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Editorial on the Research Topic
 Evolution and Biodiversity of Wild Polyploids



Polyploidy is a major driver of evolution in plants. Angiosperms have undergone several polyploidization events in their evolutionary history (Leebens-Mack et al., 2019, Van De Peer et al., 2017) and polyploidy is an important factor causing speciation and influencing diversification of flowering plants (Abbott et al., 2013, Soltis et al., 2014b). However, the processes of evolutionary origin, establishment, speciation and post-origin evolution of polyploid plants are still not well-understood. Furthermore, most research on polyploids is performed on few model taxa or on crop plants. Overcoming the gap between cultivated model organisms and natural systems is crucial for a complete understanding of polyploid evolution. Here we present a symposium on polyploid evolution in wild plants including 10 case studies that can be grouped around three major themes: first, origins and evolutionary histories of polyploids; second, aspects of genome evolution in polyploids; and third, the relationships between polyploidy and biogeography and ecology.

Natural origins of polyploid species, their phylogenetic relationships, and the impact of polyploidy on diversification are major topics of biodiversity research. Melichárková et al. demonstrate multiple and recurrent origins of autopolyploids and inter-cytotype matings in the genus Cardamine. This neopolyploid complex diversified further via allopatry and ecological differentiation. Reconstructing phylogenies of genera including polyploids have been notoriously difficult due to the frequent origin of polyploid species via hybridization (allopolyploidy). In the genus Salix, Wagner et al. elucidate multiple polyploidization events and post-origin genome evolution of mesopolyploid species by using phylogenomic approaches. Their results supported allopolyploid origins and their establishment as distinct species. Paule et al. reconstruct genome size evolution in the big plant family Bromeliaceae based on the phylogeny of this family. Results suggest that polyploidy and dysploidy have played a role in the survival of early diverged lineages under extreme climatic conditions, but did not enhance net diversification. Finally, Meudt et al. analyze polyploid frequencies in floras of oceanic islands and use phylogenetic path analysis to estimate effects of polyploidy on diversification. The results suggest that endemic diversification and speciation of the analyzed island floras were shaped by polyploidy in many cases. These papers seem to support also the general pattern that young polyploid complexes tend more to increase diversification rates than older ones (Landis et al., 2018).

The evolution of polyploid genomes is highly dynamic (Comai, 2005; Chen, 2007), but many molecular consequences of whole genome duplication are still not well-understood. Zagorski et al. analyze the repeatome of Hieracium species and their synthetic F1 hybrids by NGS analyses and FISH. They find a marked influence of hybridization on satellite and rDNA dynamics, whereas transposable elements showed no significant bursts but rather dosage-dependent patterns. Analyses of the repeatome in the mesopolyploids of Heliophila by Dogan et al. reveal a highly dynamic evolution of retrotransposons and tandem repeats, reflecting the post-origin cladogenesis in the genus. Boatwright et al. analyze gene expression patterns of homoeologs in mesopolyploid populations of Tragopogon compared to their parental species and reveal similar and convergent expression changes, but also stochastic silencing of loci. Moreover, the authors found significantly more non-additive expression in mesopolyploids compared to recently formed neopolyploids.

Polyploids are thought to have advantages for ecological niche shifts (Marchant et al., 2016, Soltis et al., 2014b) and for range expansions, specifically to more northern regions (Rice et al., 2019). Buono et al. conducted phylogeographical analyses, niche modeling and crossing experiments on two European polyploid Veronica species and found that despite some introgression species boundaries are maintained by spatial and ecological isolation. Duchoslav et al. analyze the niche dynamics of various cytotypes of Allium oleraceum and find niche expansions in tetraploids, but not in higher ploidy levels. High ploidies rather showed unfilled niches and a tendency toward synanthropic habitats. Spoelhof et al. use a modeling approach to understand the establishment of polyploids in natural habitats by including spatial factors and relationships between organisms, habitat shape, and population density. Results suggest that narrow, constrained habitats such as roadsides and coastlines may enhance polyploid establishment.

The symposium highlights the diversity of evolutionary processes that are connected with polyploidy. Several papers point at the importance of post-origin evolution and diversification of polyploids, a topic that is hitherto been neglected in biodiversity research. We are at the infancies of understanding genome evolution and functionality in natural polyploid model systems. Here we present insights into repeatome evolution and gene expression studies. Whole genome sequencing and building reference genomes for wild model systems are highly needed to understand the consequences of polyploidization on genome structure and function. The symposium further shows various biogeographical and ecological scenarios for polyploids. Altogether, the case studies in this symposium refute the idea that polyploidization would be a dead end of evolution, as proposed by some researchers based on simple diversification statistics (Mayrose et al., 2011). The bias in such studies by undersampling, by neglecting reticulate evolution and different ages of diploids vs. polyploids was reviewed before (Soltis et al., 2014a). Careful case studies as presented here will provide a better understanding of the realized ecological and evolutionary potentials of polyploids.
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Polyploidy is common in the genus Salix. However, little is known about the origin, parentage and genomic composition of polyploid species because of a lack of suitable molecular markers and analysis tools. We established a phylogenomic framework including species of all described sections of Eurasian shrub willows. We analyzed the genomic composition of seven polyploid willow species in comparison to putative diploid parental species to draw conclusions on their origin and the effects of backcrossing and post-origin evolution. We applied recently developed programs like SNAPP, HyDe, and SNiPloid to establish a bioinformatic pipeline for unravelling the complexity of polyploid genomes. RAD sequencing revealed 23,393 loci and 320,010 high quality SNPs for the analysis of relationships of 35 species of Eurasian shrub willows (Salix subg. Chamaetia/Vetrix). Polyploid willow species appear to be predominantly of allopolyploid origin. More ancient allopolyploidization events were observed for two hexaploid and one octoploid species, while our data suggested a more recent allopolyploid origin for the included tetraploids and identified putative parental taxa. SNiPloid analyses disentangled the different genomic signatures resulting from hybrid origin, backcrossing, and secondary post-origin evolution in the polyploid species. Our RAD sequencing data demonstrate that willow genomes are shaped by ancient and recent reticulate evolution, polyploidization, and post-origin divergence of species.
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Introduction

Although the impact of polyploidy in plant evolution is evident (Soltis and Soltis, 2009; Wood et al., 2009; Jiao et al., 2011; Mayrose et al., 2011; Barker et al., 2016), there is much to discover about the impact of polyploidy on evolution of plant genomes. Polyploids may originate from combining genomes via hybridization (allopolyploids) or from intraspecific genome duplication (autopolyploids). Post-origin evolution and introgression may further leave genomic signatures (Peralta et al., 2013). This information, however, is crucial to understand the evolution of species. The potential offered by the rise of high-throughput sequencing tools to analyze the origin of natural polyploid plant species has not yet been fully exploited. The main reasons might be the difficulties in variant calling, especially the need to distinguish different alleles derived from the same parent (homologs) from alleles originating from different parents (homeologs; Clevenger et al., 2015). Other difficulties are the necessity to filter paralogs (Hirsch and Buell, 2013), the uncertainty of allelic dosage as well as the lack of appropriate bioinformatic tools and models (Meirmans et al., 2018). Given a sufficient coverage, high-throughput sequencing methods are generally suited to detect all different alleles at a specific locus. However, to use a massive amount of short read data for the analysis of polyploids is still challenging, especially, if no reference genome is available.

Restriction Associated DNA (RAD) sequencing (Baird et al., 2008) is a widely used method that can harvest ten-thousands of informative SNPs representing the whole genome. The huge amount of biallelic SNPs is well suited to study evolutionary processes, resolve reticulate relationships, reconstruct species trees, and to analyze polyploid species in a phylogenetic framework (Bryant et al., 2012; Dufresne et al., 2014; Clevenger et al., 2015; Clevenger et al., 2018). However, there are only few studies using RAD sequencing data when dealing with polyploid non-model plants (Chen et al., 2013; Mastretta-Yanes et al., 2014; Qi et al., 2015; Brandrud et al., 2020; He et al., 2020).

The genus Salix L. (Salicaceae) comprises about 400-450 species of trees and shrubs that are mainly distributed in the Northern Hemisphere. About two thirds of the species occur in Eurasia, while about 140 species are distributed in America. Classical taxonomy and systematics in Salix have proven to be extremely difficult because of dioecy, simple, reduced flowers, common natural formation of hybrids, high intraspecific phenotypic variation, and the presence of polyploid species (Skvortsov, 1999; Hörandl et al., 2012; Cronk et al., 2015). Phylogenetic analyses using traditional Sanger sequencing and standard markers (like ITS) were able to separate subgenus Salix from a big clade uniting the two subgenera Chamaetia and Vetrix, but lacked any interspecific resolution (Leskinen and Alström-Rapaport, 1999; Chen et al., 2010; Percy et al., 2014; Lauron-Moreau et al., 2015; Wu et al., 2015). Especially in the case of polyploidization and frequent hybridization, the usage of uniparentally inherited plastid markers is useful for phylogenetic reconstruction. However, plastid markers show only little variation within willows (see Leskinen and Alstrom-Rapaport, 1999; Chen et al., 2010; Savage and Cavender-Bares, 2012; Percy et al., 2014; Lauron-Moreau et al., 2015; Wu et al., 2015). More recently, the complete plastomes of twelve Salix species were reconstructed and showed only 0.9% variability (N.D.Wagner, unpublished data). The Chamaetia/Vetrix clade comprises three quarters of species diversity in Salix ranging from creeping arctic-alpine dwarf shrubs to medium-sized trees (Wagner et al., 2018). In contrast to many other woody plant lineages about 40% of the species are polyploid (Suda and Argus, 1968), ranging from diploid to octoploid species (rarely deca-/dodecaploid), based on the chromosome number x = 19 (Argus, 1997). Previous studies proposed that ancient genome duplications occurred several times in Salix (Dorn, 1976; Leskinen and Alström-Rapaport, 1999) and in the Salicoid lineage (Tuskan et al., 2006). Paleopolyploid species are more difficult to recognize, because their cytological behaviour has undergone ‘diploidization’, i.e. they have returned to regular chromosome pairing at meiosis as typical for diploid sexual species (Comai, 2005). Cold climatic regimes during the Pleistocene may have triggered spontaneous autopolyploidization by unreduced gamete formation (Ramsey and Schemske, 1998). Recent allopolyploidization (‘young polyploidy’) may have happened during the Pleistocene, when climatic oscillations caused range fluctuations of plant species and enhanced secondary contact hybridization of previously isolated species (Hewitt, 2004; Abbott et al., 2013; Kadereit, 2015). While homoploid hybridization may result in introgressive hybridization with the parental species (Hardig et al., 2010; Gramlich and Hörandl, 2016; Gramlich et al., 2018), allopolyploidy can establish a rapid crossing barrier against the parents and hence may result in the evolution of an independent lineage. In willows, natural hybridization is a frequent phenomenon (Argus, 1997; Skvortsov, 1999; Hörandl et al., 2012) and may occur even between distantly related species (e.g. Hardig et al., 2000; Gramlich et al., 2018). While in the 19th century experimental crosses in Salix were popular and even triple or multiple hybrids have been produced (Wichura, 1865), the origin of most natural polyploid species is still unknown. Population genetic markers like SSRs and AFLPs have been used so far to study polyploids (Barcaccia et al., 2014; Guo et al., 2016), but in the Chamaetia/Vetrix clade the polyploid species have never been analyzed with molecular markers. We expect to trace signatures of ancient and/or recent hybrid origin, secondary lineage-specific evolution, backcrossing, and introgression in their genomes.

RAD sequencing (Baird et al., 2008) was recently used to overcome the lack of phylogenetic information within the genus Salix (Gramlich et al., 2018; Wagner et al., 2018; He et al., 2020). Wagner et al. (2018) published the first well-resolved phylogeny of diploid European members of the Chamaetia/Vetrix clade, while He et al. (2020) recognized a recent adaptive radiation of willows in the Hengduan mountains. Gramlich et al. (2018) successfully used RAD sequencing to analyze recent homoploid hybridization patterns and introgression between two Salix species on alpine glacier forefields. RAD loci in Salix represent almost exclusively the nuclear genome, and provide 10-thousands of SNPs from both conservative and rapidly evolving non-coding genomic regions (Gramlich et al., 2018). Therefore, this method has the potential to resolve reticulate relationships and to analyze the origin of the polyploid species in Salix.

In this study we want to test the utility of RAD sequencing data for the analysis of polyploid willow species. We will use a comprehensive approach of different traditional and recently developed analytical tools to elucidate the evolutionary scenarios of polyploid origin in Eurasian shrub willows. By using various approaches, we will 1) establish a phylogenomic framework of the Vetrix/Chamaetia clade, 2) test for recent allopolyploidization by hybridization of two (or more) related diploid parents versus more ancient allopolyploidization of distantly related progenitors of extant species, and 3) test for autopolyploidization. Based on this information, we 4) try to get insights into post-origin evolution of polyploid species by analyzing their genomic composition.



Material and Methods


Sampling

For this study, we sampled 28 diploid species (incl. two subspecies), one triploid, three tetraploid, two hexaploid and one octoploid species representing 19 sections sensu Skvortsov (1999) of the Chamaetia/Vetrix clade. Salix triandra (subg. Salix) was included to serve as outgroup (Wu et al., 2015). Hence, the complete sample set consists of 36 Salix species. The samples were collected in Central and Northern Europe as well as in China and determined after Fang et al. (1999); Skvortsov (1999) and Hörandl et al. (2012). The diploid species represent all main European lineages (Rechinger and Akeroyd, 1993). Leaves were dried in silica gel and herbarium voucher specimens were deposited in the herbarium of the University of Goettingen (GOET). Two to five accessions per species were included in the analyses given a total of 133 samples (Supplement Table S1).



Ploidy Determination Using Flow Cytometry

The ploidy levels of seven species (23 samples) with unknown chromosome counts were estimated using flow cytometric analyses based on DAPI (4’, 6-diamidino-2-phenylindole) fluorochrome applying a modified protocol of Suda and Trávníček (2006) as described in He et al. (2020). Salix caprea with known ploidy level (2x=2n=38) was used as an external standard.



Molecular Treatment and Analyses

The DNA of all samples was extracted using the Qiagen DNeasy Plant Mini Kit following the manufacturer´s instructions (Valencia, CA). After quality check, the DNA was sent to Floragenex, Inc. (Portland, Ore., USA) where the sequencing library preparation was conducted after Baird et al. (2008) using the restriction enzyme PstI (see Wagner et al., 2018 for details). Polyploids require an increased depth of coverage based on the bigger genome size and the higher number of alleles (Hirsch and Buell, 2013; Clevenger et al., 2015). Thus, we sequenced polyploid and diploid taxa on different plates to avoid loss of coverage.

There are several tools available to analyse RAD sequencing data. While e.g. STACKS (Catchen et al., 2013) is more suited to population genetic analyses, ipyrad is predominantly used for phylogenetic approaches (see Eaton et al., 2017). Ipyrad conducts quality filtering and de novo locus identification and genotyping, with the advantage that it can handle insertion-deletion variation among alleles, and it is therefore better suited for studies of a broader taxonomic scale (Andrews et al., 2016). The quality of the resulting single-end 100bp long sequence reads was checked using FastQC v.0.10.1 (Andrews, 2010). After de-multiplexing, the reads were used to run ipyrad v.0.7.28 (Eaton and Overcast, 2020) with a clustering threshold of 85% and a minimum depth of eight reads for base calling. The clustering was done with VSEARCH as implemented in ipyrad v.0.7.28. The maximum number of SNPs per locus was set to 20, the maximum number of indels to 8. We set a threshold of maximal four alleles per site in the final cluster filtering. Ipyrad summarizes the underlying allelic information into a consensus sequence in the form of ambiguous sites at heterozygous positions, which is a common strategy to face the problem of more than two alleles (Blischak et al., 2018b). The resulting sequence information can be used for downstream analyses. Initial settings for the minimum number of samples sharing a locus (m) ranged from m4 (average number of accessions per species) to m120 (loci present in 90% of accessions) and were optimized as described in Wagner et al. (2018). Statistics for the tested settings are summarized in Supplement Table S2. The m40 dataset (29.06% missing data) was used for phylogenetic analyses and the m100 dataset (9.19% missing data) for the genetic structure analysis. Additionally, we performed tree reconstruction with ipyrad for each clade separately that contains one or more polyploid samples applying the same settings.

We inferred phylogenetic relationships on concatenated alignments of the complete dataset as well as for each clade separately by using the GTR+ Γ model of nucleotide substitution implemented in RAxML v.8.2.4 (Stamatakis, 2014). We conducted for each ML analysis a rapid bootstrapping (BS) analysis with 100 replicates. Next to BS we applied quartetsampling (QS; Pease et al., 2018) with default settings to test statistical support of a given topology. We ran 300 replicates using the –L option (minimum likelihood differential). QS is able to distinguish between conflicting signals and poor phylogenetic information. The Quartet Concordance score [QC, (1,-1)] gives the support of the current topology, the Quartet Differential score [QD, (0,1)] is an indicator of introgression and the Quartet Informativeness score [QI, (0,1)] quantifies the informativeness of each branch. For each phylogeny shown here, the observed QS values (QC/QD/QI) were visualized along with the BS values above and below branches, respectively.



Species Tree Estimation Using SNAPP

The SNAPP method (Bryant et al., 2012) estimates species trees directly from biallelic markers (e.g., SNP data), and bypasses the necessity of sampling the gene trees at each locus. This is specifically advantageous for RAD sequencing data sets based on short loci. For species tree calculation with SNAPP v1.4.2 we used the unlinked SNPs output (one SNP per locus, uSNPs) of the clade-specific ipyrad pipeline. We created the input file using BEAUti v2.5.1 (Bouckaert et al., 2014). The multiple accessions of a species were assigned to one taxon. As priors we used default settings for speciation rate (lambda of 1/X). Non-polymorphic sites were excluded. We ran the analysis in BEAST2 (Bouckaert et al., 2014). The number of mcmc generations was up to 10,000,000 and we sampled every thousandth tree. The results were checked with TRACER 1.7.1 (Rambaut et al., 2018). The resulting trees were summarized in the SNAPP tree analyzer tool. The trees of all RAxML and SNAPP analyses were obtained in FigTree v1.4.3 (Rambaut, 2014).



Genetic Structure and Network Analyses

To test for an influence of reticulate evolution on the genetic composition of the included species, we explored the genetic structure of each sample. We simplified the data to be able to combine diploids and polyploids in the same STRUCTURE analyses by summarizing the observed allelic information of a polyploid to a “diploid” consensus sequence (e.g. the four alleles “AATT” will be reduced to “AT”). We used the uSNPs of the m100 data set (< 10% missing data) for the complete dataset to avoid bias by too much missing data. The clade specific analyses were performed using the uSNP data of the clade specific ipyrad runs. We chose a burn-in of 10,000 and a MCMC of 100,000 replicates, with three iterations of each value of K (K=number of genotypic groups). After an initial test, the range of K was set from 2 to 7 in the final analysis. For the subclades, K was set from two up to the number of taxa included. The optimal K value was estimated by inferring the Evanno test revealing the optimal delta K value in Structure Harvester (Earl and vonHoldt, 2012).

Reticulate relationships resulting from hybridization or allopolyploidy are not well represented by bifurcating tree topologies (Huson and Bryant, 2006; McBreen and Lockhart, 2006). To overcome this problem, we utilized SplitsTree4 (Huson and Bryant, 2006) in order to reconstruct possible network-like evolutionary relationships among the species for each clade. Based on informative SNP data (see Feng et al., 2018), we generated the split network by implementing NeighbourNet analysis with variance of ordinary least squares complemented by a bootstrapping with 1000 replicates to test for statistical support. Missing data were treated as unknown in all analyses.



Hybridization Detection

HyDe (Hybridization Detection; Blischak et al., 2018a) allows testing for hybridization and introgression at a population or species level based on D-Statistics by estimating the amount of admixture (γ). We applied the “run_hyde_mp.py” script to test for putative parent-hybrid combinations with respect to the polyploid individuals. HyDe uses p-values to test for the significance of results. While a 50:50 hybrid is characterized by a γ-value of about 0.5, very low levels of admixture (e.g. 0.01 = close to parent P1; 0.99 = close to parent P2) may be indicators for several processes such as ILS and more ancient hybridization. After initial tests, we used a range of γ=0.4‑0.6 to identify recent hybridization events in the data set, and intermediate ranges of γ= 0.1‑0.4 and 0.6‑0.9 for older events. We excluded significant values <0.1 and >0.9. The complete sequences as well as the uSNP data of the clade-specific analyses were used as input data, as the authors stated this datatype as the “most appropriate input” (Blischak et al., 2018a). We tested two approaches: first, we assigned all individuals of a species to one taxon, and second, we tested all individuals as separate entities. The latter approach is better to detect individual admixture. To underline the usage of HyDe in RAD sequencing data we performed a preliminary test on six diploid naturally formed F1 hybrids between S. helvetica and S. purpurea (Gramlich et al., 2018). The results revealed γ-values of 0.4‑0.5 (complete sequence data) and 0.3‑0.4 (uSNPs). These values are in accordance with recent studies which showed similar γ-values for modelled and empirical hybrid data (Blischak et al., 2018a; Zhang et al., 2019).



Categorization of SNPs Using the SNiPloid Pipeline

SNiPloid (Peralta et al., 2013) is a tool developed to analyze the SNP composition of recently established allotetraploid taxa emerging from diploid parental lineages. Originally, this approach is based on RNA sequencing data. By mapping the sequencing reads of an allotetraploid individual to a reference (diploid parent 1) and comparing the observed SNPs and read depth with the results of diploid parent 2, conclusions on the SNP composition of the tetraploid species can be drawn. SNiPloid is able to distinguish five different SNP categories (Peralta et al., 2013, Figure 5A). Category 1/2 = “inter-specific” SNPs describes that the observed allele in the polyploid is identical with only one of the parental species. Category 3/4 = “derived” SNPs is attributed, when the variation observed in the tetraploid is not identified between parental genomes. This hints to a mutation that occurred after the polyploidization event. Finally, category 5 corresponds to putative homeo-SNPs, i.e., the tetraploid is heterozygous for homeologous alleles of both parental genomes (Figure 5A). SNPs that do not fall into the categories mentioned above are categorized as “other”.

To use the advantages of this pipeline and to endeavour the SNP composition of the tetraploids in our dataset we adapted the SNiPloid pipeline to RAD sequencing data (Figure 1). For our study, we used the concatenated consensus RAD loci of one putative diploid parental species as pseudoreference (similar as in Chen et al., 2013) for each test. The obtained RAD loci for every single individual (SAMPLE.consens file) were transferred into FASTA format. The indexing of the reference was done in BWA/0.7.12 (Li and Durbin, 2009). The sequence dictionary was created with PICARD/2.10.5 using the CreateSequenceDictionary tool (http://broadinstitute.github.io/picard/). The trimmed and filtered reads of the tetraploid species as well as of the second putative diploid parental species were mapped to the indexed reference applying the BWA/0.7.12 mapping tool using the MEM algorithm. The option -M (mark shorter split hits) for compatibility with PICARD was used, and 12 threads were applied for calculations (-t 12). The PICARD suite was used to sort the SAM file and to add read groups to the mapped alignment (‘AddOrReplaceReadGroups’). The resulting BAM file was indexed with SAMTOOLS v. 1.8 (Li et al., 2009) and used as input for the Genome Analysis Toolkit [GATK 3.8; McKenna et al. (2010)] to analyze the read depth (“DepthOfCoverage”) and the observed SNPs (“HaplotypeCaller”). For the tetraploid samples the—ploidy argument of HaplotypeCaller was set to 4. The generated read depth and the vcf files were eventually used as input for the executable perl script SNiPloid.pl (http://sniplay.southgreen.fr/cgi-bin/sniploid.cgi). The results of each tested combination were summarized in a table and pie diagram, given the percentage of each SNP category, and were then compared to each other. Recently established allotetraploid hybrids should show a high proportion of homeo-SNPs, because they should contain half of the alleles of diploid “parent1” and the other half of diploid “parent2” and should therefore be heterozygous for most loci. With ongoing speciation, we assume a higher proportion of cat 3/4 SNPs that are specific for the polyploid and originated after the polyploidization event. Backcrossing with one or both parents might lead to an increase of interspecific SNPs (cat 1/2), but these shared SNPs might also be the result of incomplete lineage sorting. The remaining “other” SNPs contain all other SNP combinations that cannot be assigned to any of the defined categories. This includes, e.g., SNPs that are heterozygous in the parental taxa and SNPs that show more than two alleles. They partly represent shared ancient polymorphisms of the whole group.




Figure 1 | SNiPloid workflow adapted from (Peralta et al., 2013). The filtered RAD sequencing reads of the polyploid and one putative parental species (Diploid 2) are mapped to the concatenated RAD loci of the second putative parental species (Diploid 1) that act as a “pseudo-reference”. SNPs and coverage depth are determined with GATK tools “HaplotypeCaller” and “DepthOfCoverage”. The resulting “VCF” and “CovDepth” files of both samples serve as input for SNiPloid. The output of SNiPloid contain the assigned SNP categories 1‑5 for each compared SNP. Those data are finally summarized in a pie chart that shows the proportions of the observed categories.



We initially narrowed down the number of combinations by choosing the most likely putative parental species/lineages according to the results of RAxML, SNAPP, NeighbourNet, and STRUCTURE. These parental combinations were tested with SNiPloid (see Table 1).


Table 1 | Allotetraploid species and their putative diploid parental species according to results of the phylogeny and the combination of NeighborNet, HyDe, STRUCTURE, and SNiPloid analyses.






Results


Ploidy Determination

For 29 species of our sample set we could derive the ploidy level from chromosome counts available in the literature (Supplement Table S1). To determine the ploidy level of the remaining samples, we analyzed seven species via flow cytometry. Six of them, S. integra, S. nummularia, S. pyrenaica, S. pyrolifolia, S. rehderiana, and S. schwerinii, were analyzed for the first time. All analyzed species were diploid (Table S1). Selected histograms are available in Supplement Figure S1.



Phylogenetic Relationships

The average number of raw reads obtained from the RAD sequencing was 8.15 million reads per sample. The length after removal of adapters and barcode was 86 bp. After filtering, an average of 8.08 (+/-5.81) million reads per sample were used for clustering. An average of 161,233 clusters per sample was generated with an average depth of 52 reads per cluster. After optimization, we used a data set that consists of 23,393 RAD loci shared by at least 40 individuals and contained 320,010 variable sites of which 191,615 are parsimony informative. The concatenated alignment had a length of 1,931,205 bp with 29.06% missing data (Supplement Table S2). The analysis with a clustering threshold of loci shared by at least 100 individuals (m100) revealed 1,660 loci with 16,761 SNPs (Supplement Table S2). The amount of missing data was only 9.1%, however, the dataset was not suitable to resolve the phylogenetic relationships (see Supplement Figure S5). Therefore, we used this dataset only for a genetic structure analysis with STRUCTURE, which is sensitive to missing data. The HyDe results of the m40 dataset revealed 4,724 significant hybridization events of 21,420 tested combination in the taxon-assigned test based on the uSNP data. Of these, 38.6% belonged to combinations that treated a polyploid taxon as “hybrid”. The average γ-value of all observed events was 0.52.

The RAxML phylogeny included 133 accessions representing 35 species of the Chamaetia/Vetrix clade from Europe and Asia as well as four accessions of S. triandra as outgroup (Figure 2, Supplement Figure S2). The phylogeny revealed that all species are clearly monophyletic. The topology showed S. reticulata in sister position to four well-supported clades. For consistency, we used the same Roman numerals for the main clades as in Wagner et al. (2018). Clade I comprised ten species, including two well supported subclades. Clade II contained all members of section Vetrix as well as S. eleagnos and S. serpyllifolia, clade III comprised all members of sections Villosae and Vimen as well as triploid S. bicolor, and clade IV contained S. hastata, S. herbacea, S. pyrenaica and S. lanata. The tetraploid species fell into clades I and II, the triploid S. bicolor into clade III. The octoploid S. glaucosericea was in sister position to clade III and IV while hexaploid S. glabra was sister to S. eleagnos and S. serpyllifolia in clade II. Hexaploid S. myrsinifolia was in sister position to the remaining accessions of clade II. The genetic structure analysis of the complete sampling based on 1,655 uSNPs (m100) reflected the four observed main clades (I‑IV) and indicated genetic admixture of up to four clusters for the high polyploids S. glaucosericea and S. myrsinifolia. Hexaploid S. glabra showed admixture of “clade II” and “clade IV” (Supplement Figure S4).




Figure 2 | Simplified RAxML phylogeny of 133 accessions representing 35 species of Salix subg. Chamaetia/Vetrix based on 23,393 RAD loci. Four clades (numbering follows Wagner et al., 2018) are highlighted in different colours, subclades for detailed analyses are also designated. Ploidy level is indicated behind species name, polyploid samples are highlighted in bold. Salix triandra (subg. Salix) was used to root the tree. BS values below branches, QS values of selected clades and subclades above branches. A detailed phylogeny including QS support values for all branches is supplied in Supplement Figure S2.



Each clade that contained one or more polyploid samples was analyzed separately with the minimum number of accessions sharing a locus (m) dependent on the different overall number of accessions in each clade. These were m15 for clade Ia, m23 for clade II and m10 for clade III, respectively.



Relationships of Polyploids in Clade I

In the RAxML phylogeny, clade I was divided into two subclades (Figure 2). The supported monophyletic subclade Ia (BS 100, QS 0.42/0.073/0.99) comprised the species S. purpurea, S. caesia, S. integra which belong to section Helix sensu Skvortsov (1999), as well as S. gracilistyla. They were in sister position to the closely related species S. repens (incl. S. repens ssp. rosmarinifolia; sect. Incubaceae sensu Skvortsov (1999)). Subclade Ib comprised the dwarf shrub species S. breviserrata and S. alpina, as well as the medium-sized species S. pyrolifolia and S. daphnoides. The tetraploid S. caesia appeared in a well-supported sister position to S. purpurea (BS 100, QS 0.18/0/0.99). The analysis of the 18 accessions of subclade Ia with two accessions of S. reticulata as outgroup based on loci shared by at least 15 accessions, contained 38,603 shared RAD loci with 238,614 SNPs. The SNAPP (Figure 3A) and RAxML topology (Figure 3B) show strong statistical support for the sister relationship of S. purpurea and S. caesia. Using 37,867 uSNPs as input and designating S. reticulata as outgroup, HyDe performed a test of 2,448 combinations in the individual approach of which 164 were detected as significant hybridization events. Only six of 30 tested events in the assigned taxa approach were significant. HyDe showed no significant hybridization event with S. caesia as hybrid. Thus, we repeated the analysis with the complete sequence data of the clade specific analysis comprising 238,614 SNPs. Here, HyDe detected 606 significant results of 2,448 tested combinations in the individual approach with an average γ-value of 0.59. In 85 hybridization events (14%) S. caesia was counted as “hybrid”. For these events the average observed γ-value was 0.65. The average γ-value was 0.8 in 20 significant combinations with S. purpurea and S. repens as parental species. In the m15 dataset, the 18 accessions of clade I (without outgroup) shared 35,078 RAD loci comprising 191,211 SNPs. The genetic structure analysis based on 34,071 uSNPs for the most likely K-value of four revealed genetic admixture in S. caesia with about 50% of each the genetic partition of S. purpurea and S. repens (Figure 3D). In the NeighbourNet analysis (Figure 3C), S. caesia was situated between S. purpurea and S. repens. To test a hypothesis of allopolyploid origin of S. caesia in more detail, we conducted a SNiPloid analysis using S. purpurea and S. repens as putative diploid parents of putative allopolyploid S. caesia. The results revealed 5.78% cat 1 and 12.65% cat 2 interspecific SNPs, 44.52% homeo-SNPs (cat 5), and 19.17% cat 3/4 SNPs. About 17.89% of SNPs did not fall into the given categories and were treated as “others” (Figure 5B).




Figure 3 | Relationships of tetraploid S. caesia in clade Ia. (A) SNAPP species tree. (B) RAxML phylogeny based on 38,603 RAD loci and 238,614 SNPs, respectively. Bootstrap support values below, QS values above branches. (C) Resulting Splitsgraph of the NeighbourNet analysis of subclade Ia. Bootstrap values indicated at branches. (D) Genetic structure analysis for the subclade for the most likely value of K=4 based on 37,867 unlinked SNPs.





Relationships of Polyploids in Clade II

Clade II contained hexaploid S. myrsinifolia and S. glabra, both monophyletic. The latter was in sister position to S. eleagnos and S. serpyllifolia forming subclade IIb. Salix myrsinifolia was in sister position to the remainders of clade II, with good BS but a skew to an alternative topology (BS 97, QS 0.28/0.93/0.99; Figure 2). All included members of section Vetrix s.l. [sensu Skvortsov (1999)] formed a well-supported monophyletic group (subclade IIa; BS 100, QS 0.92/0/1, Figure 2) including two tetraploid species, S. laggeri and S. cinerea. The clade-specific analysis of subclade IIa included 25 accessions and was based on 33,515 RAD loci comprising 254,819 SNPs shared by at least 23 samples (m23). The species were all monophyletic and well supported (Figure 4B). One accession each of S. eleagnos and S. serpillifolia served as outgroup. Salix starkeana was in sister position to the remaining accessions of clade IIa (BS100, 1/NA/1). The backbone of the tree topology showed some less supported branches, especially with regard to the QS values that indicate incongruencies of different branching topologies.




Figure 4 | Relationships of polyploids in subclade IIa. (A) most abundant SNAPP species tree. (B) RAxML phylogeny based on 33,515 RAD loci, with QS support values above and BS values below branches Tetraploid species indicated with light green boxes. (C) Splitsgraph of the NeighbourNet analysis of clade IIa, BS values given at branches. (D) Results of the genetic structure analysis for subclade IIa (K=3) based on 39,746 unlinked SNPs.



In the taxon-assigned approach, HyDe tested 104 combinations and yielded only four significant events. When we treated the samples as individuals, 5,313 combinations were tested and revealed 106 significant hybridization events. In 24 events (23%), S. cinerea was treated as ‘hybrid’. The average γ-value for these events was 0.46. For the parental combination of S. appendiculata and S. aurita, the observed nine significant hybrid combinations showed an average γ-value of 0.49. No significant hybrid event was observed for tetraploid S. laggeri.

The tetraploid species S. cinerea was in well-supported sister-position to S. aurita and S. salviifolia in both the complete and the clade specific RAxML phylogeny (Figures 2 and 4B), while S. appendiculata was sister to this clade. Salix cinerea was in sister position to S. aurita in the SNAPP species tree (Figure 4A) and in close relationship to S. aurita in the NeighbourNet analysis (Figure 4C). The genetic structure analysis of 39,746 uSNPs (without outgroup) for the most likely K-value of three revealed genetic admixture for all samples (Figure 4D). Salix cinerea showed a similar structure as S. aurita and S. salviifolia. The SNiPloid results for S. cinerea using S. aurita and S. appendiculata as potential diploid parental species, showed about 5.6% homeo-SNPs and 5.6% cat 1 and 5.7% cat 2 SNPs, respectively, whereas about 47.5% were heterozygous sites sharing one allele of only one parent (cat 3/4 SNPs); 35.3 % of SNPs did not fall into the given categories (Figure 5D).




