Incomplete reproductive isolation may promote hybrid zone formation between Ligularia tongolensis and L. cymbulifera
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Abstract

Natural hybridization is a common key evolutionary process and a long-standing topic in the plant taxon. Hybrid zones, where two closely related species interact, can provide an avenue to insight the process, illuminating the maintenance of the taxon diversity. Incomplete isolation barriers between Ligularia species generally form hybrid zones. In this study, we used the double digest restriction-site associated DNA sequencing technology (ddRAD-seq) to examine genetic structure and estimate introgression in four newly discovered hybrid zones between L. tongolensis and L. cymbulifera. Our results showed high differentiation between parental species, whereas pairwise FST between parents and their hybrids was low, further corroborating sympatric site form hybrid zones. Moreover, most F1 hybrid individuals were observed within the four hybrid zones implying the presence of substantial barriers to interbreeding. An analysis of genomic clines indicated that a large fraction of loci deviated from a model of neutral introgression in the four hybrid zones, of which most loci exhibited selection favouring L. cymbulifera genotypes. Our analysis demonstrated bidirectional but asymmetric introgression appearing in the four hybrid zones. The different habitats among four hybrid zones may affect isolation barriers between both species. Natural hybridization with post-zygotic isolation barriers may significantly contribute to the diversification of Ligularia in the HMR.
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Introduction
﻿Hybrid zones have long been of interest both as tools for studying speciation and potential evolutionary consequences of hybridization 
 ADDIN EN.CITE 

(R. Abbott et al., 2013; Gompert, 2016; Gompert, Mandeville, & Buerkle, 2017; R. G. Harrison, 1993; R. G. Harrison & Larson, 2016; Hewitt, 2001; Scopece, Palma-Silva, Cafasso, Lexer, & Cozzolino, 2020)
. They are also described as a type of "natural laboratory" when observing reproductive isolation mechanisms 
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(R. Abbott et al., 2013; R. G. Harrison & Larson, 2016; Sedghifar, Brandvain, & Ralph, 2016; Taylor, Larson, & Harrison, 2015)
. Reproductive isolation may constrain hybridization and formation of hybrid zones in sympatric regions (R. J. Abbott, 2017). In hybrid zones, no progress towards speciation was generated, thus, species boundaries are maintained (R. Abbott et al., 2013; Surget-Groba & Kay, 2013).

Ligularia Cass., belonging to the Subtribe Tussilagininae (Senecioneae, Asteraceae), approximately consisting 140 species, which are mainly distributed in Asia except for two species in Europe (Liu and Illarionova 2011). More than 100 Ligularia species are distributed in the eastern Qinghai-Tibetan Plateau (QTP) region and adjacent areas, among which more than half are endemic species (Liu 1989, 2004). The Hengduan Mountains Region (HMR), which is located at the south-eastern edge of the QTP, is considered among the global biodiversity hotspots and to be a leading centre of evolution and diversification of Ligularia (Myers et al. 2000; Liu et al. 1994). Complex tectonic and climate events may trigger radiation and diversification within Ligularia in the HMR 
 ADDIN EN.CITE 

(J. Q. Liu, Wang, Wang, Hideaki, & Abbott, 2006; Wang, Pan, Gong, Chiang, & Kuroda, 2011; Z. Y. Yang, Yi, Pan, & Gong, 2012)
. 
Species within the genus, Ligularia is mostly diploid (Liu 2004) and occupies a variety of habitats, such as alpine meadow, swamp and forest edge, at altitudes ranging from 1,000 to 5,000m (Gong 2005). Based on chloroplast DNA and low-copy nuclear genes, the phylogenetic analysis of Ligularia shows that species in the presence of hybridization have been clustered to the same clades, implying the divergent lineages with the closer relationship are more likely to occur interspecific hybridization (He, 2016). Besides, integrated features are potentially resulting in interspecific hybridization for sympatric Ligularia species, such as outcrossing systems, generalization pollination and partially overlapping flowering time 
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(Cao, Ma, & Wang, 2008; J. Q. Liu et al., 2006)
. However, to date, only six species pairs, involving in nine Ligularia species and occurring homoploid hybridization, have been confirmed 
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(Ning, Yu, & Gong, 2017; Pan, Shi, Gong, & Kuroda, 2008; R. Yang, Folk, Zhang, & Gong, 2019; Yu, Kuroda, & Gong, 2011, 2014; Yu, Pan, Pan, & Gong, 2014; N. N. Zhang, Yu, Wang, & Gong, 2018; R. Zhang, Gong, & Ryan, 2017)
. Therefore, to understand the mechanisms that form the diversity of Ligularia species in the HMR, hybrid zones are ideal systems to explore the mechanisms of species barriers maintaining within this taxon.

