, displays a wide array of morphs that correspond to intraspecific taxa inhabiting various environments Wu et al., 2003()
. In Taiwan, there exists an altitudinal cline of intraspecific taxa (varieties) from the sea level to high mountains. These ecologically dominant variants, with M. sinensis var. transmorrisonensis in alpine grasslands, M. sinensis var. condensatus in saline habitats along the coastline, and M. sinensis var. glaber in soil with high copper or sulfur Chou et al., 2001()
, exemplify a likely scenario of local adaptation to an extreme habitat. Patches of these locally adapted variants can expand via their rhizomes, partly explaining the ecological abundance of Miscanthus Wu et al., 2003()
. In addition, like most other plants in Asia Chiang and Schaal, 2006()
, Miscanthus has experienced postglacial demographic expansion Chiang et al., 2003()
; globally elevating temperatures may favor their growth, especially considering the high efficiency of C4 photosynthesis.
Because of their morphological polymorphisms, these taxa are difficult to place in a practical taxonomic system. Most of the intraspecific taxa were once treated as independent species Lee, 1964(; Scally et al., 2001)
, revealing the taxonomic complexity that is likely due to intermediate morphs arising from rampant gene flow between taxa, as supported by little genetic distinction between varieties Chou et al., 2001


( ADDIN EN.CITE ; Clifton-Brown et al., 2008)
. Even so, ploidy variation is extremely low; most species/varieties are diploid, with an occasional triploid of var. transmorrisonensis Hsu, 2013()
. Predominant outcrossing and wind-dispersal of pollen and seeds in Miscanthus make genetic interspecific exchanges probable, although exceptions have been found Chiang et al., 2003()
. Nevertheless, gene flow between var. sinensis of Northeast Asia and other conspecific varieties of M. sinensis on the islands is expected to be hindered by the separating ocean. Given the distributional pattern of widespread M. floridulus sympatric with local M. sinensis in Taiwan vs. the intraspecific allopatry between var. sinensis of the mainland and the sinensis complex of Taiwan, Miscanthus provides an ideal system for studying genetic divergence during incipient speciation. 
In the present study, we randomly selected multiple genes from a transcriptome of M. sinensis to examine the extent of the genomic divergence in the incipient speciation between M. sinensis and M. floridulus. Because genomic islands of divergence often occur on different chromosomes Nosil et al., 2009(; Strasburg et al., 2011)
, selecting expressed genes at random seems justifiable for exploring species divergence. Furthermore, with mapping onto the genome of Sorghum bicolor, a close relative of Miscanthus, these genes will likely span different genomic regions and enable us to explore the extent of gene flow and divergent adaptation between incipient Miscanthus species. This strategy should provide sufficient insights into the signatures of genomic divergence shaped by selective sweep, but probably be inefficient in detecting genes as targets of natural selection. Here, we looked into the genomic divergence in Miscanthus complex that split likely with a short history and is still mediated with gene flow between species. Several questions about the speciation process were addressed: Did the formation of Miscanthus species follow allopatric speciation? That is, were the incipient species linked through gene flow? How frequent do genomic islands of divergence occur among incipient taxa of Miscanthus? Given that early in speciation with gene flow, should divergent selection result in the differentiation of local ecotypes asymmetrically across loci? 
Results
Genetic variation at nuclear loci in Miscanthus 
Compared to the numerous genetic markers developed for model organisms, the genome of Miscanthus has yet to be explored in depth Swaminathan et al., 2012


( ADDIN EN.CITE ; Głowacka et al., 2014)
. To construct a gene library for Miscanthus, we sequenced transcriptomes of M. sinensis var. glaber from an entire juvenile plant. After de novo assembly of the RNA sequence data, we retrieved 6490 contigs that are longer than 300 bp. In order to guarantee enough evolutionary information, we used 339 contigs that are longer than 1000 bp for primer design. After eliminating those primers that failed in PCR amplifying all taxa, 50 primer pairs in total were used (Table S2). Of these primers, 22 pairs nevertheless amplified two genomic copies of the RNA contig, implying that the existence of paralogs is likely due to recent genome duplication in Miscanthus Ma et al., 2012


( ADDIN EN.CITE ; Swaminathan et al., 2012; Barling et al., 2013)
. It has been known that incorporating paralogous sequences into phylogenetic analysis often leads to erroneous inferences of species phylogeny. To confirm these putative paralogs, neighbor-joining trees were reconstructed based on sequences amplified from each primer pair. In each case, two clusters corresponding to paralogous copies were uncovered (Data S1). 
In total, 72 loci with an average size of 681.9 bp were used to examine the genetic variations in Miscanthus. Because BLAST searches did not reveal functions for most of these genes, each locus was arbitrarily named starting with MSG, and paralogous loci were also distinguished, e.g., MSG9_1 and MSG9_2. Besides, nrITS was also used for phylogenetic and genetic analyses (Table S3). The genetic variation for each of the 73 loci among the seven taxa of the Miscanthus complex is presented in Table S4. Compared with M. floridulus, M. sinensis had significantly higher average nucleotide diversity (π) in the nuclear genome (0.0063 for M. floridulus, 0.0070 for M. sinensis; P = 0.0332 in Mann-Whitney U test). These values for nucleotide diversity of Miscanthus were close to the range found for maize, wheat, and barley of the Poaceae (π = 0.0032–0.0077, 
 ADDIN EN.CITE 
(Lin et al., 2002; Bomblies, 2005; Kilian et al., 2007)
, although lower than that for teosinte (π = 0.0126, Bomblies, 2005()
. Altogether, the levels of genetic variation were similar across species and populations in Miscanthus species complex.  
Phylogenetic analyses 