Figure 5 | SNiPloid results for three tetraploid species. The colours in the pie diagrams represent the proportions of the different observed SNP categories: Cat1, orange, Cat2, lilac (both interspecific SNPs), Cat3/4, green (post-origin SNPs), Cat5, red (homeo-SNPs). Grey indicates the proportion of observed SNPs not falling into the five specified categories. The legend (A) shows an example of SNP categorization by using the same color (after Peralta et al., 2013) code. The parental samples (parent1 and parent2) are diploids. The polyploid SNPs are categorized by comparing the SNP composition with both parents. (B) S. caesia, with S. repens and S. purpurea as putative parental species, (C) S. laggeri, with S. appendiculata and S. caprea as putative parental species, and (D) S. cinerea with S. aurita and S. appendiculata as putative parental species.





Tetraploid S. laggeri appeared in moderately supported sister position to S. caprea in both the clade-specific and in the overall RAxML phylogeny (Figures 2 and 4B). The NeighbourNet showed S. laggeri in close relationship to S. appendiculata and S. caprea (Figure 4C). The genetic structure analysis of subclade IIa for K=3 revealed a similar genetic composition as S. appendiculata, with some admixture of the S. caprea specific partition (Figure 4D). The SNiPloid analysis with S. caprea and S. appendiculata as putative diploid parents revealed 5.6% homeoSNPs and about 12.2% interspecific SNPs (5.3% cat 1, 6.9% cat 2). About 36.6% of SNPs were shared with one allele of one parent (cat 3/4), while 45.9% of SNPs were not categorized (Figure 5C).



Relationships of Polyploids in Clade III

Nine species grouped into clade III, which is monophyletic and well supported (BS 98, QS 0.43/0/1). The clade-specific analysis was based on 37 accessions with a minimum of 30 individuals sharing a locus and revealed 16,463 RAD loci containing 97,576 SNPs. Salix reticulata was used to root the RAxML tree. As illustrated in Figure S3, S. nummularia was in sister position to all remaining members of this clade followed by S. bicolor, which is triploid and the only polyploid species in this clade. Two subclades diverged: subclade IIIa contained the species S. helvetica, S. waldsteiniana, S. foetida, and S. lapponum, while subclade IIIb consisted of S. viminalis, S. schwerinii, and S. rehderiana. Each species was clearly monophyletic, and morphological sister relationships were confirmed. In the clade-specific structure analysis for the most likely K-value of five (Supplement Figure S3), S. bicolor showed genetic admixture between S. nummularia and subclade IIIa. The amount of admixture differed between the two samples from the Eastern Alps in Austria (about two thirds shared with subclade IIIa) and the two samples from the Harz (Brocken) in Germany (about half shared with subclade IIIa). The deep split between the two geographical regions is also reflected in the NeighbourNet network. SNiPloid was not used to analyze the putative parenthood of S. bicolor, for the tool is optimized for tetraploid species (containing two subgenomes) and therefore not suitable for triploid species.




Discussion


RAD Sequencing Data and Analysis Pipelines for Polyploids

Reduced representation libraries like RAD sequencing are frequently used to analyze intraspecific population structure, closely related species groups and to infer phylogenetic relationships of diverged lineages based on high numbers of SNPs (e.g. Cariou et al., 2013; Andrews et al., 2016; Eaton et al., 2017). However, the use of RAD sequencing for polyploid species is still hampered by the lack of suitable tools and the statistical difficulties of dealing with more than two alleles [reviewed in Clevenger et al. (2015)]. Thus, only few studies using RAD sequencing on polyploid species are published so far (Mastretta-Yanes et al., 2014; Qi et al., 2015; Brandrud et al., 2017; Feng et al., 2018; Brandrud et al., 2020). Here we present a phylogenomic study on diploid and polyploid willow species by using a de-novo assembly of RAD sequencing data.

Our assembly and concatenation of short sequenced fragments representing the whole genome resulted in a robust, fully resolved phylogeny for the Chamaetia/Vetrix clade. The method of concatenation has been often criticized, especially in case of conflicting signal among genomic regions. However, Rivers et al. (2016) showed that the data output of the concatenated RAD loci including thousands of unlinked SNPs is able to recover a robust tree. Our findings support the suitability of RAD sequencing for interspecific phylogenetic inference and are in accordance with many studies on different levels of divergence (e.g. Hipp et al., 2014; Eaton et al., 2017; Wagner et al., 2018; He et al., 2020). The allelic information of the polyploid samples can be condensed to a single consensus sequence to circumvent the challenges of dealing with more than two alleles for phylogenetic approaches. However, the loss of information caused by this simplification might lead to wrong placement of the polyploid accessions in the phylogeny (Eriksson et al., 2018; Andermann et al., 2019). Our results showed that the RAD sequencing data contain enough information to resolve the phylogenetic relationships in Salix and that condensed allelic information was appropriate for the included allopolyploid species. While for phylogenetic approaches complete sequence information is preferable (Leaché et al., 2015), many unlinked loci are the preferable source of information for analyses, where the sites are treated as independently evolving genetic entities. Thus, we used the unlinked SNPs for network and genetic structure analyses. The uSNPs were also successfully used to reconstruct the species tree of each subclade using a coalescence-based method implemented in SNAPP (Bryant et al., 2012). Our results confirmed that the coalescent approach using RAD sequencing data is suitable for species delimitation, as recently shown by Brandrud et al. (2020).

HyDe (Blischak et al., 2018a) is a tool to detect hybridization and we showed that it is possible to use it with RAD sequencing data. We used HyDe to draw conclusions on the putative parental species of allopolyploids. First, we used the uSNP data, as suggested by Blischak et al. (2018a). The complete alignment using all SNPs, however, revealed a higher amount of significant results. Therewith we confirm the findings of Blischak et al. (2018a) that the number of significant hybridization events depends on the size of the input data and more input data reveal more accurate results. HyDe detected 4,724 significant hybridization events in the complete dataset. About 40% of them were combinations including a polyploid as “hybrid”. That means that 60% were indicated as hybridization events between diploid samples. The high amount of natural hybridization in Salix is well known (Skvortsov, 1999; Argus, 2010), and homoploid hybridization even between distantly related species has been documented (Hardig et al., 2000; Gramlich et al., 2018). However, in this study we observe clearly distinct monophyletic groups for all included species and the sampled accessions represent morphologically definite individuals. We assume that HyDe uncovers a high amount of ancient gene flow that resulted in a shared polymorphism in the whole phylogeny and its subclades. We further suppose that non-visible introgression or, that the huge amount of input data cause significant number of “false” hybrid combinations.

SNiPloid (Peralta et al., 2013) was used to reconstruct the genomic constitution of the tetraploid species. SNiPloid was originally developed for transcriptomic data (Peralta et al., 2013). The application of this tool to RAD sequencing data provided us valuable information about the contributions of putative parental species to the tetraploid genome. In combination with genetic structure, HyDe and NeighborNet analyses, we could test for allopolyploid origin and revealed some insights into genome evolution after the polyploidization events. Unfortunately, the tool is only suitable for tetraploid species that consist of not more than two subgenomes (Peralta et al., 2013). However, for RAD sequencing data SNiPloid provides an alternative approach by using biallelic SNPs instead of sequence data to reveal potential parenthood of allotetraploids without previous knowledge. For the interpretation of the SNiPloid data it must be considered that in most cases, we did not test the “real” parental accessions. Our results are instead based on putative parental species/lineages, and we therefore expect a certain amount of SNPs that do not fall into the narrowly defined SNP categories. This will lead to an increase of proportions of non-categorized “other” SNPs. Furthermore, proportions of SNP categories must be interpreted with caution as also the intra-specific sampling can influence the actual amounts of detected SNPs for the respective categories. Nevertheless, we can present here a first overview of the origin and evolution of polyploid species within a phylogenetic framework. This increases the potential to analyze polyploid samples with reduced representation methods.



Phylogenetic Relationships and Origins of Polyploids in Salix

The RAD sequencing data revealed a well-resolved phylogeny of the Chamaetia/Vetrix clade including 35 Eurasian species plus S. triandra as outgroup and thus provide a sufficient framework for reconstructing the origin of the polyploid species. The presented phylogeny included members of all sections sensu Skvortsov (1999) and hence covered the morphological diversity and biogeographical range of Eurasian willows. All of the 36 included species are monophyletic. The isolated position of S. reticulata and the observed four clades are in accordance with a former study on European diploid species by Wagner et al. (2018). The samples from Asia fall into the four clades.

About 40% of Salix species are polyploid (Suda and Argus, 1968) ranging from tetraploid to octoploid, rarely to decaploid. Our flow cytometry results showed a diploid level for the six included species from Asia that were previously not investigated (Supplement Table 1, Supplement Figure S1). Although some studies are published about tetraploid species in subgenus Salix s.l. (Triest et al., 2000; Triest, 2001; Barcaccia et al., 2014) no molecular studies existed so far on the origin of polyploid species of the Chamaetia/Vetrix clade. In this study we included seven polyploids from Europe with different ploidy levels to study different scenarios of their evolutionary origin. For the polyploid species included here, no diploid cytotypes have ever been reported, and they all exhibit very distinct morphologies and a genetic structure that is composed of several genetic clusters. These features make autopolyploid origins unlikely. The included polyploid species are all monophyletic. However, the species appear scattered over the phylogeny, indicating multiple independent origins of polyploids within the genus resulting from different parental combinations. Thereby Salix differs from plant genera in which a single allopolyploidization event resulted in post-origin adaptive radiation and speciation (e.g., the Hawaiian Silversword alliance, Seehausen, 2004). Willows rather resemble plant genera with repeated independent polyploidization events, like in Nicotiana (Chase et al., 2003), Achillea (Guo et al., 2013), Ranunculus (Baltisberger and Hörandl, 2016), and Dactylorhiza (Brandrud et al., 2020), among others.

The higher polyploid willows are in sister position to major clades or on basal branches. This could be explained by an old allopolyploid origin of these species. We would expect this pattern if two or more ancestral lineages of the extant major subclades (I-IV) had contributed to the polyploid genome. However, these ancestral lineages are probably not conspecific to any of the extant species. According to the crown group age of the Chamaetia/Vetrix clade (23.76 Ma, Wu et al., 2015), their origins may date back to the late Miocene/ early Pliocene. However, next to that, the hybrid nature of their origin might be responsible for the placement of the polyploids on basal branches of the subclades in the phylogeny. Our structure analyses indicated that the hexa- and octopolyploids, but also triploid S. bicolor, harbor two to four genetic partitions that characterize otherwise the main subclades I-IV (see Figure S4). Hence, we assume allopolyploid origins from divergent lineages. However, since the genetic structure analyses cannot disentangle ancient and recent hybridization or introgression events, further studies on the origin on the high polyploid willows are necessary.



Origin and Evolution of the Allotetraploid Species

The tetraploids fall into the observed clades (Figure 2). Since all included tetraploid species are monophyletic and do form well-supported entities in our analysis, we do not assume multiple origins with different parental combinations. Instead, we assume a single or few hybrid (allopolyploid) origin(s) from a pool of related individuals (Abbott et al., 2013), followed by speciation. We are aware that extant species might not represent the true parental species, and that extinct taxa might have been also involved. Nevertheless, by testing different combinations of putative diploid parents that are the next extant relatives in our observed trees, we analyzed potential parental lineages that might have contributed to allotetraploid species formation. The comparison of the two respective subclades, however, suggests different evolutionary scenarios.

Clade Ia comprised species assigned to Salix sect. Helix sensu Skvortsov (1999), except for S. gracilistyla. However, all these species share the morphological character of connate filaments. The SNAPP species tree revealed a close relationship of S. caesia and S. purpurea, supporting the RAxML analyses. Based on our genetic structure analyses, tetraploid S. caesia combined the genetic partitions that occur in S. purpurea and S. repens, with about equal proportions, while the two Asian species S. gracilistyla and S. integra showed each a different genetic partition. The NeighbourNet analysis confirmed these findings and placed S. caesia between the S. purpurea and S. repens (Figure 3C). These two species are sympatric with S. caesia (Skvortsov, 1999). HyDe detected 14% significant hybridization events for S. caesia based on the complete sequence data. In case of a comparatively young hybridization event we would expect γ-values between 0.4 and 0.6. The high observed average γ-value of 0.8 for the combinations of S. purpurea and S. repens supports the hypothesis of an older event or other processes like incomplete lineage sorting. In so far, the HyDe analysis corroborates results of our SNiPloid analysis that revealed a high proportion of homeo-SNPs (44.52%) derived from the two parental species, whereas proportions of SNPs from post-origin interspecific events were much lower (18.53% for cat 1+2). However, the observed amounts of interspecific SNPs (cat1, cat2) may also be the result of incomplete lineage sorting. Thus, the observed results support the hypothesis of an allotetraploid origin from S. purpurea and S. repens s.l., with rather few post-origin backcrossing events. Indeed, no extant hybrids of S. caesia with the putative parental species have been reported so far, and hybridization with other species is extremely rare (Hörandl et al., 2012). The considerable proportion of post-origin SNPs (Cat 3/4, 19.17%) specific for the polyploid S. caesia indicates an independent evolution of the lineage. Occupation of niches at higher elevations may have contributed to reproductive isolation of S. caesia from the two parental species that occur in lowlands (Hörandl et al., 2012).

The tetraploid species S. cinerea and S. laggeri belong to subclade IIa that contain all included species of section Vetrix sensu Skvortsov (1999). The members of this section are medium sized shrubs with hairy leaves occurring from lowland to montane regions. They grow often in sympatry with other species in mixed populations and hybridize frequently, also with species of other sections (Hörandl et al., 2012). A big, shared gene pool is visible in high proportions of “other”, unassigned SNPs in SNiPloid. High ongoing gene flow may explain that the clade-specific genetic structure analysis revealed no clear species-specific partitions within subclade IIa. However, both Salix laggeri and S. cinerea showed high proportions of species-specific SNPs (36.6% and 47.5%, respectively), indicating independent evolutionary lineages. The most likely parental combinations for their origin revealed in both cases around 5% of homeo-SNPs derived from hybrid origin, and also low proportions of post-origin hybridization with both parents, supporting allopolyploid origin. We cannot rule out that the true parental lineages were not included here – either due to extinction or to involvement of species that occur nowadays outside Europe (e.g., in adjacent Russia). A long evolutionary history with post-origin hybridization/ introgression events further affected the genomic composition of the hybrids. Interestingly, the two tetraploids differ strongly in the results of HyDe analyses: S. cinerea is responsible for 23% of significant hybridization events in the range of a more recent hybrid, while no significant hybrid event including S. laggeri was detected. Extant hybridization of S. cinerea with other co-occurring lowland species (S. aurita, S. caprea, S. eleagnos, S. myrsinifolia, S. repens, and a hybrid series with S. viminalis, Hörandl et al., 2012) may explain this result, while S. laggeri is a subalpine species that is reproductively better isolated from the other species and hybridizes only occasionally with the subalpine, sympatric S. appendiculata (Lautenschlager-Fleury and Lautenschlager-Fleury, 1986; Hörandl et al., 2012).

Our results on tetraploids confirmed an allopolyploid origin and a dynamic post-origin evolution of genomes, indicating speciation and evolution of independent lineages. Distribution ranges and ecological niches of the parental species, however, could have fluctuated from the origin of the clade onwards and may have caused various secondary contact hybridizations in different time periods of the Cenozoic (Hewitt, 2004; Hewitt, 2011). The relatively high age of the whole Chamaetia/Vetrix clade with a crown group age in the late Miocene, and the lack of a dated phylogeny makes it difficult to pinpoint hybridization events to certain geological time periods. According to extant hybridization patterns, isolation of the polyploid willows appears to be strongly influenced by the strength of habitat differentiation as discussed by Martini and Paiero (1988); Hörandl et al. (2012) and, Gramlich et al. (2016) for Central European species, and by Huang et al. (2015) on species from Taiwan. These findings support the notion that occupation of a separate niche is important for the establishment of a newly formed polyploid willow lineage.




Conclusions

Our data demonstrate that high-quality RAD sequencing data allow for the reconstruction of phylogenetic frameworks and give insights into origin and evolution of polyploid species. In willows, polyploidization appears to be predominantly connected to hybridization, i.e. to allopolyploid origin, as hypothesized by Skvortsov (1999). Our data suggest that polyploids harbor considerable proportions of lineage-specific SNPs and managed to establish stable, self-standing evolutionary lineages after allopolyploid origin.
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The subfamily Bromelioideae is one of the most diverse groups among the neotropical Bromeliaceae. Previously, key innovations have been identified which account for the extraordinary radiation and species richness of this subfamily, especially in the so-called core Bromelioideae. However, in order to extend our understanding of the evolutionary mechanisms, the genomic mechanisms (e.g. polyploidy, dysploidy) that potentially underlie this accelerated speciation also need to be tested. Here, using PI and DAPI staining and flow cytometry we estimated genome size and GC content of 231 plants covering 30 genera and 165 species and combined it with published data. The evolutionary and ecological significance of all three genomic characters was tested within a previously generated dated phylogenetic framework using ancestral state reconstructions, comparative phylogenetic methods, and multiple regressions with climatic variables. The absolute genome size (2C) of Bromelioideae varied between 0.59 and 4.11 pg, and the GC content ranged between 36.73 and 41.43%. The monoploid genome sizes (Cx) differed significantly between core and early diverging lineages. The occurrence of dysploidy and polyploidy was, with few exceptions, limited to the phylogenetically isolated early diverging tank-less lineages. For Cx and GC content Ornstein–Uhlenbeck models outperformed the Brownian motion models suggesting adaptive potential linked to the temperature conditions. 2C-values revealed different rates of evolution in core and early diverging lineages also related to climatic conditions. Our results suggest that polyploidy is not associated with higher net diversification and fast radiation in core bromelioids. On the other hand, although coupled with higher extinction rates, dysploidy, polyploidy, and resulting genomic reorganizations might have played a role in the survival of the early diverging bromelioids in hot and arid environments.
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Introduction

Bromelioideae is the second most species-rich Bromeliaceae subfamily comprising 986 species as well as the most diverse subfamily concerning the number of genera (Gouda et al., 2020). The members of this subfamily occupy terrestrial, lithophytic, and epiphytic habitats in subtropical and tropical biomes in the Neotropics (Smith and Downs, 1979). The taxonomy of the subfamily is challenging as the present concepts still recognize polyphyletic groups as genera, especially in the case of the largest genus Aechmea (Schulte et al., 2009; Silvestro et al., 2014; Aguirre-Santoro et al., 2016). Moreover, the lack of resolution in phylogenetic studies and recent diversification (crown age of the extant lineages: 10.9 Ma; Silvestro et al., 2014) still limits our understanding of inter- and infrageneric evolutionary relationships (e.g. Schulte et al., 2005; Horres et al., 2007; Evans et al., 2015).

Nonetheless, the subfamily can be divided into two major groups: several informal early diverging tank-less lineages and mostly tank-forming core bromelioids (Schulte et al., 2009; Silvestro et al., 2014). The tank-less lineages are terrestrial or lithophytic usually characterized by succulent leaves with considerable water storage tissue and CAM photosynthesis, except the earliest diverging Greigia, Ochagavia, Fascicularia, as well as several other species from the Cryptanthoid complex and the genus Fernseea, which are C3 (Horres and Zizka, 1995; Silvestro et al., 2014; Crayn et al., 2015; Leme et al., 2017). In the tank-forming lineages of the core Bromelioideae, one large and/or several small tanks are formed by the tightly clasping leaf sheaths, which can thus impound up to several liters of water in larger plants (e.g. Cogliatti-Carvalho et al., 2010). The externally stored water is absorbed by leaf scales (tank-absorbing trichomes; Benzing, 2000; Males, 2016). The water bodies (phytotelmata) are also microhabitats and water source for a considerable range of animals and microorganisms (e.g. Wheeler, 1942; Frank and Lounibos, 2009). Interestingly, very few species among the core Bromelioideae lack the tank or have a rudimentary one (e.g. Acanthostachys strobilacea, Araeococcus flagellifolius), and only a few have been reported to have C3 instead of CAM photosynthesis (especially from genera Nidularium and Ronnbergia; Crayn et al., 2015).

Tank‐less Bromelioideae of the early diverging lineages includes over 200 species, whereas the core group comprises over 600 species (Gouda et al., 2020) and these two groups revealed contrasting evolutionary histories. It has been shown that the presence of a tank in core bromeliads is coupled with increased net diversification and five times lower extinction rates when compared to early diverging tank‐less clades (Silvestro et al., 2014). Hence, tank habit is considered an important key innovation and of great importance for the diversification of the species-rich epiphytic core group in the Atlantic and Amazonian rainforests. On the other hand, the majority of tank‐less species are found in dry habitats of Brazilian Cerrado and Caatinga or in the Andes as terrestrial or lithophytic xerophytes, and the higher extinction rate could be attributed to the absence of external water storage (tank) as well as to the periods of higher aridification during the Pleistocene climatic oscillations (Simon et al., 2009; Silvestro et al., 2014).

Genome size varies enormously among land plants, and the variation range is approximately 2,400-fold, which demonstrates the importance of ploidy level changes, the abundance of transposable elements, repetitive DNA, and chromosomal rearrangements in the plant evolution (Pellicer et al., 2018). This variation is considered to be the result of a combination of ecological, physiological, and morphological selection processes at the molecular level as genome size can impose phenotypic constraints on plant development, phenology, and ecological performance (Knight et al., 2005). In particular, monocot genomic diversity includes striking variation at many levels. Although the ancestral genome size of all monocots was small (1C = 1.9 pg), there have been notable increases in the rates of genome size-evolution particularly in Poales, to which the family Bromeliaceae belongs (Leitch et al., 2010). An increase in genome size by means of polyploidy has been repeatedly suggested for higher adaptive potential, which could be attributed to e.g. the increased genetic variability of polyploids, masking of mutations, gene redundancy, heterosis (e.g. Comai, 2005; Finigan et al., 2012). Indirect evidence for adaptive ecological significance of polyploidy was recently shown in Fosterella (Bromeliaceae: Pitcairnioideae) (Paule et al., 2017) and can be possibly assumed also for Tillandsia subg. Diaphoranthema (Till, 1992). Moreover, the GC content was considered to have an adaptive role due to differences in the physical properties of GC and AT base pairs (Šmarda and Bureš, 2012) and/or due to mode of endoreplication (Trávníček et al., 2019). In monocots, it has been demonstrated that higher GC contents are favored in cold and dry climates (Šmarda et al., 2014).

Within the subfamily Bromelioideae the dominant chromosome number is 2n = 2x = 50, similar to the whole family (Gitaí et al., 2014). Deviating chromosome numbers (2n = 32/34/36) were observed only in the genus Cryptanthus and Hoplocryptanthus and were attributed to dysploidy (Ramírez-Morillo and Brown, 2001; Gitaí et al., 2014; Cruz et al., 2020). Genome size (2C-values, Greilhuber et al., 2005) is small within the subfamily, ranging from 0.61 to 2.19 pg (Gitaí et al., 2014; Müller et al., 2019), and for GC content rather a broad interval ranging between 33.95 and 44.00% was reported (Favoreto et al., 2012; Šmarda et al., 2014). Polyploidy was so far documented only in two species of core Bromelioideae (Aechmea eurycorymbus, Neoglaziovia variegata; Cotias-de-Oliveira et al., 2000; Gitaí et al., 2014), but in several genera of early diverging Bromelioideae (Ananas: Collins and Kerns, 1936; Brown et al., 1997; Bromelia: Cotias-de-Oliveira et al., 2000; Gitaí et al., 2014; Deinacanthon: Gitaí et al., 2005). Nevertheless, the data on the genomic characters are scarce as chromosome numbers are known for ca. 16%, genome size for 13%, and GC content for 1% of the species only.

By adding substantial new data, we aim here 1) to analyze the distribution and potential evolutionary consequences of genome size and GC content variation as well as of the occurrence of polyploidy in the subfamily Bromelioideae. More specifically, using previously published phylogenetic framework combined with multiple regression analyses of genomic and climatic variables and model tests of genomic character evolution, we would like to examine whether 2a) previously confirmed fast radiation in the core tank-forming Bromelioideae (Silvestro et al., 2014) could be coupled with polyploidy and genomic rearrangements (assessed by divergent GC content and monoploid genome size (Cx); Trávníček et al., 2019) or, alternatively 2b) if the higher extinction rate in early diverging tank-less Bromelioideae is associated with these processes.



Materials and Methods


Plant Material

Altogether, 230 individual plants were sampled, covering 158 out of 986 (16.1%) currently recognized Bromelioideae species, 30 out of 37 Bromelioideae genera, and an additional 5 Puya outgroup species. We provide for the first time genome size for 127 and GC content estimates for 152 Bromelioideae species. The sampling covered 101 (including one published record) out of 114 species of the Bromelioideae phylogeny by Silvestro et al. (2014) and aimed representatively to cover the whole subfamily including so far underrepresented genera such as Bromelia. The studied material included 1 to 6 accessions per species. Taxonomic assignments and nomenclature are based on the Encyclopaedia of Bromeliads v4 (Gouda et al., 2020), except for the Ananas group, for which we applied the taxonomy as used by Matuszak-Renger et al. (2018). A list of all studied samples, their geographic origin, collection history, and herbarium voucher information is provided in Supplementary Table 1.



Relative Genome Size, Absolute Genome Size, and GC Content Estimation

Relative genome sizes (RGS) were estimated by flow cytometric analyses of fresh leaves using a CyFlow space (Partec, Münster, Germany) fitted with a high power UV LED (365 nm). Leaf tissues of the analyzed sample and internal standard Glycine max cv. Polanka (2C = 2.50 pg) or Pisum sativum cv. Ctirad (2C = 9.09 pg) (Doležel et al., 1994; Doležel et al., 1998) were homogenized using a razor blade in a plastic Petri-dish containing 1 ml of ice-cold Otto I buffer (0.1 M citric acid, 0.5% Tween 20; Otto, 1990) to extract the nuclei. The suspension was filtered through Partec CellTrics® 30 µm to remove tissue debris and incubated for at least 5 min at room temperature. Isolated nuclei in filtered suspension were stained with 1 ml of Otto II buffer (0.4 M Na2HPO4 × 12H2O) containing the AT-specific fluorochrome 4′,6-diamidino-2-phenylindole (DAPI, 4 µg·ml−1) and β-mercaptoethanol (2 µg·ml−1). The relative fluorescence intensity was recorded for 3,000 particles (nuclei) with one to three replicates per accession. RGSs expressed as sample/standard ratios were calculated from the means of fluorescence histograms visualized using the FloMax v2.4d software (Partec, Münster, Germany). Only histograms with coefficients of variation (CVs) < 5% for the G0/G1 peak of the sample were considered. In the case of CVs exceeding this threshold, the measurement was discarded, and the sample was reanalyzed.

Absolute genome sizes (2C-values) were estimated using the identical protocol as for RGS except for the staining solution, which consisted of 1 ml of Otto II buffer and intercalating propidium iodide (PI) and RNase IIA (both at final concentrations of 50 μg·ml−1). Fluorescence was induced by 30 mW green solid-state laser (532 nm) and fluorescence intensities of 5,000–10,000 nuclei per measurement were recorded. Two to eight replicate measurements of each sample were carried out on different days. The between-day variation caused by random instrument drift and/or non-identical sample preparation was low, and the difference between the maximum and minimum values of replicates did not exceed a 4% threshold.

The 2C-values were calculated by multiplying the sample/standard ratios with a known genome size of the standard G. max. Pisum sativum was used as a standard in five cases (Supplementary Table 1), in which the sample signal overlapped with the signal of G. max. The 2C-values estimated using the internal standard P. sativum were adjusted to those using G. max by multiplying the values by the coefficient of 3.772 which was based on 12 repeats of ratios among the two standards. Monoploid genome sizes (Cx-values; Greilhuber et al., 2005) were calculated for the species for which the chromosome number or ploidy level was known by dividing the 2C-values with respective ploidy. The estimation of GC content was based on a comparison of nuclei fluorescence stained with the DNA intercalating propidium iodide (PI ratio) and AT-specific DAPI (RGS) using the protocols and the GC content calculation tool by Šmarda et al. (2008). The base content of standard G. max (0.636) was extracted from Barow and Meister (2002).



Literature Review

For the review of previously published chromosome numbers, genome size, and GC content estimates, taxa were critically assessed, and the nomenclature of Gouda et al. (2020) was followed. We retrieved 71 chromosome counts, which could be related to new or published genome size estimates, 54 chromosome counts for species present in the underlying phylogeny (Supplementary Table 2), and 43 genome size and 5 GC content estimates, which were included in further analyses (Supplementary Table 3).



Data Analyses

Statistical analyses were performed in R v4.0.2 (R Core Team, 2020). The relationship between chromosome counts and 2C-values was assessed by Pearson’s correlation coefficient as well as linear regression. The differences between all 2C-values, monoploid genome sizes, and GC content estimates of early diverging and core bromeliads were tested using the non-parametric Wilcoxon rank-sum test (due to departure from normality assessed by Shapiro–Wilk normality test). For the comparison of the monoploid genome sizes, Cryptanthus and Hoplocryptanthus were excluded due to diverging presumably dysploid genomes. If several accessions per species were measured, those with higher 2C-value for each ploidy level were analyzed further using comparative methods. If a new and published 2C estimate was available, a newly generated data point was taken.

Comparative analyses were performed in R using phytools v0.6-60 (Revell, 2012) and OUwie v2.3 (Beaulieu et al., 2012) and maximum clade credibility chronogram of Silvestro et al. (2014) for all three genomic characters (2C, Cx, GC content). The phylogenetic signal was calculated as Pagel’s λ (Pagel, 1999) with a test of departure from λ = 0 by a likelihood-ratio test using function phylosig in phytools. To determine whether rates of genomic characters’ evolution differ among the early diverging and core clades, the fit of two Brownian motion (BM) and five Ornstein–Uhlenbeck (OU) models was compared using OUwie. Both BM and OU models estimate the rate of stochastic motion (σ2). OU process allows the trait to fluctuate around an optimum value (θ) in parameter space with a strength of attraction (α) towards that optimum, while BM allows the trait to move equally to any parameter space. Models BM1 and BMS assign single and multiple rates (σ2) of random drift. OU1 and OUM model single and multiple optima (θ) for different clades with a single α and σ2. The remaining models assume either multiple σ2 (OUMV), multiple α (OUMA), or both (OUMVA) among clades. When fitting models using OUwie, the starting value θ0 was dropped from the model and assumed to be distributed according to the stationary distribution of the OU process (default setting). The performance of each model was assessed by 1) confirming that the eigenvalues of the Hessian matrix were positive (Beaulieu et al., 2012) and 2) checking that the estimated optima (θ) of traits were not outside a plausible range. Only models passing these criteria were retained. The best-fitting model was selected using AIC weights based on the sample size‐corrected Akaike information criterion (AICc) using the function aic.w in phytools.

To assess the environmental correlates of the genomic characters, 19 climatic variables were extracted from the WorldClim v1.4 database (Hijmans et al., 2005) downloaded at the 30 seconds resolution for all Bromelioideae species based on the recently published species distribution ranges (Zizka et al., 2020). The shape of the refined distributional polygons was used as a ‘zonal feature’ to extract values of each Bioclim variable for all species using ArcGIS v10.0. Then, the mean of each climatic variable was calculated for every species. These mean values were used to explore climatic preferences of core and early diverging lineages by principal component analysis (PCA) implemented in function dudi.pca from the R package ade4 v1.4-14 (Chessel et al., 2004). For variable pairs with absolute correlation coefficients higher than 0.75 (Supplementary Table 4) only one, biologically more significant variable, was kept in order to not overemphasize the contribution of a particular climatic factor. Statistical differences between climatic niches of both groups were tested using the Wilcoxon rank-sum test of principal components. Relationships between genomic characters and climatic variables were further evaluated by multiple phylogenetic generalized least-squares (PGLS) (Grafen, 1989) based on a reduced genomic dataset (89 taxa) selected to match the phylogenetic tree and available distribution data. The PGLS analyses were carried out using the R package caper v1.0.1 (Orme et al., 2018) with the λ value estimated by maximum likelihood. Due to possible violation of PGLS assumptions, relationships between 2C and climatic variables were further evaluated by multiple linear regressions based on the whole genomic dataset matching the extracted distributions ranges (172 taxa).

Ancestral chromosome number reconstruction was carried out to assess the temporal dimension of polyploidization events. Estimates of ancestral chromosome numbers were inferred using maximum likelihood (ML) under the Markov k-state 1 (Mk1) parameter model, using the software Mesquite v2.74 (Maddison and Maddison, 2010). Mk1 implements a single parameter for the rate of change among any character state (Lewis, 2001). Different chromosome numbers were coded as categorical characters and proportional likelihood (PL) values were used to determine which ancestral state was the most likely. The ancestral states of monoploid genome size (Cx) and GC content were reconstructed using the maximum likelihood estimation (function fastAnc) and visualized on the phylogenetic tree using the function contMap in phytools.




Results


Genomic Characters

The genomes of the analyzed Bromelioideae species (Supplementary Table 1) were relatively small, ranging from 0.59 pg (Orthophytum disjunctum var. viridiflorum) to 4.11 pg (Deinacanthon urbanianum) for 2C and 0.27 pg (Orthophytum compactum) to 0.78 pg (Greigia sphacelata) for Cx-values. The genomes of five Puya species varied from 2C = 1 pg in Puya densiflora to 2C = 1.30 pg in Puya ferruginea. The differences between new and previously published 2C-values or among several accessions per species were low and did not exceed 5%, except cases in which the determination was provisional (“cf.”) or the differences could be attributed to polyploidy. The GC content ranged from 36.73 (Deinacanthon urbanianum) to 41.43% (Aechmea filicaulis), which represents a smaller range than previously reported by Favoreto et al. (2012). Hence, the published outlier GC content values were excluded from further analyses.



Polyploidy and Dysploidy

To explore if genome size can be used as a proxy for ploidy level in Bromelioideae, published chromosome numbers were combined with available 2C-value data (Figure 1). After the exclusion of Cryptanthus and Hoplocryptanthus due to deviating chromosome numbers and presumed dysploid genomes, the correlation analysis showed a strong positive linear relationship and presented a robust linear model (Pearson’s r = 0.85, df = 61, CI95% = 0.77, 0.91). Accordingly, when omitting the outliers for 2n = 50 (Greigia sphacelata, 2C = 1.56 pg; Aechmea filicaulis, 2C = 1.95 pg), we can assume diploidy for the majority of bromelioids with 2C < 1.37 pg (Supplementary Figure 1), although Orthophytum certainly represents a critical group with possible tetraploid 2Cs close to this threshold. In the case of polyploidy, a specific ploidy level was attributed based on the multiplication factor within a particular evolutionary lineage as shown e.g. for genus Bromelia, Neoglaziovia variegata or Pseudananas sagenarius, for which chromosome numbers are known (Figure 1, Supplementary Table 1). We identified several cases of infrageneric and intraspecific ploidy variation in the early diverging lineages such as Ananas, Bromelia, Deinacanthon, and Pseudananas, while diploids with only two exceptions (Aechmea eurycorymbus, Neoglaziovia variegata) were found in the core group (Figure 1, Supplementary Table 1). In three cases ploidy assignment was questionable (Aechmea filicaulis, Aechmea guainumbiorum, Ronnbergia deleonii (Supplementary Table 1) due to higher but not yet a multitude value of 2C within a presumably diploid lineage.