In the previous study, L. tongolensis and L. cymbulifera showed that homoploid hybridization between those two species had been confirmed in four sympatric zones (Figure 1) (Yu, Kuroda, et al., 2014). In addition, morphological and genetic analyses revealed that the surveyed sympatric zones formed four hybrid zones, where hybrid individuals have intermediate traits between their parents. Some morphological parents had been inferred as introgressive individuals based on a network of chloroplast DNA (Yu, Kuroda, et al., 2014). Besides, Yu, Kuroda, et al. (2014) inferred that varying degrees of hybridization might be associated with variant habitats among four hybrid zones. However, these analyses are restricted by the number of loci in general molecular markers, insufficient availability of markers and low marker resolution. Despite these findings, what extent hybridization occurs between two parental species among four hybrid zones, whether incomplete reproductive isolation could maintain the boundaries of these two species, still unknown.

Approaches based next-generation sequencing, generating more markers with higher resolution, are required for the detection of hybridization and introgression in organisms with no prior sequence data (Davey & Blaxter, 2010; Twyford & Ennos, 2012). In the present study, the double digest restriction-site associated DNA sequencing technology (ddRAD-seq) was implemented to investigate hybridization and introgression within the four hybrid zones between L. tongolensis and L. cymbulifera. In the present study, first, we aimed to obtain genome-wide SNPs from ddRAD sequencing, characterized the genetic structure, including patterns of differential introgression, within the four hybrid zones, and identified the proportion of loci with different introgressive patterns. Second, we discussed the origin and maintains of hybrid zones as well as how species boundaries persist in the face of hybridization and introgression, and our findings indicated whether various habitats potentially affect the hybridization in the four hybrid zones. Finally, we discussed the potential mechanism for maintaining species boundaries of Ligularia.
Materials and Methods
Study area and Plant materials

Ligularia cymbulifera and L. tongolensis (Asteraceae), as the study taxa, are sister taxa within section Corymbosae series Lapathifoliae (S. W. Liu & Illarionova, 2011). L. cymbulifera mainly grows in alpine meadows, grassy slopes and stream banks, while L. tongolensis inhabits forest understories and wet valleys (S. W. Liu & Illarionova, 2011). Including their hybrids populations, both species are endemic to the four hybrid zones (Daocheng, Litang, Pachahai and Xiaoxueshan) in HMR (Figure 1), where they inhabit cool alpine environment (Table S1). Further, eight main traits of morphology characters are used to distinguish the study taxon in which conspicuous difference between the two species concern leaf size, indumentum and capitula number in inflorescence (Table S2). 

Plant molecular materials were collected from four hybrid zones in July 2016 (Table S3, Figure 1). L. cymbulifera, L. tongolensis and hybrid populations were sampled in each hybrid zones, respectively. Each of the three populations per site was compared by morphological traits among each hybrid zone (Table S2) 
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(S. W. Liu & Illarionova, 2011; Yu, Kuroda, et al., 2014)
. Ten leaf samples of per population were randomly selected from each hybrid zone (only four samples of L. cymbulifera from Daocheng). Leaf samples were placed in sealed plastic containers, which were later labelled and filled with silica as a desiccant and stored at room temperature until DNA extraction. Thus, a total of 114 individuals representing four hybrid zones were used for ddRAD-seq. Genomic DNA was extracted from approximate 2 cm × 1 cm dried leaf using a modified CTAB protocol (Doyle, 1987).
ddRAD library preparation and sequencing

The ddRAD libraries were generated from genomic DNAs, according to MiddRAD (modified ddRAD-seq) protocol (G. Q. Yang et al., 2016). The integrity and quality of genomic DNA (including concentration and cleanliness) were detected by 1% TAE agarose gel electrophoresis and NanoDrop ND1000 spectrophotometry. And genomic DNA of each surveyed individual was double digested with enzymes AvaII (NEB) and MspI (NEB). The target fragments with the size of 600-750 bp gel of genomic DNA were cut for enrichment and PCR amplification. Library sequencing was performed on the Illumina HiSeq X Ten (Illumina Inc., San Diego, CA, USA) with paired-end reads of 150 bp and carried out by Cloud Health Genomics, Ltd., Shanghai, China. Each sample was expected to obtain 5 Gb raw data (approximately amount to the genome size of Ligularia fischeri).