In reconstructing the phylogeny of the M. floridulus/sinensis complex, systematic inconsistencies were detected across loci (Data S2). Among various tree topologies, for example, the neighbor-joining tree of MSG4053_2 identified major clusters of M. floridulus and M. sinensis, whereas all taxa were indistinguishable in the tree of MSG14_1 (Figure S1). Unlike a previous report of a well-resolved phylogeny of Miscanthus 
 ADDIN EN.CITE 
(Pan et al., 2000; Hodkinson et al., 2002)
, two major clusters were identified based on the phylogeny of the often-used nrITS marker (Figure S2). Cluster I was predominantly composed of individuals of M. floridulus (Mf), with northern M. sinensis of Japan and Russia (MsJR) nested, whereas cluster II consisted of southern M. sinensis in Taiwan (MsT) and two M. floridulus individuals, seemingly failing to uncover the reciprocal monophyly of species. This nrITS tree, often used as the basis for a phylogenetic hypothesis, had low bootstrap values at most nodes. 

For uncovering the phylogenetic relationships among taxa, the BEAST analysis was adopted to generate a hypothetical species phylogeny. Based on the phylogenetic simulation, the BEAST phylogeny (Figure 1) revealed clustering of southern M. sinensis of Taiwan as a whole with M. floridulus, and northern M. sinensis from Japan and Russia was located as the basal node. This tree can be deemed as the hypothetical phylogeny of the species complex. Molecular dating with BEAST analysis revealed that the coalescence time of northern M. sinensis occurred some 1.05 Myr ago (Ma) (95% confidence interval: 0.87–1.20), southern M. sinensis coalesced about 1.54 Ma (95% confidence interval: 1.41–1.67), two populations of M. floridulus coalesced around 1.19 Ma (95% confidence interval: 1.06–1.32), whereas the two Miscanthus species split approximately 1.59 Ma (95% confidence interval: 1.46–1.70).
Identification of outlier loci
Contributing to high morphological and ecological diversity in the Miscanthus species complex, natural selection can potentially lead to adaptation and genetic differentiation. Accordingly, the genetic divergence for some loci may exceed neutral expectations and are known as outlier loci Nosil et al., 2009()
. To identify these highly divergent loci, we used an FDIST2 analysis based on pairwise population comparisons run in LOSITAN. At the species level, 13 outliers were detected between Mf and MsT, seven outliers between MsJR and MsT, and only three between Mf and MsJR (Figure 2a). Nevertheless, no nonsynonymous single nucleotide polymorphisms (SNPs) were detected in these outlier genes. At the population level, the number of outliers ranged from one to three between varieties (Figure 2b). Interestingly, only the outlier genes yielded trees consistent with the hypothetical species tree, in contrast to various other tree topologies that were inconsistent for background genes (Figure S3).
LD is one of the important signatures of natural selection Jensen and Bachtrog, 2010()
. Both recurrent selective sweeps and maintenance of long-diverged alleles would create high LD between and within populations. Here, the LD statistic r2 was computed to distinguish outliers from background genes within species and populations. At the species level, 12.5-33.3% of the outlier genes displayed significantly higher LD than background genes (Table 1). At the population level, gene MSG4743_1 showed significantly higher LD in MfT and MfC, gene MSG458 was exclusively significant in MfC, gene MSG89 was significant in MscT, while MSG42_2 was marginally significant in MscT and MsgT (Table 1). Altogether, 9 outlier genes (12.5% of the nuclear genes sequenced) showed significantly higher LD in at least one population. 
Furthermore, as outlier genes are likely to be shaped by natural selection, they may have fewer genetic polymorphisms with low Fay & Wu’s H statistics between the selected population and the outgroup and low nucleotide diversity  within populations Fay and Wu, 2000(; Hamblin et al., 2002)
 if recurrent hitchhiking had occurred. Such patterns that deviate from neutrality, however, were not detected (P > 0.01, Mann-Whitney U-test; Table S5). Also, McDonald-Kreitman test revealed no outlier genes displaying departure from neutrality.
Genetic differentiation at background level

The distributions of FST values of all pairwise comparisons showed positive skewness and excess kurtosis (Figure S4). When outlier genes were excluded, the skewness and kurtosis of these distributions were reduced (thus providing a better fit to normal distribution), with the exception of MsT-MsJR (Figure S4). At the species level, the lowest differentiation was found between Mf and MsT, followed by MsT–MsJR, and Mf–MsJR, with FST values of 0.08, 0.15, and 0.18, respectively (Table S6). The relationship was further supported by nucleotide divergences, which revealed that MsT was significantly closer to Mf than to MsJR (pairwise one-tailed t-test, P = 0.0375). Likewise, in the comparison between southern M. sinensis (MsT) and populations of M. floridulus (Mf), MsT was closest to MfC, followed by MfT, with FST values of 0.09 and 0.18, respectively. Genetic differentiation between populations of M. floridulus was high, with an FST value of 0.16. Likewise, the differentiation between the varieties of southern M. sinensis (MsT) varied with FST values ranging from 0.09 to 0.11. An AMOVA revealed that for both outlier and neutral genes, most genetic variants were distributed within populations, while very few variants resided among populations within groups (Table S7). Compared with neutral genes, outlier genes had higher levels of genetic differentiation among groups (interspecific level).
Analysis of population structure 