Figure 1 | Phylogenetic tree of the subfamily Bromelioideae with the posterior probabilities estimated by BEAST above branches (adapted from Silvestro et al., 2014). Genome size (2C-value) is shown to the right of the tree as a black bar. The presence of a gray bar indicates intraspecific variation in genome size (i.e. ploidy variation).



As mentioned above, dysploid chromosome numbers (2n = 32/34/36) were previously found in the genera Cryptanthus and Hoplocryptanthus of the early diverging group (Gitaí et al., 2014; Cruz et al., 2020). The genome size within the genus Cryptanthus is in our dataset relatively conserved (2C = 1.36 ± 0.09 pg) and we assume that also for the Cryptanthus and Hoplocryptanthus species without chromosome counts dysploid chromosome numbers can be expected based on previous chromosome count calibrations (Gitaí et al., 2014; Cruz et al., 2020).



Ancestral Chromosome Number

Using 2C-values as a proxy for ploidy level (see above) together with previously published chromosome numbers a reconstruction of ancestral chromosome numbers was carried for internal nodes of the Bromelioideae phylogenetic tree (Figure 2). The ancestral chromosome number inferred for the subfamily was 2n = 50 with a PL value of 0.99. For all but nine nodes a diploid ancestral chromosome number of 2n = 50 was inferred (PL = 0.99–1.00) as well. Nodes with a PL of a dysploid/polyploid ancestor were present in several lineages from the early diverging clades, namely Bromelia, Cryptanthus, Sincoraea (Figure 2).




Figure 2 | Ancestral chromosome number reconstructions of the subfamily Bromelioideae (adapted from Silvestro et al., 2014). Chromosome numbers of each accession (tips) and reconstructed proportional likelihood at each node are indicated by colored circles. “X”, missing data. The scale bar (Mya) below the tree represents time as reconstructed by Silvestro et al., 2014 and the values above branches are the posterior probabilities estimated by BEAST.





Genome Size Evolution

For the 2C-values of early diverging and core bromelioids insignificant differences were recovered (W = 7551.5, p = 0.4075), although the variance in the early diverging lineages was 6.5 times higher than in the core group (0.399 vs 0.061, Figure 3A). For the Cx-values (W = 3209, p < 0.001) (Figure 3B) as well as GC content (W = 4462, p < 0.001) (Figure 3C) significant differences were recovered between early diverging and core bromelioids. The phylogeny explains the distribution of 2C-values (λ = 0.842, p < 0.001), Cx-values (λ = 0.974, p < 0.001) as well as GC content (λ = 0.762, p < 0.01) (Table 1). When fitting multi-regime models of trait evolution, different models were suggested for studied three genomic characters. For 2C-values BMS model was best-fitting revealing 12 times higher stochastic motion around optimum in the early diverging lineages. For Cx-values OUMV model revealed diverging optima in both groups as well as three times higher stochastic motion in the early diverging lineages. For the GC content, the phylogenetic signal was confirmed by fitting the OU1 model (AICc weight = 0.61) suggesting adaptive potential towards a common optimum of both groups. However, AICc weights favored also OUM with a conditional probability of 0.29, but the difference in estimated optima was rather small (core 39.27 vs early diverging 39.11), which is in line with the OU1 as the best-fitting model (Table 1). The performance of fitted models that passed the criteria mentioned above is summarized in Supplementary Table 5. The Bromelioideae ancestral monoploid genome size was 0.56 pg, and the ancestral GC content was 39.48% (Supplementary Figures 2 and 3).




Figure 3 | Stripchart comparisons of the (A) genome size estimates (2C), (B) monoploid genome size (Cx), (C) GC content between early diverging and core Bromelioideae. Asterisks indicate statistical significance based on the non-parametric Wilcoxon rank-sum test (***p ≤ 0.001), black bars indicate mean values of a particular variable and ploidy.




Table 1 | Parameters estimated using best-fitted models of trait evolution for 2C, Cx, and GC content.





Climatic Niches and Regression Analyses

Climatic niches of early diverging and core lineages were compared by PCA (Supplementary Figure 4). Together, the first two axes (PC1, PC2) explained 61.90% of the total variance. PC1 (37.50% of the variance) corresponds to a gradient in temperature seasonality (bio4), the minimum temperature of the coldest month (bio6) and the precipitation of the driest month (bio14). Loadings of variables for PC2 (24.40% of the variance) correspond to variation in precipitation of the warmest quarter (bio18), the maximal temperature of the warmest month (bio5), and precipitation of the wettest month (bio13). A shift of 95% inertia ellipses of early diverging and core lineages recovered by the PCA suggested climatic differentiation (Supplementary Figure 4A), which was confirmed by significant differences for both PC1 (W = 81203, p < 0.001) and PC2 (W = 58594, p < 0.001). Hence, the species from early diverging lineages tend to occupy drier and colder habitats with higher temperature seasonality than species from core lineages.

Only temperature related variables were significantly associated with the genomic characters when considering multiple PGLS regressions. All temperature related variables (bio2, bio4, bio5, bio6) were significantly associated with Cx, and the model explained 20.26% of the variation (p < 0.05), similarly as for GC content (except bio4; multiple R2 = 0.2737, p < 0.001). No climatic variables were significantly associated with 2C-values using PGLS (Supplementary Table 6); however, non-phylogenetic multiple regression revealed a significant model (p = 0.004) explaining 11.65% of the variation.




Discussion

Our study revealed strong contrasts between the genomes of core and early diverging lineages. This was supported by pairwise comparisons, by the strong phylogenetic signal as well as best-fitting models of evolution for all three studied genomic characters. A strong phylogenetic signal for 2C in Bromelioideae was also previously observed by Müller et al. (2019).

In the core group the vast majority of the studied species was considered diploid (2n = 2x = 50). The incidence of polyploidy was low, with only two polyploid species and three cases of ambiguous ploidy level among all studied species and published records. 2C-values showed smaller variance when compared to the early diverging lineages suggesting that the genomes of the core group are much more conserved. Thus, we conclude that polyploidy did not play a role in the fast radiation and increased diversification of the core group identified previously (Silvestro et al., 2014). Additionally, diploidy and genomic uniformity may play a role in gene flow among core lineages. It has been shown that interspecific, as well as intergeneric experimental hybridization within core Bromelioideae, is possible (e.g. Zhang et al., 2012; Souza et al., 2017), and rare natural hybridization events (Furtado et al., 2003; Wendt et al., 2008; Matallana et al., 2016) are important drivers of evolution in the group (Goetze et al., 2016). Hence, uniform genomes in terms of genome size and chromosome number could be considered favorable for gene flow as chromosomal and genomic uniformity usually facilitates chromosome pairing and recombination (e.g. Rieseberg, 2001).

On the contrary, in the early diverging group 12 dysploid and 21 polyploid individuals (out of 116 samples) and several cases of intraspecific ploidy variation (e.g. Bromelia laciniosa, Deinacanthon urbanianum, Pseudananas sagenarius) were observed. The genomes from the early diverging clades showed higher Cx as well as 2C variation when compared to the core group. Polyploidy evolved at least eight times independently, between the recent past and 1.67 Ma (95% HPD 0.44–3.52), whereas for dysploidy an origin at 2.53 Ma (95% HPD 1.27–4.22) was inferred (Figure 2; Silvestro et al., 2014). A second dysploidy event can be assumed for the genus Hoplocryptanthus. Interestingly, for some Cryptanthus and Hoplocryptanthus species (Ramírez-Morillo and Brown, 2001; Cruz et al., 2020) also “half-sized” genomes (e.g. 2C = 0.75-0.90 pg vs 2C = 1.28–1.66 pg) related to 2n = 34 were reported (Supplementary Table 2, Supplementary Table 3). This implies that within dysploid lineages further diverging chromosomal speciation processes and large genome rearrangements may be assumed.

It is striking that the taxa from the clade with more variable genomes are distributed mainly in hot and dry habitats of Brazilian Cerrado and Caatinga as terrestrial or lithophytic xerophytes (Supplementary Figure 4). Concerning the Cx-values, the OUMV model assuming different stochastic motion around different optima was suggested as the best-fitting (Supplementary Table 5), although both groups experienced a genomic contraction compared to the ancestrally reconstructed estimate (Supplementary Figure 2). The selection of OUMV supported significant differences in Cx between core and early diverging lineages, differential evolution of Cx in both groups as well as adaptive scenario driven by temperature as revealed by significant associations with temperature related climatic variables using PGLS (Figure 3, Table 1). Gain or loss of single chromosomes as well as deletion or proliferation of DNA are considered the main sources of Cx variation. So far there is no evidence for widespread aneuploidy in Bromelioideae, and we excluded dysploid lineages from the analysis. Hence, deletion or proliferation of DNA may be considered the sole source of recovered Cx variation most probably caused by an altered abundance of transposable elements and repetitive DNA. Higher stress-induced retrotransposon activity as a response to increased drought has been identified previously on a microscale in Hordeum (Kalendar et al., 2000) and retrotransposons in Crucihimalaya himalaica, which likely contributed to the adaptation to high altitude, proliferated shortly after the uplift and climatic change of the Himalayas from the Late Pliocene to Pleistocene (Zhang et al., 2019). In the early diverging lineages three times higher rate around the optimum Cx (σ2) was revealed (Table 1), and we, therefore, assume differential and/or elevated activity of transposable elements either as a response to current or historical climate conditions.

Regarding GC content, our data revealed small but significant differences in the GC content of both groups, with slightly higher mean GC content in the core group. Interestingly, both groups reach similar maxima, and the phylogenetic signal was weaker when compared with 2C and Cx, indicating a weaker link with the separation by the group. The common evolution of GC in both groups was also confirmed by the best fit of the OU1 model with a single evolutionary optimum and adaptive consequences. Similarly, as for Cx, PGLS regression revealed significant associations of GC content with temperature related climatic variables, predicting higher GC for higher mean diurnal range (bio2) as well as temperature seasonality (bio4). Higher GC content was in monocots associated with increased tolerance and ability to grow in regions of extremely cold winters or experiencing at least some seasonal water deficiency (Šmarda et al., 2014). Although our dataset does not represent sharp seasonal climatic variation and the interval of the GC content estimates is relatively small, our results would be in line with the general pattern observed in monocots explained by the higher thermal stability of GC base pairs (Vinogradov, 2003; Šmarda and Bureš, 2012).

We could not relate the variability of Cx and GC content with any studied precipitation related variables and confirm previously suggested water deficiency as a potential evolutionary driver of genomic characters. In terrestrial tank bromelioids such as Aechmea bromeliifolia, A. nudicaulis, or Neoregelia cruenta the water could be stored even over longer dry periods (Lopez and Rios, 2001). Accordingly, relationships with precipitation variables could suffer from a certain bias as low precipitation does not necessarily point towards drought stress due to the water storage capacity in the tank, which buffers against temperature-limited soil water availability (Benzing, 2000).

As revealed by the best-fitting BMS model, early diverging lineages revealed 12 times higher rate of stochastic motion around optimum 2C than the core lineages, which supports differential 2C evolution of both groups. Previously, the best fit to a single-optimum OU model was suggested for Bromelioideae (Müller et al., 2019). However, only single regime models have been considered in that study, and it has been shown that the OU model can be incorrectly favored over simpler models (Cooper et al., 2015). Interestingly, no significant associations of 2C with the climatic data were recovered, which suggests that the current climate is not a good predictor for 2C. Due to polyploidy, 2Cs of closely related species are not necessarily more similar, which might disturb some of the PGLS assumptions. Using a non-phylogenetic multiple regression (Supplementary Table 6), we recovered a significant multiple regression model (p < 0.01) with 11.65% explained variation. Accordingly, together with the prevalence of polyploids in early diverging group and 12 times higher rate of evolution, we assume that polyploidy in early diverging Bromelioideae plays a role in surviving in hot and dry climatic conditions as often assumed also in other plant groups (e.g. Manzaneda et al., 2012; Pyšek et al., 2018). However, to further test the associations with current climate a more comprehensive phylogenetic framework and/or additional distribution data would be advantageous as several polyploid 2C-values were missing in the analyses.

The relationship between polyploidy and harsher habitats has been hypothesized in many plant groups (Finigan et al., 2012; Manzaneda et al., 2012; Pyšek et al., 2018) and can be explained by increased heterozygosity, higher levels of diversity (i.e. higher number of alleles), and tolerance against increased levels of selfing or robustness of genomes against mutations (Comai, 2005). Here we additionally assessed Cx and GC content, which revealed patterns compatible with those hypothesized for polyploids. Interestingly, an analogical pattern as revealed for the whole subfamily was already observed within the early diverging genus Orthophytum. The polyploid Orthophytum species are closely associated with xeric microhabitats and possess xeromorphic traits (e.g. coriaceous, densely lepidote leaves) while the majority of diploid taxa were found in more mesic to wet microhabitats (Louzada et al., 2010). Orthophytum seems particularly interesting as it represents the strongest genomic contraction from the ancestral monoploid genome size 0.56 pg (Supplementary Figure 1), showing the smallest monoploid genomes in the subfamily (Supplementary Table 1) as well as polyploidy. Associations between genome size and different habitat preferences were also hypothesized for dysploid Cryptanthoid complex, relating bigger genomes of the genus Cryptanthus to moist Atlantic rainforest and smaller genomes of Hoplocryptanthus to dry campos rupestres (Cruz et al., 2020). Moreover, cytotypes in the genus Fosterella (Bromeliaceae: Pitcairnioideae) were found to be ecologically differentiated, showing that polyploids preferentially occupy colder habitats with high temperature seasonality (Paule et al., 2017) and members of polyploid Tillandsia subgen. Diaphoranthema (Tillandsioideae) were considered for high stress tolerance as they are found in more isolated and climatically extreme areas than any other Tillandsia species (Till, 1992).

The Quaternary climatic oscillations are considered key events in biodiversity diversification. Particularly in South America, the climatic oscillations led to a series of contractions and expansions of forest and non-forest vegetation as well as periods of aridification resulting in nowadays Cerrado and Caatinga (e.g. Simon et al., 2009; Werneck et al., 2012). Due to the estimated origin of the dysploidy in Cryptanthus at app. 2.53 Ma as well as of the earliest polyploidization events in Bromelia at app. 1.18 Ma most of the identified genomic alterations in the early diverging lineages could be associated with the Pleistocene climatic changes. Accordingly, the following processes or their combination can be assumed in the Quaternary history of Bromelioideae: 1) Climatic changes may have promoted repeated secondary contacts among otherwise geographically isolated Bromelioideae lineages resulting in hybridization and allopolyploidy. The combination of different genomes in these lineages might have further added towards an adaptive potential (Barker et al., 2016) and supported the survival of the early diverging bromelioids in the arid environments. A similar scenario can be assumed for other polyploid taxa from Cerrado such as Mimosa (Fabaceae; Morales et al., 2018) and Eriotheca (Malvaceae; Mendes-Rodrigues et al., 2019). However, the abundance of polyploidy and climatic preferences of polyploids in Cerrado and Caatinga remain to be tested across several taxa. 2) Climatic oscillations and/or other environmental factors could have triggered the formation of unreduced gametes as previously shown in e.g. Solanum (McHale, 1983). 3) Allopatric and parapatric speciation was triggered by dysploidy and polyploidy leading to reproductive isolation and the origin of polyploid and dysploid taxa such as e.g. Deinacanthon urbanianum or genus Cryptanthus, respectively. 4) Finally, it has been demonstrated that polyploids and plants with larger genomes are selectively disadvantaged under limited availability of environmental nitrogen and phosphorus (Šmarda et al., 2013; Guignard et al., 2016). Limited availability of both nutrients was exemplified in tank-forming epiphyte Werauhia sanguinolenta (Tillandsioideae) (Wanek and Zotz, 2011). Hence, nutrient shortage in almost exclusively tank-forming core Bromelioideae could be considered another factor contributing towards dominant diploidy in this group.



Conclusion

The genomes in the core Bromelioideae were revealed to be strikingly uniform concerning both ploidy as well as monoploid genome size. Hence, polyploidy and genomic reorganizations are not associated with higher net diversification and speciation in core bromelioids. On the contrary, the early diverging lineages revealed a higher incidence of polyploidy, presumed dysploidy as well as higher variation in the monoploid genome size. For Cx and GC content Ornstein–Uhlenbeck models outperformed the Brownian motion models suggesting adaptive potential linked to the temperature conditions. 2C-values revealed different rates of evolution in core and early diverging lineages also related to climatic conditions. The origins of polyploidy in the subfamily could be followed back to the Pleistocene and could be most probably attributed to the dynamic climatic conditions in the areas of today’s Cerrado and Caatinga. Accordingly, although coupled with higher extinction rates, polyploidy and genomic reorganizations might have played a role in the survival of the early diverging bromelioids in the arid environments.
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The repetitive content of the plant genome (repeatome) often represents its largest fraction and is frequently correlated with its size. Transposable elements (TEs), the main component of the repeatome, are an important driver in the genome diversification due to their fast-evolving nature. Hybridization and polyploidization events are hypothesized to induce massive bursts of TEs resulting, among other effects, in an increase of copy number and genome size. Little is known about the repeatome dynamics following hybridization and polyploidization in plants that reproduce by apomixis (asexual reproduction via seeds). To address this, we analyzed the repeatomes of two diploid parental species, Hieracium intybaceum and H. prenanthoides (sexual), their diploid F1 synthetic and their natural triploid hybrids (H. pallidiflorum and H. picroides, apomictic). Using low-coverage next-generation sequencing (NGS) and a graph-based clustering approach, we detected high overall similarity across all major repeatome categories between the parental species, despite their large phylogenetic distance. Medium and highly abundant repetitive elements comprise ∼70% of Hieracium genomes; most prevalent were Ty3/Gypsy chromovirus Tekay and Ty1/Copia Maximus-SIRE elements. No TE bursts were detected, neither in synthetic nor in natural hybrids, as TE abundance generally followed theoretical expectations based on parental genome dosage. Slight over- and under-representation of TE cluster abundances reflected individual differences in genome size. However, in comparative analyses, apomicts displayed an overabundance of pararetrovirus clusters not observed in synthetic hybrids. Substantial deviations were detected in rDNAs and satellite repeats, but these patterns were sample specific. rDNA and satellite repeats (three of them were newly developed as cytogenetic markers) were localized on chromosomes by fluorescence in situ hybridization (FISH). In a few cases, low-abundant repeats (5S rDNA and certain satellites) showed some discrepancy between NGS data and FISH results, which is due partly to the bias of low-coverage sequencing and partly to low amounts of the satellite repeats or their sequence divergence. Overall, satellite DNA (including rDNA) was markedly affected by hybridization, but independent of the ploidy or reproductive mode of the progeny, whereas bursts of TEs did not play an important role in the evolutionary history of Hieracium.
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INTRODUCTION

Repetitive elements, collectively known as the ‘repeatome’ (Maumus and Quesneville, 2014), comprise DNA fragments that are present in multiple copies throughout the genome. Due to their fast-evolving nature and tendency toward accumulation, they represent one of the most important factors contributing to the remarkable variation of genome size in plants (Bennetzen et al., 2005). Based on their genome organization, repetitive elements fall into two main categories: tandem repeats and transposable elements (TEs).

Tandem repeats are composed of multiple copies of the same DNA sequence (monomers) arrayed in a head-to-tail fashion. They are usually classified based on the length of the monomer into microsatellite (up to 10 bp), minisatellite (10–60 bp), and satellite repeats (from tens of base pairs up to several kilobases (Stupar et al., 2002; Ávila Robledillo et al., 2018). Their amount, chromosomal distribution, and homology may be genus-, species-, genome- or chromosome-specific, which consequently make them useful markers for inheritance studies of interspecific hybrids (Hemleben et al., 2007).

TEs are DNA sequences that can copy and insert themselves to different locations within a genome. TEs can be classified according to their mode of transposition: Class I (retrotransposons) that replicate and transpose via an RNA intermediate, and Class II (DNA transposons) that directly excise themselves and insert into a new location without any intermediate. Each class is divided into further subcategories based on the presence and structure of protein domains and different non-coding sequences (Wicker et al., 2007). In plants, TE content is highly variable, e.g., from 10% in Arabidopsis thaliana, to over 85% in the maize genome (Dubin et al., 2018).

TEs play many important roles such as shaping the genome architecture (reviewed in Galindo-González et al., 2017). Furthermore, TEs can alter gene expression if inserted into genes or promoter regions. TEs are controlled by various silencing mechanisms (Okamoto and Hirochika, 2001), therefore factors decreasing silencing efficacy can trigger TE activity.

McClintock (1984) hypothesized that hybridization in plants may represent a ‘genomic shock’ inducing bursts of TEs, which may lead to massive genome reorganization in newly formed hybrids. Similar effects of TE activation and transposition have been suggested for polyploidization (Comai, 2000). In line with this hypothesis, several investigations into the effects of hybridization and polyploidization on TEs (mostly in synthetic or recent natural hybrids and allopolyploids) showed that some TEs responded with increased transcriptional activity (e.g., Kashkush et al., 2002; Madlung et al., 2005), methylation changes (Xu et al., 2009; Kraitshtein et al., 2010; Yaakov and Kashkush, 2010), and induction of changes in genome structure (Madlung et al., 2005). However, only few studies have detected bursts of TEs that resulted in an increase of copy number (Petit et al., 2010; Ben-David et al., 2013; An et al., 2014; Hake et al., 2018) and transposon mobility (Shan et al., 2005) in response to hybridization and polyploidization events, whereas a number of studies showed no or only limited TE transposition (e.g., Madlung et al., 2005; Beaulieu et al., 2009; Parisod et al., 2009; Mestiri et al., 2010; Sarilar et al., 2013; see also reviews of Parisod and Senerchia, 2012 and Vicient and Casacuberta, 2017). Some studies reported the increased amplification of certain TEs in natural hybridogenous and polyploid species compared to their diploid ancestors (e.g., Sarilar et al., 2011; Piednoël et al., 2015). Thus, TE response to hybridization and polyploidization differs between genomes and types of TEs, indicating that TE bursts are not a general consequence of these processes (Shan et al., 2005; Parisod and Senerchia, 2012; Belyayev, 2014; Vicient and Casacuberta, 2017). Also, the influence of other factors that trigger TE activity such as environmental stress (Casacuberta and González, 2013) in the study of old hybrids and polyploids cannot be excluded.

The mode of reproduction may constitute one of the major factors affecting plant genome size and TE content. Theoretical predictions about the direction of TE content change (and consequently the increase or decrease of genome size) in selfers and asexuals in comparison to their sexual relatives, remain unclear (Glémin and Galtier, 2012). In the simplest scenario, sexual reproduction represents the most favorable means for TEs to spread horizontally to all lineages within the population (Hickey, 1982). Despite being considered as selfish elements that have mostly adverse effects on the host’s fitness, TEs can develop maximum transposition rates in sexual populations (Charlesworth and Langley, 1986). Conversely, in asexual populations, the propagation of TEs is limited to vertical (within-lineage) transmission. As asexuals are usually derived from sexual progenitors, they inherit their parental TE load, including active elements. In order to survive the detrimental proliferation of TEs, asexuals should purge and inactivate their TE load by means of self-regulatory mechanisms. Ultimately, over longer evolutionary time, those asexual lineages with a more efficiently inactivated TE load would be selected over lineages with higher TE proliferation rates. In this case, it is expected that asexuals would have smaller TE contents and genome sizes than sexuals (Dolgin and Charlesworth, 2006; Ågren et al., 2015). On the other hand, as the purging can take a very long time, in small asexual populations, due to genetic drift, a Muller’s ratchet-like process will drive the accumulation of TEs (Dolgin and Charlesworth, 2006; Glémin and Galtier, 2012). Under this scenario, it is expected that asexuals would have a higher TE content and genome size than their sexual relatives. Furthermore, asexually reproducing plants often emerge through the process of hybridization of (predominantly) sexual species, which is almost always followed by polyploidization. These events may be accompanied by massive genome re-patterning, including bursts of TEs, which additionally complicates the study of the influence of the reproductive mode on repeatome dynamics in asexual plants. It is therefore of invaluable interest to disentangle the consequences of hybridization and/or polyploidization from the consequences of the transition to the asexual mode of reproduction.

The theoretical predictions are mostly based on computer simulations, and empirical studies of repeatomes in asexually reproducing plants are scarce (e.g., Docking et al., 2006; Ågren et al., 2015; Ferreira de Carvalho et al., 2016). Until recently, technologies suitable for studying TEs in plants were not available and repeatome studies were mostly focused on a small number of model plant species. The advent of next-generation sequencing (NGS) and bioinformatics tools such as the graph-based clustering approach (Novák et al., 2010, 2013) have enabled the comprehensive characterization of repeatomes of non-model plant species at low cost and without a need for an assembled genome.

The genus Hieracium L. (Asteraceae) represents a model system for the study of apomixis, which is asexual reproduction via seeds. Concerted events of hybridization, polyploidization, and shifts to apomixis have played a major role in Hieracium evolution (Fehrer et al., 2009). This genus consists of ca. 25 sexual diploids (x = 9) and 500–5000 (Majeský et al., 2017) polyploid taxa (mostly triploid, 2n = 3x = 27, and tetraploid, 2n = 4x = 36); the latter reproduce almost exclusively apomictically (Mráz and Zdvořák, 2019). Diploid species are well differentiated morphologically, and together with several apomictic polyploid taxa they form so-called ‘basic’ species (altogether ca. 45 species) and are considered as main units of species evolution in the genus Hieracium (Chrtek et al., 2009). The rest of polyploid taxa are considered ‘intermediate’ species as they share morphological characters of two or more basic species and are supposed to be of hybridogenous origin. The division on ‘basic’ and ‘intermediate’ species is still largely based on morphology.

In a recent study, Chrtek et al. (2020) used complementary phylogenetic and cytogenetic approaches to study one such system consisting of two parental ‘basic’ species, H. intybaceum (Int) and H. prenanthoides (Pre), and two ‘intermediate’ triploid species, H. pallidiflorum (Pal) and H. picroides (Pic). The authors demonstrated that the two ‘intermediates’ indeed originated through hybridization of the parental pair as suggested by their morphology. The genome dosage of H. pallidiflorum (morphologically closer to H. intybaceum) is 2 Int : 1 Pre, and that of H. picroides (morphologically closer to H. prenanthoides) is 1 Int : 2 Pre. The two apomictic lineages have each originated independently multiple times (polytopic speciation). In addition to these natural polyploid hybrids, experimental crosses between the parental species successfully produced synthetic F1 diploid sexual hybrids (genome dosage 1 Int : 1 Pre) with intermediate morphology. Therefore, this system–consisting of the diploid parental species, old apomictic allopolyploids, and synthetic F1 sexual diploid hybrids–provides an excellent model to investigate and compare the short- and long-term consequences of hybridization and polyploidization events, followed by the shift to apomixis.

Chrtek et al. (2020) carried out basic repeatome comparisons of the parental species H. intybaceum and H. prenanthoides, and genomic in situ hybridization (GISH) on their hybrids. The analyses revealed a surprising repeatome similarity of the parental species, that is not reflected by their large phylogenetic divergence based on several molecular markers (Fehrer et al., 2007, 2009; Krak et al., 2013). The same study showed small, but stable differences in genome size between the parental species. Genomes of allopolyploid H. pallidiflorum samples were slightly larger than the sum of the two parental genomes (theoretical expectation) while the genomes of allopolyploid H. picroides samples showed more diversity, with both higher or lower sizes compared to the theoretical expectation.

In the present contribution, we perform a detailed repeatome analysis of the plant model system introduced by Chrtek et al. (2020), using the graph-based clustering approach (Novák et al., 2010, 2013). We aim to: 1) characterize the repeatomes of the parental Hieracium species and their natural apomictic and synthetic F1 hybrids, 2) compare diploid synthetic hybrids and allopolyploid apomicts to their parental species to detect changes in the repeatome following hybridization and polyploidization events, and 3) compare the repeatomes of synthetic hybrids and allopolyploid apomicts in order to discover repeatome patterns or compositions that would be apomict-specific. As we discovered a significant deviation in the amount of rDNA and satellite repeats in apomicts and synthetic hybrids, we localized these loci on the chromosomes by fluorescence in situ hybridization (FISH).



MATERIALS AND METHODS


Plant Material, Sampling, and Genome Size Estimation

In total, eleven accessions have been included in this study. We sampled two individuals for each of the diploid parental species (H. intybaceum [Int], H. prenanthoides [Pre]) and their natural triploid hybrids (H. pallidiflorum [Pal], H. picroides [Pic]) and three for the synthetic F1 diploid sexual hybrids (Hyb). Samples of the triploids were chosen from a larger set of polytopic populations, based on their intraspecific differences in genome size and maternal origins (Pic) or different geographic origins (Pal). Pic was represented with two accessions that showed the highest (accession no.: H1613, ID: PicF) and the lowest genome size (accession no.: H1615, ID: PicB). Their genome sizes were slightly outside of the range of genome sizes that would be theoretically expected based on summation of the genome sizes of parental species. Samples of Pal (accession no.: H1609 [ID: PalA] and accession no.:H1614 [ID: PalF]) had slightly higher genome size than theoretically expected (data from Chrtek et al., 2020). Synthetic hybrids (accession no.: 17038_2, 17038_3 and 17038_4 [IDs: Hyb2, Hyb3 and Hyb4]) were obtained from the same homoploid cross between two of the parental accessions included in this study (accession no.: int_1531/8 [IntA] and pre_6/8/5 [PreC]). Details about the accessions’ origins and genome sizes are provided in Table 1.


TABLE 1. List of samples, genome size, and initial NGS datasets.
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DNA Isolation, NGS Sequencing, and Reads’ Pre-processing

DNA was extracted from fresh or silica-gel dried leaf tissue using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Library preparation and low-coverage Illumina NGS were performed at GATC Biotech (Konstanz, Germany) / Eurofins Genomics (Ebersberg, Germany) using a standardized protocol that produced 150 bp paired-end reads with an insert size of ∼450 bp. For selected parental accessions (IntA, IntC and PreA), two independent libraries were prepared and sequenced in order to test for potential bias at the level of library preparation. The sequencing resulted in datasets of 25–54 million individual pair-end reads (i.e., 12.5–27 million of pairs) per library (Table 1). The raw Illumina datasets have been submitted to the European Nucleotide Archive (ENA) under study no. PRJEB35856. Quality filtering was performed using the pre-processing tool included in the public Galaxy server running the RepeatExplorer pipeline,1 with a Phred quality score 10 over at least 95% of the bases in a sequence, with no ambiguous bases (Ns) allowed. Only proper pairs of reads of the same length (150 bp) were retained. Reads were scanned for overlap, and only non-overlapping pairs of reads were kept for further analysis in order to increase the representation of the genome. In the case of datasets used for comparative analyses (see below), prior filtering of plastid and mitochondrial reads was included because of the high variability in the amount of chloroplast sequences among samples (3–13% of the total reads) that may distort the quantification of TEs. The filtering was done with the script ‘bbsplit.sh’ from BBTools v.37.442 using the most closely related genomes currently available, i.e., the chloroplast genome of Lactuca sativa (DQ383816.1) and the mitochondrial genome of Helianthus annuus (MG770607.2).



Graph-Based Clustering Approach

The repeatomes of all accessions were analyzed using the graph-based clustering approach, as described in Novák et al. (2010, 2013) employing the RepeatExplorer (RE) pipeline implemented within the Galaxy server. This approach allows de novo identification of repetitive elements from unassembled reads obtained from low-coverage genome sequencing. The pipeline performs all-to-all BLAST comparisons of the input reads (using a threshold of 90% or higher similarity over at least 55% of the read length), which is then used to construct a graph wherein reads are represented as vertices and their sequence similarities as edges. The graph is further partitioned into highly connected communities of vertices (called ‘clusters’), which tends to cluster reads from the same family of repetitive elements. The clusters of reads are quantified, annotated and reads within clusters are assembled into contigs. In addition to clusters, the pipeline also produces superclusters, which represent groups of clusters that share split pair-end reads. Superclusters occur when the reads from the same read pair (which originate from the same insert in the NGS library) end up in two separated clusters during the clustering phase, and therefore such clusters are assumed to originate from a single repeat. Thus, information about shared pair-end reads can be used in annotation of otherwise unannotated clusters, if they are connected to annotated clusters within the supercluster. Following the criteria described in McCann et al. (2018), clusters were considered to belong to the same supercluster, if the ratio of the number of pair-end reads shared between clusters to the sum of the total number of unpaired reads in each cluster was higher than 0.1.



Testing the Bias Due to Library Preparation and Similarity Between Parental Accessions

Library preparation for NGS can be a source of significant bias (van Dijk et al., 2014), especially when dealing with closely related/highly similar samples. We determined how this bias affects cluster quantification based on different libraries from the same accession. We sequenced two independently prepared libraries for three selected parental accessions (IntA, IntC and PreA; Table 1). The bias was investigated using the functionality of RE comparative clustering, where we performed a set of ‘intra-library’ comparative runs (comparison of two independent subsamples of 2 million reads originating from the same library) and ‘inter-library’ comparative runs (comparison of independent subsamples of 2 million reads originating from different libraries of the same accession). The read datasets were created using a random sampling tool on the Galaxy server. The variation in cluster sizes in those comparative runs was statistically assessed using a pairwise Wilcoxon test. To this extent, the absolute difference in read proportion across all clusters was used as response. The results of intra-library and inter-library comparisons were further assessed with intra-specific and inter-specific comparative runs, which were prepared in the same way. All statistical analyses in this study were carried out in R (R Core Development Team, 2018).



Individual Clustering Analysis and Repeat Identification

For annotation purposes, all accessions were first analyzed individually using the maximum number of pair-end reads (Table 2) allowed by the pipeline, given the available computational resources (max. 112 GB of RAM) and depending on the repeat content of the analyzed genome (i.e., the more repetitive a genome, the smaller the number of reads that can be used). Using the highest possible number of reads ensures the best accuracy of the annotation and maximizes the possibility of detecting repeats with lower genomic proportions. Clusters were quantified, and those containing at least 0.01% of the total read input were automatically annotated using the DNA and reference TEs domain database available within RE (Viridiplantae version 2.2). The annotation results were manually checked and corrected. Clusters from plastid and mitochondrial origins were identified and excluded from further analysis. Following McCann et al. (2018), clusters were annotated if at least 5% of their reads produced a BLAST hit to one or more protein domains that belong to the same lineage of transposable elements. Additionally, in order to improve cluster annotation, their contigs were subjected to a RepeatMasker search against the Viridiplantae database (Jurka et al., 2005) and to BLASTn and BLASTX searches against public databases.3 Tandem Repeat Finder (Benson, 1999) and the YASS genomic similarity tool4 (Noé and Kucherov, 2005) were used for the discovery of potential tandem repeats. Finally, annotated contigs of parental species were used to double-check the annotation of clusters of natural and synthetic hybrids. Annotation was done primarily at the level of superclusters, but also at the level of clusters, and both results were compared.