Single Nucleotide Polymorphism (SNP) identification and genotyping were performed using STACKS version 1.44 (Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013). Raw reads for each individual trimming was performed by process_radtags pipeline. In this process, clean sequences were truncated to a standard length of 140 bp. Adapter reads and reads with bases below a Phred score of Q10 (in 15 bases sliding window) were filtered. FastQC version 0.11.5 (Andrews, 2015) was employed to check average sequence quality per reading and GC content. For each sample, short-read sequences were merged into tags in ustacks pipeline with deleveraging algorithm and removal algorithm. Meanwhile, the minimum depth of coverage required to form a stack was set to five (m = 5) and the maximum nucleotide mismatches allowed between stacks was set to 4 (M = 4). A catalogue was created by cstacks pipeline with the number of mismatches between sample tags of two (n = 2). Tags from each sample were matched against the catalogue to determine alleles in sstacks pipeline. Finally, SNP data set was generated in populations pipeline with the genotype of each individual for every polymorphic position. In the pipeline, each hybrid zone was set to three populations (total 12 populations, Table S3). A locus was presented in at least 75% of the individuals (r = 0.75) and in each of the 10 populations (p = 10). Various formats for subsequent analysis were produced in populations pipeline and converted by PGDSPIDER version 2.1.0.3 (Lischer & Excoffier, 2012).

ddRAD-seq analysis

The genetic admixture of all individual samples was estimated using a Bayesian assignment analysis implemented in STRUCTURE version 2.3.4 (Pritchard, Stephens, & Donnelly, 2000). K was set to range from one to ten with ten replicates per K. The run was set for 100,000 steps of burn-in followed by 100,000 steps. No population priors were applied in the analyses. The optimal K value was identified using STRUCTURE HARVESTER (Earl, 2012). Admixture proportions of ten repeats per K value were averaged using CLUMPP version 1.1.2 (Jakobsson & Rosenberg, 2007), and the results were plotted by DISTRUCT version 1.1 (Rosenberg, 2004). 

The principal coordinate analysis (PCoA) with a genetic distances matrix was employed in GenAlex version 6.5 (Peakall & Smouse, 2012). PCoA of four hybrid zones were visualized in Microsoft Office Excel 2013. Pairwise FST values for two parents and hybrids in four hybrid zones, according to SNPs data were calculated in Arlequin version 3.5 (Excoffier & Lischer, 2010).

A Bayesian clustering method was applied in NEWHYBRIDS version 1.1 (E. C. Anderson & Thompson, 2002) to calculate the posterior probability of surveyed individuals assigned to different hybrid categories, i.e., Pure parental 1 (P1), Pure parental 2 (P2), F1, F2, backcross to P1 (BCP1) or backcross to P2 (BCP2). The program ran 100,000 Markov chain Monte Carlo algorithms (MCMC) with 100,000 burn-in iterations. Too many SNPs cannot be employed in NEWHYBRIDS software, then total SNPs were filtered according to Bell, Drewes, and Zamudio (2015).

R package INTROGRESS (Gompert & Buerkle, 2009, 2010) was employed to examined maximum likelihood estimates of hybrid index values (the proportion of alleles inherited from each parental species) for each individual (Hybrid index; Hi = 0 for L. tongolensis alleles only and Hi = 1 for L. cymbulifera alleles only). For genomic clines, multinomial regression was utilized to fit clines of genotype frequency for each genotype per locus, i.e. homozygotes for two parents and heterozygotes. Additionally, the program was also employed to assess the likelihood of the regression model for the observed genotypic data (Gompert & Buerkle, 2009, 2010). Parametric method was implemented to generate neutral expectations for each locus and to compute the log-likelihood ratio of the regression model relative to the neutral model (Gompert & Buerkle, 2009). Thus, each locus could be identified that deviates from expectations of neutral introgression. The false discovery rate correction (FDR) of p-values were adjusted using the pipeline of Benjamini and Hochberg (1995). The produce was conducted separately for the four hybrid zones. 
﻿Results 
Observation to samples

When occurring in sympatric zones, two species L. tongolensis and L. cymbulifera showed a considerable distinct tendency in habitat (Table S1). In that habitat, L. cymbulifera-like individuals can be found at the open meadows area. In contrast, L. tongolensis-like individuals are encountered towards wet-area and under subshrub or fir tree canopy cover area. However, in microhabitats, alpine meadows area is suitable to L. cymbulifera, and forest understories or wet area is dominated by L. tongolensis. Based on morphological features in Table S2, L. cymbulifera is characterised by larger leaf size with thicker white arachnoid puberulent and a higher number of capitula than L. tongolensis. 

ddRAD sequencing results

Out of 114 individuals used from four hybrid zones, 102 individuals resulted the ddRAD libraries with a of 4.4 billion first paired-end reads, following quality filtering and clustering. On average, 37.4 million reads and 0.3 million stacks per individual were used to produce loci. An average of GC content was 42.24% without apparent differences among surveyed individuals. The average depth of coverage of all individual samples was 13.9x. Individuals with more than 45% of missing data were eliminated. Then, 102 retained individuals with 2615 loci were used for subsequent analyses.