The Bayesian-based structure program was used to examine the population structure in the Miscanthus species complex based on haplotypes. Using K Evanno et al., 2005()
 as an estimator of the optimal number of genetic clusters (K), we identified K = 3 as the most optimal based on the sequence data sets. The clustering patterns at K = 3 clearly revealed differentiation among M. floridulus, northern M. sinensis, and southern M. sinensis with some exceptions. Taxa at the higher elevations (MscT and MsfT) could be distinguished from MscT and MsgT at the lower elevations at K ≥ 4, displaying an altitudinal cline of condensatus–glaber–formosanus–transmorrisonensis (Figure 3). Variety formosanus was composed by major clusters of var. glaber and var. transmorrisonensis, indicating its hybrid nature. For M. floridulus, MfT was assigned to an independent cluster at K ≥ 6, sharing genotypes with some MfC individuals. For the data set comprising 12 SSR loci, clustering with K = 9 was generally consistent with the results of the sequence data set (Figure S5). Nonetheless, the differentiation between MfT and MfC was only detected using SSRs, likely as a result of high mutation rates in microsatellite loci or the small number of loci employed.
Gene flow between Miscanthus species

We used IMa2 Hey, 2009()
 to estimate the migration rates per generation (M) and the population mutation rates (θ) corresponding to the effective population size based on nuclear genes with outlier loci excluded. In pairwise comparisons among major groups MsT, MsJR, and Mf, the MsT population was the largest (Ne = 1.16 × 106, 95% confidence interval [CI]: 0.96–1.43 × 106), while MsJR was the smallest (Ne = 3.97 × 105, 95% CI: 3.05–5.27 × 105) (Figure 4a). Between MsT and Mf, M values were estimated at 1.19 × 10-6 (95% CI: 0.66–2.08 × 10-6) and 1.17 × 10-6 (95% CI: 0.63–1.94 × 10-6) from MsT to Mf and backward, respectively, while M = 3.36 × 10-9 (95% CI: 0.07–73.7 × 10-8) and 3. 10 × 10-7 (95% CI: 1.08–6.12 × 10-7) between Mf and MsJR, and M = 2.49 × 10-8 (95% CI: 0.07–26.6 × 10-8) and 4.46 × 10-8 (95% CI: 0.07–92.9 × 10-8) between MsT and MsJR (Figure 4a). High levels of bidirectional gene exchanges were detected between MsT and Mf, while significant unidirectional introgression from MsJR to MfT was detected. Since MfT is sympatric with MsT, we examined whether the gene flow between sympatric species exceeds that among allopatric conspecific populations. Interestingly, the extent of gene flow was highest in the sympatric-interspecific pair (MsT–MfT), followed by the allopatric-interspecific pair (MsT–MfC), and the allopatric-intraspecific pair (MfT–MfC). Among these values, log likelihood ratio tests were significant in both directions between MsT and MfC and from MfT to MsT (Figure 4b). Apparently, nonzero gene flow was detected among Miscanthus taxa both in sympatry and allopatry. Nevertheless, gene flow between the northern and southern M. sinensis was nonsignificantly greater than zero (P > 0.10 in both directions). 

Allopatric speciation suggests the existence of reproductive isolation between species, whereas hybridization and introgression allow genetic exchange between species. Even so, secondary contacts between previously isolating taxa are often restricted in the hybrid zone, where interspecific populations contact, thus allopatric populations/species would be less affected by such gene flow. To test this hypothesis, we reconstructed phylogenies of 3 allopatric taxa, namely MfC in mainland China, alpine MstT in Taiwan, and MsJR in Japan and Russia, based on background genes. Among the 52 neighbor-joining trees, only 1 tree recovered species monophyly, suggesting that these allopatric taxa inclined to intermix in the genetic composition (Data S3). 
Discussion