TABLE 2. Number of reads used by RepeatExplorer in individual analyses and main clustering results.
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Comparative Clustering Analysis

Besides individual analyses, read datasets of parental species and their natural or synthetic hybrids were subjected to comparative clustering analyses, which precisely detect differences in the abundance of specific sequence variants of repetitive elements. In order to maximize the number of reads per sample, we performed three sets of analyses with a maximum number of three samples in each analysis (Table 3): comparisons between (1) parental species; (2) natural hybrids and their parental species; and (3) synthetic F1 hybrids and their actual parents. As for comparisons in (1) and (2), we created ‘in silico’ parents (IntX and PreX) by pooling reads from all sequenced libraries of both individuals of H. intybaceum and H. prenanthoides. This approach aims to increase sampling diversity of the parental species since the actual parental genotypes involved in the origins of Pic and Pal accessions are unknown. Read datasets were created by random subsampling and ensuring equal coverage of all samples within each analysis, i.e., taking into account genome size differences and ploidy level (Table 3). Like in individual analyses, only clusters exceeding the threshold of 0.01% were annotated at the supercluster level. Cluster abundances were analyzed in two ways (see Macas et al., 2011; Renny-Byfield et al., 2013; McCann et al., 2018): (1) by comparing their absolute sizes (in read numbers), and (2) by calculating a ratio of cluster abundances between samples, which removes cluster size effect. In the case of (1), we statistically assessed whether overall cluster abundances of each natural and synthetic hybrid are closer to either parent. For this analysis, we first recalculated abundances of natural triploids to correspond to the monoploid genome size (1Cx) in order to make them comparable to homoploid genome size (1C) of diploid parents. Then, we used the absolute difference in the number of reads between parent 1 and hybrid and compared it to the absolute difference in the number of reads between parent 2 and hybrid. We applied a pairwise non-parametric Wilcoxon test on all differences across all clusters, separately for each parental-hybrid combination. We assessed the degree of ‘intermediacy’ (DifferenceParent1–Hybrid – DifferenceParent2–Hybrid) across all parent1-hybrid-parent2 combinations and determined which hybrid type (natural or synthetic) has a more ‘intermediate position’ using a Wilcoxon test. In the case of (2) we compared the actual cluster abundances of natural polyploid apomictic and synthetic diploid F1 hybrids with the theoretically expected abundances, which were produced by summing up the number of reads of the parental samples in each cluster and taking into account the actual genome dosage (i.e., 2 Int : 1 Pre for H. pallidiflorum, 1 Int : 2 Pre for H. picroides and 1 Int : 1 Pre for F1 hybrids). For this purpose, deviation scores for all clusters were calculated following Renny-Byfield et al. (2013), using the formula: (observed cluster size/expected cluster size) - 1. Cumulative deviation scores were calculated for each sample and compared among them. In order to check for a significant difference between natural and synthetic hybrids, we compared the deviation scores’ means and the magnitude of variation between groups of samples using ANOVA and Levene test. Finally, individual clusters showing the highest deviation from the expected values were identified and evaluated for patterns of deviation across samples that could be group-specific. The reliability of their abundance was double-checked by BLASTn searches (version BLAST+ 2.6.0; Altschul et al., 1990) of the initial, quality- and chloroplast/mitochondrial-filtered NGS datasets using their contigs as queries. The BLASTn parameters followed those in RE for assembling clusters.


TABLE 3. Combinations of samples subjected to comparative RepeatExplorer analysis.
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Development and Application of New Satellite Probes

Altogether, besides rDNAs, six satellite repeats were detected in Hieracium genomes using RE. Three of them were already described and used as FISH probes in Belyayev et al. (2018). We used contigs of the remaining three new satellites (Supplementary Figure 1) as templates for development of new FISH probes and tested their usability as cytogenetic markers.

The first novel satellite repeat, originally detected as cluster (CL) 229 in IntA, is a perfect inverted repeat of 46 bp, a sequence unsuitable for PCR amplification. Instead, half of it was synthetized as a 23 bp modified oligonucleotide (AAGACTTATACACATCCAAGAAG) labeled with Cyanine3 (Cy3) at the 5’-end (Eurofins Genomics, Ebersbach, Germany); FISH probe Cy3-CL229.

For the second satellite repeat, CL217 (a 126 bp monomer), contigs of 378 bp from nine Hieracium samples as well as all repeats contained within each contig were aligned in BioEdit (Hall, 1999). Primers int_126F (CTAAATGTTGC ATCATGTTCG) and int_126R (TGTATGATCCA CGGAATGC) were designed toward conserved motifs and employed for PCR amplification under the following conditions: 25-μl reaction mixtures contained 2.5 μl of 10 × PCR Blue buffer T059, 2.5 mM MgCl2, 0.2 mM of each primer, 200 μM of each dNTP, 20 ng DNA of IntA and 0.5 U Taq DNA polymerase (Top-Bio, Vestec, Czechia). The temperature profile included an initial denaturation step at 95°C for 5 min, followed by 35 cycles consisting of 95°C for 30 s, 50°C for 30 s, 72°C for 1 min and a final extension step at 72°C for 15 min. Amplification produced a ladder typical for tandem repeats. The longest bands were cut, purified, cloned, re-amplified and sequenced as described in Belyayev et al. (2018). Cloned sequences were aligned with the contigs, and one clone of 243 bp length (GenBank accession number MN784126) corresponding to almost two full repeats was used for FISH probe preparation (probe int126X2).

For the third satellite repeat, CL201 (a 172 bp monomer), aligned repeats of the longest contig (642 bp) of PreA were used for primer design; primers Hpre201f (ACTGGTCTCAAAT GCTTAGG) and Hpre201r (AAGCATTTGAGACCAGTAGG) were used for PCR amplification under the same conditions like above with the following alterations: 1.5 mM MgCl2 and DNA of PreA were used, annealing temperature was 52°C, and extension at 72°C was done for 2 min. Subsequent procedures were the same as described above, and one clone (GenBank accession number MN784127) consisting of almost three full repeats (533 bp) was chosen for FISH probe preparation (Hpre201X1).

Chromosome preparation and in situ hybridization procedures were done as described in Belyayev et al. (2018). Hpre201X1 was found to co-localize with 5S rDNA in previously tested accessions of H. prenanthoides (data not shown), therefore we sequenced the non-transcribed spacer (5S-NTS) of two samples of each H. intybaceum and H. prenanthoides following Kaplan et al. (2013) to see if they may correspond with the tandem repeat. 5S-NTS sequences (GenBank accession no. MN784128-MN784131) were different from the repeat probe, therefore Hpre201X1 is localized near the 5S locus of those accessions, but not a part of it.

All accessions included in this study were tested with FISH probes of the following tandem repeats: 45S rDNA, 5S rDNA, CL82 (369 bp), and newly developed CL229 (46 bp), CL217 (126 bp) and CL201 (172 bp). The satellites CL18 (23+21 bp) and CL160 (89 bp) were excluded from the FISH experiments, because in preliminary trials they were found to be uninformative (data not shown). The results were compared with the results of RE and BLAST searches of the entire NGS datasets.



RESULTS


Bias Due to Library Preparation and Similarity Between Parental Accessions

The results of the analysis are presented in Figure 1. The average subsampling bias (intra-library) was the lowest (mean: 1.92%), followed by the library preparation bias (inter-library; mean: 2.56%) the comparison of different accessions of the same species (intra-specific; mean: 3.60%) and the bias due to parental accessions (inter-specific, mean: 11.78%). All those differences were highly significant (p < 0.001). As for the inter-library comparisons, IntC (mean: 3.12%) showed significantly higher (p < 0.001) bias than the libraries of IntA (mean: 2.15%) and PreA (mean: 2.41%), which, in turn, had the same magnitude as the intra-specific comparison of Pre (mean 3.47%). Overall, despite being significantly different, the magnitude of library preparation bias falls within the magnitude of subsampling bias and the magnitude of intraspecific variation. Therefore, we assume that library preparation does not affect conclusions for our interspecific comparisons.
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FIGURE 1. Results of testing the bias due to library preparation and similarity between parental accessions (paired Wilcoxon signed-rank test). Different letters indicate significant differences between groups. Mean values (triangle) from left to right: 1.89, 1.96, 1.97, 1.83, 1.92, 2.15, 3.12, 2.41, 2.56, 3.72, 3.47, 3.60, 11.78.




Individual Clustering and Annotation of Genomes

In the individual clustering analyses, the pipeline used 3.7–4.8 million reads per sample, which corresponds to a genomic coverage of 0.17–0.20 x for diploids and 0.10–0.12 x for triploids (Table 2). On average, the majority of reads were grouped into ca. 140,000 clusters composed of 2 reads and more, corresponding to ca. 82% of the genomes (Table 2), while singlets represented the remaining 18% of the genomes. About 70% of all reads belonged to clusters containing at least 0.01% of the total input reads, representing medium and highly abundant repetitive elements (in total 209–260 clusters). The annotation at the level of superclusters assigned on average 70% of clusters (total of 55–62% of reads) to specific types of repetitive elements while the rest of clusters containing 9–15% of the input reads remained unclassified (Figure 2A and Table 4). The repeatomes of all genomes were dominated by LTR retrotransposons, constituting 53–60% of the whole genome (Figure 2A, Table 4, and Supplementary Tables 1, 2). The LTR Ty1/Gypsy elements occupied 33–39% of the genomes and were represented by four clades: Tekay and CRM (chromovirus lineages) and Athila and Ogre Tat (non-chromovirus lineages). The Tekay clade dominated, ranging from 32 to 36% of the genome. In all accessions, the majority of Tekay clusters were connected into one dominant supercluster (no. 1; consisting of 29–45 clusters, which on average contained 25% of all input reads (Supplementary Figure 2). Athila occurred at 1.35–1.80%, while CRM and Ogre Tat were present only in trace amounts. The LTR Ty1/Copia elements belonged to seven families and occupied 19–22% of the genomes. Among them, the most abundant was Maximus/SIRE, and with 14–17% represented the second most abundant repeatome component. The Angela family of Ty1/Copia was moderately abundant, and its content was constant across all samples (average 4.3%). Other Ty1/Copia families–Ale, Bianca, Ikeros, TAR and Tork constituted all together only ca. 1% of the Hieracium genomes. DNA transposons on average covered only 0.65% of the genomes with four types: EnSpm_CACTA, hAT, MuDR_Mutator and PiF_Harbinger. Other dispersed repetitive elements included Helitrons and pararetroviruses. The latter elements were not detected at the 0.01% threshold in H. prenanthoides.
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FIGURE 2. Genomic composition of Hieracium species. (A) Results of annotation at the supercluster level. (B) Results of annotation at the cluster level. Repetitive elements like pararetrovirus and Helitrons are present in amounts too low to be visible on the graphs.



TABLE 4. Results of annotation at the supercluster and cluster level.

[image: Table 4]The results of the annotation at the supercluster level were then compared with the annotation at the level of clusters, which left many clusters unannotated (Table 4, values in parentheses). The cluster level approach annotated less than half of the clusters (total of 25–27% of input reads), while the remaining unannotated ones containing ca. 43–47% of reads had few or completely lacked protein domain BLAST hits (Figure 2B and Supplementary Table 2). The main drivers for the difference in annotation between supercluster and cluster level were Tekay, Maximus/SIRE and Angela. These were highly abundant TEs that formed several large superclusters composed of both annotated and unannotated clusters (Table 4 and Supplementary Tables 1, 2). Ty3/Gypsy Athila, Ogre/Tat and MuDR_Mutator type of DNA transposons also formed several smaller superclusters. Other TEs did not form superclusters, and therefore, their genomic proportion remained the same in both approaches.



Comparative Clustering Analysis of Parental Species, Natural, and Synthetic Hybrids

The comparative analysis of the parental species H. intybaceum (IntX) and H. prenanthoides (PreX) revealed a high similarity in abundance across all major repeat types (Figure 3A). The largest clusters that contributed the highest to the genome size variation between species contained mostly chromovirus Tekay (slightly more abundant in H. prenanthoides) and Maximus/SIRE (more abundant in H. intybaceum). However, after removing the effect of cluster size (Figure 3C), the highest variability occurred among small clusters that contribute the least to the total genome size variation (Figure 3C). The most variable elements were unclassified repeats. Overall, the number of annotated clusters decreased with cluster size (Figure 3B).
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FIGURE 3. Results of comparative analysis of the two parental species. (A) Comparison of the number of reads from H. intybaceum (IntX) and H. prenanthoides (PreX) across all clusters. Dots represent clusters of repetitive elements. Clusters placed on the line represent repeats with the same genomic proportion in both species. (B) Proportion of annotated (classified) and unannotated (unclassified) clusters. Clusters are arranged by decreasing size. (C) Comparison of cluster abundances in H. intybaceum (IntX) and H. prenanthoides (PreX) irrespective of cluster size. Clusters on the black line (value of 0.5) have the same proportion in both species; clusters above are more abundant in H. intybaceum; clusters below are more abundant in H. prenanthoides.


In the comparative analyses of parental species and their natural and synthetic hybrids, we compared firstly their cluster abundances in read numbers (Supplementary Figure 3). In all hybrids, the majority of clusters showed an intermediate position between the clusters of parental species. However, across all comparisons, each hybrid was significantly closer to one of the parents (Figure 4). Cluster abundances of PalA and PalF were significantly more similar to Int, while PicB and PicF were significantly more similar to Pre. This observation reflects well the parental genome dosages of 2:1 and 1:2, respectively. The position of the clusters of synthetic hybrids was more intermediate when compared to natural hybrids. No cluster was specific for any of the hybrids or parental species except for the occasional presence/absence of a certain satellite repeat.
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FIGURE 4. Difference in number of reads between parental and progeny accessions obtained from comparative analyses. The paired Wilcoxon signed-rank test was, separately for each parent-progeny combination, employed to access whether the progeny is closer to either parent. Results are shown above the boxes. Numbers below the boxes indicate mean differences in read numbers for the respective comparison. Δ – Degree of ‘intermediacy’ of progeny (ΔParent1-Progeny – ΔParent2-Progeny). Significance level *** – p < 0.001.


Theoretically, in a newly formed hybrid, we would expect a direct inheritance of the repeat content from the parents, in proportions that correspond to the genome dosage of the hybrid. Significant deviation from this initial content in synthetic and natural hybrids would indicate a burst (or loss) of TEs. We compared the observed cluster abundances of F1 hybrids and natural allopolyploids with the expected values that were calculated based on the parental abundances. As a measure of departure from expectations, we used deviation scores, by which the cluster size effect is removed (Figure 5 and Supplementary Figure 4). A positive deviation score implies a larger cluster size than expected, and vice versa for a negative deviation score (Figure 5).
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FIGURE 5. Deviation of clusters from their expected size in: (A) natural triploid apomicts H. pallidiflorum (PalA, PalF) and H. picroides (PicF, PicB) and (B) synthetic diploid hybrids (Hyb2, Hyb3, Hyb4). Clusters are arranged by decreasing size. The symbols on the black line (value zero) indicate clusters of expected cluster size. Clusters above or below this line are larger or smaller compared to the expected values calculated from the parental species.


In general, the majority of clusters of all hybrids follow the theoretical expectation. The deviation tends to be the smallest in big clusters and increases as clusters get smaller. In PalF, PicF and Hyb3, the majority of clusters were slightly more abundant than expected (Supplementary Figure 4, ascending curve). In PicB, clusters were more dispersed, and the largest clusters (the first hundred clusters) were slightly smaller than expected (Supplementary Figure 4, descending curve). The clusters of PalA, Hyb2 and Hyb4 were the closest to the expected values. The statistical assessment of overall deviation scores’ means and the magnitude of variation of deviation scores in two groups of accessions (natural vs. synthetic) showed no statistically significant difference between natural apomictic and synthetic hybrids (ANOVA: F = 0.561, p > 0.05; variation of deviation scores - Levene test: F = 0.8221, p > 0.05).

Nevertheless, 45S rDNA, 5S rDNA and several satellite repeats deviated substantially from the general trend (Figure 5). Consistent deviation was found for 45S rDNA and 5S rDNA across all samples except Hyb4. However, they displayed sample specific trends with either under- or over-representation. The over-representation of 45S rDNA is the strongest in PalF and PicF, which contained the highest amount of 45S rDNA in all hybrids in the individual clustering analysis (Table 4). Consistent deviation was also found for satellite CL201 (172bp), which deviated from expectation in Pic and in synthetic hybrids (in Pal this satellite was not detected). Other satellite repeats did not show any strong pattern of deviation across groups of samples (natural hybrids vs. synthetic hybrids; Pal vs. Pic; Hyb vs. Pal or Pic). An occasional deviation of a few unclassified repeats was detected, which also did not show any consistent pattern.

In contrast, all apomicts displayed a higher deviation (an increase) of pararetrovirus clusters than synthetic hybrids. This represents the only apomict-specific finding among clusters of repetitive elements. In all comparative analyses, two pararetrovirus clusters were detected. In PalA and PicF accessions, both clusters were considerably larger than expected (deviation scores in PalA: 0.263 and 0.278; PicF: 0.230 and 0.486), whereas in PalF and PicB, only one of the two clusters showed a prominent deviation (PalF: 0.289; PicB: 0.328). Statistical analyses (Supplementary Figure 5) showed the differences between natural and synthetic hybrids to be highly significant (mean deviation scores: synthetic hybrids −0.04, natural hybrids 0.26; ANOVA: F = 27.2; p < 0.001).



Abundance and Cytogenetic Analyses of rDNA and Satellite Repeats

45S rDNA content varied substantially between accessions (0.225–0.619%). The average content of 5S rDNA was only 0.029%, and it was not detected at all in IntC (but see below). According to the individual RE clustering, satellite DNA represented only a tiny fraction of Hieracium genomes (from 0.503% in IntC to 0.781% in Hyb2) (Table 4). In addition to the three described satellite repeats in Hieracium [CL18, CL82 and CL160 (Belyayev et al., 2018)], we detected three novel repeats, CL229, CL201 and CL217 (Supplementary Figure 1). CL18 and CL160 were detected by RE in all accessions, while CL82 was detected in all accessions except in IntC (Table 5). Satellite CL229 (46 bp) was only detected in IntA and in all natural and synthetic F1 hybrids, but not in IntC and both Pre accessions. CL201 (172 bp) was detected in both Pre accessions, but not in any of Int; it was also found in Pic and synthetic hybrids, but not in Pal accessions. CL217 (126 bp) was detected in all accessions except PreA.


TABLE 5. rDNA and satellite repeats as detected by RepeatExplorer, BLASTn and FISH.

[image: Table 5]The results of cytogenetic experiments are shown in Figure 6 and Table 5. In short, FISH signals corresponding to 45S and 5S rDNA were detected in all accessions. CL82 was detected in all accessions except in IntC. The tandem structure of the three new satellites was confirmed cytogenetically; the probe CL229 produced signals in IntA and all natural and synthetic hybrids, while no signal was detected in IntC and both Pre accessions. CL201 was detected in Pre and all natural and synthetic hybrids except in PalF, and was not found in Int accessions. Lastly, CL217 was observed in both Int accessions and in all natural and synthetic hybrids, but not in any Pre accessions.
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FIGURE 6. Chromosomal localization of clusters/satellites by FISH. 5S rDNA (red signal), 45S rDNA (green signal). (A–C) Presence/absence of 5S rDNA (A, red arrows), CL82 (B,C, magenta arrows) and CL229 (B, yellow arrows). (D–G) Presence/absence of CL217 (D,F,G – major loci marked by yellow arrows; G–additional loci marked by yellow arrowheads). (H–K) Presence/absence of CL201. The same metaphase plates are used in H/I to show co-localization of 45S rDNA (H, green arrows) and CL201 (I, yellow arrows), and J/K (absence of CL201). Chromosomes were counterstained with DAPI (blue). Bars = 5 μm.




Comparison of RE, BLAST, and Cytogenetic Results

rDNA and satellite repeats showed the highest deviation from the expected values in natural and synthetic hybrids in RE. In order to verify the genuine absence of satellites and rDNA, that were not identified with RE, we searched for them with BLASTn on the whole filtered NGS datasets (Supplementary Table 3) and compared the outcome with the results of the FISH experiments (see Table 5).

FISH for 45S rDNA showed four chromosomal loci in H. intybaceum (two per haploid genome) and six loci in H. prenanthoides (Figures 6A–C). However, the genomic proportions of 45S rDNA obtained by RE were different among individuals within each parental species, despite having the same number of loci (IntA: 0.331%, IntC: 0.225%; PreA: 0.576%; PreC: 0.380%). While all tested accessions of H. pallidiflorum and H. picroides bear the same number of 45S rDNA loci (7), the accessions differed in their genomic proportion detected by RE. Similarly, the three synthetic hybrids possessed the same number of loci (5), but they also differed in their proportions obtained by RE. The results of BLASTn searches for 45S rDNA were in a good agreement with the RE results.

As of 5S rDNA, all tested accessions had one FISH locus per haploid genome (i.e., all diploids had 2, whereas triploids had 3 loci) (Figure 6 and Table 5). Contrary to the FISH results, the proportion of 5S rDNA in PreA was twofold higher than in PreC (0.052% vs. 0.024%), and similarly, IntA had 0.027% (and a slightly higher result in BLASTn search of the entire NGS dataset) while IntC had only 0.13% of 5S rDNA, which might explain why it was not detected by RE (Figure 6A). In contrast to the parental species, both groups of natural and synthetic hybrids had relatively similar genomic proportions of 5S rDNA as detected by RE. The RE and BLASTn results showed slightly less congruence than other tested repeats.

Only one CL82 locus was detected by FISH in IntA, whereas IntC does not possess this tandem repeat according to FISH (Figures 6A,B) and RE; but the BLASTn search found 0.007% of reads corresponding to this repeat in IntC (below the RE threshold). The accessions of H. prenanthoides had 7 loci each (Figure 6C), however, their total copy numbers detected by RE were only about twice as high as in IntA. In natural apomicts, the number of CL82 loci was variable (Table 5 and Supplementary Figure 6), and the genomic proportions obtained by RE approximately followed the pattern detected by FISH (the smallest amount in PalA, the highest in PicF, approximately the same amount in PalF and PicB). The picture was not entirely consistent in synthetic hybrids; the genomic abundances detected by RE did not follow the number of FISH loci. RE and BLASTn results were generally in agreement.

The novel satellite repeat CL229 (46 bp monomer) was only found in one accession of H. intybaceum (IntA) and in all hybrids. In IntA, it was present in 2 loci on a pair of homologous chromosomes (Figure 6B). While the satellite was not detected in IntC nor in both H. prenanthoides by RE and FISH, BLASTn searches of their NGS datasets detected trace amounts of this repeat in these three accessions. All natural and synthetic hybrids had one CL229 locus each, with similar genomic proportions detected by both RE and BLASTn.

The novel satellite repeat CL217 (126 bp monomer) was detected by FISH in both accessions of H. intybaceum (2 loci on homologous chromosomes, Figure 6D), but not in H. prenanthoides (Figure 6E). However, RE and BLASTn of H. prenanthoides detected it in very small amounts: the NGS dataset of PreA contained 0.008% of the reads (BLASTn hits to this satellite repeat, no cluster detected by RE), whereas PreC contained 0.01% and a cluster detected by RE. Each of the synthetic hybrids contained one FISH signal. Hieracium pallidiflorum accessions had 2 or 3 major loci (Figures 6F,G), whereas H. picroides had 2 or 4 major loci. In one accession of each (PalF and PicF), a proliferation of this satellite was detected, resulting in 6 (Figure 6G) and 8 additional loci (Table 5), respectively. RE and BLASTn results were congruent.

Regarding the third novel satellite CL201 (172 bp monomer), two FISH loci were detected in each H. prenanthoides accession, but they did not constitute a homologous pair. Instead, they were hemizygous as indicated by their presence on chromosomes bearing or not bearing also 5S rDNA loci (Figures 6H,I). Furthermore, CL201 co-localized with 45S rDNA. Both accessions had similar genomic proportions according to RE and BLASTn. CL201 was not detected in H. intybaceum accessions by any of the methods (Figures 6J,K and Table 5). RE analyses did not detect CL201 in H. pallidiflorum accessions, nevertheless, BLASTn searches revealed trace amounts. Also, despite a low proportion of 0.005% in PalA, it produced a FISH signal; in PalF, the FISH locus was not detected. Hieracium picroides accessions possessed two loci each. The synthetic hybrids had one or two loci with correspondingly proportional genomic abundances.



DISCUSSION


Characterization of Hieracium Repeatomes

This study represents the first characterization of repeatomes in Hieracium s.str. Transposable elements represent the dominant component of the investigated genomes, which is a general pattern in plants (Kejnovsky et al., 2012; Dubin et al., 2018). With 70% of TEs representing a genomic proportion of at least 0.01%, the Hieracium genomes can be considered as highly repetitive. The result is in accordance with a comparative study of the family Asteraceae (Staton and Burke, 2015) where the average proportion of TEs for the family was estimated to 69.9 ± 5.3% and the average proportions of LTRs and DNA transposons to 53 ± 19.1% and 0.60 ± 0.7%, respectively. Hieracium with an average of 55% for LTR retrotransposons and 0.65% for DNA transposons matches those results.

Staton and Burke (2015) revealed a linear increase in the abundance of Ty3/Gypsy elements from the most ancestral Asteraceae to the most derived subfamily, Asteroideae. Among the latter, species of the genus Helianthus and Phoebanthus tenuifolius exhibit the highest content of Ty3/Gypsy (62.4 ± 2.7% and 67.5 ± 5.6%, respectively). In contrast to Ty3/Gypsy, Ty1/Copia showed the opposite pattern: basal species in the family have proportionally more Ty1/Copia compared to species of Asteroideae. Hieracium species of the subfamily Cichorioideae fit this picture; Ty3/Gypsy (33%–39%) dominate over Ty1/Copia (19–22%), in a ratio of ca. 1.5–1.8 : 1. The closest representative of the subfamily Cichorioideae, the diploid Taraxacum kok-saghyz, exhibits a similar pattern for these two groups. However, other repeatome studies performed on Helianthus species (subfamily Asteroideae) reported a much higher variability in the ratio of Ty3/Gypsy and Ty1/Copia (1.45–5.91 : 1, Mascagni et al., 2017). Also, it seems that the dominance of Ty3/Gypsy over Ty1/Copia cannot be generalized to the whole subfamily Asteroideae; recent studies of Melampodium (McCann et al., 2018), Anacyclus and Heliocauta (Vitales et al., 2019) showed that some of their species are dominated by Ty1/Copia over Ty3/Gypsy. Those findings confirm the widely recognized trend of remarkable variation in repeat composition among related taxa, and with future studies, we expect to see even higher diversity in the repeat composition of Asteraceae.

In Hieracium, only four families of LTRs (Ty3/Gypsy chromovirus/Tekay and non-chromovirus/Athila, Ty1/Copia Angela and SIRE) were represented in amounts higher than 1%. Among those, Ty3/Gypsy chromovirus/Tekay and Ty1/Copia SIRE were by far the most abundant, present in a ratio of about 2:1. Again, these two lineages seem to prevail in the Asteraceae, although the ratios between them may differ (e.g., Mascagni et al., 2017; Mlinarec et al., 2019).

Among all LTRs detected, only these four most abundant families plus Ty3/Gypsy non-chromovirus/Ogre Tat (genomic proportion ca 0.5%) formed superclusters. The annotation at the supercluster level is clearly important, because it captured the proliferation and complexity of highly abundant TE families that together constitute about 54% of Hieracium genomes. The comparison of annotations at the supercluster and the cluster level showed that roughly one third of all clusters that lacked a BLAST match in the TE protein domain database were additionally annotated at the supercluster level due to pair-end reads shared with annotated clusters. Such a result is expected for large and repetitive genomes like Hieracium. Superclusters represent highly proliferated LTR families that comprise both active and inactive copies at various stages of degradation due to accumulated mutations: such a high sequence divergence causes a lack of BLAST similarity between copies of the same element and thus creates separate clusters (Novák et al., 2010). Since the NGS reads from different regions within the genome (containing both active and inactive copies) cluster together, it remains unclear to which extent such clusters and superclusters represent active elements. The splitting into clusters and superclusters is also a consequence of the exceptionally large size of all five LTRs (Neumann et al., 2019) and low coverage sequencing; low read depth and gaps in the coverage of particular sequences cause a lack of overlapping NGS reads that may otherwise fuse two or more clusters into one (Novák et al., 2010). Therefore, it is possible that an increase of the sequencing depth would facilitate the connection of clusters and foster additional annotations. Also, it should be emphasized that some of the clusters contained in superclusters likely comprise sequences that do not necessarily represent TEs (e.g., TE’s flanking regions). Their proportion is difficult to estimate. Taking this and other factors mentioned above into account, it means that an exact level of TE annotation cannot be achieved with low coverage sequencing. Therefore, genomic proportions of TE categories obtained by individual clustering that have similar values (Figure 2 and Table 4) in closely related/highly similar accessions cannot be strictly compared. Nevertheless, the intention of the method is to give a general estimation of repeatome components, and the supercluster approach ensures a good overview of the extent of proliferation of highly abundant TEs.



TE Dynamics Following Hybridization and Polyploidization

Comparative clustering analysis evaluates efficiently the repeatome variability in parental taxa and their derived allopolyploids (Renny-Byfield et al., 2013; Dodsworth et al., 2017; McCann et al., 2018). In Hieracium, repeat abundances for synthetic and natural hybrids were remarkably similar to the expected values calculated from parental genomes. Overall, clusters of synthetic hybrids expectedly showed a high degree of adherence to the expected values. Rather unexpectedly, natural hybrids followed the same pattern, only with slight over- or under-representation of cluster abundances across all repeat categories that corresponded to individual differences in their genome sizes. Among TE clusters, there were no large bursts or eliminations of any particular TE that could be interpreted as a response to hybridization and/or polyploidization events. However, apomicts displayed evident overabundance of pararetrovirus clusters not observed in synthetic hybrids, and this is the only detectable difference between natural apomictic and synthetic F1 hybrids (Figure 5). The differences between these two groups were statistically highly significant (Supplementary Figure 5). This finding may point to the accumulation of pararetrovirus sequences following polyploidization. Pararetroviruses are a type of retroelements that have double-stranded DNA and use reverse transcription for their replication. They seem to be ubiquitous in plants, but it is not clear if they represent a neutral component of plant genomes (e.g., due to a potentially lost function) or if they represent pathogens or even contribute to virus resistance of the host (Staginnus et al., 2007). The dynamic behavior of pararetroviruses was also observed in a study of allotetraploid Nicotiana tabacum; one of the pararetrovirus families was more abundant in one of its progenitors, N. tomentosiformis, than in N. tabacum. Such a pattern is a result of either preferential elimination from the polyploid genome or specific accumulation in the diploid progenitor genome following polyploidization (Matzke et al., 2004). However, the significant overabundance of pararetrovirus clusters we detected in apomicts does not necessarily imply a causal relationship. Also, the actual parents of the natural hybrids are unknown and may have shown higher abundances of pararetrovirus sequences than the diploids used in this study (although to assume that just these two repetitive elements out of hundreds were affected in the observed way may not be very likely). Besides pararetroviruses, an occasional deviation of a few different unclassified repeats was observed, without any obvious pattern among accessions. However, both pararetrovirus and unclassified clusters are located among small clusters with increasing deviation from the expected values that creates the appearance of a ‘widening tail’ in the graph, which is a consequence of low-coverage sequencing. While it is possible that the higher variability of small clusters is a sign of ongoing evolutionary processes, the pronounced bias of low-coverage sequencing undermines definitive interpretations of these results.

Generally, our results corroborate the findings in two studies of Asteraceae genera using the graph-based clustering method, which also did not reveal differential amplification of TEs: allopolyploid species of Melampodium that most likely originated in the Pleistocene (McCann et al., 2018), and Anacyclus, which comprises diploid species of hybridogenous origin (Vitales et al., 2019). These findings are consistent with recent observations according to which amplification of TEs after hybridization and polyploidization seem to be rare (Parisod and Senerchia, 2012). It is possible that the hybridization event in our synthetic hybrids triggered TE activity, which resulted in transcriptional, epigenetic or structural changes that did not result in a net increase of TE copy number, and these aspects would be worth further investigation. In the case of H. pallidiflorum and H. picroides, it is not possible to predict possible long-term results of TE activity triggered by historical polyploidization events. Most probably, the observed repetitive profiles also depend on the age of the allopolyploids. It has been suggested that neopolyploidization events may be accompanied by transiently increased activity of TEs (release of TE silencing and possibly transposition) in the first generations of polyploids, after which TE silencing is restored (Vicient and Casacuberta, 2017), however, the response may vary between genomes and TE families. Also, polyploidization events that formed H. pallidiflorum and H. picroides might be immediately followed by a switch to apomixis so that no further generations could facilitate such restoration by meiosis. Hieracium pallidiflorum and H. picroides are assumed to be at least hundreds and up to several thousands of years old, and there is no evidence of a recent formation of polyploids by hybridization between diploid sexual taxa (Mráz and Zdvořák, 2019). So far, attempts of experimental crossings failed to produce triploid hybrids from the parental combination.

Concerning the mode of reproduction, there was no statistically significant difference between the groups of natural apomictic and synthetic Hieracium hybrids in the overall deviation pattern of their clusters from the expected values. This result is in agreement with a study of Ågren et al. (2015) on genus Oenothera, which comprises sexual species as well as species utilizing functionally asexual reproduction (permanent translocation heterozygosity); there was no evidence that the mode of reproduction was responsible for an almost twofold variation in genome size between the species. However, it should be emphasized that apomixis is considered a young evolutionary trait (Van Dijk and Vijverberg, 2005) and therefore it is possible that the consequences of asexuality in Hieracium are not yet detectable. This is in line with the study of Docking et al. (2006) where the authors did not find evidence of relaxed selection in three investigated types of TEs in four asexual taxa, among which were three presumably young Asteraceae: Antennaria parlinii, Taraxacum officinale and closely related Hieracium aurantiacum (recently reclassified as Pilosella aurantiaca; Bräutigam and Greuter, 2007).

The interesting diversity of genome sizes in natural apomicts (slight net increase in both H. pallidiflorum accessions; slight net increase or decrease in H. picroides), might be indeed a consequence of their different age and the independent evolution of TEs in each apomictic lineage after the polyploidization events, since all tested accessions were demonstrated to be of independent origin. However, other potential factors involved in the origin of these apomictic species that could produce the observed genome size differences cannot be ruled out. They include involvement of unknown (even extinct) diploid parental genotypes with higher genome size diversity, polyploid parental genotypes introgressed by other Hieracium species, and involvement of polyploid hybrids since they produce partially fertile pollen (Chrtek et al., 2020). In order to obtain more conclusive answers about the trends in genome size, measurements will have to be performed on a larger number of accessions of each apomictic and parental species. Overall, our results indicate a relatively low turnover of repetitive DNA during the formation of apomictic lineages and suggest that bursts of TEs do not play an important role in the evolution of our system.



Dynamics of rDNA and Satellite Repeats in Hieracium

In contrast to TEs, rDNAs and satellite repeats showed substantial deviations from the expected values in both natural and synthetic hybrids, although because of their low abundance they do not significantly contribute to genome size differences. These deviations did not show any correlation with the accession origin, and are therefore explained by the hybridization event as such, independent of the ploidy and reproductive mode of the plants. Higher deviation of rDNA and satellite repeats over TEs was also reported in McCann et al. (2018) for allopolyploid species of Melampodium.