Genetic structure and differentiation 

Due to four individuals of Dc had been removed after data filtering, STRUCTURE analysis and FST estimation exclude the four Dc individuals (Figure 2.B). The K method indicated that K = 2 was an optimal number of genetic clusters with the maximum value of ΔK (Figure 2.A). STRUCTURE analysis with 2615 SNPs showed that 102 individuals of four hybrid zones could be clustered to two genetic groups at K = 2 (Figure 2). Most hybrid individuals had equal admixture proportion of alleles from both parental species (Figure 2). Moreover, retained hybrid individuals were assigned to asymmetric proportion from both parental species. The allele proportion of Ph6 and Dh6 were dominated by L. cymbulifera (qi: 0.658 and 0.643, respectively), whereas Lh5 was mainly assigned to L. tongolensis (qi = 0.796). All individuals of Pc and Lc had alleles in higher proportion from L. cymbulifera (qi = 0.999), while all individuals of Dt and seven individuals (7/9) of Lt were highly assigned to L. tongolensis (qi: 0.999 and 0.996, respectively).
For Xiaoxueshan hybrid zone, three individuals (Xt3, Xt5 and Xt8) were assigned to either parent alleles (qi = 0.464 ± 0.536, 0.496 ± 0.504 and 0.490 ± 0.510), whereas Xt2 and Xt6 possessed higher proportion alleles of L. cymbulifera (qi: 0.620 and 0.651, respectively). Besides, seven individuals of Xc had equal proportion alleles from L. tongolensis and L. cymbulifera (Figure 2). In the Pachahai hybrid zone, four individuals of Pt (Pt1, Pt2, Pt6 and Pt7) were assigned to either parental alleles (qi: 0.517 ± 0.482, 0.503 ± 0.497, 0.518 ± 0.482 and 0.499 ± 0.500, respectively). In addition to three individuals (Pt3, Pt4 and Pt8) possessed higher proportion alleles of L. tongolensis (qi: 0.737, 0.792 and 0.709, respectively), the alleles of L. tongolensis were dominated in Pt5 and Pt9 (qi: 0.001 and 0.008, respectively). Lt9 showed equal proportion alleles of both parents (qi = 0.498 ± 0.503), while Lt4 was highly assigned to L. tongolensis (qi = 0.820) in the Litang hybrid zone (Figure 2).

Pairwise FST examinations (Table 1) showed that FST values between hybrids and their parental species (Xiaoxueshan: 0.053/0.000; Pachahai: 0.010/0.220; Litang: 0.080/0.243, respectively) were less than FST values between both parents (Xiaoxueshan: 0.068; Pachahai: 0.406 and Litang: 0.511, respectively). The value indicated that low difference between hybrids and parents, while the differentiation between parental species was maintained at the presence of hybridization (Table 1).

Parental species and hybrids could be separated by PCoA identification in four hybrid zones (Figure 3). For Xiaoxueshan site, the L. tongolensis and L. cymbulifera groups revealed higher differentiation along PCoA2 (25.96% of the variation), while the hybrid individual group take intermediate scores along the axis (Figure 3A). Both parental species of Pachahai site were separated to two groups along the PCoA1 (63.03%), whereas PCoA2 (18.58%) differentiated parental groups and hybrid group (Figure 3B). In Litang site, two groups from both parents were differentiated by PCoA1 (40.89%). Additionally, hybrid group was separated from parental groups along PCoA2 (31.17%) (Figure 3C). PCoA1 (48.97%) differentiated hybrid and parental (L. tongolensis) group to two groups, yet the parent and hybrid groups were not separated by PCoA2 (17.12%) (Figure 3D). Although the four putative morphological L. cymbulifera individuals had been filtering, we put it back to the PCoA for Daocheng site. As result showed that PCoA1 (59.73%) separated four putative L. cymbulifera individuals from hybrid and L. tongolensis groups, but latter both clusters cannot be differentiated to two groups (Figure S1). Three clusters were differentiated by PCoA2 (21.88%), four putative L. cymbulifera, however, take intermediated scores along PCoA2 (Figure S1).