Incipient speciation in the M. floridulus/sinensis complex: low genome-wide differentiation between species 
Next-generation sequencing techniques enable biologists to explore the lesser-known world of nonmodel organisms, for which we have limited knowledge of their genomes even though they represent most species in the wild. Genomic divergence in Miscanthus, a genus of the Poaceae with a huge genome up to 5.5 Gb 
 ADDIN EN.CITE 
(Rayburn et al., 2009; Li et al., 2013)
, has been difficult to investigate and only recently become accessible to study. Here, we extracted multiple genes from a transcriptome of this nonmodel plant for investigating genetic differentiation and speciation processes in a species complex. The formation of a new species starts with incipient speciation, early-stage splits between sister species that are often ecologically diversified but linked to each other by intermediate morphs (hybrids) (Nosil et al., 2008; Lowry 2012; Pettengill and Moeller, 2012()
. In contrast to long-diverging species, in which footprints of speciation might have been erased likely due to the accumulation of mutations, incipient species provide an excellent window for examining the processes of genomic divergence in the course of speciation. To examine the time windows visible for the highly diverged loci, we compared the proportions of detectable outliers between intraspecific and interspecific levels (Appendix S1). Fitting this scenario, M. sinensis, consisting of various ecotypes that have adapted to various environments and recently diverged from each other (within the last 1.47 Myr), and its sister species M. floridulus represent a species complex that diverged recently (about 1.59 Ma). Geographically, the varieties condensatus, glaber, and formosana of the southern M. sinensis complex in Taiwan, which together with var. trasmorrisonensis of high mountains are found, with some overlap, along an altitudinal cline, and often sympatrically grow with M. floridulus. But they are allopatric to northern M. sinensis of Japan and Russia and M. floridulus of mainland China. Together, they provide an explicit model for examining species division and extent of gene flow between species. As generally known, a phylogenetic reconstruction of newly evolving species/races that are experiencing primary intergradations suffers from reduced power as a result of gene introgression and incomplete lineage sorting because both processes lead to indistinct species boundaries. Here, AMOVA revealed that most genetic variants resided within populations, whereas little variation was apportioned between species (varieties), seemingly supporting such a scenario (Table S7).
 For extracting the phylogenetic information from genes from multiple individuals/populations of Miscanthus, which apparently displayed high levels of systematic inconsistencies across loci, a resampling technique based on BEAST analysis was applied to the multilocus data. Accordingly, a hypothetical species tree based on phylogenetic simulations uncovered the clustering of southern M. sinensis and M. floridulus, with northern M. sinensis as sister. In contrast, monophyly of intraspecific taxa of M. sinensis was not supported by most of the genes, including nrITS, a gene family shaped by concerted evolution and often used for plant systematics Poczai and Hyvönen, 2010()
; the phylogenetic tree showed northern M. sinensis nested within M. floridulus, instead of being basal. Species paraphyly and rampant phylogenetic inconsistency across loci are likely attributable to frequent gene flow between species and/or maintenance of ancestral polymorphisms, neither of which are exclusive here as revealed by the IM analyses. In this study, pairwise IM analyses were conducted, because 3-populations comparisons could not reach to convergence. Although the role of the third population might be underestimated, pairwise comparisons provided reliable estimation for the gene flow between focal populations. As in other grasses, pollen is often dispersed via wind; thus, frequent gene flow across geographical ranges is not unusual Papadopulos et al., 2011()
. As a result of distributional overlaps and low reproductive barriers between incipient species, rampant gene flow within the Miscanthus species complex, particularly between M. floridulus and southern M. sinensis, is not an exception either. In contrast, the gene flow between northern and southern M. sinensis was more or less impeded by the geographical barriers. In addition to the nonzero migration detected between taxa, a large effective population size was detected for the southern M. sinensis complex in Taiwan (Figure 4a) (cf. Huang et al., 2001)
, a result possibly stemming from the limited sampling for northern M. sinensis and for M. sinensis as a whole. M. sinensis, with its large, stable populations and recurrent gene flow between species, tends to maintain a great number of genetic polymorphisms. Altogether, in addition to the effects of random genetic drift, interspecific gene flow may have prolonged the time for coalescence and hindered species diversification in the Miscanthus species complex. 
Outlier genes contributing to genetic divergence between intraspecific races: a scenario of adaptive radiation 
The presence/absence of genetic exchange between species that have split holds one of the keys to resolving the long debates on the speciation models. In the model for allopatric speciation, all genes will tend to diverge between sister species when gene flow stops right after the divergence Osada, 2004()
. In the present study, genetic analyses of nuclear genes and genic SSRs all revealed long-lasting gene flow between Miscanthus species ever since the species split (Figures 3 and 4). This pattern seems to contradict the “isolation” model and suggest parapatric speciation more probable. Nevertheless, allopatric speciation followed by secondary contact might also result in similar phylogenetic patterns across genes. Estimating the relative timing of gene flow occurrence may better distinguish the speciation mode. Unfortunately, neither IMa2 nor other softwares provide reliable estimations Sousa et al., 2011