The RE findings for rDNA and satellite repeats were at first cross-checked with BLASTn searches of the entire NGS datasets. For the majority of satellite repeats and rDNAs, the genomic proportions detected by RE and BLASTn were congruent, but in a few occasions, different results were obtained. For example, 5S rDNA in IntC was not detected by RE, but BLASTn detected a genomic proportion of 0.013%. In contrast, the novel satellite repeat CL217 with its similar genomic proportion in PreC (0.01%) was detected by both RE and BLASTn. It should be noted that the low proportion of 5S rDNA in IntC is most likely not only a consequence of low-coverage sequencing bias as a similarly low proportion of this repeat was found in two independently sequenced libraries.

The overall picture became more complex when FISH results were compared with the results of RE and BLASTn: genomic abundance among accessions was not proportional to the number of FISH loci for the majority of repeats. This was especially pronounced in the case of 45S rDNA. That the number of loci does not necessarily correspond to the amount of tandemly repeated sequences contained in a locus was already shown in Rosato et al. (2016).

FISH experiments for the very low abundant satellite repeats (detected by BLASTn only) in several accessions also produced different results. The FISH loci were not detected for CL229 in IntC, PreA and PreC, and BLASTn found only trace amounts of this repeat. Probably its abundance may not have been high enough to be detectable by FISH. CL201 was present in a proportion of only 0.005% in PalA, but was sufficient to generate a FISH signal. In contrast, the satellite CL217 did not produce FISH signals despite its slightly higher genomic proportions in the genomes of PreA and PreC (0.008 and 0.01%, respectively). At this moment, it is not possible to answer why CL217 in PreA and PreC was not observed by FISH: most probably its abundance was below the discrimination level of the FISH protocol used (Valárik et al., 2004). CL82 in IntC had a similar genomic proportion detected by BLASTn (0.007%), but no FISH signal was detected. In contrast to other repeats, a closer inspection of this BLASTn finding showed that the corresponding reads displayed a rather low similarity to the sequence of satellite CL82 (maximum of 90% similarity over 60% of the read length only), which, in addition to its low abundance, possibly explains the lack of FISH signals.

The number of loci of the satellite repeats in hybrids (synthetic as well as natural) were in the range of expectation. In contrast to the genomic proportion of the satellites, the number of loci was not altered by hybridization and polyploidization events. The only exception was CL217: in one accession of each H. pallidiflorum (PalF) and H. picroides (PicF), a proliferation of this satellite was detected as additional minor loci. Moreover, additional minor loci were observed in the selfed progeny of one H. intybaceum accession (IntA; data not shown), which could be an indication that already at the intraspecific level, without the action of hybridization and polyploidization, satellites have a dynamic behavior. On the other hand, it could be explained as a consequence of differential chromatin condensation, which prevents the exposure of minor loci during FISH experiments (Krishnan et al., 2001).

Two satellite repeats displayed a hemizygous nature. Belyayev et al. (2018) have already shown CL82 as occurring in a hemizygous state in both parental species. Similarly, two non-homologous FISH loci of the novel marker CL201 were detected in H. prenanthoides; one locus was found on a chromosome bearing one 45S rDNA locus and the second on a chromosome bearing both 45S and 5S rDNA loci. Comparison of RE clusters of CL201 and rDNAs revealed that these repeats do not overlap. Furthermore, CL201 displayed intraspecific variation in its localization; in the case of two H. prenanthoides accessions, both CL201 loci co-localized with 45S only, but in repeated experiments on other accessions (data not shown), the repeat co-localized with 5S rDNA loci. The hemizygous pattern of CL201 in H. prenanthoides corresponds to the pattern subsequently observed in hybrids: their occurrence is in keeping with the genome dosage of H. prenanthoides in all natural and synthetic hybrids. This also explains why H. pallidiflorum had no (PalF) or one (PalA) locus. As this satellite presents two hemizygous loci, it can easily fail to get inherited, if the chromosome lacking it is passed on to the progeny. Hemizygous loci were reported in some apomictic species of Pilosella (Okada et al., 2011) and Cenchrus (Akiyama et al., 2005). In our case, the hemizygosity observed was not restricted to apomicts; it was already detected at the level of diploid sexual species and therefore, was not necessarily involved in the emergence of apomixis or facilitating a switch to this reproductive mode. Hemizygous loci can be caused by a hybridogenous origin of diploids (Myburg et al., 2003). Both parental species are in fact ancient hybrids; H. intybaceum most likely originated by wide hybridization between Hieracium and an unknown genus whereas H. prenanthoides shows signatures of a merger between Western and Eastern European lineages of genus Hieracium (Fehrer et al., 2007, 2009). The hybrid origin of many diploids in this genus may trigger polyploidization (linked with the apomictic mode of reproduction) as a means to stabilize the diploid hybrid genomes.



CONCLUSION

Our results contribute to the understanding of plant genome evolution following hybridization and polyploidization and add to the knowledge about the genomic landscapes of polyploids known to undergo an asexual mode of reproduction. No evidence for a massive genome reorganization in TE abundance was found by studying repeatomes of parents, their natural apomictic and synthetic diploid hybrids, but a signal for a ‘genomic shock’ may still be present at the transcription or epigenetic level. The only elements showing deviations from expected abundances were two small pararetrovirus clusters that were significantly overrepresented in all apomicts. Whether there exists any causal relation to the mode of reproduction remains unclear, but this finding is worth further investigation. In contrast to TEs, satellite and rDNAs showed substantial deviations in all hybrids, independent of their ploidy, and were therefore a consequence of hybridization as such. Our study also highlights the need to study low-abundant repeats with a combination of approaches. We hypothesize that some deviations detected by different bioinformatic approaches may be a consequence of the rapidly evolving nature of these elements. Additional discrepancies between bioinformatic and cytogenetic evidence may in some cases be caused by bias in low coverage NGS or by a lack of sensitivity of in situ hybridization experiments. Therefore, results concerning low-abundant repeats should be interpreted with caution.
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Supplementary Figure 1 | Graphical representation of the newly detected satellite repeats. (A) RepeatExplorer graph layouts of the respective clusters showing a circular shape, typical for tandem repeats. (B) Self-similarity dot-plots of the cluster contigs created by the YASS genomic similarity search tool. The tandemly repeated motifs are displayed as green, parallel, diagonal lines, while the distance between lines equals lengths of the motifs. The red lines perpendicular to the main diagonal lines indicate inverted repeats.

Supplementary Figure 2 | An example of summary histogram of RE clustering analysis in Hieracium (accession IntA). Superclusters are represented as columns in the histogram; the width of the columns corresponds to the size of superclusters. The horizontal lines within columns represent clusters in descending order of their sizes. The largest supercluster (no. 1) contains 23,14% of input reads and the first five superclusters contain 49% of all input reads.

Supplementary Figure 3 | Comparative analyses of parental species and their natural and synthetic hybrids. (A–D) Comparative analyses of natural triploid hybrids and representatives of parental species (IntX - created by pooling reads from both individuals of H. intybaceum; PreX - created by pooling reads from both individuals of H. prenanthoides. (E–G) Comparative analyses of synthetic diploid hybrids and their actual parents. In (A–D), the numbers of reads of triploids were recalculated using the monoploid genome size (1Cx), in order to make them comparable to homoploid genome size (1C) of diploid parents.

Supplementary Figure 4 | Cumulative deviation scores of natural and synthetic Hieracium hybrids.

Supplementary Figure 5 | Deviation scores of pararetrovirus clusters. Gray triangles show deviation scores of both pararetrovirus clusters detected in the seven comparative Repeat Explorer analyses. For combinations of samples subjected to comparative analyses, see text and Table 3. Deviation scores were grouped by hybrid origin (boxplots) and compared via ANOVA. The deviation score in pararetrovirus clusters was significantly higher in natural hybrids (mean deviation scores: synthetic hybrids −0.04, natural hybrids 0.26; ANOVA: F = 27.2; p < 0.001). ***p < 0.01; syn – synthetic hybrids; nat – natural hybrids.

Supplementary Figure 6 | Chromosomal localization of CL82 by FISH in synthetic and natural hybrids. (A–C) Synthetic F1 diploid hybrids. (D–G) Natural triploid hybrids. FISH signals: CL82 (purple signal, magenta arrows), 45S rDNA (green signal), 5S rDNA (red signal). Chromosomes were counterstained with DAPI (blue). Bars = 5 μm.

Supplementary Table 1 | Individual clustering analyses – detailed annotation of individual clusters of all samples.

Supplementary Table 2 | Summarized annotation at the supercluster (SCL) and cluster (CL) level, including numbers of clusters and superclusters.

Supplementary Table 3 | Comparison of the most important RE individual clustering results with BLASTn searches of NGS datasets, in all accessions.
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Polyploidy contributes massively to the taxonomic and genomic diversity of angiosperms, but certain aspects of polyploid evolution are still enigmatic. The establishment of a new polyploid lineage following whole-genome duplication (WGD) is a critical step for all polyploid species, but this process is difficult to identify and observe in nature. Mathematical models offer an opportunity to study this process by varying parameters related to the populations, habitats, and organisms involved in the polyploid establishment process. While several models of polyploid establishment have been published previously, very few incorporate spatial factors, including spatial relationships between organisms, habitat shape, or population density. This study presents a stochastic, spatial model of polyploid establishment that shows how factors such as habitat shape and dispersal type can influence the fixation and persistence of nascent polyploids and modulate the effects of other factors. This model predicts that narrow, constrained habitats such as roadsides and coastlines may enhance polyploid establishment, particularly in combination with frequent clonal reproduction, limited dispersal, and high population density. The similarity between this scenario and the growth of many invasive or colonizing species along disturbed, narrow habitats such as roadsides may offer a partial explanation of the prevalence of polyploidy among invasive species.
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INTRODUCTION

Polyploid evolution is impossible to understand without knowing how and under what conditions new polyploid populations become established. Polyploid establishment is ephemeral and difficult to observe, so researchers have generally investigated this process through a combination of trait comparisons between diploids and recent polyploids, phylogenetic inference of trait evolution and ploidy, and mathematical models of the establishment process. Many traits associated with polyploidy (e.g., self-compatibility and perenniality) may be inherited from diploid progenitors, result from whole-genome duplication (WGD), or evolve after establishment (discussed below). Knowing the sequence of evolution in these traits is critical to understanding their potential contribution to establishment. Inferring that order is difficult, however, and consistent patterns may be clade-specific or dependent on other stochastic factors.

Polyploidy may facilitate the breakdown of self-incompatibility, particularly through genotype-specific effects (Mable, 2004). However, broad comparisons of diploid and polyploid taxa show minor or inconsistent associations between self-incompatibility, mating system and ploidy (Mable, 2004; Barringer, 2007), and phylogenetic studies of mating system and polyploidy in Solanaceae (Robertson et al., 2011; Zenil-Ferguson et al., 2019) have shown that self-compatibility is more likely to evolve prior to polyploidy than in concert with it. This trait is also frequently variable within species or even populations, which further complicates any inference performed at the species level. Polyploidy may also promote the expression of clonality (Van Drunen and Husband, 2018) or serve as a precursor for apomictic reproductive pathways (Hörandl and Hojsgaard, 2012; Hojsgaard et al., 2014; Hojsgaard and Hörandl, 2019). There is a strong association between polyploidy and clonality, yet phylogenetic analyses of evolutionary order (i.e., whether polyploidy precedes clonality or vice versa) have produced inconsistent results, particularly among clades (Herben et al., 2017; Van Drunen and Husband, 2019). Finally, polyploidy may spur the evolution of perenniality, possibly through a decrease in the rate of growth and development (as noted in Te Beest et al., 2012), but this is certainly not the rule. As with clonality, which is highly correlated with perenniality, inferring the order of evolution between these two traits yields inconclusive results (Van Drunen and Husband, 2019).

Mathematical models may provide the most general predictions about the factors and traits that facilitate polyploid establishment, at least in lieu of repeated, direct observations or tests of establishment itself. The model presented by Levin (1975) predicted that polyploid establishment is very unlikely for organisms that primarily outcross, while self-fertilization and clonal reproduction mitigate the mating disadvantage experienced by polyploids as the minority cytotype due to reproductive interference from diploids (minority cytotype exclusion, or MCE). This pattern recurs in other establishment models with variable parameters representing reproductive assurance, either through selfing (Rodriguez, 1996; Baack, 2005; Rausch and Morgan, 2005; Oswald and Nuismer, 2011; Fowler and Levin, 2016) or clonality (Chrtek et al., 2017), and the prevalence of at least some form of reproductive assurance across plant lineages with frequent recent and ancient polyploidy suggests that it is a critical driver of polyploid success (Spoelhof et al., 2019).

However, one very neglected area of polyploidy establishment modeling is spatial dynamics. Non-spatial models assume random spatial interactions between individuals in a population, which is almost necessarily violated in sessile organisms. Outcrossing, sessile organisms are more likely to mate with nearby individuals, and dispersal probability, while variable, will generally decrease proportionally with distance from that individual (Levin and Kerster, 1974). To our knowledge, one published model has focused on the interactions among polyploid and diploid plants in a fully spatial context (but see Li et al., 2004): Baack (2005) modeled the effects of selfing rate, polyploid advantage, and dispersal distance of pollen and seeds on the persistence of polyploids in a model parameterized on the species Ranunculus adoneus, which comprises diploid and autotetraploid cytotypes. One novel conclusion of this study was that the spatial effects of short seed dispersal distances increased the probability of polyploid persistence. Still, this model leaves many questions about the spatial aspects of polyploid establishment unanswered. How much do spatial effects contribute to polyploid establishment in a spatial model compared to a null (i.e., non-spatial) model? Do these effects interact with other parameters such as reproductive assurance or perenniality? How do habitat size and shape influence polyploid persistence?

This paper describes a new spatial, stochastic polyploid establishment model that addresses these questions. This model includes parameters for population size (K), reproductive assurance (Ra) through selfing or clonality, lifespan (annual vs. perennial), and habitat shape (square vs. narrow). The model simulates the introduction of a single autopolyploid to an otherwise diploid population, then tracks the length of time that cytotype polymorphism persists in the population and whether or not the polyploid cytotype is eventually fixed. Importantly, the model does not incorporate any trait or fitness differences between cytotypes (aside from the fact that they are reproductively isolated from each other, which can lead to reproductive interference when mating occurs between cytotypes), and each simulation is compared to a non-spatial control with the same starting conditions.



METHODS


Model Construction

A stochastic, simulation-based model with parameters for habitat length and width (Hl and Hw, respectively), population size, individual lifespan (Ls), and reproductive assurance was developed in R (R Core Team, 2019). Two versions of the model were made to reflect different modes of reproductive assurance: a “clonal” model, and a “selfing” model. Both models begin by randomly populating a discrete spatial habitat of width Hw and length Hl with K individuals. For example, a habitat of Hw = Hl = 100 that contains K = 200 individuals would have a square shape, 10,000 discrete cells, and a population density of 2%. All individuals are self-compatible and able to act as either maternal (uniparentally or biparentally) or paternal parents of offspring. The spatial habitat is also occupied by a number of randomly placed, non-interactive individuals, such that the sum of K and the number of non-interactive individuals occupies 95% of the total cells in the habitat (this ratio was held constant in all simulations). Non-interactive individuals do not interact with simulated individuals (as described below) and are included to better represent a habitat that is co-occupied by other species and experiences a reasonable amount of disturbance (i.e., 5% of the habitat is available to new recruits in any given season). For example, if no non-interactive individuals were included, the model would represent a scenario where the habitat is completely open and none of the space has been occupied by other species. This is not realistic, even in frequently disturbed habitats. Individuals have staggered ages, so the habitat contains an equal number of individuals of each possible age (1 through Ls) during each simulated season. At the beginning of each season, all individuals of age Ls are removed from the population. Next, a maternal individual is randomly sampled from the population and produces a single offspring uniparentally with probability Ra. In the clonal model, this offspring can only disperse to an adjacent, empty position in the habitat. In the selfing model, the offspring disperses to an empty position in the habitat with a probability proportional to the inverse square of the distance between the maternal individual and the empty position. If uniparental reproduction does not occur (probability = 1 − Ra), a paternal individual is sampled from the rest of the population with a probability proportional to the inverse square of the distance between the maternal individual and the paternal individual. If the maternal and paternal individuals share the same cytotype, an outcrossed offspring is produced and dispersed to an empty position in the habitat with a probability proportional to the inverse square of the distance between the maternal individual and the empty position. If the maternal and paternal individuals do not share the same cytotype, they do not produce offspring. This process is repeated until the population reaches K individuals again, at which point the age of all individuals advances by one, the locations of the non-interactive individuals are randomized within the remaining cells, and the next season begins.

Initially, the simulated population is entirely diploid, and seasons proceed until the population turns over 50 times (i.e., 50 × Ls seasons). This period allows the initial diploid population to reach a spatial equilibrium. Visual plotting of the populations during this stage showed that the qualitative spatial distributions (e.g., highly clumped and evenly dispersed) that emerged from a given set of model parameters usually became stable before this point. Next, a single individual in the population is replaced with an autopolyploid, and the model proceeds until either diploids or polyploids reach fixation. Aside from their inability to mate with each other, diploids and polyploids are treated identically by the model. If fixation does not occur after the population turns over 1,000 times (1,000 × Ls seasons after the polyploid is introduced), cytotype polymorphism is considered stable and the simulation halts. For each simulation, the final ploidy of the population (diploid, polyploid, or polymorphic) is recorded along with the total number of seasons required to reach fixation, if it occurs.

For each parameter combination used in this study, a control simulation was performed using identical parameters and starting conditions. In control simulations, the probability of mating between any two individuals is not dependent on the distance between those individuals, and the probability of dispersal to any unoccupied cell is not dependent on the distance between the maternal individual and that cell. Therefore, control simulations are functionally non-spatial (even though they occur within the same spatial framework as the primary model) and simulate fully random mating between all individuals in a population. As most prior models of polyploid establishment assume random mating in a non-spatial framework, we included these simulations to identify the specific contributions of spatial factors to the predictions of this model.



Simulation Conditions

A variety of parameter combinations was used to assess the model (Table 1). All possible combinations of these variables were simulated in the selfing model. In the clonal model, only the perennial lifespan (Ls = 10) was used because clonality is limited to perennial species. Two habitat shapes were used in this model: Square (Hw:Hl = 1:1) and narrow (Hw:Hl = 1:64). Square habitats were meant to represent relatively unconstrained, contiguous regions (e.g., a large forest tract), whereas narrow habitats were meant to represent highly constrained habitats such as road margins and coastlines. The spatial parameters were specified so that the effects of population density, habitat shape, and habitat size could be controlled (Table 1). For example, a population of 200 individuals in a narrow habitat (8 cells × 512 cells) could be compared to a population of 50 individuals in a habitat with the same shape and population density (4 cells × 256 cells).


TABLE 1. Establishment model parameters and values.

[image: Table 1]We have included the code for this model in the Supplementary Material. Although R is not the most efficient environment for stochastic modeling, it is accessible to a wider academic audience in biology than other languages (e.g., C++). As a relatively simple model, this code could be used as an introductory resource for stochastic modeling, or to test hypotheses not considered in this paper. For example, any habitat that can be specified as a matrix with habitable and uninhabitable cells can be used, so users could test hypotheses about habitat fragmentation or specify habitats based on geographical locations of interest.



RESULTS


Fixation Time

The diploid cytotype becomes fixed very quickly in most simulations (Figures 1–3) because the initial proportion of polyploids is low [1/(K − 1)]. Higher reproductive assurance and perenniality consistently increased time to fixation (Figure 5). The effects of population size, population density, and habitat shape on time to fixation were more complex. Higher population size resulted in faster rates of fixation in earlier generations, but higher probabilities of polymorphism persistence in later generations (Figures 1–3), particularly in the clonal model and in simulations with higher reproductive assurance. Narrow habitat shape also generally increased time to fixation compared to square habitat shape and non-spatial controls (Figures 1–3). This effect appears to increase in proportion with population density in the clonal model, but diminishes at the highest level of reproductive assurance in the selfing model (Figure 4).
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FIGURE 1. Polyploid persistence and fixation in simulated annual populations with selfing reproductive assurance. Values of K (columns) and Ra (rows) are noted in the margins. Each panel contains a survival plot showing the proportion of simulations that contained multiple cytotypes at each generation, and a bar plot showing the percentage of simulations that fixed as polyploid for each parameter combination. Results from non-spatial control simulations are shown as dashed lines and shaded bars, results from spatial simulations are shown as solid lines and solid bars, results from simulations in square habitats are shown in red, and results from simulations in narrow habitats are shown in blue. Asterisks denote the significance of log-rank tests (in survival plots) and Fisher tests (in bar plots) of differences between simulations in square and narrow habitats. Only results from simulations at a population density of 4.9% are shown. Significance: ns = p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. See Supplementary Figure 1 in the Supplementary Material for a magnified view of the results from these simulations.
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FIGURE 2. Polyploid persistence and fixation in simulated perennial populations with selfing reproductive assurance. Values of K (columns) and Ra (rows) are noted in the margins. Each panel contains a survival plot showing the proportion of simulations that contained multiple cytotypes at each generation, and a bar plot showing the percentage of simulations that fixed as polyploid for each parameter combination. Results from non-spatial control simulations are shown as dashed lines and shaded bars, results from spatial simulations are shown as solid lines and solid bars, results from simulations in square habitats are shown in red, and results from simulations in narrow habitats are shown in blue. Asterisks denote the significance of log-rank tests (in survival plots) and Fisher tests (in bar plots) of differences between simulations in square and narrow habitats. Only results from simulations at a population density of 4.9% are shown. Significance: ns = p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 3. Polyploid persistence and fixation in simulated perennial populations with clonal reproductive assurance. Values of K (columns) and Ra (rows) are noted in the margins. Each panel contains a survival plot showing the proportion of simulations that contained multiple cytotypes at each generation, and a bar plot showing the percentage of simulations that fixed as polyploid for each parameter combination. Results from non-spatial control simulations are shown as dashed lines and shaded bars, results from spatial simulations are shown as solid lines and solid bars, results from simulations in square habitats are shown in red, and results from simulations in narrow habitats are shown in blue. Asterisks denote the significance of log-rank tests (in survival plots) and Fisher tests (in bar plots) of differences between simulations in square and narrow habitats. Only results from simulations at a population density of 4.9% are shown. Significance: ns = p > 0.05; *p < 0.05; ** p < 0.01; ***p < 0.001.


For simulations that resulted in polyploid fixation, time to fixation was still largely dependent on population size, reproductive assurance, and lifespan (Figure 5), but the results varied based on model type. The times to polyploid fixation were more variable in the selfing and clonal models than in the control model, and fixation times were much higher overall in simulations where K = 200 in the clonal model (Figure 5).



Polyploid Fixation Probability

Polyploid fixation was highest in simulations with low population size and high reproductive assurance (Figures 1–3). In general, polyploid fixation was also higher in spatial simulations with narrow habitat shape. One exception to this trend is that spatial differences in polyploid fixation probability weaken or disappear with low population size and high reproductive assurance, particularly in perennial simulations of the selfing model (Figures 1–3).



DISCUSSION


Caveats

The simulations used in this model do not include intercytotype gene flow or the formation of triploids from intercytotype crosses. These opportunities were not included primarily to simplify the model. The production of unreduced gametes and triploid fertility are both highly variable factors that are likely to be inconsistent across taxa and even throughout the timeline of establishment (Ramsey and Schemske, 1998; Köhler et al., 2010; Mason and Pires, 2015; Kreiner et al., 2017). This is also why each simulation included a single WGD, as the rate of spontaneous polyploid formation will depend on the same, highly variable factors. Both processes would act to favor the persistence and fixation of polyploids in the population, so measures of polyploid success are estimated conservatively in this study.

The inclusion of only a single WGD was also intentional for another reason. WGDs are rare events (Ramsey and Schemske, 1998), but established polyploid populations and species are typically the result of multiple formations (Soltis and Soltis, 1999). The long-term success of a polyploid lineage likely depends on multiple formations or gene flow from diploids (through unreduced gametes or odd-ploidy intermediates) as a means of developing genetic diversity within a population, which is vital for adaptation and response to selective pressures. By determining how long cytotype polymorphism persists in a population following a single WGD, these models can also estimate the relative likelihood that WGDs will overlap in the same population (or that rare, intercytotype gene flow will occur). In other words, conditions that favor longer polyploid persistence favor the accumulation of successive WGDs and genetic diversity among polyploids. While polyploid fixation is another measure of polyploid success in this study, rapid fixation will likely favor the production of genetically uniform polyploid populations that may be less adaptable in the long term.

Additionally, this model did not consider the effects of dispersal outside of the defined habitat. Offspring lost to dispersal outside of the suitable habitat would not affect the size of the population, as reproduction would still proceed until the population reached carrying capacity during each generation. Still, individuals along the periphery of their habitat would be less likely to achieve successful dispersal than those in the interior. The spatial difference between central and peripheral individuals is larger in square habitats, but any difference in this effect between square and narrow habitats would be dependent on average dispersal distance, which was not manipulated in this model. Further modeling could examine this effect by varying dispersal distance, as well as the geometric gradation between square and narrow habitats.

Finally, we did not include other important factors such as inbreeding depression, variable fitness or lifespan between cytotypes, prezygotic barriers between cytotypes, or differences in habitat disturbance. Our primary goal was to determine whether spatial dynamics (particularly habitat shape) could affect polyploid establishment in a simple, controlled framework. We acknowledge that these omissions limit the generality of our conclusions, and, as we noted in the methods, we encourage other researchers to build on this model framework and incorporate new factors or specify parameters based on their system of interest.



Model Assessment

Each simulation of this model includes three critical phases. In the first phase, the initial polyploid must reproduce at least once during its lifespan. If that happens, the simulation reaches the second phase, where there are multiple polyploids in the population that can reproduce uniparentally or biparentally. If polyploids are able to reproduce until they reach half of the population carrying capacity, the population reaches the third phase: a tipping point where there is an equal chance that polyploids and diploids will reach fixation because they are treated neutrally by the model. The first and second phases are critical in determining the likelihood of polyploid fixation. Factors that act to reduce MCE during these phases increase the probability that polyploids will reach parity with diploids in the population.

The non-spatial parameters of this model all had substantial impacts on the rate of polyploid fixation or the time to fixation. High reproductive assurance directly reduces polyploid MCE by decreasing the probability of reproductive interference (Figures 1–3). Reproductive assurance is especially critical during the first phase of each simulation; without the possibility of intercytotype crossing, the first polyploid must rely on uniparental reproduction to establish a breeding population. Simulations with higher reproductive assurance allow polyploids to reproduce more quickly in phase two and lose fewer reproductive opportunities to intercytotype crosses. These effects are equally present in the third phase, where they reduce the chance that either cytotype will go extinct by reducing the proportional effects of MCE. This stabilizing effect is reflected in the longer times to fixation observed in simulations with high reproductive assurance (Figure 5). Alternatively, low reproductive assurance caused nearly all populations to fix as diploid within a short period of time due to the unmitigated effects of MCE (Figures 1–3). Low population size also directly reduces polyploid MCE, but through a different mechanism: by increasing the initial proportion of polyploids in the population. In small populations, less reproduction is required for the initial polyploid to reach parity with diploids and accelerates the process of cytotype drift in phase three. Rates of polyploid fixation are therefore much higher in simulations with low population sizes (Figures 1–3). While annual lifespan did not greatly impact the rate of polyploid fixation, it did greatly decrease the time to fixation (Figure 5). This makes intuitive sense: annual populations turn over much more quickly, so the minimum time required for either diploids or polyploids to reach fixation is reduced. This distinction may be important in explaining the differential frequency of occurrence of polyploids among annuals and perennials in nature—polyploidy appears to be much more common in herbaceous perennials than in annuals (Stebbins, 1938; Husband et al., 2013; Van Drunen and Husband, 2019). If rapid fixation in annuals reduces the probability of overlapping WGDs and intercytotype gene flow within the population, then annual polyploid populations may be more prone to extinction because of a lack of genetic diversity and eventual deterioration through inbreeding depression or the accumulation of deleterious alleles.

The theoretical impacts of reproductive assurance and population size on polyploid establishment have been examined in previously published deterministic and stochastic models (Rodriguez, 1996; Baack, 2005; Rausch and Morgan, 2005; Oswald and Nuismer, 2011; Fowler and Levin, 2016; Chrtek et al., 2017), and the results presented here are qualitatively similar to the results of those studies. However, these factors have not been studied extensively within a spatial context (aside from Baack, 2005). The selfing and clonal models generally relaxed constraints on polyploid fixation, particularly regarding reproductive assurance. In the control model, no polyploid fixation was seen at Ra < 0.5 in populations of 50 individuals and at Ra < 0.95 in populations of 200 individuals. In the selfing and clonal models, polyploid fixation was observed at all values of Ra in populations of 50 individuals and at Ra > 0.5 in populations of 200 individuals. This effect is likely due to the spatial dynamics of mating and dispersal—assortative mating among cytotypes is more likely when dispersal is limited (Li et al., 2004; Baack, 2005), which mitigates the effects of MCE that polyploids experience in the initial phases of establishment. However, this effect varied with habitat shape in both spatial models. Most of the increase in polyploid fixation in spatial models came from simulations in narrow habitats; square habitats often had rates of polyploid fixation similar to or slightly larger than non-spatial control simulations (Figures 1–3). This effect likely results from an amplification of assortative mating in habitats that are more spatially restricted, especially if dispersal is limited, too. Narrow habitats also generally increased time to fixation, with particularly pronounced effects in the clonal model (Figure 3). Because the offspring of simulated clonal organisms could only disperse to adjacent cells, each cytotype could effectively block an entire portion of the narrow habitat. This spatial organization stabilizes polymorphism within the population, and the effect increased with greater population density within the clonal model (Figure 4).


[image: image]

FIGURE 4. Effects of population density on polyploid persistence in spatial simulations (K = 50). Model type (columns) and population density (rows) are noted in the margins. Each panel contains a survival plot showing the proportion of simulations that contained multiple cytotypes at each generation, with varying values Ra represented by different colors (see legend). Results from simulations in square habitats are shown as solid lines, and results from simulations in narrow habitats are shown as dotted lines.
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FIGURE 5. Polyploid fixation time vs. diploid fixation time. Values of K (columns) and model type (rows) are noted in the margins. In each panel, the geometric means of polyploid fixation time for all parameter combinations are plotted against the geometric means of diploid fixation time for all parameter combinations. Open circles represent simulations of annual populations, and closed circles represent simulations of perennial populations. Note the different y-axis scaling in the plot showing clonal simulations at K = 200.




Significance

Spatial effects may relax constraints on polyploid establishment by causing non-random mating and dispersal. In the selfing and clonal models described above, factors that limited the spatial probabilities of mating and dispersal generally counteracted the effects of MCE. These factors included a clonal mode of reproductive assurance and narrow habitat shape, in particular.

Both clonal reproduction and selfing directly counteract MCE, but clonal reproduction results in more closely spaced groups of plants. If these plants are also capable of outcrossing, they are much more likely to mate with their own clonal offspring than with other individuals in the population. In the context of a polycytotypic population, this results in assortative mating among diploids and polyploids, respectively. It also decreases the probability that the offspring of another cytotype will disperse into a “clump” of plants and begin to displace them. Polyploidy and clonality are very strongly associated in angiosperms (Herben et al., 2017; Van Drunen and Husband, 2019). While there is a possibility that WGD may induce or enhance clonality (Van Drunen and Husband, 2019), this study demonstrates that preexisting clonal traits may facilitate polyploid establishment, even when these traits do not differ between diploids and polyploids. Unlike selfing, clonality could allow polyploids to persist in a population without experiencing the effects of inbreeding depression (which was not considered in this study), possibly increasing the relative chance that they will avoid extinction long enough to overlap with subsequent WGDs in the population.

The effects of habitat shape have not been examined in previous models of polyploid establishment, but it varies widely in both natural and disturbed areas. Coastlines, riverbanks, cliff sides, roadsides, railways, and agricultural margins are all examples of relatively linear habitats whose communities tend to differ from those in surrounding areas. In these cases, suitable habitat may be restricted in one dimension, so only dispersal along a narrow corridor will be successful. The results of this study suggest that narrow habitats can increase the probability of polyploid fixation and delay the fixation of any cytotype following WGD, and that these effects may be particularly pronounced in highly clonal, high-density populations. Populations of many invasive angiosperm species often share these characteristics, and they are also more likely to be polyploid (Pandit et al., 2011; Te Beest et al., 2012). The association between polyploidy and invasiveness has usually been supported with adaptive explanations, including that polyploids will have broader ecological niches, different reproductive traits, or increased vigor when compared to their diploid progenitors (Prentis et al., 2008; Te Beest et al., 2012). While these explanations certainly hold true in some cases, there may be an additional, neutral explanation for the enrichment of polyploidy among invasive species. The disturbance associated with roads and railways provides invasive species with exploitable habitat, and the linear, interconnected nature of these habitats also allows these species to spread to new areas. Both of these factors are critical in the establishment of many invasive species (e.g., Mortensen et al., 2009; Joly et al., 2011; Dar et al., 2015). We have shown that long, narrow habitats may enhance polyploid establishment and fixation without invoking any difference between the characteristics of diploid and polyploid cytotypes. If this model is representative of nature, one would expect invasive plants that exploit narrow habitats to be (1) more frequently polyploid or polycytotypic, and (2) more frequently polyploid in their invaded habitat than in their natural habitat (assuming their natural habitat is not often “narrow”). Both of these predictions are supported by observational studies in several species (Pyšek et al., 2009; Pandit et al., 2011; Te Beest et al., 2012). Furthermore, Tragopogon miscellus and Senecio cambrensis, some of the best-studied examples of recently formed polyploid species, arose through hybridization of introduced species and were discovered along disturbed, often narrow habitats such as railway margins and roadsides (Ownbey, 1950; Novak et al., 1991; Abbott and Lowe, 2004). Another well-studied and recently formed polyploid, Spartina anglica, also arose through hybridization of an introduced species and spread along a different type of narrow habitat—coastlines in the United Kingdom (Gray et al., 1991). Notably, each of these species is capable of reproductive assurance (via self-fertilization in T. miscellus and S. cambrensis and extensive clonal spread in S. anglica), which, according to this model and others, can also facilitate polyploid establishment. Therefore, disentangling the contributions of habitat shape, reproductive traits, and disturbance to polyploid establishment is difficult. One way to isolate these factors would be to intensively measure ploidy variation (e.g., via flow cytometry) in plant communities occupying natural, linear habitats and comparing the results to nearby, less-linear communities. For example, the effects of habitat shape observed in our model would be indirectly corroborated if (1) polyploidy is more common in a riverside community than in an adjacent forest community, and (2) both communities experience minimal human disturbance and have similar distributions of reproductive traits. In general, increased efforts to identify ploidy variation and recently formed polyploids in nature will be essential for testing the predictions of this study and other polyploid establishment models.
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The establishment and success of polyploids are thought to often be facilitated by ecological niche differentiation from diploids. Unfortunately, most studies compared diploids and polyploids, ignoring variation in ploidy level in polyploids. To fill this gap, we performed a large-scale study of 11,163 samples from 1,283 populations of the polyploid perennial geophyte Allium oleraceum with reported mixed-ploidy populations, revealed distribution ranges of cytotypes, assessed their niches and explored the pattern of niche change with increasing ploidy level. Altogether, six ploidy levels (3x−8x) were identified. The most common were pentaploids (53.6%) followed by hexaploids (22.7%) and tetraploids (21.6%). Higher cytotype diversity was found at lower latitudes than at higher latitudes (>52° N), where only tetraploids and pentaploids occurred. We detected 17.4% of mixed-ploidy populations, usually as a combination of two, rarely of three, cytotypes. The majority of mixed-ploidy populations were found in zones of sympatry of the participating cytotypes, suggesting they have arisen through migration (secondary contact zone). Using coarse-grained variables (climate, soil), we found evidence of both niche expansion and innovation in tetraploids related to triploids, whereas higher ploidy levels showed almost zero niche expansion, but a trend of increased niche unfilling of tetraploids. Niche unfilling in higher ploidy levels was caused by a contraction of niche envelopes toward lower continentality of the climate and resulted in a gradual decrease of niche breadth and a gradual shift in niche optima. Field-recorded data indicated wide habitat breadth of tetraploids and pentaploids, but also a pattern of increasing synanthropy in higher ploidy levels. Wide niche breadth of tetra- and pentaploids might be related to their multiple origins from different environmental conditions, higher “age”, and retained sexuality, which likely preserve their adaptive potential. In contrast, other cytotypes with narrower niches are mostly asexual, probably originating from a limited range of contrasting environments. Persistence of local ploidy mixtures could be enabled by the perenniality of A. oleraceum and its prevalence of vegetative reproduction, facilitating the establishment and decreasing exclusion of minority cytotype due to its reproductive costs. Vegetative reproduction might also significantly accelerate colonization of new areas, including recolonization of previously glaciated areas.