Hybrid identification

The posterior probability for different hybrid categories of four hybrid zones were separately produced by NEWHYRBIDS software. The results revealed that most hybrid individuals and a few of parental individuals were assigned to F1 hybrids (Figure 4). For the category of a backcross, a few individuals of L. tongolensis and hybrids were assigned to backcross class. Backcross to L. tongolensis was discriminated as main type (Figure 4). Most individuals of Xt and Xc in Xiaoxueshan as well as Pt in Pachahai were assigned to F1 hybrids (p ≥ 0.9), while few individuals of them were assigned to one parent (p ≥ 0.9) (Figure 4A, B). All individuals of Pc, Lc and Dt were assigned to either parental species (Figure 4B, C, D). Similarly, we analysed the category of four filtered putative L. cymbulifera in Daocheng site. Only two of the four individuals, Dc3 and Dc4, with posterior probabilities of 0.846 and 0.893 of being L. tongolensis, respectively (Figure S2). Remaining individuals (Dc1 and Dc2) cannot be assigned to any hybrid categories with high posterior probabilities (Figure S2). The analysis of NEWHYBRID software integrating the result of PCoA indicated that the genetic ingredient of the four individuals is complex sceneries, suggesting they are not pure L. cymbulifera. Therefore, four putative and untypical L. cymbulifera individuals in Daocheng hybrid zone were discarded during the subsequent analysis of INTROGRESS.

A total of 2615 SNPs loci were used with the R package INTROGRESS to assess the hybrid index. The hybrid index (Hi) for all samples from the four hybrid zones plotted against interspecific heterozygosity showed that the four hybrid zones did not result in the same distributions of hybrid indices (Figure 5). A number of parental individuals had hybrid scores equal or around 0 (pure L. tongolensis) or 1 (pure L. cymbulifera) in four hybrid zones. Whereas remaining individuals with hybrid scores ranging from 0.2 to 0.8 were expected for backcrossed individuals or F1 hybrids (Figure 5). All individuals of L. cymbulifera (Hi = 1) were expected for one pure parent in Pachahai and Litang sites (Figure 5B, C). Moreover, hybrid individuals (hybrid scores between 0.3 and 0.75) were considered as backcrossed individuals or F1 hybrids in the four hybrid zones (Figure 5).

Genomic analyses of introgression

To investigate patterns of introgression, the analysis of genomic clines was applied in INTROGRESS package. Almost half of loci exhibited deviations from patterns of neutral introgression in the four hybrid zones (Table 2). A total of 1241 loci deviated from a model of neutral introgression based on genome-wide admixture in the Xiaoxueshan hybrid zone (p < 0.016). Of 1241 deviant loci, 378 (30%) had patterns of introgression consistent with a model of positive selection, where the probability for the homozygous genotype was increased by comparing neutral expectations. However, 544 (44%) were consistent with negative selection, the probability for the homozygous genotype was decreased by comparing neutral expectations (Table 2). Furthermore, 650 (52%) were exhibited patterns of introgression consistent with under dominance; the probability of the heterozygous genotype was decreased relative to neutral expectations. In contrast, the heterozygous genotype of 324 (26%) were revealed to increase the probability with overdominance (Table 2). In the Pachahai hybrid zone, 1389 loci were showed deviating from the neutral expectation (p < 0.013). Of 1389 deviant loci, 481 (53%) and 614 (44%) were consistent with positive and negative selection, respectively (Table 2). Besides, 287 (21%) and 362 (26%) were examined in the site corresponding to overdominance and under dominance, respectively (Table 2). A total of 1139 loci were detected in the Litang hybrid zone depart from neutrality (p < 0.010). Of these deviant loci, 491 (43%) and 319 (28%) suggested to consist with positive and negative selection, respectively whereas 277 (20%) and 586 (51%) had patterns of introgression consistent with overdominance and under dominance, respectively (Table 2). In Daocheng hybrid zone, 1782 loci were revealed to deviate from neutral expectation (p < 0.011). At these loci, 638 (36%) and 1033 (58%) were exhibited to consist with positive and negative selection, respectively (Table 2). Moreover, 259 (15%) and 354 (20%) were include with overdominance and under dominance, respectively (Table 2).

﻿Discussion
Reproductive isolating barriers are considered to contribute diversification of Ligularia in the HMR 
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(J. Q. Liu et al., 2006; R. Yang et al., 2019; Ning Ning. Zhang et al., 2018)
. As a result of natural hybridization, most sympatric species pairs of Ligularia had formed hybrid zones 
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(Ning et al., 2017; R. Yang et al., 2019; Yu et al., 2011; Yu, Kuroda, et al., 2014; Yu, Pan, et al., 2014; N. N. Zhang et al., 2018; R. Zhang et al., 2017)
. Therefore, hybrid zones offer an opportunity to insight into the mechanisms of species barriers maintaining in Ligularia. In the present study, we used102 individuals with ddRAD sequencing to investigate the natural hybridization and introgression between L. tongolensis and L. cymbulifera from four hybrid zones.