( ADDIN EN.CITE ; Strasburg and Rieseberg, 2011)
. Alternatively, tree topologies across multiple genes might provide clues to answer the question. In the scenario of secondary contact, gene flow mostly occurs in the hybrid zones, while allopatric populations tend to maintain their identity. In contrast, parapatric speciation allows interspecific gene flow, which leads to phylogenetic inconsistency across all populations/species. In this study, the tree topologies (Data S3) across genes revealed that the three geographically isolated species did not display any distinct biogeographical patterns or systematic monophyly, therefore are likely to support the parapatric speciation model. In a previous study on Arabidopsis Wang et al., 2010()
, natural hybrids, although long considered as a barrier for reinforcing the species identities, likely acted as a bridge for gene introgression from one parental species to the other. However, genetic introgression between the so-called “good” species is not unusual either. A similar finding that gene flow occurred among separate populations of common ancestors of four Sonneratia species of mangroves also supports speciation co-occurring with introgression Zhou et al., 2007()
. Likewise, the Miscanthus complex represents a group of recently diverging taxa mediated by frequent gene flow (cf. Xu et al., 2013)
. Even so, allopatric speciation cannot be completely ruled out in Miscanthus. Due to the estimation of gene flow nonsignificant greater than zero between northern and southern M. sinensis, the speciation mode remain unresolved, although the occurrence of historical gene flow between allopatric M. floridulus of mainland China and M. sinensis of southern Taiwan was significantly supported (Figure 4).  
The scenario of long lasting gene flow detected between Miscanthus species is not rare in plants 
 ADDIN EN.CITE 
(Minder and Widmer, 2008; Schmickl and Koch, 2011; Andrew and Rieseberg, 2013)
. Because parapatric speciation seems more likely than the isolation model, frequent gene flow during incipient speciation would hinder the attainment of species/race identity unless some other evolutionary force(s) is active. Otherwise, by providing numerous chances for genetic exchange, a high level of gene flow between sympatric species might exceed intraspecific gene flow between allopatric populations (cf. Minder and Widmer, 2008)
. Interestingly, our IM analyses supported such a scenario (Figure 4), but at the same time, raised a question that fascinates evolutionary biologists: How can species identity be attained across allopatric populations? If this homogenizing process is prevalent, genomic divergence and species split would be impeded, showing a pattern, nevertheless, contradictory to the existence of high species diversity in the wild. Furthermore, the structure analyses of multi-locus sequences and SSRs identified the species/variety identity (Figure 3), apparently revealing the existence of a mechanism(s) that counteracted the homogeneous forces of gene flow. 
In contrast to these background loci that had little genetic differentiation due to gene flow, several outlier genes displayed significant LD between taxa (Table 1), likely representing signatures of divergent selection Nosil and Feder, 2011()
. Unlike the background loci that revealed high phylogenetic inconsistencies, outlier genes tended to display tree topologies agreeing with the hypothetical species tree (Figure S3). This trend implies that there must be common evolutionary forces that contribute to the coherence of the conspecific populations and that beneficial mutations may have been fixed before dispersal to allopatric populations Feder et al., 2012b()
. However, no nonsynonymous SNPs were detected in outlier genes, plus no significant reduction in genetic polymorphism occurring in the outlier genes (Table S5), these outliers were expected to represent loci close to the selected sites. The pattern of high FST might be maintained in small surrounding regions of selected sites, while most signatures of natural selection may have been erased by frequent genetic recombination, as further indicated by the fact that only a few outlier genes displayed significant LD within populations (Table 1). Nevertheless, given the lack of complete genomic data, it is difficult to identify the genes as the target of natural selection. 
During incipient speciation, background genes constitute a large portion of the genome, which is homogenized by gene flow. Thus, only a small gene region triggered the species diversification at early stages, a pattern agreeing with the observations for sunflower Andrew and Rieseberg, 2013()
. Likewise, very few outlier genes were detected at the variety (intraspecific) level in Miscanthus (1.4–4.2%; Figure 2). Shaped by intense genetic homogenizing effects of gene flow (Table S6), these sympatric, intraspecific taxa, such as var. formosanus vs. var. transmorrisonensis, had fewer outliers than in the allopatric pairs (e.g., M. floridulus in Taiwan vs. mainland China, and var. condensatus vs. var. transmorrisonensis). The structure analyses further revealed a hybrid nature for var. formosanus (Figure 3), partly explaining the low differentiation from its putative parents. All these facts suggest that genetic differentiation was driven by a small number of loci that counteracted gene flow and had rather strong isolation effects. Reflective of the relatively short interior branches in the hypothetical species tree (Figure 1), an altitudinal cline was evident for southern M. sinensis, which had differentiated at a small portion of the genome, revealing a pattern of adaptive radiation (Figure 3). Furthermore, except for MSG42_2 that was differentiated in all intraspecific taxa, all other intraspecific outliers were differentiated in only one taxon (Figure 2), reflecting an asymmetric distribution of favorable genes across incipient taxa as populations adapt to habitats locally and uniquely. For the southern M. sinensis complex, the variety transmorrisonensis, growing in the most remote populations in high mountains that isolated the variety from other Miscanthus taxa, was the most distinctive, with three loci differentiated from all other varieties (Figure 2). 

Divergence with gene flow between species and diversifying selection: reproductive isolation is not a premise for speciation. 
Genetic differentiation tends to elevate as divergence time increases, whereas interspecific outliers are not simply an extrapolation of intraspecific ones. Here, not only the number of outliers increased dramatically (from 1–3 to 13), but non-overlapping genes also contributed to the genetic differentiation (Figure 2), revealing shifts of selective regimes from population to species levels. Given the long lasting gene flow between sister species that we deduced from the multilocus data, plus the existence of frequent natural hybridization and introgression, the reproductive isolation (RI) tends to remain incomplete for a long time and therefore can hardly be the premise for speciation in the Miscanthus complex. 