Keywords: cytogeography, chromosome numbers, ecological niche, flow cytometry, geophytes, ploidy coexistence, polyploidy


INTRODUCTION

Polyploidy is a widespread phenomenon among flowering plants (e.g., Wendel, 2000; Van de Peer et al., 2017). Several lines of evidence suggest that all flowering plants have experienced several polyploid events at some points in their ancestry (Wood et al., 2009; Jiao et al., 2011), and polyploidization is also an active evolutionary process in many lineages (Soltis and Soltis, 2012; Soltis et al., 2016; Levin, 2020). Before becoming evolutionarily successful, newly formed polyploids often have to overcome numerical inferiority, mating incompatibility, and competition with parents (Levin, 1975). Polyploidization has profound consequences for the physiological and ecological behavior of plants (Levin, 2002; Soltis et al., 2004; Ramsey, 2011; Ramsey and Ramsey, 2014) as well as their genetic diversity (Soltis and Soltis, 2000). Interactions between nucleotypic effect (Bennett and Smith, 1972), increased genetic buffering, and changes in gene expression in polyploids (Adams and Wendel, 2005; Yoo et al., 2014; Gallagher et al., 2016) may drive phenotypic changes which not only immediately affect the ecology of polyploids (Ramsey, 2011), but also their potential for novel adaptive responses to selection (Bretagnole and Thompson, 1996; Otto and Whitton, 2000; Levin, 2002; Soltis et al., 2004; Balao et al., 2011; Visger et al., 2016). Niche separation is highly important in the establishment and further spread of neopolyploids (Fowler and Levin, 2016), decreasing intercytotype reproductive contacts and competition, thus increasing neopolyploid population growth (Ramsey and Schemske, 1998; Rieseberg and Willis, 2007). Where (two) divergent genomes merge, allopolyploids may exhibit even greater rates of population establishment, persistence, and exploitation of novel habitats than autopolyploids (Arrigo et al., 2016; Barker et al., 2016; Solhaug et al., 2016) due to exceeding parental niches caused by great flexibility in gene expression (Doyle et al., 2008; Leitch and Leitch, 2008; Yoo et al., 2014). Indeed, it has been evidenced repeatedly that polyploids (prevalently tetraploids) have a broader niche or may differ in their niche optima from their diploid progenitors (Soltis and Soltis, 1995, 2000; Levin, 2002; Weiss-Schneeweiss et al., 2013; Ramsey and Ramsey, 2014; Baniaga et al., 2020). They are reported to have a stronger colonization ability (Treier et al., 2009), including invasion potential (Pandit et al., 2006, 2011), and increased ability to cope with environmental extremes better, especially at higher latitudes and elevations, and in arid or artificially disturbed habitats (Grant, 1981; Stebbins, 1984; Brochmann et al., 2004; Wu et al., 2010; Ramsey, 2011; Manzaneda et al., 2012; te Beest et al., 2012; Muñoz-Pajares et al., 2018; Rice et al., 2019; Castro et al., 2020; Decanter et al., 2020).

The study of niche changes has recently made rapid progress incorporating readily available large-scale climatic data (Fick and Hijmans, 2017) and developed new statistical tools (Warren et al., 2008; Broennimann et al., 2012; Guisan et al., 2014). Several studies examining ecological (usually climatic) differentiation between polyploids and their progenitors within groups of closely related taxa do, however, not always support niche innovation in polyploids (e.g., Broennimann et al., 2007; Godsoe et al., 2013; Theodoridis et al., 2013; Glennon et al., 2014; Arrigo et al., 2016; Marchant et al., 2016). These results suggest substantial controversy in this area, which might be explainable partly by methodological incongruities between studies due to the use of a too coarse resolution of studied abiotic variables (Kirchheimer et al., 2016), ignorance of other axes of a taxon's niche (Guisan et al., 2014; Guignard et al., 2016; Segraves and Anneberg, 2016) or absence of assessments of niche differentiation of cytotypes across more spatial scales (Treier et al., 2009; Laport et al., 2013; Čertner et al., 2019). Apart from the methodological issues, niche evolution in polyploids may also be affected by an ancestral niche breadth of their progenitors and “age”, order or number of cytotype origins within polyploid series (Theodoridis et al., 2013; López-Jurado et al., 2019). Higher ploidy levels, in contrast to lower ones, may show a lower probability of niche expansion (Brittingham et al., 2018; López-Jurado et al., 2019) because they may attain their ecological limits during the filling of remaining available unoccupied niche space (Araújo et al., 2013) and their larger genome sizes might constrain their adaptive ability (Pandit et al., 2014). On the other hand, multiple origins of polyploids (Soltis and Soltis, 1999) might increase the genetic and physiological diversity of cytotypes which subsequently enhance their ecological tolerances (McIntyre, 2012; Karunarathne et al., 2018; López-Jurado et al., 2019).

Existence of diverse global and local distribution patterns of cytotypes within polyploid complexes, ranging from sympatry through more common parapatry with cytotype-mixed populations over contact zones to allopatry (Lewis, 1980; reviewed by Stebbins, 1985; Thompson and Lumaret, 1992; Petit et al., 1999; Levin, 2002; Martin and Husband, 2009; Husband et al., 2013; Kolář et al., 2017) suggest that cytotype distributions are the results of complex processes and that certain distribution patterns (e.g., local sympatry, large-scale allopatry) can be generated by processes other than niche evolution (Šingliarová et al., 2019; Wos et al., 2019) or that some of these processes (e.g., reproductive isolation) could reinforce niche differentiation between cytotypes (Rausch and Morgan, 2005; Rojas-Andrés et al., 2020). Modification of the reproductive system toward autogamy, apomixis, or vegetative propagation to secure reproduction in polyploids (Barringer, 2007; Paule et al., 2011; Herben et al., 2017) can be a key advantage in their local establishment irrespective of their initial minority status (Kao, 2007, 2008). Asexual reproduction drastically affects the dispersal abilities of polyploids, allowing their rapid colonization and establishment in new areas, which are particularly important when resource competition with an ancestor excludes them from local populations (Baker, 1967; Kearney, 2005; Kirchheimer et al., 2016). If residual sexuality is retained in the polyploid, it also preserves its adaptive potential (Cosendai et al., 2013). However, the same distributional patterns may also be explained as the results of stochastic processes, e.g., founder and drift effects (Lewis, 1967; Kliber and Eckert, 2005; Kolář et al., 2016). The present distribution of cytotypes may also mirror the position of past cytotype refuges in relation to sites available for colonization by single cytotypes, e.g., after ice retreat during the Quaternary (van Dijk et al., 1992; Mandáková and Münzbergová, 2006; Godsoe et al., 2013).

With the application of flow cytometry (FCM), which allows us to order more sample analyses, it has also become clear that mixed-ploidy populations are much more frequent than previously anticipated ones (e.g., Halverson et al., 2008; Cires et al., 2010; Marhold et al., 2010; Trávníček et al., 2010, 2011a,b; Čertner et al., 2017, 2019). In the past, cases of locally coexisting cytotypes were assumed to represent transient situations following the frequent generation or, in the case of secondary contacts, immigration of an alternative cytotype (Kao, 2007). However, commonly occurring cytotype-mixed populations intermixed with single-cytotype populations extending over large areas have been detected in several species (Husband et al., 2013; Kolář et al., 2017 and references therein). The knowledge of cytotype composition within mixed-cytotype populations and their spatial context with cytotype-uniform populations could serve as a basis for addressing questions of the frequency of polyploid formation, niche differentiation of cytotypes, and polyploid evolution (Husband et al., 2013). However, only little is known about many polyploid complexes because they have not been studied systematically throughout their entire distribution range (Afonso et al., 2020).

An example of a mixed-ploidy plant with a complex cytogeographic pattern at various spatial scales is Allium oleraceum L., consisting of tri-, tetra-, penta-, hexa-, hepta-, and octoploid cytotypes (2n = 24, 32, 40, 48, 56, 64) of presumably allopolyploid origin (Duchoslav et al., 2010, 2013). Detailed screening of its cytotype distribution in Central Europe has demonstrated complex spatial patterns, ranging from parapatry to sympatry at the landscape scale, with frequent occurrence of mixed-ploidy populations representing mostly secondary contacts between cytotypes (Duchoslav et al., 2010; Šafářová and Duchoslav, 2010; Šafářová et al., 2011), This complex cytogeographic pattern was explained by the interaction of several mechanisms, including (i) observational (Duchoslav et al., 2010; Šafářová et al., 2011) and experimental evidence (Ježilová et al., 2015; Duchoslav et al., 2017) for slight niche differentiation among cytotypes, (ii) the prevalence of asexual reproduction via aerial bulbils (Fialová and Duchoslav, 2014; Fialová et al., 2014), facilitating founder events and escape from minority cytotype exclusion effect (Levin, 1975) at mixed-cytotype sites, supported also by (iii) unstable environmental conditions at many sites caused by periodic disturbances and local patterns of migration in strongly human-influenced landscapes (Duchoslav et al., 2010). However, there are no robust data on cytotype diversity, distribution patterns and niche differentiation at a large spatial (continental) scale which could differ from those at a regional scale due to an interaction of large-scale (climate) and small-scale environmental factors (Treier et al., 2009; Laport et al., 2013; Čertner et al., 2019) and/or historical causes (te Beest et al., 2012). Allium oleraceum is distributed (Meusel et al., 1965) from the northern part of the Mediterranean basin, a refugium of thermophilic and mesic plant species during Glacial periods (Médail and Diadema, 2009), where it is currently in contact with its supposed diploid progenitors of the Allium paniculatum L. group (Pastor and Valdés, 1983; Brullo et al., 1996a; Salmeri et al., 2016), to Northern Europe, which was glaciated during the Last Glacial Maximum (LGM; Vandenberghe et al., 2014). Therefore, the current distributional pattern of cytotypes may also have been affected by the interaction between the effects of Pleistocene climatic oscillations, which had a profound effect on range expansions, retraction, and melting of differentiated lineages in species of the European flora (Hewitt, 1999; Stewart and Lister, 2001; Stewart et al., 2010), on the one hand and ecological attributes of cytotypes on the other. Knowledge of cytotype composition of populations and cytotype distribution, especially over contact zones between A. oleraceum and its presupposed progenitors, may also allow for inferences about the evolutionary history of polyploidy in A. oleraceum.

Specifically, we addressed the following questions: (1) What is the diversity of A. oleraceum cytotypes and the pattern of their geographic distribution over the species range? Is there a different cytotype composition in the contact zones with presumed progenitors in comparison to northern, previously glaciated regions without such contacts? (2) Is the current cytotype distribution a consequence of niche divergence? Is there a different pattern of niche shift with increasing ploidy level? (3) How frequent are mixed-ploidy populations, which cytotypes participate in their composition, and what processes stand behind their existence?



MATERIALS AND METHODS


Studied Species

Allium oleraceum is a geophyte with prolific asexual propagation by aerial bulbils formed within an inflorescence and partly also by daughter bulbs produced belowground by the mother bulb, while sexual seeds are formed less frequently and usually in small numbers (Fialová and Duchoslav, 2014; Fialová et al., 2014). It belongs to Allium section Codonoprasum Reichenb., an evolutionarily young group consisting of a set of diploid and polyploid species (Friesen et al., 2006). This section is distributed in Northern Africa and Europe, extending to Iran and southwestern Siberia (Vvedenskii, 1935; Meusel et al., 1965; Stearn, 1980; Brullo et al., 1996a,b; Brullo et al., 2001). Allium oleraceum shows morphological similarity to species of the informal A. paniculatum complex, reaching its northern range limit in the southern parts of Europe (Stearn, 1980; Pastor and Valdés, 1983; Brullo et al., 1996a, 1997, 2003; Dobrotchaeva et al., 1999; Ciocârlan, 2000; Jauzein and Tison, 2001; Bogdanović et al., 2008; Aedo, 2013; Tison and de Foucault, 2014; Ghendov, 2015; Salmeri et al., 2016; Brullo and Guarino, 2017), and characterized by plants with ribbed and glabrous leaves with a semicylindrical to flat outline, spathe valves with a long appendage, and a campanulate perigon with stamens included or just slightly exerted (Brullo et al., 1996a,b, 2001, 2003, 2008; Salmeri et al., 2016). The origin of A. oleraceum is still puzzling; nevertheless, an alloploid origin is the most probable (Levan, 1937; Vosa, 1976; Duchoslav et al., 2010).



Plant Material and Field Sampling

For the chromosome number survey, data on chromosome counts of A. oleraceum was extracted from 33 publications resulting in 399 localities (Supplementary Table 1, including complete reference list). The dataset was supplemented with unpublished chromosome data of 20 populations sampled by Fialová (1996) throughout the Czech Republic. Unfortunately, only limited information concerning the number of analyzed individuals and habitat conditions of sampled sites was available from most published papers. For this reason, one individual per ploidy was considered within a population.

Plant material was sampled from 2004 to 2019 throughout Europe covering most of the range of A. oleraceum. Additional samples of seeds or bulbils originating from 20 natural populations were obtained via “Index seminum” from foreign botanical gardens. In total, material from 446 populations of A. oleraceum was collected. Simultaneously, data from the detailed ploidy-level screening of 418 populations of the Czech Republic and Slovakia (Duchoslav et al., 2010; Šafářová and Duchoslav, 2010; Šafářová et al., 2011) was extracted and incorporated into subsequent analyses. Altogether, data on the cytotype composition of 1,283 populations was collected (Supplementary Table 1).

Field sampling followed our previous studies (Duchoslav et al., 2010; Šafářová and Duchoslav, 2010; Šafářová et al., 2011) allowing for joint analyses of all datasets. Specifically, sampling was usually carried out during the spring season (March to early June) when both non-flowering and flowering plants are present aboveground (Duchoslav, 2009), and plants were collected from a wide spectrum of habitats to attain a maximum representation of the species' niche. Each population sample consisted of mostly 3–30 plants depending on population size. An effort was made to avoid collection of individuals growing close together and to cover the entire population. During sampling, the sampling area expressed in square meters was estimated. Plants were cultivated in the experimental garden of Palacký University Olomouc, Czech Republic. Herbarium specimens are deposited in the Herbarium of Palacký University Olomouc (OL).



Flow Cytometry and Chromosome Counts

DNA ploidy levels (Suda et al., 2006) were determined using FCM with Triticum aestivum cv. Saxana (2C DNA = 34.24 pg, Šafářová and Duchoslav, 2010) as an internal standard. Measurements were conducted on the following flow cytometers using two different fluorochromes: (i) BD Accuri C6 (BD Biosciences, San Jose, CA, USA)—propidium iodide (PI); (ii) Partec PAS (Partec GmbH, Münster, Germany)—PI and DAPI (4,6-diamidino-2-phenylindole); (iii) Partec Cy Flow ML (Partec GmbH)—PI and DAPI staining. Samples were prepared following the simplified protocol with LB01 isolation buffer and stained with either PI or DAPI (Doležel et al., 2007). Fresh leaves or meristematic buds of bulbil were used for FCM. For each run, the fluorescence intensity of at least 3,000 particles was recorded. Mostly, each individual was analyzed separately, but sometimes 2–3 individuals from the same population were analyzed together. Generally, histograms (using both PI and DAPI) with a coefficient of variation (CV) <5.0% were accepted. The ploidy level of the sample was determined by the position of its G0/G1 peak relative to the G0/G1 peak of an internal standard (i.e., relative fluorescence). Ploidy level was assessed based on calibration using plants for which chromosome numbers were previously (Duchoslav et al., 2010, 2013) as well as newly counted, covering the studied geographic range. Chromosome numbers were counted following the protocol by Duchoslav et al. (2010). Several individuals were analyzed with both PI and DAPI to calibrate the position of peaks if a different dye was used. Several samples with a DNA content on the margin of variation of the respective ploidy level were additionally subjected to chromosome counting to detect possible aneuploidy.



Coarse-Grained Environmental Data Extracted From Climatic and Soil Layers

Environmental data related to different eco-physiological constraints of the studied species were selected and downloaded from various open-source databases. Since climate is often seen as the main factor driving species distributions at large scales (Guisan and Thuiller, 2005; Rice et al., 2019), annual trends and extreme limiting conditions related to precipitation and temperature (BIO 1-19 variables) and elevation were extracted from WorldClim 2.1 (Fick and Hijmans, 2017). Also mean annual solar radiation (kW.m−2) was downloaded from this database. Two variables related to evapotranspiration processes and rainfall deficit for potential vegetative growth (Global Aridity Index and Potential Evapotranspiration) were downloaded from Global Aridity Index and Potential Evapotranspiration Climate Database v2 (Trabucco and Zomer, 2019). Since edaphic conditions might play an important part in a polyploid's niche (Šmarda et al., 2013; Guignard et al., 2016), available quantitative physical and chemical soil variables were downloaded from the SoilGrid database (Hengl et al., 2014, 2017). All downloaded variables had a resolution of 30 arcseconds (~1 km).

Since collinearity is a common feature in any descriptive ecological data set and can be a problem for parameter estimation potentially leading to the wrong identification of relevant predictors in a statistical model (Dormann et al., 2013), all downloaded environmental variables were examined for pairwise correlations based on extracted values of environmental variables for all established locations of A. oleraceum. After evaluation, 13 not highly correlated variables (Pearson's correlations ≤ 0.70) were retained and used in further analyses (Supplementary Table 2).



Field-Recorded, Local-Scale Environmental Data

At each sampled site the following set of local environmental variables was recorded, adopting and revising those used in the previous study by Duchoslav et al. (2010): (i) Habitat type was assessed in the field and classified using the recent vegetation classification of Europe consistent with the Braun-Blanquet approach (Mucina et al., 2016). Because of the large geographic range and consecutively great vegetation diversity of the sampled area, ecologically similar vegetation types were merged into ten aggregated habitat types (rocky outcrop, alpine grassland, dry grassland, mesic grassland, seminatural dry forest, seminatural mesic forest, seminatural alluvial forest, shrub, Robinia pseudacacia forest, arable land & field margin), which were used for subsequent analyses (“habitat type”). Correspondence between aggregated habitat types and observed vegetation types is explained in the Supplementary Table 3; (ii) Habitat naturalness, i.e., the vegetation at the site was classified according to decreasing degree of anthropic impact (synanthropy) into one of three levels: (1) “highly human-affected” (HHA; vegetation strongly influenced by man, typically with a relatively high representation or dominance of ruderal species, e.g., intensively managed agricultural habitats and their margins, road ditches, urbanized areas), (2) “extensively human-affected” (EHA; extensively cultivated landscapes, cultivated and plantation-like forests and shrubs, partly synanthropic, and extensively cultivated locations) and (3) “natural” (NAT; natural and seminatural vegetation without strong anthropic influence, e.g., semi-natural forests, semi-natural grasslands, relict sites). (iii) Habitat heterogeneity, i.e., the number of aggregated habitat types inhabited by the local Allium population. (iv) Presence of arable land: the effect of agricultural practices on the potential dispersion of Allium propagules into a site was approximated by the distance of the population to the nearest arable field and transformed into two categories (0 = >20 m; 1 = ≤20 m). (v) Rock proximity: populations were classified into two categories according to their proximity to rocky outcrops as follows: 0/1 = absence/presence of rocky outcrops within circle of 100 m radius around the population. (vi) Light conditions were assessed in the field according to the visually estimated proportion of full sunlight falling on the ground during late spring according to the following ordinal scale: 1 = strong shade, 2 = half-shade, 3 = light shade, 4 = full insolation. (vii) Heat load, i.e., a unitless index estimating the amount of heat absorbed by local site from solar radiation. The heat load was calculated from the slope, aspect and latitude of the site, using equation 2 in McCune and Keon (2002). The final values were converted to an arithmetic scale with the exp(x) function. (viii) Elevation, recorded in situ with a GPS instrument.



Calculation of Niche Characteristics in Environmental Space (E-Space) and Local-Scale Environmental Differences Between Cytotypes

Niche characteristics of the cytotypes were estimated with two groups of variables: (i) coarse-grained environmental (climatic and soil) data downloaded from open-source databases and (ii) field-recorded, local-scale environmental data. As the first step, georeferenced location data were spatially stratified to avoid discrepancies caused by highly unequal sampling in different parts of the species range, using R package “spThin” (Aiello-Lammens et al., 2015). Since octoploids were only found at two sites, these were excluded from all ecological analyses. Considering the extremely dense sampling in Central Europe (Czech Republic, Slovakia; Duchoslav et al., 2010; Šafářová et al., 2011), Finland (Åström et al., 2015), and Latvia (Karpavičienė, 2012), a 40-km threshold distance was used for each cytotype found in those regions. In the remaining parts of Europe, a 15-km threshold distance was used for each cytotype. This resulted in 560 localities, which were used for subsequent ecological analyses (Supplementary Table 1).

Environmental niche space occupied by each cytotype and quantification of niche overlap, equivalence, and similarity between cytotypes were accessed with an ordination technique (PCA-env) which applies kernel smoothers to the cytotype presences in environmental space for the selection, combination, and weighting of environmental variables (Broennimann et al., 2012). As to environmental data, 13 environmental variables from climatic and soil open-source databases were used (Supplementary Table 2). We specified a division of the environmental space of PCA (the first two axes) into a grid of 200 × 200 cells, in which each cell corresponds to a unique vector of the available environmental conditions in the background area, i.e., available environmental conditions from which each cytotype is presumed to select its habitat. It is recommended that the background area is taken from buffer zones around known occurrences or from range maps (McCormack et al., 2010; Warren et al., 2010). Therefore, we used a 20-km buffer zone around the occurrence points of each cytotype for the definition of a background area. The number of background (random) points per cytotype equalled a hundred-fold of the number of the respective occurrence points.

The niche overlap between each pair of cytotypes was computed employing the Schoener's D statistic (D) directly from environmental niche space (Schoener, 1968; Warren et al., 2008). The value of D ranges from 0, when two cytotypes have no overlap in the environmental space, to 1, when two cytotypes share the same environmental space. For testing niche conservatism vs. evolution, the niche equivalency (identity) test and the niche similarity test (Warren et al., 2008) were computed for each pair of cytotypes. The niche equivalency test determines whether niches of two cytotypes are equivalent, i.e., whether the niche overlap is constant when randomly reallocating cytotype identities over compared cytotype ranges (Broennimann et al., 2012). Specifically, occurrences of compared cytotypes were pooled and randomly split into two datasets, with the same sizes as the two original datasets, after which D was calculated. This process was repeated 1,000 times and generated a null distribution of D (Warren et al., 2008). We determined the non-equivalence or conservatism of environmental niches if the observed D of the cytotypes being compared were within the lower or upper 2.5% quantile, respectively, of a null distribution of simulated values of D.

The niche similarity test establishes whether the observed niche overlap between two cytotypes is different from the overlap between the observed niche of one cytotype and niches randomly selected from the available environmental background of the other cytotype within the environmental space defined by PCA axes (Broennimann et al., 2012). Specifically, points were randomly selected from the background area of one cytotype and the niche of this random sample was then compared to the observed niche of another cytotype using D. This process was repeated 1,000 times and generated a null distribution of D (Warren et al., 2008). If the observed D was within the upper or lower 2.5% quantile of a null distribution of simulated values of D, the cytotypes were considered to be more similar or more dissimilar, respectively, than expected by chance. This test was applied in both directions, i.e., by resampling the occurrences of the first cytotype and then those of the other cytotype.

Schoener's D statistic does not contain information on optima and breadths of niches (Glennon et al., 2014). Therefore, we used the procedure described in Theodoridis et al. (2013) and Kirchheimer et al. (2016) for comparing niches in terms of optima and breadths. Specifically, 100 cells were randomly resampled in the niche of each cytotype and their scores were extracted along the first two PCA axes. The niche optimum and the niche breadth were calculated as the mean and the variance of the sampled scores along the first and the second PCA axes. This procedure was repeated 1,000 times. Distributions of values of niche optimum and breadth for each PCA axis were compared between cytotypes.

Additionally, the following indices of niche change were computed relative to the niche of lower ploidy level only (Petitpierre et al., 2012; Guisan et al., 2014): niche expansion (E), i.e., proportion of the niche space of the higher ploidy level non-overlapping the niche of the lower ploidy level; niche unfilling (U), i.e., proportion of the niche space of the lower ploidy level non-overlapping the niche of the higher ploidy level; and niche stability (Sn, Se), i.e., proportion of the niche of either lower (Sn) or higher ploidy level (Se), shared with the other ploidy level. To decrease the effect of rare (marginal, extreme) environments on the estimation of the indices of niche change, analyses were performed in two settings, i.e., at the intersection of the 75th quantile and 95th quantile, respectively, of both compared environmental densities. All analyses were performed in the R platform (R Development Core Team, 2014), using the packages ecospat (Di Cola et al., 2017), raster (Hijmans et al., 2017), and ENMTools (Warren et al., 2010).

Ecological differentiation among cytotypes was also tested using eight field-recorded, local-scale environmental variables. Firstly, each environmental variable was used as the dependent variable and the ploidy level (with five cytotypes, 3x−7x) was used as the independent variable in separate univariate analyses. Mixed populations were duplicated according to the cytotype composition and duplicates were assigned in each group of participating cytotypes. Log-linear models were used for the analyses of categorical environmental variables, whereas the non-parametric Kruskal-Wallis test followed by multiple comparisons Dunn's test was used for the analyses of quantitative and ordinal variables (Zar, 1996). Subsequently, eight field-recorded environmental variables were subjected to constrained principal coordinate analysis (db-RDA; Legendre and Anderson, 1999) using the Gower coefficient of dissimilarity for mixed numeric/ordinal/categorical data (Legendre and Legendre, 1998). Due to the poor habitat description of 72 sites analyzed for niche characteristics in E-space, these sites were excluded from db-RDA, resulting in 488 analyzed populations (Supplementary Table 1). Cytotype composition of populations (Table 2) was used as the explanatory variable and visualized in an ordination diagram. Additionally, pairwise tests between cytotypes for environmental differences were performed using a reduced set of data matrices only consisting of populations of the respective pairs of cytotypes. Mixed populations were duplicated according to cytotype composition and duplicates were assigned to each group of participating cytotypes. Environmental differences between groups with different cytotype compositions were tested with a Monte Carlo permutation test using 999 permutations. The Bonferroni correction of α (at α = 0.05) for multiple tests was applied. Univariate analyses were performed using NCSS 9 (Hintze, 2013), whereas multivariate analyses were performed using CANOCO 5 (ter Braak and Šmilauer, 2012).




RESULTS


Cytotype Diversity and Population Composition

Six ploidy levels ranging from tri- to octoploid (2n = 24, 32, 40, 48, 56, 64) were identified in our dataset using chromosome counting (Supplementary Figure 1). This was fairly consistent with the FCM analysis of 3,931 individuals from 446 European populations, newly analyzed in this study. Relative fluorescence of different cytotypes differed [Linear Models, PI dye: F(5, 6.9) = 1630.5, P < 0.001; DAPI dye: F(2, 4.7) = 97.2, P < 0.001; Table 1]. Large intracytotypic variation in relative fluorescence was observed in tetra- and pentaploids. This resulted in an almost continuous distribution of relative fluorescence values between tetra- and pentaploids (Supplementary Figure 2). However, both chromosome counts of several plants with marginal values of relative fluorescence (Supplementary Table 1) and spatial correlation of relative fluorescence values in tetra- and pentaploids (Supplementary Figure 2; see Duchoslav et al., 2013 for the identical pattern found for absolute DNA content) allowed us to infer the ploidy level of such plants with certainty. Moreover, no aneuploid counts were identified, not even in plants with marginal relative fluorescence values within particular cytotypes. This is in line with published data on karyologically examined plants from 399 localities (Supplementary Table 1) where only euploid chromosome counts (2n = 3x, 4x, 5x, 6x) were reported. The ploidy evaluation of a total of 11,163 individuals from 1,283 populations (incl. all previously published data; Supplementary Table 1) revealed that the most common cytotype was pentaploid (53.6%) followed by hexaploid (22.7%) and tetraploid (21.6%). Other ploidy levels, i.e., triploids (1.2%), heptaploids (0.8%), and octoploids (0.2%), were extremely rare.


Table 1. Relative fluorescence (RF) of the A. oleraceum cytotypes assessed using flow cytometry with the stain propidium iodide (PI) or 4,6-diamidino-2-phenylindole (DAPI).
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Considering populations with at least two individuals analyzed (858 populations, 97.1% of all populations sampled by us; the number of analyzed plants per population: mean ± SD, 13 ± 14, min. = 2, max. = 213), a high diversity in cytotype composition was found within populations (Table 2). The majority of populations comprised a single cytotype (83.6%), much fewer populations contained two (16.5%), and just eight populations (0.9%) contained three cytotypes. Among populations consisting of a single ploidy level, pentaploids were found to be the most common while octoploids were the rarest (Table 2).


Table 2. Cytotype composition of 858 populations of Allium oleraceum with at least two sampled individuals, and odds of uniform-ploidy populations (Odds), expressed as the ratio of the number of uniform-ploidy populations to the number of mixed-ploidy populations containing a particular cytotype.

[image: Table 2]

More individuals were analyzed from populations revealed as mixed-ploidy (median = 15) than uniform-ploidy (median = 8) by FCM (Mann-Whitney one-sided test, z = 8.9, P < 0.001). Also a sampling area of mixed-ploidy populations (median = 300 m2) was larger than that of uniform-ploidy populations (median = 80 m2; z = 7.5, P < 0.001). However, habitat heterogeneity was similar between uniform and mixed-ploidy populations (z = 1.1, P = 0.286) and most populations inhabited a single habitat.

The proportion of mixed-ploidy populations was cytotype-dependent. Populations containing odd ploidy level(s) were uniform two to three times more likely than those containing even ploidy level(s) (Table 2). Among populations consisting of two cytotypes, 4x + 5x and 5x + 6x combinations were most common. On the other hand, only three mixed-ploidy populations consisting of triploids were found, once with tetraploids and twice with pentaploids. Heptaploids also rarely formed mixed-ploidy populations, once with tetraploids and once with pentaploids. Only one mixed-ploidy population consisting of tetraploids and octoploids was found. Mixed-ploidy populations comprising three cytotypes withal had the combination of 4x + 5x + 6x. Populations containing four or more cytotypes were not found (Table 2).



Geographic Distribution of Cytotypes

Cytotypes differed considerably in their distribution patterns at both large and small spatial scales and also in intensity of spatial intermingling (Figure 1, Table 2, Supplementary Figures 3, 4). Cytotype diversity over the studied area was found to be higher at lower latitudes than at higher latitudes (>52°), where only tetra- and pentaploids occurred. This pattern roughly traces the zones without and with continuous glaciation during the LGM along with areas with and without the current occurrence of diploid taxa of the A. paniculatum complex (Figure 1, Supplementary Figures 3, 4).
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FIGURE 1. Geographic distribution of ploidy levels of Allium oleraceum, based on all available data (Supplementary Table 1). Different ploidy levels are distinguished by different colors: 3x—yellow, 4x—green, 5x—blue, 6x—red, 7x—purple, 8x—orange. Ploidy-mixed populations are depicted as a pie chart showing the local frequency of cytotypes. The size of the circle represents the number of analyzed individuals per population. For the sake of clarity, populations from the Czech Republic and Slovakia were thinned. Lines with hatching indicate the limits of the continuous permafrost (light brown line) and glaciation (light blue line or polygons) during the last permafrost maximum according to Lindgren et al. (2016). The inset map shows the distribution of cytotypes in northern Norway. The black line shows the northern range limit of diploids of the Allium paniculatum complex, compiled from various sources (see Materials and Methods).


Triploids were found to be restricted to the south-eastern part of Central Europe (Pannonian Basin and Transylvanian Basin) and Eastern Europe (Ukraine, southern part of European Russia) where they co-occurred in a mosaic-like pattern with tetra- and pentaploids. Specifically, two contact zones consist of (i) uniform tri- and pentaploid populations and mixed 3x + 5x populations in Hungary, and (ii) uniform tri- and tetraploid populations and one mixed 3x + 4x population in Russia, respectively. Moreover, two triploid populations were found in the contact zone with tetra-, penta- and hexaploids, one in southern Slovakia (for details see Šafářová et al., 2011), and another in southwestern Romania (Figure 1, Supplementary Figure 4).

Both tetra- and pentaploids were widespread and their distributions largely overlapped. Tetra- and pentaploid cytotypes formed a diffuse mosaic-like contact zone with both single-cytotype and mixed-ploidy populations over most of their ranges. Tetraploids had the largest geographic range of all cytotypes, from northern Spain to the coastal areas of northern Norway and Iceland (here as a non-native plant; Åström et al., 2015) and the European part of Russia. Pentaploids occurred more frequently in the western and central parts of Europe, reaching their eastern distribution limit along a line from western Ukraine to the eastern coastal areas of the Baltic Sea. At the landscape scale, however, we found several regions where tetra- and pentaploids were spatially segregated and formed ploidy-uniform areas (i.e., large-scale parapatry) with more or less pronounced contact zones with ploidy mixtures (e.g., the western part of Hungary, continuing southwards to Croatia and Serbia vs. Slovakia; Germany; Sweden vs. Finland; Figure 1).

Hexaploids were geographically restricted to Central Europe and northern parts of the west-Mediterranean area. A striking boundary of hexaploid distribution runs alongside the outer/inner ranges of the Western Carpathians and continues along the outer part of the Eastern Alps to southern Austria and northeastern Italy. Three isolated hexaploid populations (one single-cytotype and two mixed-ploidy populations) were found in Romania. Considering mixed populations consisting of hexaploids, only 5x + 6x mixed populations were found frequently and occurred in the contact zone of penta- and hexaploids, while 4x + 6x populations were rare, and with two exceptions, occurred only in Central Europe. Mixed 4x + 5x + 6x populations were found only in Central Europe, where tetra-, penta-, and hexaploid cytotypes co-occur. At the landscape scale, however, we detected several regions where hexaploids occupied ploidy-uniform areas (e.g., part of southern Bohemia in the Czech Republic, lowlands of the Friuli-Venezia Giulia and Veneto regions in northern Italy; Figure 1).