Population structure and genomic introgression

According to the analysis of genome-wide SNPs, our results further support natural hybridization between L. tongolensis and L. cymbulifera, which are recorded by previous study (Yu, Kuroda, et al., 2014). The analysis of STRUCTURE showed that most hybrid individuals had equal admixture proportions from both parental genotypes whereas fewer hybrids had asymmetric proportions within the four hybrid zones (Figure 2). Besides, most parental individuals, especially for Xiaoxueshan and Pachahai hybrid zones, had asymmetric proportions of both parental genotypes, implying backcross and introgression that occurred in the four hybrid zones.

NEWHYBRIDS software analysis indicated that most individuals in the four hybrid zones were assigned to F1 or backcross individuals toward L. tongolensis with high proportions (Figure 4). Furthermore, most parental individuals from two-hybrid zones (Litang and Daocheng) as well as L. cymbulifera individuals of Pachahai showed that maintaining the complete genetic composition of one parental species (Figure 4B, C, D). The hybrid index (Hi) calculating in INTROGRESS package is similar to Bayesian admixture proportions. Nevertheless, hybrid index are calculated according to parental populations that are identified using Bayesian assignment tests and phenotypic data (Gompert & Buerkle, 2009, 2010). The hybrid index of the four hybrid zones are roughly consistent with the analyses from STRUCTURE and NEWHYBRIDS. However, hybrid index showed that backcrossed individuals predominated in hybrids (Figure 5). In addition, few backcross individuals toward L. cymbulifera also were detected in the four hybrid zones based on the hybrid index (Figure 5). In the field investigation of Daocheng hybrid zone, the conspicuous morphological traits L. cymbulifera-like had not been found. Although four morphological putative L. cymbulifera individuals were filtered, both analyses from NEWHYBRIDS and PCoA indicated that the four individuals were failed to assign as one of the parents. Therefore, one of both parental species, L. cymbulifera, maybe disappeared in the Daocheng hybrid zone. Hence, the situation also corroborates the results of the previous study (Yu, Kuroda, et al., 2014).

Abundant and fertile F1 hybrids can potentially produce backcrosses through disrupting sterility bottleneck 
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(H. B. Harrison et al., 2017; Twyford, Kidner, & Ennos, 2015; Yatabe, Kane, Scotti-Saintagne, & Rieseberg, 2007)
. Viable F1 hybrids are considered as a potential genetic bridge between both species for introgression (Cannon & Scher, 2017). In F1-dominated hybrid zones, the fitness advantage of fertile F1 hybrids is superior to other hybrid classes under extrinsic habitat-selected 
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(Milne & Abbott, 2008; Milne, Terzioglu, & Abbott, 2003; Zha, Milne, & Sun, 2009)
. Thus, frequent hybridization with backcross occurring in the hybrid zones may offer an opportunity for introgression. Seed germination assay displayed that viable and fertile F1 hybrids occur in the hybrid zone. Based on the previous studies, introgressive products were inferred to appear in hybrid zones 
 ADDIN EN.CITE 

(Shimizu et al., 2016; Yu, Kuroda, et al., 2014)
. Additionally, our analyses of the genetic structure showed that introgression are very likely to arise in the four hybrid zones.

According to the results of genomic clines analysis, almost half of SNPs (47%, 53%, 44% and 68%, respectively) exhibited deviating from a model of neutral introgression in the four hybrid zones (Table 2). Of these SNPs, the most prevailing pattern of introgression was consistent with a model of negative selection in the three hybrid zones (Xiaoxueshan, Pachahai and Daocheng). These results suggested that the selection was prone to the L. cymbulifera homozygous genotype in the three hybrid zones. Further, it indicated that a more significant fraction of deviated SNPs from L. cymbulifera were mainly introgressed into the genetic background of L. tongolensis. In contrast, more deviant SNPs in Litang hybrid zone were consistent with a model of positive selection in which SNPs from L. tongolensis were introgressed into the genetic background of L. cymbulifera and slightly more than opposite direction (Table 2). To sum up, bidirectional but asymmetric introgression appeared in the four hybrid zones.