Selective benefits of new mutations in the “speciation genes” would favor key traits that help a deviating population to explore a new niche to survive and reproduce Wright et al., 2013()
. Nevertheless, during incipient speciation in Miscanthus, whether a species split always begins with habitat isolation remains unknown. At this stage, speciation genes have very low impacts on the development of RI, although subsequent divergent hitchhiking at multiple loci may generate the potential for genome-wide divergence, eventually causing complete RI via genetic mechanisms, e.g., chromosome rearrangement that suppresses recombination McGaugh and Noor, 2012()
. Attainment of RI, mostly found between genera in plants, usually takes a very long time. Because it counteracts gene flow, diversifying selection at outlier genes makes the speciation effect visible from the vast background genome; and the emergence of diagnosable traits enables taxonomists to identify the newly evolving species complex in Miscanthus. Functionally, the exploration and establishment of new niches by the taxa in the present study also contributed to ecological complexity, as seen in the cline of adaptive radiation. Here, we argue that RI is likely to be a byproduct of speciation, given that, with the strength of the outlier loci, species identity can still be attained and maintained under frequent genetic exchanges between closely related taxa. 
Experimental procedures

Sample collection and DNA extraction

    Two species of Miscanthus, M. floridulus and M. sinensis, were examined in this study. For M. floridulus, we collected two populations from China and Taiwan, with 77 and 14 individuals, respectively; for M. sinensis, four varieties in Taiwan, i.e., var. condensatus (MscT, 22 individuals), var. glaber (MsgT, 41 individuals), var. formosanus (MsfT, 16 individuals), var. transmorrisonensis (MstT, 18 individuals), and two populations of var. sinensis in Japan and Russia (MsJR, five individuals in Japan and two in Russia) were collected. In addition, two species of related genera, Saccharum spontaneum and Diandranthus nudipes, which was previously placed in Miscanthus, were selected as outgroups. With examination by flow cytometry, all individuals used in this study were confirmed as diploids. Detailed sample information is listed in Table S1. 
    Young leaves were collected in the field, rinsed with tap water, and immediately dried in silica gel. Leaf tissue was ground to a powder with liquid nitrogen and immediately used for DNA extraction. Total genomic DNA was extracted separately for each population using the modified cetyltrimethylammonium bromide method Doyle and Doyle, 1987()
. DNA concentration was quantified using a spectrophotometer at an optical density of 260 nm. 

Sequence alignment, phylogenetic analysis, and population genetics statistics 
Primers, PCR conditions and nucleotide sequencing are detailed in Methods S1. Ambiguous nucleotides in DNA sequences were manually checked according to chromatograms, then aligned with CLC Main Workbench (CLC bio, Denmark). The best substitution model for individual genes was predicted by jModelTest2.1.4 Guindon and Gascuel, 2003(; Darriba et al., 2012)
, and neighbor-joining trees were generated using the best model in the program MEGA 5 Tamura et al., 2011()
. The significance of clustering at each node in the neighbor-joining tree was tested using a bootstrap method with 1000 replicates Felsenstein, 1985()
. BEAST v.1.7.5 was used to estimate the divergence time with the Yule model as the tree prior. The substitution model for each gene was set according to the suggestion of jModelTest2.1.4 (Table S8). A strict clock model was used due to lack of fossil records and unique biogeographical events in Miscanthus. With a rate of 3.9 × 10-9 nucleotide substitutions per site per year for nrITS as a reference Kay et al., 2006()
, the relative nucleotide substitution rate of each gene was calibrated based on the nucleotide distances between Miscanthus and the outgroups Saccharum and Diandranthus (Table S9). For the BEAST analysis of the coalescence time of nodes based on multiple loci, using identical individuals for all genes is required. Nevertheless, in this study, some loci for some individuals did not amplify in the PCR. To supplement these missing data, other individuals were added. To combine sequence data across loci from different individual sets, we used a resampling approach. Four individuals were randomly selected from each Miscanthus taxon, while one individual was chosen from the outgroup. In total, 29 individuals (4 for 7 Miscanthus taxa and 1 for the outgroup) were included for each BEAST run. The length of the Markov chain Monte Carlo (MCMC) run was set at 10 million, and parameters were saved every 1000 steps. The results for 20 independent runs with different seeds were combined using LogCombiner with a resampling depth of 20 000. The putative species tree with mean divergence times and 95% highest probability densities (HPDs) was generated using TreeAnnotator, with 10% trees regarded as burn-in. The species tree was then visualized using FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtre​e/). Nucleotide diversity (), number of segregating sites (S), population mutation rate (), Tajima’s Tajima, 1989()
 D, Fay and Wu’s Fay and Wu, 2000()
 H, and Fu and Li’s Fu and Li, 1993()
 D were calculated with the program DnaSP v5 Librado and Rozas, 2009()
. The number of nucleotide substitutions was corrected according to the best model evaluated by jModeltest2.1.4.  
Analysis of molecular variance (AMOVA)

To reveal the distribution of genetic polymorphisms in the Miscanthus species complex, we assessed the variance components at different hierarchical levels (between species and between and among populations) using an AMOVA in the program Arlequin ver. 3.5.1.2 Excoffier et al., 1992(; Excoffier and Lischer, 2010)
. All samples of Miscanthus were divided into three groups (species) that consisted of seven populations, i.e., MfT and MfC of M. floridulus; MscT, MsgT, MsfT, and MstT of southern M. sinensis; and MsJR of northern M. sinensis. Sequence alignments of all genes were converted to haplotypes and rearranged for the Arlequin input format by DnaSP v5. An AMOVA was performed individually on each nuclear gene with 1000 permutations, and the variance components between outlier and neutral genes were evaluated with a Mann-Whitney U-test.
Population structure 
     The program structure 2.3.3 was used to examine the genetic structure of the Miscanthus species complex. The sequence data of all loci were converted to a haplotype matrix using DnaSP. Individuals were assigned to a specific number of clusters (K) according to the inferred allelic frequencies in the taxa based on a Bayesian approach, which infers parameter estimates and evaluates the strength of the inferred clustering (Pritchard et al., 2000). As hybridization events are common in plants 
 ADDIN EN.CITE 
(Strasburg et al., 2009; Penaloza-Ramirez et al., 2010; Schmickl and Koch, 2011)
, an option of the admixture model with correlated allelic frequencies was chosen Falush et al., 2003()
. The optimal number of genetic clusters was identified using the statistic K Evanno et al., 2005()
 based on 20 independent runs for K = 2–10. All runs were iterated for 500 000 Markov chain Monte Carlo (MCMC) sampling generations following 200 000 burn-in generations. Bar plots of cluster assignments were reproduced using the Distruct software Rosenberg, 2003()
.
Detection of outlier genes 