Heptaploids (incl. uniform and mixed populations 4x + 7x and 5x + 7x) were found only in the western foothills of the Western Alps and Jura in eastern and southeastern France and western Switzerland. Only two octoploid populations were discovered: one, ploidy-uniform, in central Spain, and the other, mixed with tetraploids, in central Italy (Figure 1).



Distribution of Cytotypes Along Coarse-Grained Ecological Gradients

The variation in available environmental conditions in the species range was summarized by two PCA axes, explaining 31.7% and 24.9%, respectively, of the total variation in the environmental space (Figure 2). The PC1 axis mirrored a general humidity gradient (in terms of increasing humidity expressed by the global aridity index and increasing precipitation in the warmest period of the year), associated with more acid, coarse-grained soils containing more soil organic carbon and a higher cation exchange capacity at higher elevations. The axis constrained the distribution of all cytotypes in the most humid climates with acid and coarse-grain soils, usually at higher elevations (Figure 2B). The triploids occupied an extreme position on the PC1 axis, corresponding to habitats with alkaline, fine-grained soils in more arid conditions, while other cytotypes were slightly shifted into more humid conditions, with heptaploids being found in the relatively most humid conditions. Both tetra- and pentaploids occupied a wide range of environmental conditions along PC1. The PC2 axis mirrored a general seasonality (continentality) gradient, in terms of increasing mean temperatures of both the coldest and the driest periods of the year, and decreasing temperature and precipitation seasonalities along PC2. Considering all cytotypes together, almost all available environmental conditions along PC2 were covered. However, the axis mainly constrained the distribution of the tri- and heptaploid cytotypes, for which it showed the highest differences in temperature and precipitation seasonalities. On the other hand, tetraploids, and to a lesser extent also penta- and hexaploids, covered a wide range of environmental conditions along PC2, with a tendency for two optima (dominant higher and less apparent lower climate seasonality) (Figure 2A).
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FIGURE 2. Niches of five cytotypes of Allium oleraceum in the environmental space of coarse-grained variables (climate, soil) along the first two axes of PCA (PCAenv). (A) The panels along the diagonal represent the niches of the respective cytotypes (3x−7x). The panels below the diagonal compare niches of all pairs of cytotypes. Niches of tri-, tetra-, penta-, hexa-, and heptaploids not overlapping the niche of the other cytotypes in pairwise comparisons are shown in yellow, green, blue, red, and purple, respectively. Niche overlap is shown in gray. Color shading shows the density of the occurrences of the cytotype. Full and dashed contour lines illustrate 100 and 50%, respectively, of available (background) environments delimited by a 20-km buffer zone around the occurrence points of each cytotype. (B) The correlation circle shows the loadings of the individual environmental variables to the first two PCA axes. BIO4, temperature seasonality; BIO9, mean temperature of driest quarter; BIO11, mean temperature of coldest quarter; BIO15, precipitation seasonality; BIO18, precipitation of warmest quarter; CECSOL, cation exchange capacity of soil [mmol(c)/kg]; CLYPPT, weight percentage of clay particles (<0.0002 mm); CRFVOL, volumetric percentage of coarse fragments (>2 mm); GAI, global aridity index; ORCDRC, soil organic carbon content; PhKCl, soil acidity measured in KCl solution; SOLARRAD, mean annual solar radiation (kW.m−2).


Values of niche overlap (Schoener's D) between cytotypes ranged from 0.056 for tri- and heptaploids to 0.806 for tetra- and pentaploids, and usually exceeded 0.250, suggesting a moderate to high niche overlap. Results of niche equivalency tests were inconclusive in most cases but suggested that most of the niches are equivalent (Table 3; Figure 2A). For some pairs of cytotypes, the niches were significantly less (3x−7x) or more equivalent (4x−5x) than expected by chance. In the analysis of niche similarity, the majority of tests indicated insufficient power to make inferences regarding niche differentiation. For some pairs of cytotypes (3x−4x, 4x−5x, 5x−6x), the niche similarities were significantly higher than expected by chance, irrespective of the direction of the test.


Table 3. Niche overlap metric (Schoener's D) and results of niche equivalency tests, niche similarity tests, and indices of niche change in E-space (PCAenv) for five cytotypes of A. oleraceum.
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Indices of niche change comparing higher vs. lower ploidy levels showed complex patterns (Table 3, Figure 2A). Particularly tetraploids showed the highest niche expansion and complete filling of the niche of triploids of all cytotypes. Higher ploidy levels showed decreasing niche expansion but slightly increasing niche unfilling of the triploid niche when compared with the pattern observed in the tetraploids. When comparing with the niches of tetraploids or pentaploids, niches of higher ploidy levels showed almost zero expansion but an increase in niche unfilling. Only heptaploids showed both higher niche expansion and higher niche unfilling when compared with the niche of hexaploids. Using a more stringent setting (i.e., removing more marginal environments; 75th percentile) resulted in qualitatively the same conclusions as in the case of a less stringent setting (95th percentile) (data not shown).

The niche optimum of triploids along PC1 was significantly different from that of other cytotypes, being shifted to the left. The niche optimum of cytotypes along PC2 significantly increased with increasing ploidy level, but there were also some overlaps in niche optima between nearby cytotypes (e.g., 3x−4x, 4x−5x, 5x−6x; Figure 3). Cytotypes differed in niche breadth along both PCA axes in a complex manner. Tetra- and pentaploids, and tetraploids showed the largest niche breadth along PC1 and PC2, respectively. Both lower (3x) and higher (5x in the case of PC2, 6x, 7x) ploidy levels had lower niche breadths than tetraploids, with triploids and tri- and heptaploids having the narrowest niches along PC1 and PC2, respectively (Figure 3).
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FIGURE 3. Niche optima and niche breadths of five cytotypes of Allium oleraceum along the first two PCA axes (PCAenv). The same letters in each panel indicate non-significant differences in niche traits between respective cytotypes (i.e. overlaps of 95% central ranges of cytotypes).




Local-Scale Environmental Differences Between Cytotypes

Cytotypes showed significantly different associations with particular habitat types although their habitat requirements overlapped (Table 4, Figure 4). Both tetra- and pentaploids were found in a wide spectrum of habitats, whereas tri- and heptaploids occupied a narrower spectrum of habitat types. Lower ploidy levels (3x−5x) were frequently found in open semi-natural habitats such as grassland and rocky outcrops, whereas higher ploidy levels (6x, 7x) were frequently observed in human-affected habitats such as arable land and field margins as well as Robinia pseudoacacia forests. Populations of higher ploidy levels occupied preferentially extensively to highly human-affected sites in close contact with arable land (Armitage test for trend in proportions, z = −4.81, P < 0.001; Figure 4). Populations of different cytotypes did not differ in habitat heterogeneity, light conditions of occupied habitats, and proximity of rocky habitats. Tetra- and pentaploids showed the widest elevation range from lowlands (0 m) to the alpine belt (c. 2,100–2,300 m), while tri- and heptaploids were found only at elevations below ca 600 m a s l. Hexaploids occupied slightly higher elevations than tetra- and pentaploids. Sites with the occurrence of tetraploids had a significantly lower heat load than sites of other cytotypes (Table 4, Supplementary Figure 5).


Table 4. Summary of the associations between cytotypes and field-recorded local-scale environmental variables in populations of Allium oleraceum.
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FIGURE 4. Frequency distribution (%) of categories of field-recorded environmental variables at sites of different cytotypes of Allium oleraceum: habitat naturalness (HHA, highly human-affected; EHA, extensively human-affected; NAT, natural habitats), presence of arable land (presence/absence: distance to the nearest arable field ≤/>20 m), and habitat types.


Both tests on the first (pseudoF = 1.2, P = 0.001) and all canonical axes (pseudoF = 1.9, P = 0.001) of constrained principal coordinate analysis revealed non-random differences in local-scale environmental conditions between groups of different cytotype compositions (Figure 5). However, all canonical axes collectively explained only 4.6% of the total variation among cytotype groups (PC1 = 2.9%, PC2 = 0.6%). The first canonical axis represented a gradient of synanthropy, with natural and semi-natural sites (rocky outcrop, grassland, dry, and mesic forests) with longer distances to the nearest arable land on the left to ruderalised or even synanthropic sites (Robinia forest, shrub, arable land & field margin) on the right of the ordination diagram. Except for triploid populations, single-ploidy populations were ordered along the first canonical axis from lower ploidy levels on the left to the higher ones on the right. Most mixed-cytotype groups of sites with the participation of pentaploids were usually placed in intermediate positions between uniform-ploidy sites of participating cytotypes. Other mixed-cytotype groups were usually placed near the uniform-cytotype sites of one of the participating cytotypes. The second canonical axis represents a gradient of increasing habitat heterogeneity. Cytotype groups placed in the upper part of the ordination diagram were usually mixed-cytotype sites in addition to uniform triploid populations. Paired tests between cytotypes revealed significant differences (after Bonferroni correction) in local-scale environmental conditions between lower (3x, 4x) and higher ploidy levels (6x, 7x), and between penta- and hexaploids (Supplementary Table 4).
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FIGURE 5. The first two canonical axes of constrained principal coordinate analysis (db-RDA). Cytotype composition of populations was used as an explanatory variable and field-recorded environmental factors as dependent variables. The inset diagram shows correlations of field-recorded environmental factors with the first two canonical axes. Vectors of the categorical variables can be interpreted as the probability of their occurrence. Environmental variables with names in large font size are significantly correlated with at least one of the first two canonical axes (P < 0.001).





DISCUSSION


Cytotype Diversity

We found a great diversity of ploidy levels in A. oleraceum, ranging from triploids to octoploids. Our data on the distribution of lower ploidy levels (i.e., 2n = 3x−6x) correspond well to published chromosome counts, but significantly extends their distributional ranges (Figure 1). Moreover, two uncommon cytotypes corresponding to hepta- and octoploids are the first such counts within A. sect. Codonoprasum and represent extremely rare ploidy levels within Allium (Hanelt et al., 1992; Goldblatt and Johnson, 2010; Rice et al., 2015; Peruzzi et al., 2017), which is considered an example of a genus with extraordinary high intraspecific variation in ploidy levels (Han et al., 2020). Such substantial intraspecific ploidy variation is only rarely seen in plants, e.g., in Cardamine yezoensis Maxim. with six (Marhold et al., 2010) and Oxalis obtusa Jacq. with seven (Krejčíková et al., 2013) cytotypes, respectively.

The majority of analyzed plants and populations were pentaploid. Higher frequencies of odd-ploidy levels (especially >3x) are rare within ploidy-polymorphic species (Husband et al., 2013; Kolář et al., 2017) and odd-ploidy dominance has only exceptionally been documented in mixed-ploidy species (Mock et al., 2012; Šingliarová et al., 2019). High frequencies of odd-ploidy cytotypes might indicate frequent intercytotype hybridization between even-ploidy levels (Husband et al., 2013; Hanušová et al., 2019; Šingliarová et al., 2019), and odd cytotypes generate mostly aneuploids due to unequal meiotic division resulting in unbalanced chromosome segregation and chromosome elimination (Ramsey and Schemske, 1998, 2002). In contrast, odd-ploidy cytotypes of A. oleraceum (incl. pentaploids) formed cytotype-uniform populations more frequently than even-ploidy cytotypes (Table 2), and no aneuploids were found in natural populations despite karyological screening of more than 500 adult plants (Levan, 1933; Karpavičienė, 2007, 2012; Åström et al., 2015; this study). We suggest that the strong asexual mode of reproduction of A. oleraceum cytotypes (Fialová et al., 2014) and non-viability of aneuploid seeds are crucial factors behind the observed patterns. Indeed, other polyploid species with higher frequencies of odd-ploidy cytotypes exhibit almost exclusively asexual reproduction (e.g., Krahulcová and Jarolímová, 1993; Kao, 2007; Mock et al., 2012; Kolář et al., 2017).



Drivers of Large-Scale Cytotype Distributions

The large-scale distribution pattern of different cytotypes throughout the species range was found to be remarkably complex. While tetra- and pentaploids were common across almost the entire species range and sympatric with other cytotypes at lower latitudes, other cytotypes occupied lower latitudes (below 52°) and were distributed parapatrically (tri- vs. hexaploids) or allopatrically (tri- vs. hepta- and octoploids; Figure 1). The current distribution of all cytotypes also overlaps the range of diploid, sexually reproducing hypothetical progenitors of the A. paniculatum complex (Stearn, 1980; Pastor and Valdés, 1983; Brullo et al., 1996a; Salmeri et al., 2016), but exclusively at lower latitudes. Considering both polyploid A. oleraceum and diploids of A. paniculatum complex, most regions with a high cytotype diversity are confined to unglaciated areas during the LGM while only polyploids are currently distributed at both higher latitudes and elevations, with tetra- and pentaploids being the only cytotypes represented in northern areas which were glaciated during the LGM (Huntley and Birks, 1983). A somewhat similar scenario has been described within several sexual–asexual taxa (e.g., Antennaria L., Bayer and Stebbins, 1987; Ranunculus auricomus group, Hörandl, 2006; Crataegus L., Lo et al., 2013; Ranunculus kuepferi Greuter & Burdet, Kirchheimer et al., 2016; Schinkel et al., 2016; Paspalum intermedium Munro ex Morong, Karunarathne et al., 2018), where polyploid apomicts tend to have larger ranges and occupy colder areas (i.e., higher latitudes and/or elevations) than diploid sexuals, suggesting evolutionary advantages of polyploidy associated with apomixis in the colonization of deglaciated areas (i.e., geographical parthenogenesis; Bierzychudek, 1985; Hörandl, 2009; Tilquin and Kokko, 2016; Hojsgaard and Hörandl, 2019). Below, we discuss the roles of several processes which might explain the current distribution patterns of A. oleraceum cytotypes, such as niche evolution, asexuality, and non-adaptive processes (e.g., biogeographic history, dispersal).



Role of Niche Differentiation

There has been mixed support for the role of niche differentiation in polyploid establishment and evolution (Levin, 2002; Martin and Husband, 2009; Parisod et al., 2010; te Beest et al., 2012; Glennon et al., 2014; Visser and Molofsky, 2015; Marchant et al., 2016), although recent research using biogeographic data across vascular plants has proved that ecological niche differentiation is an important component of polyploid speciation and that polyploids have a faster niche differentiation than their diploid relatives (Baniaga et al., 2020). Unfortunately, our study does not directly compare niches between polyploids and diploid progenitors to test the phylogenetic niche conservatism (Wiens et al., 2010), since the diploid progenitors of A. oleraceum are not known with certainty (Duchoslav et al., 2010). Putative diploid ancestors of A. oleraceum (e.g., A. paniculatum, A. podolicum Blocki ex Racib. & Szafer, and A. fuscum Waldst. & Kit.; Levan, 1937) however share two characteristics: (i) their niches are restricted to a narrow range of natural habitats (rocky outcrops and dry grasslands) in (ii) dry and warm regions of southeastern Europe (Stearn, 1980; Brullo et al., 1996a, 2001; Dobrotchaeva et al., 1999; Ciocârlan, 2000; Ghendov, 2015; Salmeri et al., 2016). In contrast, the niche of polyploid A. oleraceum also comprises more mesic (colder and moister) climatic conditions (Figures 1–3) and a wide spectrum of habitat types, including fertile weedy habitats (Figure 4). The stronger synanthropic affinity of polyploids, in contrast to their diploid congeners, was recently found in several polyploid complexes (Zozomová-Lihová et al., 2014; Chung et al., 2015; Němečková et al., 2019; Rejlová et al., 2019). Exact niche comparison between polyploid A. oleraceum and its diploid progenitors is needed, as soon as molecular analyses reveal the diploid progenitors of A. oleraceum.

Using coarse-grained environmental variables, we identified high niche overlap in most pairwise comparisons between A. oleraceum cytotypes (Table 3, Figure 2). Even though the niche equivalency and similarity tests do not allow us to confirm significant differentiation or similarity in most cases, we identified two patterns of niche change within this polyploid series. Whereas, we found evidence of both niche expansion and innovation in tetraploids compared to triploids, higher ploidy levels showed (almost) zero niche expansion, but a trend of increasing unfilling of tetraploid niche. Niche unfilling in higher ploidy levels was primarily caused by the contraction of niche envelopes toward a lower continentality of the climate and resulted in a gradual decrease of niche breadth and a gradual shift in niche optima in higher (>4x) ploidy levels. Consequently, the geographic ranges of most cytotypes overlapped to various extents, with wider ranges of tetra- and pentaploids due to their wider niche breadth. Also analysis of local-scale environmental variables demonstrated that higher ploidy levels (6x, 7x) tend to occupy a narrower segment of habitats occupied by lower ploidy levels (4x, 5x), but without any sign of niche novelty. In agreement with some recent studies in other polyploid complexes (e.g., Brittingham et al., 2018; Gaynor et al., 2018; Hanušová et al., 2019), the observed divergent patterns of niche changes among A. oleraceum cytotypes seem to contradict the classical adaptive evolutionary scenario (Levin, 1975, 2002; Fowler and Levin, 1984, 2016), assuming shift in ecological niches of higher polyploids (i.e., niche innovation or niche expansion) compared to their lower ploidy level relatives.

One likely explanation of the observed niche patterns in A. oleraceum polyploids is linked to the type of polyploidy because autopolyploidy, in contrast to allopolyploidy, does not inevitably produce transgressive traits to fuel adaptive ecological divergence (Hegarty and Hiscock, 2008; Parisod et al., 2010). Additionally, multiple origins of polyploids (Soltis et al., 2010) might affect the genetic variation and consequently niche breadth of polyploids as was recently shown in e.g., tetraploids of Dianthus broteri Boiss. & Reut. (López-Jurado et al., 2019) and Jasione maritima (Duby) Merino (Castro et al., 2020). Our previous study of genome size variation in A. oleraceum cytotypes revealed a remarkably complex pattern both within and between cytotypes (Duchoslav et al., 2013). Specifically, 4x−7x cytotypes from (south-)western Europe had similarly sized monoploid genome sizes (1Cx), which might suggest their (recent) autopolyploid origin (Balao et al., 2009), whereas differently sized 1Cx of the eastern 3x−5x cytotypes could be the result of independent polyploidization events, potentially involving crosses between different diploids of the A. paniculatum complex (Duchoslav et al., 2013). Moreover, populations of two cytotypes (4x, 5x), whose distributions cover both western and eastern parts of Europe (Figure 1), also diverged in genome sizes in a west-east direction (Duchoslav et al., 2013; Supplementary Figure 2). Consequently, we suppose that both tetra- and pentaploids are assemblages of different evolutionary lineages arising from different environmental conditions (Duchoslav et al., 2013), i.e., their niches are actually a composition of narrower niches of lineages with different origins. If the lineages are considered as one unit (= cytotype), they show a large niche breadth whereas other cytotypes distributed in either western (6x, 7x) or eastern (3x) parts of the species range just show a subset of broad niches of tetra- and pentaploids (Figures 2, 3). Two additional pieces of evidence support outlined explanations. Firstly, common garden experiments and physiological measurements on Central European populations of tetra-, penta-, and hexaploids have generally shown similar competitive ability (Fialová and Duchoslav, 2014) and photosynthetic capacity (Ježilová et al., 2015) of cytotypes, but also significantly lower interpopulation variation of the studied parameters in hexaploids than in tetra- and pentaploids. Secondly, a study of allozymes revealed more genetically differentiated populations of Central European tetra- and pentaploids, with two-fold higher total and within-population diversity, in comparison with genetically uniform hexaploids (Duchoslav and Staňková, 2015).

Triploids had the narrowest niche of all cytotypes with a niche optimum resembling the ecological characteristics of putative diploid progenitors (Čeřovský et al., 1999; Ciocârlan, 2000; Ghendov, 2015; Salmeri et al., 2016). Moreover, triploids only slightly exceed the geographic range of putative diploid progenitors. The narrow niche of triploids may be explained by their complete sterility (Jírová, 2007), a factor that hinders the activation of natural selection (see below; Chung et al., 2015).

The narrower range sizes and niches of higher ploidy levels (6x, 7x) could also be explained by their more recent origin. Despite several competing hypotheses as to how species (cytotype) “age” may affect range size (Johnson et al., 2014; Brittingham et al., 2018; Sheth et al., 2020), and the unknown evolutionary age of A. oleraceum cytotypes, newly arising higher ploidy levels (6x, 7x) certainly face competition from already established lower ploidy levels (4x, 5x). Niche contraction in higher ploidy levels has previously been observed in several polyploid complexes (Theodoridis et al., 2013; Gaynor et al., 2018). Furthermore, niche-contraction in higher ploidy levels to fertile sites rich in nitrogen and phosphorus (i.e., field margins and road ditches, Robinia pseudoacacia forests) might be affected by their larger genome sizes (Duchoslav et al., 2013). Both cytotypes have very large genomes (sensu Leitch et al., 1998), which has been suggested to have increased expenses of building and maintaining nucleic acids and associated proteins which may, under certain circumstances, act as selection pressure (Šmarda et al., 2013; Guignard et al., 2016, 2017). Indeed, the concentration of available phosphorus was found to be significantly higher in soils of Central-European sites of hexaploids than in soils of sites of tetra- and pentaploids (Duchoslav et al., 2010). Additionally, plants of higher ploidy levels with large genomes might also be constrained by the threshold for minimum stomatal size and therefore be less tolerant of water stress due to a larger stomatal length (Veselý et al., 2012). Consequently, their spread might be constrained in more arid climates.



Asexuality

Asexuality has long been hypothesized as a viable mechanism (Gustafsson, 1948; Yamauchi et al., 2004; Husband et al., 2013; Herben et al., 2017) by which newly emerging or immigrating polyploids might establish at a local site. It enables them to persist in face of strongly reduced fitness either due to mating with their more common progenitors or relatives of other ploidy levels (minority cytotype exclusion; Levin, 1975) or to meiotic irregularities caused by the formation of various meiotic configurations causing a reduction of the seed set (Ramsey and Schemske, 2002). Asexuality may also play a decisive role in the colonization of new areas, e.g., during the recolonization of previously glaciated habitats (Hörandl, 2009). Due to the ability to reproduce without mates or pollinators, such as asexually formed seeds in apomicts (Hörandl, 2006), a new population can establish from a single propagule (“Baker's Law,” Baker, 1967). However, an application of this scenario on polyploid A. oleraceum plants is puzzling. Even though A. oleraceum is not an apomictic plant (sensu Asker and Jerling, 1992), its cytotypes predominantly reproduce uniparentally by huge and similar numbers of asexual propagules in the form of bulbils formed in the inflorescence (Fialová et al., 2014). Bulbils are ecologically similar to seeds (Ronsheim, 1994), but have a higher amount of stored resources (Karpavičienė and Karanauskaitė, 2010) and higher germination rates (Fialová et al., 2014), expressed in a higher survival and growth rate of plants originating from bulbils in comparison with seedlings (Fialová and Duchoslav, 2014). Consequently, bulbils increase the probability of successful establishment of a new population in various types of habitats differing in intensity of competition (e.g., open early-successional vegetation, dense grasslands, shaded forests; Fialová and Duchoslav, 2014; Duchoslav et al., 2017). The abovementioned traits favor A. oleraceum cytotypes over their putative sexual diploid progenitors lacking the ability of aerial bulbil formation (Stearn, 1980; Salmeri et al., 2016), but cannot favor one cytotype over others. However, two cytotypes with the widest niche breadth (tetra- and pentaploids) produce an order of magnitude more sexual seeds than other cytotypes (Karpavičienė, 2012; Fialová et al., 2014). Such a combination of sexual and asexual reproduction potentially advantages tetra- and pentaploids over other cytotypes due to their better ability to adapt, together with the conservation of such genetically and ecologically different genotypes via asexual propagules (= “Frozen Niche Variation Model”; Vrijenhoek, 1994). In contrast, cytotypes with scarce sexual reproduction may have a restricted niche because local adaptation by recombination will occur at lower rates, as recently shown in apomictic tetraploids of Ranunculus kuepferi (Kirchheimer et al., 2016).



Historical Factors

Despite high niche overlap between cytotypes and spatial intermingling of most cytotypes at a landscape scale, we detected some often quite large, nearly or entirely ploidy-uniform areas in different parts of the species' range (Figure 1). Most of them were formed by either penta- or tetraploids, although these two cytotypes have identical niches. One possible explanation could be that there are other environmental factors not explored here which may be responsible for niche differentiation between cytotypes (e.g., Zozomová-Lihová et al., 2014). However, we rather suggest that movements of cytotypes during and following post-glacial migration may have resulted in founder effects (te Beest et al., 2012; McAllister et al., 2015). Some of such founder effects might be of anthropogenic origin owing, for example, to the strong connection of A. oleraceum to Iron Age habitation and ancient settlements in the Nordic countries (Hæggström and Åström, 2005). For example, the dominance of pentaploids in southwestern Finland but prevalence of tetraploids in southeastern Finland was associated with sailing routes from Sweden dominated by pentaploids and old trade routes of pedlars from Russia dominated by tetraploids (Åström et al., 2015). Other ploidy-uniform areas, dominated by hexaploids, were found in e.g., the lowlands of the Friuli-Venezia Giulia and Veneto regions in northern Italy and the hills of southern Bohemia in the Czech Republic (Figure 1). Both regions are, however, strongly man-influenced landscapes with low habitat heterogeneity, dominated by intensively cultivated arable fields. We suggest that the interaction between affinity of hexaploids to fertile ruderal habitats and founder effect might be a viable explanation.

In addition, there is one large ploidy-uniform region dominated by pentaploids with rare occurrence of 3x + 5x mixed populations, ranging from the northwestern part of Hungary to northeastern Croatia and central Serbia. This region (Pannonian basin) has a subcontinental climate and large areas covered by loess, with degraded forest-steppe landscapes, surrounded by mountain ranges (Zólyomi and Fekete, 1994). Currently, we can only speculate about the causes of the observed pattern but we hypothesize that these pentaploids represent a lineage adapted to these specific environmental conditions.

The surprising absence of triploids from other southern regions of Europe (Iberian Peninsula, France, Italy) is hardly explainable as a sampling bias (we sampled more intensively in these regions than in Eastern Europe). More likely, their absence or perhaps rareness coincides with the apparently low diversity of putative diploid progenitors in the western part of the Mediterranean (Spain, France) than in the eastern part (e.g., Brullo et al., 1997; Jauzein and Tison, 2001; Bogdanović et al., 2008; Aedo, 2013; Tison and de Foucault, 2014; Brullo and Guarino, 2017), which may decrease the probability of triploid formation by fusion of reduced and unreduced gametes in crosses between diploid progenitors or by crosses between diploid progenitors and tetraploids of A. oleraceum. The latter explanation is supported by newly discovered high-level polyploids (hepta- and octoploids) in A. oleraceum found in southwestern Europe. Such high ploidy levels could have originated via various pathways including auto- and/or allopolyploidy (see also below), with participation of polyploid species of the A. paniculatum complex (e.g., tetraploid A. oporinanthum Brullo, Pavone & Salmeri), which are reported from the northwestern Mediterranean (Brullo et al., 1997).

A sharp boundary of the continuous distribution of hexaploids was observed in the Western Carpathians, where hexaploids meet triploids of eastern origin (Figure 1). This contact zone could be considered as secondary, with hexaploids migrating from the west. Concordant patterns of cytotype contact zones have been detected in several different polyploid complexes in this region (Mráz and Ronikier, 2016). However, the discovery of rare hexaploids in the Transylvanian basin, separated from the easternmost localities of the continuous range by a c. 300 km disjunction, could be explained as the result of independent origin of this cytotype (see also below).



Mixed-Ploidy Populations: Their Origin and Persistence

A high frequency of mixed-ploidy populations has been recently observed in several plant species (Kolář et al., 2017 and references therein; Hanušová et al., 2019) despite theoretical arguments that the coexistence of multiple cytotypes within populations may be unstable and represent only a transient stage following frequent generation or immigration of a divergent cytotype (Levin, 1975). We found 17.4% of populations comprising two or three cytotypes within A. oleraceum, which is within the mean estimates at the population level for mostly sexual and mostly asexual mixed-ploidy species as reviewed by Kolář et al. (2017). However, the frequency of mixed-ploidy populations in A. oleraceum observed in our study likely undervalues its real estimate because of a positive correlation between sampling effort (area, number of individuals) and within-population cytotype richness (see also Sonnleitner et al., 2010; Šingliarová et al., 2019).

We revealed mixed-ploidy populations across most of the studied species range, confirmed all previously reported combinations of A. oleraceum cytotypes composing mixed-ploidy populations (Duchoslav et al., 2010), and discovered five new cytotype combinations (Table 2). We regard the origin and spatial distribution of the majority of these mixtures to be most likely explained by secondary contacts between cytotypes (sensu Petit et al., 1999). The following arguments support the “secondary contact hypothesis” in A. oleraceum. Firstly, most mixed-ploidy populations occur exclusively in contact zones of participating cytotypes, in a diffuse, mosaic-like pattern with uniform-cytotype populations, not as rare cases of cytotype mixtures in otherwise ploidy-uniform areas. Furthermore, all cytotypes also form their own populations, suggesting a rather long term stability of all cytotypes and not a scenario of ongoing polyploidisation via the production of unreduced gametes, as proposed, for example, for hexaploids and higher ploidy levels of Cardamine yezoensis (Marhold et al., 2010), or a scenario of repeated interploidy hybridization such as in the case of the assumed origin of pentaploids in mixed 4x + 6x populations of Cystopteris fragilis (L.) Bernh. (Hanušová et al., 2019). In these examples, newly generated polyploids do not spread from mixed populations and do not develop their own populations. Secondly, the origin of some mixed-ploidy populations in A. oleraceum (e.g., 4x + 5x, 4x + 7x; 5x + 7x) is difficult to explain as a result of interploidy crosses or of primary formation of a higher cytotype in lower-ploidy level populations (Ramsey and Schemske, 1998, 2002). Thirdly, the observed moderate to strong overlaps of both niches and geographic distributions between most cytotypes may result in local spatial contacts, which are significantly enhanced by the dispersion of propagules (especially aerial bulbils) via human-mediated transport of hay and cereals, soil movement during soil preparation, or collection and spreading of bulbils by small rodents (Duchoslav, 2001). Fourthly, short-time cytotype coexistence in A. oleraceum was experimentally evidenced in the form of survival of foreign ploidy levels at home-ploidy sites in a 5-year experiment with aerial bulbils transplanted reciprocally to cytotype-uniform sites of tetra-, penta-, and hexaploids in central Europe (Duchoslav et al., 2017). Lastly, asexual reproduction as a dominant reproductive mode of all cytotypes (Fialová et al., 2014) facilitates their establishment (Fialová and Duchoslav, 2014) and allows established plants to avoid reproduction costs due to their minority status (Yamauchi et al., 2004; McAllister et al., 2015) and potential lack of compatible partners for mating in this allogamous species. The decisive role of asexuality for local coexistence of different cytotypes was proved by Kao (2007, 2008), who observed no reduction in fitness of rare cytotypes in mixed-cytotype populations in Arnica cordifolia Hook, a facultatively asexual species.

Nevertheless, we cannot rule out that some mixed populations represent the primary zone of contacts between cytotypes or that gene flow between cytotypes occurs. An allozyme study of Czech populations of A. oleraceum (Duchoslav and Staňková, 2015) demonstrated complex patterns of genetic similarity between tetra-, penta-, and hexaploid plants in mixed-ploidy populations, ranging from close to weak relatedness between locally coexisting cytotypes. The identical banding pattern of tetra- and hexaploids observed in two 4x + 6x populations was interpreted as hexaploids having originated in-situ de novo via fusion of unreduced and reduced gametes of tetraploids (Duchoslav and Staňková, 2015). However, we believe that a neohexaploid origin in tetraploid populations should be a rare process given the fact that no hexaploid plants were found in tetraploid populations outside the continuous range of hexaploids (Figure 1). On the other hand, the discovery of rare octoploids in a tetraploid population observed in central Italy (No. 452; Figure 1) might be interpreted as a spontaneous polyploidization event.

Higher odd-ploidy cytotypes (especially pentaploids) have a relatively higher fitness than triploids due to an increased production of viable euploid gametes ranging from 1x to 5x (Ramsey and Schemske, 1998; Costa et al., 2014). These may thus participate in both intra- and interploidal crosses (Sutherland and Galloway, 2017). However, no evidence of the occurrence of adult plants of other-than-mother cytotypes was observed in populations in ploidy-uniform regions (Figure 1), even though some of those regions were dominated by pentaploids, potentially producing karyologically variable progeny. Cytotype uniformity within such populations could be explained by a weak competitive ability and consequently lower survival of seedlings in comparison with young plants sprouted from bulbils, i.e., asexual copies of the maternal cytotype (Fialová and Duchoslav, 2014). Further studies into the cytotype variation of generative offspring produced by each cytotype and inter-cytotype crossing experiments are needed to evaluate the role of gene flow between cytotypes as a potential source of genetic and ecological diversity in A. oleraceum.




CONCLUSIONS

Our study has provided detailed insight into the diversity and ploidy distribution patterns in populations of a geophytic species at a continental scale. Large ploidy diversity (six ploidy levels; 3x−8x) ranks A. oleraceum among the most cytotype-diverse mixed-ploidy plant species (Kolář et al., 2017), and the dominance of pentaploids (50.2%) makes A. oleraceum a unique case. All types of spatial arrangements of cytotypes at the landscape scale (i.e., allopatry, parapatry, and sympatry) were detected in A. oleraceum, together with relatively frequent coexistence of multiple ploidy levels within populations, resulting in various cytotype combinations. The widespread distribution of tetraploids and pentaploids contrasted with narrower ranges of both lower (triploid) and higher ploidy levels (hexa- to octoploids), which also differed from each other in geographic distributions.

We further focused on possible evolutionary drivers of the observed spatial patterns of cytotypes. In contrast to the classical adaptive evolutionary scenario, assuming niche innovation or niche expansion in higher ploidy levels, we found niche expansion in tetraploids compared to triploids followed by gradual niche contraction in higher ploidy levels, with higher ploidy levels occupying mainly synanthropic habitats. The wide niche breadth of tetraploids and pentaploids might be explained by their multiple origins from different environmental conditions, higher “age,” and retained sexuality, which probably preserves their adaptive potential. By contrast, both lower and higher ploidy levels with narrower niches are mostly asexual and probably originated in a limited range of contrasting environments. Newly evolved higher ploidy levels have also faced competition from existing cytotypes, which might have affected a shift of their niche. Persistence of local ploidy mixtures could be enabled by the perenniality of A. oleraceum, and intensive vegetative reproduction of all cytotypes, which facilitates establishment and allows plants to avoid reproductive costs due to their minority status. Vegetative reproduction might also significantly accelerate colonization of new areas, including recolonization of previously glaciated habitats. Further study should primarily focus on molecular analyses to reveal the relationships between cytotypes and to identify their origin. Besides that, comparison of the niches of polyploids with those of identified diploid progenitors could also be tested.
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Supplementary Figure 1. Microphotographs of mitotic plates of Allium oleraceum cytotypes (2n = 3x − 8x). Scale bar = 10 μm. Plant locations: 3x: Ukraine (Population No. 234), 4x: Czech Republic (No. 1118), 5x: Czech Republic (No. 1091), 6x: Czech Republic (No. 1147), 7x: France (No. 80), 8x: Spain (No. 239).