Asymmetric introgression between both species are potentially attributed to different extrinsic factors within hybrid zones. Based on the previous phytochemical studies, component furanoeremophilanes are mainly isolated from most Ligularia species in the HMR (Kuroda, Hanai, Nagano, Tori, & Gong, 2012). Of these species, the plants with tetradymol are ecological predomination 
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(Hanai et al., 2012; Shimizu et al., 2012)
. Tetradymol are only found in L. cymbulifera, while furanoeremophilane derivatives are detected in L. tongolensis (Shimizu et al., 2016). Furthermore, our field investigation showed that, in the four hybrid zones, L. cymbulifera mainly occupied in open fields, whereas L. tongolensis were only found in shady habitats (Table S1). Generally, plants may potentially evolve some specific functional traits to adapt alpine habitats with low temperature and strong illumination, i.e., increasing leaf carbohydrate concentration, leaf thickness or leaf indumentum. The leaf traits of L. cymbulifera have larger leaf size and thicker white arachnoid-puberulent than L. tongolensis (Table S2). Under alpine habitat circumstance, the homozygous genotype of L. cymbulifera are expected to appear stronger fitness than L. tongolensis. Hence, L. cymbulifera may predominate advantageous ecological niche compared to L. tongolensis in the sympatric region. Moreover, a small fraction of derived SNPs exhibiting the overdominance model suggested that selection may not against all of hybrid genotypes, implying parental genotypes may contribute to the fitness of hybrids (Table 2). In Daocheng hybrid zone, although pure L. cymbulifera individuals may be eliminated by road building in the past few decades, but the genetic composition of L. cymbulifera were detected in post-F1 hybrids. These sceneries demonstrated that the phenotypes or genotypes of L. cymbulifera may be potentially favoured hybrids to adapt hostile environment of the HMR. However, Pachahai hybrid zone locating to stream bank are characterised by shady with humid habitats, mainly opposite introgression direction were exhibited. The situation may have resulted from the habitat of Pachahai slightly favoring to L. tongolensis. Although this habitat condition was more suitable for L. tongolensis, L. cymbulifera observed in some specific traits changing, i. e. deepest green leaf colour and thickest leaf thickness in the hybrid zone. These results suggested L. cymbulifera may have strong adaptability than L. tongolensis. In summary, the ecological difference may affect hybridization between L. tongolensis and L. cymbulifera, which lead to various population structure and asymmetric introgression in the four hybrid zones.
Hybrid zone formation and maintenance

The species boundaries have been described as the semipermeable feature (R. G. Harrison, 1990; R. G. Harrison & Larson, 2014). Before complete reproductive isolation is established, hybridization between parental species can form stable hybrid zones (R. J. Abbott, 2017; Mayr, 1942). The origin of Ligularia species have been estimated at least 20 MYA (J. Q. Liu et al., 2006). Complete reproductive isolation between Ligularia lineages would still not be established. Thus, under sympatric conditions, incomplete reproductive isolation could either generate gene flow or maintain species boundaries between species. The phylogenetic analysis indicate that interspecific hybridization are more likely to occur between closely related species of Ligularia (He, 2016). Sympatric distribution with integrated features (i.e., partially overlapping flowering time) may lead to weakening pre-zygotic isolations between L. tongolensis and L. cymbulifera. Therefore, incomplete pre-zygotic isolations may trigger Ligularia hybrid zone formation. Pairwise FST examinations indicated that the low level of genetic differentiation between hybrids and their parents appeared in the four hybrid zones (Table 1). In addition, population structure analyses revealed that a certain proportion of F1 hybrids occurred within these zones. All of these suggested that frequent hybridization between both parental species can continuously produce hybrid derivatives, contributing to hybrid zone formation.

In addition to this, human disturbance have also been assumed as another key factor which triggers the origin of hybrid zones 
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(R. J. Abbott, 2017; E  Anderson, 1948; E. Anderson & Stebbins, 1954; Folk, Soltis, Soltis, & Guralnick, 2018; Guo, 2014; Riley, 1938)
. Most hybrid zones of Ligularia were displayed close to anthropogenic activities, i.e. roads or grazing region 
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(Yu et al., 2011; Yu, Kuroda, et al., 2014; Yu, Pan, et al., 2014; N. N. Zhang et al., 2018)
. In this paper, likewise, all of the four hybrid zones were exhibited in these regions (Table S1). Human disturbance may be important in promoting hybrid zone formation between L. tongolensis and L. cymbulifera. However, to date, only few studies investigated the effect of environmental disturbance on hybrid zone formation 
 ADDIN EN.CITE 

(R. J. Abbott, 2017; Lamont, He, Enright, Krauss, & Miller, 2003; Ortego, Gugger, & Sork, 2017)
. Hence, the type and degree of environmental disturbance should be further assessed in promoting Ligularia hybrid zone formation.

Moreover, post-zygotic isolation may play an important role in the maintenance of species boundaries between L. tongolensis and L. cymbulifera. High genetic differentiation had been detected in both parental species based on pairwise FST examinations (Table 1). Besides, a model of under dominance was a widespread pattern in the four hybrid zones (Table 2). These results demonstrated that post-zygotic isolation may greatly contribute to maintaining both species boundaries under ongoing hybridization. Isolation barriers between lineages have accumulated when they occur in allopatric site. However, hybridization following secondary contact could promote hybrid zone formation until complete reproductive isolation is established (R. J. Abbott, 2017). Hybridization between Ligularia species pairs are mainly formed hybrid zones, while post-zygotic isolation barriers greatly contribute to maintaining species boundaries.