We used the FDIST2 model Beaumont and Nichols, 1996()
 implemented in LOSITAN Antao et al., 2008()
 to detect highly differentiated loci between species and between races among 72 nuclear genes (nrITS excluded) and 12 microsatellite loci Ho et al., 2011()
. By using a simulation-based approach, the program evaluates the distribution of fixation index (FST) and expected heterozygosity (HE) in a two-dimensional plot and identifies any loci of unusually high or low FST. Nucleotide sequences of 72 loci and genotypes of DNA microsatellites were converted to haplotype profiles to fit the required format of LOSITAN. For each test of the compared population pairs, LOSITAN executes two runs of simulation. The first run uses all loci to estimate the mean neutral FST, removes the loci that are outside the 99% confidence intervals, and computes the neutral FST using the remaining loci that are putatively neutral. The second run, based on the last computed neutral FST, uses all loci to detect the loci with FST values that deviated from expectations. Each run of the simulation independently generates a distribution of FST with the infinite allele model, and the whole process is repeated 50 000 times. The mean FST from all loci is defined as total FST, and the mean FST without candidate outliers is defined as neutral FST. 

Outlier genes may exhibit high linkage disequilibrium (LD) within populations, which likely represents a signature of natural selection. The extent of LD was estimated using DnaSP v5 by calculating the square of the allelic frequency correlation coefficient (r2) considering all segregating sites. The median values of the LD distributions of all neutral loci were used as the reference data set, and the significance of the LD differences between an outlier gene and the collective neutral loci was evaluated using a Mann-Whitney U-test implemented in the program SPSS ver. 17.0 (IBM). 
IMa2 analysis 
     The rates of gene flow between taxa (m) and the population mutation rate () were estimated based on nuclear genes using IMa2 software Hey, 2009()
. Because the extent of gene flow may be constrained by natural selection, any outlier genes detected earlier were excluded from the analysis. We also tested the neutrality of the background genes with McDonald-Kreitman test implemented in DnaSP v5.0. All of these genes followed patterns of neutrality. With the nrITS rate of 3.9 × 10-9 nucleotide substitutions per site per year as a reference, the relative nucleotide substitution rate of each gene was calibrated based on the nucleotide distances between Miscanthus and the outgroups of Saccharum and Diandranthus (Table S4). The IS model was applied to all loci. Because the IMa2 program does not accept genes containing recombinant fragments, we used the IMgc program to extract the largest nonrecombinant DNA fragments from aligned sequences Woerner et al., 2007()
. After processing our data with the IMgc program, we excluded the DNA fragments that were shorter than 100 bp due to lack of sufficient genetic information. To ensure enough heating steps to obtain a reliable result, we used 40 MCMC chains, and set heating parameter ha as 0.96 and hb as 0.9. IMa2 analyses were conducted with more than 3 million burn-in steps per run to ensure all parameters were well mixed. At least 3 million steps (>30 000 genealogies) were saved after the burn-in period, and additional genealogies were saved until all effective population sizes (ESS) of parameters were greater than 100. Three independent runs with different random seeds were performed to check the consistency between results. The final results were calculated by averaging the values estimated in the three runs. We estimated the effective population size (Ne) for Miscanthus species using the geometric mean of the substitution rates () of all analyzed genes and the equation Ne. Because the m value in IMa2 equals M/, where M is the migration rate per generation, we then calculated the mutation rate M by multiplying m by . Population splitting time (t) was evaluated by dividing the t value in IMa2 with Because the IMa2 analyses with 3 populations cannot provide an accurate estimate of parameters (ESS < 20, with > 10 million steps) using the data sets, 3-way comparisons were performed in a pairwise manner.
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Supporting information legends

Methods S1

Appendix S1 Expanded Discussion and References.

Figure S1 Neighbor-joining trees for MSG4053_2 (a) and MSG14L (b). Blue bullets mark sequences for M. floridulus, green for southern M. sinensis, and red for northern M. sinensis.
Figure S2 Neighbor-joining tree for Miscanthus based on nrITS sequences. Diandranthus nudipes (Dn) and Saccharum spontaneum (S) were chosen as outgroups. Blue bullets mark sequences for M. floridulus, green for southern M. sinensis, and red for northern M. sinensis.
Figure S3 Neighbor-joining tree topologies based on outlier and background genes. MsT: Miscanthus sinensis of Taiwan (southern M. sinensis), Mf: M. floridulus, and MsJR: M. sinensis of Japan and Russia (northern M. sinensis).

Figure S4 Distributions of FST values between Miscanthus taxa. Curves represent the expectations of normal distribution.
Figure S5 Population substructure within seven Miscanthus taxa based on the microsatellite data set. The optimal number of clusters (K) for the microsatellite data set is 9.
Table S1 Sampling information of Miscanthus populations and outgroups used in the study.
Table S2 List of primers used in this study
Table S3 List and basic information for 73 loci used in the study.
Table S4 Genetic diversity among the 73 loci used in the population genetic analysis.
Table S5 Genetic polymorphisms of nuclear loci used in the comparisons between outlier and neutral genes at species level: (a) Fay & Wu’s H; (b) nucleotide diversity .

Table S6 Hierarchical comparisons of fixation index (FST) of sequence and SSR data sets.
Table S7 Summary of AMOVA based on outlier and on neutral genes.

Table S8 Best substitution models of nuclear genes
Table S9 Substitution rates of neutral genes used in IMa2 analysis.
Data S1 Neighbor-joining trees of paralogous loci
Data S2 Neighbor-joining trees of 72 loci
Data S3 Neighbor-joining trees of background genes among allopatric Miscanthus taxa. 
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Table 1 P values of Mann-Whitney’s U-test for comparisons of linkage disequilibrium (LD) distributions between outlier genes and the neutral genes within species/populations.
	(a) Within species

	Outlier genes
	Miscanthus sinensis
	M. floridulus
	Southern M. sinensis
	Northern M. sinensis

	MSG89
	low LD
	low LD
	low LD
	

	MSG94
	0.000*
	0.002*
	
	

	MSG458
	0.000*
	0.000*
	0.000*
	

	MSG1228_2
	0.000*
	n.a.
	0.006
	

	MSG1978
	
	0.000*
	0.033 
	

	MSG3656_1
	0.425 
	0.511
	low LD
	0.380 

	MSG4053_2
	0.859 
	low LD
	0.282 
	0.532 

	MSG4225
	0.116 
	0.773
	n.a.
	0.431 

	MSG4338_1
	
	low LD
	low LD
	

	MSG4458_1
	
	low LD
	low LD
	0.008* 

	MSG4743_1
	low LD
	0.000*
	low LD
	

	MSG6201
	
	0.008
	low LD
	

	MSG10772_1
	0.162 
	0.305
	0.150 
	

	MSG10772_2
	0.410 
	0.679
	0.085 
	

	MSG19615_1
	
	0.407
	0.001* 
	

	MSG341219_2
	0.007
	0.001*
	0.020 
	

	MSG196
	
	
	low LD
	0.000* 

	MSG10259
	
	
	low LD
	0.122 

	Bonferroni corrected threshold for significance 
	0.005
	0.003 
	0.003
	0.008


	(b) Within variety/population

	Outlier genes
	M. floridulus of China
	M. floridulus of Taiwan
	M. sinensis var. condensatus
	M. sinensis var. glaber
	M. sinensis var. formosanus
	M. sinensis var. transmorrisonensis

	MSG14_2
	n.a.
	0.464
	
	
	
	

	MSG42_2
	
	
	0.028
	0.054
	n.a.
	low LD

	MSG89
	
	
	0.000*
	low LD
	
	low LD

	MSG458
	0.000*
	n.a.
	
	
	
	

	MSG4225
	
	
	n.a.
	n.a.
	n.a.
	n.a.

	MSG4743_1
	0.003*
	0.013*
	
	
	
	

	Bonferroni corrected threshold for significance
	0.017 
	0.017 
	0.017 
	0.017 
	0.025
	0.017 


* LD of outlier gene is significantly higher than neutral genes.
n.a., not analyzed due to lack of variation within taxon.
low LD, the LD of outlier gene is lower than neutral genes.
Figure Legends 
Figure 1 The hypothetical species tree of Miscanthus generated by BEAST analysis. The Miscanthus species complex separated into seven taxa, including two populations of M. floridulus in Taiwan and China (MfT and MfC), four varieties of southern M. sinensis (MsT) in Taiwan (MscT for condensatus, MsgT for glaber, MsfT for formosanus, and MstT for transmorrisonensis), and northern M. sinensis in Japan and Russia (MsJR). Four individuals for each taxon and one individual per outgroup were randomly selected for use in the BEAST analysis. The estimated divergence times are labeled on nodes.
Figure 2 Summary of outlier loci identified with LOSITAN. (a) Outlier loci identified with FDIST2 analysis implemented in LOSITAN at species level using two data sets of 72 loci and 12 SSR loci, respectively. Putative functions were based on the functions of the closest homologs. Significance levels are indicated in gray-scale. (b) Outlier loci at population/variety level.
Figure 3 structure analysis (K = 3 to K = 10) for the seven Miscanthus taxa based on haplotypes of sequences. The optimal number of clusters evaluated with K is labeled in red. 
Figure 4 Diagram of migration rates and effective population sizes in Miscanthus. The area of the circle corresponds to the effective population size (Ne). Significant values of gene flow are labeled in boldface. (a) Comparison among M. floridulus (Mf), southern M. sinensis (MsT), and northern M. sinensis (MsJR). (b) Comparison among southern M. sinensis (MsT) and two populations of M. floridulus (MfT and MfC).
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