Conclusions 

The rapid and continuous allopatric speciation may trigger the evolution of reproductive isolation in Ligularia 
 ADDIN EN.CITE 

(J. Q. Liu, 2004; J. Q. Liu et al., 2006)
. During allopatric distribution, numerous differences between L. tongolensis and L. cymbulifera species may be accumulated in morphology, physiology, genetics and chemistry. Complete isolation barriers between both species may not be formed before secondary contact. Anthropogenic activities may promote the presence of hybridization of Ligularia in the HMR. We further confirmed that natural hybridization between L. tongolensis and L. cymbulifera form four hybrid zones in the mountain region. Besides, our results suggested that incomplete reproductive isolation may promote hybrid zone formation, while post-zygotic isolation barriers may greatly contribute to boundaries maintenance between L. tongolensis and L. cymbulifera. Different local habitats within hybrid zones may affect the fitness of different parental genotypes that potentially result in asymmetric introgression. This implies that natural selection is more likely to contribute to isolation barriers in Ligulaira. Natural hybridization may contribute abundant genetic variation to diversification of Ligularia, while post-zygotic isolation may be an important mechanism to maintain the species boundaries in the HMR.
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Table S1 Habitat features for Ligularia tongolensis, L. cymbulifera and hybrids in each hybrid zones.

Table S2 Morphological comparison among L. tongolensis, L. cymbulifera and hybrids.

Table S3 Sampling details for four hybrid zones.

FigureS1 Principal coordinates analysis for Daochen hybrid zone of 44 individuals.
FigureS2 Posterior probability of genotype class from Daochen hybrid zone assignment by using NEWHYBRIDS program.

Figures and Tables 
Figure1 Geographic distribution of the four surveyed hybrid zones (red point with its name); Rad pan presents the range of the Hengduan Mountains Region (HMR).

Figure2 STRUCTURE plots. (A) Rate of change in the log probability of data between successive K values. (B) Plots of genetic admixture for 102 individuals of four zones when K = 2.

Figure3 Principal coordinates analysis for four hybrid zones of 102 individuals. Four hybrid zones are represented by A (Xiaoxueshan), B (Pachahai), C (Litang) and D (Daocheng), respectively.

Figure4 Posterior probability of genotype class from four hybrid zones assignment by using NEWHYBRIDS program. Four hybrid zones are represented by A (Xiaoxueshan), B (Pachahai), C (Litang) and D (Daocheng).

Figure5 Plot showing the relationship between interspecific heterozygosity rate and hybrid index (Hybrid index: 0, L. tongolensis; 1, L. cymbulifera). Four hybrid zones are represented by A (Xiaoxueshan), B (Pachahai), C (Litang) and D (Daocheng), respectively.

Table 1 Pairwise FST values for two parental species (L. tongolensis and L. cymbulifera) and hybrids from four zones based on 2615 SNPs
	
	Xt
	Xh
	Xc
	Pt
	Ph
	Pc
	Lt
	Lh
	Lc
	Dt
	Dh

	Xt
	
	0.053 
	0.068 
	0.017 
	0.043 
	0.429 
	0.250 
	0.186 
	0.395 
	0.328 
	0.184 

	Xh
	<0.01
	
	0.000 
	0.084 
	0.032 
	0.312 
	0.297 
	0.173 
	0.339 
	0.396 
	0.182 

	Xc
	<0.05
	0.450
	
	0.106 
	0.027 
	0.253 
	0.305 
	0.165 
	0.299 
	0.404 
	0.169 

	Pt
	0.117
	<0.01
	<0.01
	
	0.010 
	0.406 
	0.250 
	0.173 
	0.384 
	0.330 
	0.186 

	Ph
	<0.01
	<0.01
	<0.01
	0.027 
	
	0.220 
	0.240 
	0.132 
	0.268 
	0.335 
	0.141 

	Pc
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	
	0.582 
	0.383 
	0.425 
	0.660 
	0.391 

	Lt
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	
	0.080 
	0.511 
	0.299 
	0.222 

	Lh
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	
	0.243 
	0.308 
	0.103 

	Lc
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	
	0.609 
	0.284 

	Dt
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	
	0.205 

	Dh
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	


Note：Corresponding p-values are under the diagonal.


Table 2 Patterns of introgression for 2615 SNPs loci assayed from four hybrid zones

	Patterns of introgression relative to neutral expectations
	Xiaoxueshan
	Pachahai
	Litang
	Daocheng

	Non-neutral
	1241
	1389
	1139
	1782

	Positive selection
	378
	481
	491
	638

	Negative selection
	544
	614
	319
	1033

	Over-dominance
	324
	287
	227
	259

	Under-dominance
	650
	362
	586
	354
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