Supplementary Figure 2. (A) Box-plots of mean relative fluorescence (ratio to the internal standard Triticum aestivum cv. Saxana) of 596 populations of six ploidy levels of Allium oleraceum measured by FCM (PI stain; see Table 1). (B, C) Geographic pattern of the mean relative fluorescence of Allium oleraceum cytotypes along latitude (B) and longitude (C), respectively. The median smoothed line was fitted separately for each cytotype by moving average procedure where running medians are used instead of running means. Chromosome counts were done for selected populations of tetra- and pentaploids with marginal relative fluorescence. Such populations are marked by asterisks (*) in the plots B and C.

Supplementary Figure 3. Detailed distribution of ploidy levels of Allium oleraceum over its range, based on all available data (Supplementary Table 1). Separate maps were drawn for each dominant cytotype including ploidy-mixed populations. Different ploidy levels are distinguished by different colours: 3x - yellow, 4x - green, 5x - blue, 6x - red, 7x - purple, 8x - orange. Ploidy-mixed populations are depicted as a pie chart showing the local frequency of cytotypes. The size of the circle represents the number of analysed individuals per population. The lines with corresponding hatching indicate the limits of the continuous permafrost (light brown line) and glaciation (light blue line or polygons) during the last permafrost maximum according to Lindgren et al. (2016). The inset map shows the distribution of cytotypes in northern Norway. The black line shows the northern range limit of diploids of Allium paniculatum complex, compiled from various sources (see Material and Methods).

Supplementary Figure 4. Detailed distribution of ploidy levels of Allium oleraceum in Central Europe, based on all available data (Supplementary Table 1). Different ploidy levels are distinguished by different colours: 3x - yellow, 4x - green, 5x - blue, 6x - red, 7x - purple, 8x - orange. Ploidy-mixed populations are depicted as a pie chart showing the local frequency of cytotypes. The size of the circle represents the number of analysed individuals per population. The lines with corresponding hatching indicate the limits of the continuous permafrost (light brown line) and glaciation (light blue line or polygons) during the last permafrost maximum according to Lindgren et al. (2016). The inset map shows the distribution of cytotypes in northern Norway. The black line shows the northern range limit of diploids of Allium paniculatum complex, compiled from various sources (see Material and Methods).

Supplementary Figure 5. Frequency distribution (%) of categories of the following field-recorded, fine-scale environmental variables at sites of different cytotypes of Allium oleraceum: habitat heterogeneity (number of local habitats occupied by the local population: white = 1 habitat, grey = 2 habitats, black = 3 habitats); Light conditions (white = deep shade, light grey = half shade, dark grey = light shade, black = full insolation). The bottom panels represent percentile-plots of elevation and heat load at sites of different cytotypes of A. oleraceum.

Supplementary Table 1. Allium oleraceum populations analysed in this study, including extracted data from other sources. For each population, ID code, locality description, geographic coordinates (WGS-84), sample size (Nind = number of individuals analysed; in the case of literature sources without sample size information, just one analysed individual per ploidy was considered for each site), ploidy level (Ploidy composition, ‘+’ means the case of mixed-cytotype populations), counted chromosome numbers, mean, SD, and sample size (Nindi) of the relative fluorescence intensity of identified cytotypes (flow-cytometry (FCM); Triticum aestivum cv. Saxana as an internal standard); dye used for FCM estimation (PI, DAPI), field-recorded, local-scale ecological variables and extracted coarse-grained environmental variables (see Supplementary Table 3 for explanation), and sources of data are given. Populations, which were used for ecological analyses, are marked with an asterisk within the column named “Niche analyses”.

Supplementary Table 2. Survey of coarse-grained environmental variables used in ecological niche analysis (PCAenv). For each variable, its abbreviation, units, scaling factor, and source of data are presented. Additionally, descriptive statistics (mean and SD) of each coarse-grained environmental variable for each cytotype, using all localities in Supplementary Table 1, are presented.

Supplementary Table 3. Survey of local-scale environmental and population variables used in the study. Vegetation types according to Mucina et al. (2016), which were included within each habitat type used in the study, are given at the bottom.

Supplementary Table 4. Summary of the pairwise multivariate analyses between cytotypes using db-RDA applied to local-scale environmental variables recorded in populations of A. oleraceum. The significance level of the db-RDA was assessed by Monte Carlo permutation test using 999 permutations. P-values in bold are significant after Bonferroni correction (P < 0.006).
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Recurrent polyploid formation and weak reproductive barriers between independent polyploid lineages generate intricate species complexes with high diversity and reticulate evolutionary history. Uncovering the evolutionary processes that formed their present-day cytotypic and genetic structure is a challenging task. We studied the species complex of Cardamine pratensis, composed of diploid endemics in the European Mediterranean and diploid-polyploid lineages more widely distributed across Europe, focusing on the poorly understood variation in Central Europe. To elucidate the evolution of Central European populations we analyzed ploidy level and genome size variation, genetic patterns inferred from microsatellite markers and target enrichment of low-copy nuclear genes (Hyb-Seq), and environmental niche differentiation. We observed almost continuous variation in chromosome numbers and genome size in C. pratensis s.str., which is caused by the co-occurrence of euploid and dysploid cytotypes, along with aneuploids, and is likely accompanied by inter-cytotype mating. We inferred that the polyploid cytotypes of C. pratensis s.str. are both of single and multiple, spatially and temporally recurrent origins. The tetraploid Cardamine majovskyi evolved at least twice in different regions by autopolyploidy from diploid Cardamine matthioli. The extensive genome size and genetic variation of Cardamine rivularis reflects differentiation induced by the geographic isolation of disjunct populations, establishment of triploids of different origins, and hybridization with sympatric C. matthioli. Geographically structured genetic lineages identified in the species under study, which are also ecologically divergent, are interpreted as descendants from different source populations in multiple glacial refugia. The postglacial range expansion was accompanied by substantial genetic admixture between the lineages of C. pratensis s.str., which is reflected by diffuse borders in their contact zones. In conclusion, we identified an interplay of diverse processes that have driven the evolution of the species studied, including allopatric and ecological divergence, hybridization, multiple polyploid origins, and genetic reshuffling caused by Pleistocene climate-induced range dynamics.
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INTRODUCTION

Polyploidy is a widespread evolutionary phenomenon and a major mechanism of sympatric speciation in plants (Soltis et al., 2003; Coyne and Orr, 2004; Soltis and Soltis, 2009; Soltis et al., 2014). Diploids and their polyploid progeny often coexist at least in initial phases, although later some geographical or ecological shifts may evolve (Soltis and Soltis, 2009; Parisod et al., 2010; Soltis et al., 2014; see e.g., Hülber et al., 2015; Arrigo et al., 2016). Although reproductive isolation is assumed between diploids and related polyploids, allowing for independent evolution and speciation of polyploid lineages even in sympatry, it may be incomplete and permits some inter-ploidy gene flow (Sonnleitner et al., 2013; Kolář et al., 2017; Sutherland and Galloway, 2017; Baduel et al., 2018). Recurrent polyploid formation and weak reproductive barriers between cytotypes or polyploid lineages generate intricate polyploid species complexes with reticulate evolutionary histories (e.g., Bardy et al., 2010; Ma et al., 2010; Frajman et al., 2016; Španiel et al., 2017; Mandák et al., 2018; Padilla-García et al., 2018; Melichárková et al., 2019). They frequently show weak genetic separation among polyploid species, discrepancies between morphological and genetic patterns, and shallow, largely unresolved phylogenetic structuring. Several studies of polyploid species complexes in Europe indicate their recent diversification, which has been dated to the Pliocene and, especially, the Pleistocene, driven by repeated cycles of glaciation-induced range shifts, and population isolation in refugia followed by range expansion and secondary contact (Franzke and Hurka, 2000; Bardy et al., 2010; Pachschwöll et al., 2015; Frajman et al., 2016; Dauphin et al., 2018; Melichárková et al., 2019; Rojas-Andrés et al., 2020). High species and genetic diversity has repeatedly been observed in Southern Europe, reflecting allopatric long-term survival in stable glacial refugia and only small-scale range shifts (Nieto Feliner, 2014), whereas a highly dynamic glacial and postglacial history can be expected in Central Europe, shaped by colonization of different lineages from southern refugia, their admixture in contact zones, as well as population survival and expansion from cryptic northern refugia (Hewitt, 2001; Birks and Willis, 2008; Stewart et al., 2010). Therefore, understanding the evolutionary processes that generated the present-day variation patterns, cytotypic and genetic structure in European polyploid species complexes is a challenging task.

To uncover evolutionary processes underlying high diversity inpolyploid complexes, we focus on the Cardamine pratensis species complex, which is widespread in Europe and exhibits extensive but poorly resolved variation in Central Europe. It is one of the most complicated polyploid complexes of the family Brassicaceae, comprising sexually reproducing, allogamous perennials capable of vegetative propagation (Lövkvist, 1956) but with no reports of apomixis (which is extremely rare in this family, Brukhin et al., 2019). It includes a number of species and genetic lineages from the diploid to the dodecaploid level, with both aneuploids and dysploids (arisen via chromosomal rearrangements, Mandáková et al., 2013) documented, which makes it an excellent model system for addressing the reticulate evolutionary histories of polyploid complexes (Franzke and Hurka, 2000; Lihová and Marhold, 2006; Marhold et al., 2018 and references therein). Several well-defined and genetically distinct diploid endemic species occur in Southern Europe (Franzke and Hurka, 2000; Lihová et al., 2003; Lihová et al., 2004). Conversely, Central and Northern Europe harbor a series of less differentiated diploid and polyploid populations and species with unresolved relationships, putatively of postglacial origin (see Franzke and Hurka, 2000). Their taxonomic treatment is based on detailed morphological, chromosomal, and ecological analyses, as well as on hybridization experiments (Lövkvist, 1956; Urbanska-Worytkiewicz and Landolt, 1974; Marhold and Záborský, 1986; Marhold, 1994a, b; reviewed by Lihová and Marhold, 2006; Marhold et al., 2018; see also Table 1). In Central Europe, they include diploid Cardamine matthioli, tetraploid Cardamine majovskyi, highly polyploid Cardamine dentata, and the most complicated species Cardamine pratensis s.str., that includes diploid to heptaploid populations growing across most of Europe from lowlands to the alpine belt. Several attempts have been made to split this polymorphic species into more entities. Some authors recognized Cardamine nemorosa and Cardamine udicola in lowland to montane areas (Urbanska-Worytkiewicz and Landolt, 1974), and diploid populations from the foothills of the Eastern Carpathians were informally treated as a morphotype ‘ucranica’ (Marhold, 1994b, 1995). In addition, high-elevation Alpine and Eastern Carpathian populations were attributed to C. rivularis by Lövkvist (1956) and Urbanska-Worytkiewicz and Landolt (1974; see Table 1). Cardamine rivularis, however, is a morphologically and genetically different species occurring only in the Southern Carpathians (Romania) and in Bulgarian mountains (Marhold, 1995; Franzke and Hurka, 2000). Thus, the erroneously classified high-elevation Alpine and Eastern Carpathian populations later became informally referred to as C. rivularis auct. non Schur (e.g., Zozomová-Lihová et al., 2014a). Despite the observed ploidy level variation, morphological, and ecological diversity of these species, all genetic markers applied so far (i.e., allozymes, sequences of nrDNA, cpDNA, RAPDs, and AFLP markers; Franzke and Hurka, 2000; Lihová et al., 2003, 2004) have yielded only low resolution and failed to resolve relationships among Central European populations of the C. pratensis complex and within C. pratensis s.str. in particular.


TABLE 1. Overview of present and previous taxonomic treatments of the Cardamine pratensis species complex in Central Europe.

[image: Table 1]The aim of this paper is to disentangle the evolution of the C. pratensis complex in Central Europe (Figure 1), where much variation among the populations is observed, but with so far unresolved structure and relationships. We analyzed chromosome number, ploidy level and genome size variation, explored genetic patterns based on microsatellite markers and high-throughput target enrichment of low-copy nuclear genes (Hyb-Seq), and reconstructed species’ environmental niches. Microsatellites are efficient, high-resolution genetic markers for both population- and species-level studies (Hodel et al., 2016; Li et al., 2017), and have also been used with success when addressing hybridization events and polyploid evolution (e.g., Sampson and Byrne, 2012; Zozomová-Lihová et al., 2014a, 2015; Feulner et al., 2019; Hu et al., 2019). The Hyb-Seq approach, which captures target exons with flanking intronic and intergenic regions (Weitemier et al., 2014), allows to resolve relationships at various evolutionary levels from the population level up (Villaverde et al., 2018; Tomasello et al., 2020), including polyploids (e.g., Carter et al., 2019). Our specific aims were to (1) resolve the cytotypic and genetic structure of the species under study, (2) identify intraspecific genetic lineages, potentially reflecting descendants from distinct glacial refugia and postglacial colonization routes, (3) explore if and to what extent the lineages correlate with the cytotypic variation and display different environmental niches, (4) resolve single or polytopic polyploid origins, (5) explore the patterns and extent of hybridization between species and lineages, and, finally, (6) to determine how the structure resolved corresponds with previous taxonomic treatments.
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FIGURE 1. Distribution and ploidy levels of populations of Cardamine matthioli, C. majovskyi, C. pratensis, and C. rivularis sampled in the present study. All population samples were used in flow cytometric and microsatellite analyses, while a selection was used in Hyb-Seq analyses (symbols highlighted by hatching). For details on the localities, see Supplementary Data 1.




MATERIALS AND METHODS


Plant Material

The C. pratensis complex occupies wet meadows and pastures, stream banks, springs, and floodplain forests from lowlands up to the alpine belt. We sampled all species recognized in Central Europe (except for C. dentata, which was beyond the scope of the present study due to its high polyploidy), and representatively covered their geographic, elevational and cytotypic variation (Figure 1 and Supplementary Data 1). They were identified based on plant morphology and ecology of the sites (mainly elevation), following the concepts of previous authors (see Introduction), with the aid of ploidy level estimation if necessary. In addition, C. rivularis growing in Southeastern Europe was also sampled and analyzed here for proper interpretation of the high-elevation Central European populations previously attributed to this species (Table 1), as well as due to its hybridization with C. matthioli reported by Ančev et al. (2013, see below).

Cardamine matthioli is a diploid (2n = 16) distributed in Central Europe and extending to Southeastern Europe (Marhold, 1994b, 2000). Aneuploids with supernumerary chromosomes ranging from 17 to 22 have been observed sporadically (Kučera et al., 2005). The species grows mainly in lowlands and up to the montane belt, and only exceptionally reaches elevations above 1,000–1,500 m (Marhold, 1994b; Ančev, 2006). In total, 223 plants from 28 populations were collected.

Cardamine majovskyi is a tetraploid (2n = 32) so far reported from two disjunct areas in Central Europe, growing in lowlands and the montane belt up to 600 m above sea level (Marhold et al., 2018 and references therein). Its autotetraploid origin from C. matthioli was inferred (Franzke and Hurka, 2000; Lihová and Marhold, 2006; Marhold et al., 2018). Aneuploids with 2n = 34 have been rarely observed (Marhold, 1994a). In total, 208 plants from 21 populations were collected.

Cardamine pratensis s.str. (further referred to without ‘s.str.’) is widely distributed throughout most of Europe, except its southernmost areas (Marhold, 1994b; Lihová and Marhold, 2006). It grows across a large elevational span, from lowlands up to the alpine belt in the Alps, Carpathians, and the central Pyrenees. It comprises a number of cytotypes ranging from diploid to heptaploid, including also aneuploids and dysploids (Kučera et al., 2005; Mandáková et al., 2013). We sampled 959 plants from 87 populations originating in Central Europe and adjacent areas. These also included populations previously attributed to C. nemorosa, C. udicola, C. rivularis auct., and the ‘ucranica’ morphotype. In the case of these putative taxa, we specifically sampled the same populations or in regions referred to by previous authors (see Supplementary Data 1 for details).

Cardamine rivularis occurs in the Southern Carpathians in Romania and in high mountain ranges in Bulgaria, from the montane to the alpine belt (Marhold, 1994b, 1995, 1996; Ančev et al., 2013). The diploid cytotype has so far been recorded in Bulgaria, and both diploids and less frequently also triploids were found in Romania (Marhold, 1994a; Kučera et al., 2005; Ančev et al., 2013). In addition, a triploid hybrid of C. matthioli and C. rivularis (Cardamine × rhodopaea) was described from the Rhodope Mountains in Bulgaria (Ančev et al., 2013). We collected 91 plants from nine populations, which also included putative hybrids with C. matthioli.

Altogether, we sampled 145 populations, which were used in flow cytometric (1,443 individuals) and microsatellite analyses (1,104 individuals). Chromosome numbers were counted from 58 populations (219 plants). A selection of 48 accessions, representing the observed overall taxonomic, geographic, ecological, and cytotypic variation, was subjected to Hyb-Seq analyses (Supplementary Data 1 and Figure 1).



Chromosome Counting and Estimation of Relative Genome Size

Mitotic chromosomes were counted from young anthers or root tips fixed in an ethanol:acetic acid (3:1) mixture and stored in 70% ethanol at −20°C. Chromosome spreads were prepared following Marhold et al. (2002) or Mandáková et al. (2019). Chromosomes were stained using 4′,6-diamidino-2-phenylindole (2 mg/ml DAPI in Vectashield antifade; fluorescence signals were analyzed and photographed using a Zeiss Axioimager epifluorescence microscope with a CoolCube camera by MetaSystems) or using the Giemsa stain.

Relative nuclear DNA content was measured from fresh leaf tissues by flow cytometry (FCM) using the AT-selective DAPI fluorochrome (Doležel et al., 2007a, b). Each individual was analyzed separately or up to three individuals were pooled prior to measurements. Due to a wide range of ploidy levels and expected DNA content in the studied species, three internal standards with different 2C values were used: Solanum lycopersicum ‘Stupické polní rané’ (2C = 1.96 pg; Doležel et al., 1992), Solanum pseudocapsicum (2C = 2.59 pg; Temsch et al., 2010), and Bellis perennis (2C = 3.38 pg; Schönswetter et al., 2007). The DNA content of Bellis and S. pseudocapsicum was calibrated against Solanum lycopersicum based on three repeated analyses performed on different days. DNA ploidy level was inferred on the basis of DNA content measured in plants with counted chromosome numbers. Sample preparation followed the two-step procedure using Otto buffers (Doležel et al., 2007a, b) and the protocol described by Španiel et al. (2011). The fluorescence intensity of 5,000 particles (stained nuclei) was measured using a Partec CyFlow ML flow cytometer (Partec GmbH, Münster, Germany). The resulting flow cytometric histograms were evaluated using Partec FloMax software (v. 2.7d; Partec GmbH). Relative nuclear DNA content (relative genome size, 2C value given in arbitrary units; a.u.) was determined from the ratio between the positions of the G1 peaks of the sample and the standard. The coefficients of variation (CV) were calculated for both the internal standard and the sample to assess the reliability of measurements. Only histograms with CV values below the 5% threshold were accepted.



Amplification and Scoring of Microsatellite Loci

Total genomic DNA was extracted from silica gel-dried young leaves using the DNeasy Plant Kit (Qiagen, Hilden, Germany).

The microsatellite markers used in this study were developed from genomic sequence data of two individuals of Cardamine amara and C. pratensis (an individual referred to as C. rivularis auct.) following Zozomová-Lihová et al. (2014a). Out of 50 SSR loci with di-, tri-, and tetranucleotide repeat motifs tested for amplification and allelic variation, 18 loci (Supplementary Table 1) proved successful and were used for the final analyses. Amplifications were performed in five multiplex assays using the Multiplex PCR kit (Qiagen) and fluorescently labeled primers following the protocols detailed in Zozomová-Lihová et al. (2014a). The Applied Biosystems 3130xl Genetic Analyzer (DNA Sequencing Laboratory, Faculty of Science, Charles University, Prague, Czechia) was used to separate and visualize the alleles. To check the consistency of amplification and allele determination, 86 replicate samples were included.

Allele sizes were recorded using Geneious R7.1 and R10 software (Kearse et al., 2012) with the microsatellite plugin version 1.4.4. Taking into account the high ploidy level of many samples (up to 7x), we did not estimate the allele copy number in partial heterozygotes from peak heights, as described in Esselink et al. (2004). Alleles were recorded as either present in or absent from each sample, regardless of the number of allele copies, inferring ‘marker phenotypes’ or ‘allelic phenotypes’ (following the terminology by Meirmans and van Tienderen, 2004; Dufresne et al., 2014; Meirmans et al., 2018) instead of complete genotypes.



Target Enrichment Probe Design

Probes targeting orthologous low-copy nuclear loci were developed using Sondovač 0.991 (Schmickl et al., 2016), which is based on a combination of transcriptome and genome skim data. For the input, paired-end genome skim raw data of Cardamine parviflora (NCBI accession number: SRR11977919), a mitochondrial sequence of Arabidopsis thaliana (NCBI accession number: NC_001284.2), a plastome sequence of C. impatiens (NCBI accession number: KJ136821.1), and transcriptome sequences of C. amara (NCBI accession number: SRR11977918) were used. These sequences of C. parviflora and C. amara were generated as part of this study on the HiSeq2500 Illumina platform. The transcriptome of C. amara was assembled using Trinity 2.0.6 (Grabherr et al., 2011). Sondovač was executed with the above-mentioned input data, using default values, except for the ‘Maximum overlap length expected in approximately ≥ 90% of read pairs’ that was set to 200. Transcriptome sequences that were at least 90% similar and genome reads mapping to mitochondrial or chloroplast genomes were removed. Genome skim reads were matched to transcripts, filtered, and de novo assembled in Geneious 7.1.9 (Kearse et al., 2012). Assembled contigs were filtered for length (retaining contigs >120 bp, total length of all contigs for a transcript >1,200 bp) and uniqueness (with a threshold value of 90%). Sequences sharing more than 90% similarity with the plastome sequence were removed. Retained contigs were compiled as target sequences for probe synthesis. In total, 14,464 120-mer probes (biotinylated RNA baits) were synthesized by MYcroarray (now Arbor Biosciences, MI, United States), targeting 2,246 exons from 1,235 genes.



Illumina Library Preparation for Hyb-Seq

Genomic DNA (400 ng per accession) was fragmented with Covaris S220 or M220 sonicators (Woburn, MA, United States) to a target fragment size of 500 bp. Sequencing libraries were prepared using the NEBNext® UltraTM DNA Library Prep Kit for Illumina® following the manufacturer’s protocol (New England Biolabs, MA, United States). After cleanup of adaptor-ligated DNA with the QIAquick PCR Purification Kit (Qiagen), size selection was performed by SPRIselect beads (Beckman Coulter, MA, United States) to produce 500–600 bp long fragments. Amplification was performed with 8 cycles of PCR, using index primers from NEBNext® Multiplex Oligos for Illumina®. The amplified libraries were cleaned up with AMPure XP beads (Beckman Coulter) and pooled equimolarly (24 accessions/pool). The pooled libraries were enriched by hybridization with synthesized RNA baits (at 65°C for 26 h) using the MYbaits kit, following the protocol v. 3.02 (Arbor Biosciences). The target-enriched libraries were PCR amplified for nine cycles with the KAPA HiFi HotStart mix (Kapa Biosystems, Cape Town, South Africa), purified with the QIAquick PCR Purification Kit and submitted for sequencing with 150 bp paired end reads on an Illumina MiSeq system at BIOCEV or CEITEC, Czechia.



Environmental Data

Environmental data were acquired for each of the sampling sites of the studied species, complemented by published records (Marhold, 1992, 1994a; Kučera et al., 2005; Ančev et al., 2013) that could be georeferenced and unequivocally attributed to the species and here recognized genetic lineages. Overall, 346 sites (see Supplementary Data 2) were included. The environmental data consisted of 72 habitat characteristics (Supplementary Data 2). Climatic and terrain variables were preprocessed by GeoModel Solar (Bratislava, Slovakia), as described in detail by Zozomová-Lihová et al. (2015). The temperature data (30 arc-sec resolution) consisted of average air temperature values for the period 1990–2009 (Saha et al., 2010). The precipitation data (having 2 arc-min resolution) covered a period from 1951 to 2000 (Schneider et al., 2014). Solar radiation was calculated using the SolarGIS model (15 arc-sec resolution) based on monthly long-term averages (1994 to 2013). Global tilted irradiation represents the thermal regime of the soil and vegetation cover whereas photosynthetically active radiation quantifies radiation available for plant photosynthesis. A digital elevation model was derived from SRTM3 data (3 arc-sec resolution). We also added bioclimatic variables obtained from the WorldClim database at 30 arc-sec resolution (Fick and Hijmans, 2017).



Data Analyses


Flow Cytometry

Differences in relative DNA content were tested in R version 3.3.2 (R Core Team, 2019) using the non-parametric Mann-Whitney test. The spatial segregation of cytotypes was tested using the Mantel test (Mantel, 1967) as implemented in the R package ade4 (Dray and Dufour, 2007). A pairwise distance matrix calculated from the geographic coordinates of populations was compared with a pairwise binary matrix of ploidy levels coding cytotypic identity. Mixed ploidy-level populations were excluded. Significance levels were estimated by random rearrangements (9,999 replicates) of the original matrices.



Microsatellite Datasets

Genotypic data from SSR loci were exported from Geneious in the GeneMapper format, which was loaded in the POLYSAT 1.5-0 package (Clark and Jasieniuk, 2011). The POLYSAT package was used for generating input data files for STRUCTURE (Pritchard et al., 2000) and GenoDive (Meirmans and van Tienderen, 2004), for creating partial data matrices (see below), and for calculating Lynch distance (Lynch, 1990) between individuals or lineages. This distance is a simple measure of band-sharing similarities, which best suits our data. The error rate was calculated from the binary matrix exported from POLYSAT, as the ratio of mismatches over matches of the alleles determined in the profiles of the duplicated samples. The following data matrices were assembled: (1) Complete Matrix: It consisted of all 1,104 samples, and was employed to infer the overall genetic structure, to identify potential interspecific hybrids, and to calculate population diversity parameters. (2) MajMatRiv Matrix: This partial matrix comprised C. matthioli, C. majovskyi, and C. rivularis. It was employed to elucidate the deeper structure within these species, and to identify potential gene flow and the occurrence of hybrids in the contact zone of C. matthioli and C. rivularis in Bulgaria. (3) Prat Matrix: This matrix comprised samples of C. pratensis, and was used to uncover the deeper structure within this species. The latter two data matrices corresponded to the clusters identified by STRUCTURE analyses (see below) of the Complete Matrix. Hybrid populations (see below for details on their identification) were generally omitted from the partial datasets but retained in cases when both parental clusters were present in the partial dataset.



Microsatellite Data Analyses

Because allele dosage could not be reliably estimated, standard population genetic diversity statistics that require genotype or allele frequencies (such as FST and expected heterozygosity, HE) could not be calculated (Bruvo et al., 2004; Obbard et al., 2006). Therefore, we used GenoDive 2.0b27 (Meirmans and van Tienderen, 2004) and POLYSAT 1.5-0 (Clark and Jasieniuk, 2011), which can handle genetic data from polyploids and mixed-ploidy datasets, and correct for unknown dosage of alleles in partial heterozygotes. Genetic diversity was evaluated through the following descriptive statistics: total number of alleles (A), number of population- and species-specific (private) alleles (priv.; both calculated manually), average number of alleles per locus (A′), effective number of alleles (Ae), total heterozygosity (HT), all three calculated in GenoDive, and Shannon diversity index (ShDI) calculated in POLYSAT. In addition, frequency down-weighted marker indices for individuals and populations (Rarity1, Rarity2; Schönswetter and Tribsch, 2005) were calculated using the R script AFLPdat (Ehrich, 2006). The diversity statistics for each lineage (or species) were calculated as the average of values obtained for populations, subjected to rarefaction correction to account for unequal number of populations. Only populations that unequivocally belonged to the lineage/species (omitting those identified as hybrid, see below) and with at least seven samples were included. In addition, allelic richness (α) was estimated for each species or lineage following the generalized rarefaction approach in ADZE v. 1.0 (Szpiech et al., 2008).

Bayesian clustering of individuals was performed to infer homogeneous genetic clusters and detect genetic admixture with STRUCTURE 2.3.4 (Pritchard et al., 2000). This model-based clustering has proven to provide unbiased inference from mixed-ploidy data with unknown allele dosage, even when population differentiation was weak (Stift et al., 2019). Ten replicates for each K = 1–10 were run with the settings and result processing as described in Zozomová-Lihová et al. (2014a). The approach of Evanno et al. (2005) was used to determine the optimal K value.

Hybrid identification followed the STRUCTURE results. As an operational unit we chose the level of population. Thus, the putatively hybrid populations were either kept or removed as a whole from the partial datasets and further analyses, instead of removing single, potentially hybrid individuals. A population was considered hybrid if genetic admixture of at least a half of its samples exceeded the threshold of 25%, and the geographic proximity of the relevant species or lineages also favored gene flow among them.

A neighbor-joining (NJ) tree was calculated using the package ape (Paradis et al., 2004) in R 3.3.2 (R Core Team, 2019). A pairwise distance matrix of individuals was calculated using Lynch distances (Lynch, 1990), as implemented in the R package POLYSAT. Trees were visualized using FigTree software version 1.4.42. The genetic similarity between the taxa or lineages was also expressed by pairwise Lynch similarity indices. A hierarchical analysis of molecular variance (AMOVA) as described in Excoffier et al. (1992) was performed using the R package poppr 2.8.2 (Kamvar et al., 2014, 2015). The groups defined in this analysis followed the clustering results obtained with STRUCTURE and NJ tree. Potential hybrid populations, as described above, were omitted from the input matrices. The significance of estimated genetic partitioning was tested using 999 permutations.



Hyb-Seq Data Analyses

Demultiplexed reads were trimmed of adapters and quality-filtered using Trimmomatic-0.36 (Bolger et al., 2014). Bases at read ends with quality <Q20 were discarded, and the remaining part of the read was trimmed beyond read ends, if average quality in a 4 bp sliding window was <Q15. Finally, any reads trimmed to under 50 bp were discarded. PCR duplicates were removed using the Clumpify command of BBTools3.

Two approaches were employed for further data processing: the first was based on the assembled genes (consensus or allele sequences obtained by read-backed phasing), while the second one utilized single-nucleotide polymorphism (SNP) calling and Bayesian clustering of the SNP datasets.

Consensus sequences were assembled using HybPiper version 1.3 (Johnson et al., 2016). Reads were mapped to the target probe sequences using BWA (Li and Durbin, 2009), assembled into contigs using SPAdes (Bankevich et al., 2012), and coding sequences were identified using Exonerate (Slater and Birney, 2005). The ‘supercontigs’ (targeted exons and flanking sequences) were recovered using the script intronerate.py. The supercontig sequences were aligned with MAFFT (Katoh and Toh, 2008). Flanks and sites with gaps in more than 25% of sequences were removed using the trimEnds and deleteGaps functions of the ips package (Heibl, 2008 onward) in R 3.3.2 (R Core Team, 2019). Alignment statistics were calculated with AMAS (Borowiec, 2016), and alignments displaying extreme values in descriptive statistics were inspected visually; misassemblies were removed. Finally, 1,487 supercontigs which passed inspection were concatenated into 963 genes.

Maximum-likelihood gene trees were constructed for 499 genes containing at least 32 phylogenetically informative sites (calculated with AMAS; Borowiec, 2016) using RAxML-NG v. 0.9.0 (Kozlov et al., 2019). The best-fit model of substitution for each gene was estimated using the IQ-TREE’s ModelFinder function (Kalyaanamoorthy et al., 2017) under the Bayesian information criterion. Bootstrap analyses were performed using 1,000 replicates. Internal branches with bootstrap support ≤20% were collapsed with Newick-Utilities v. 1.6 (Junier and Zdobnov, 2010). To summarize the gene trees as well as to visualize potential incongruences among them, a supernetwork was inferred with SuperQ v.1.1 applying JOptimizer scaling and Gurobi optimizer (Grünewald et al., 2013; Bastkowski et al., 2018). In this analysis, the gene trees are decomposed into weighted quartets and then stitched together to a split network using the QNet algorithm (Grünewald et al., 2013).

Allele sequences were derived using the scripts and the workflow available at https://github.com/mossmatters/phyloscripts/tree/master/alleles_workflow, described in detail by Kates et al. (2018), but using the latest versions of GATK and WhatsHap (Martin et al., 2016) enabling to call and phase also polyploid variants. If the phased sequences were divided to multiple blocks, only the longest phase block for each individual was retained and the remaining variant sites were replaced with ambiguity characters. Phased alleles obtained from all 1,487 supercontigs were concatenated using AMAS (Borowiec, 2016) and a phylogenetic tree was constructed using the maximum likelihood approach after automatic model selection for each charset of a best-fit partitioning scheme using ModelFinder (Chernomor et al., 2016; Kalyaanamoorthy et al., 2017) and RAxML-NG v. 0.9.0 (Kozlov et al., 2019). Bipartition support was computed from 100 bootstrap replicates.

Bayesian clustering of the SNP datasets was obtained using STRUCTURE 2.3.4 (Pritchard et al., 2000). Variant calling and subsequent parsing to STRUCTURE format was performed using the snipStrup pipeline, which takes into account different ploidy levels of the analyzed samples (Šlenker et al., in prep.4). This pipeline uses BWA (Li and Durbin, 2009) to align reads to reference sequences, samtools (Li et al., 2009) for sorting and indexing, GATK (McKenna et al., 2010) for variant calling and filtering, and the R packages ape (Paradis et al., 2004) and vcfR (Knaus and Grünwald, 2016; Knaus and Grünwald, 2017) for allele extraction. As a reference, target sequences (used for probe synthesis) of 1,487 exons (those whose alignments passed inspection) were used. Exons were concatenated to genes and, to ensure no linkage existed between sites, 500 datasets were produced by drawing a single random SNP site from each gene. The datasets were piped to STRUCTURE 2.3.4 (Pritchard et al., 2000), which was run as with the microsatellite data above. The results of 500 analyses were averaged using the program CLUMPP (Jakobsson and Rosenberg, 2007) and drawn with distruct (Rosenberg, 2004). To uncover the deeper genetic structure within the species, SNP variation of C. pratensis (Prat dataset) and the remaining samples (MajMatRiv dataset) were analyzed separately.



Environmental Niche Differentiation

The environmental niches of the species under study and their genetic lineages were defined using 72 GIS-derived habitat characteristics (Supplementary Data 2), rescaled to zero mean and unit standard deviation. To quantify differences in niche positions and niche breadths, the environmental heterogeneity was summarized in a matrix of standardized Euclidean distances among the sites.

We used redundancy analysis (RDA; Rao, 1964) to test for overall differences in habitat characteristics between species and genetic lineages (sites with equivocally classified, putatively hybrid populations were removed). Randomization tests with 10,000 unrestricted permutations were used to calculate probabilities. Results of RDAs were plotted in ordination space to visualize environmental niche shifts among the groups.

A matrix of standardized Euclidean distances was used for principal coordinate analysis (PCoA) and niche breadth was quantified using the dispersion of sites from their spatial median in ordination space. A distance-based test of homogeneity of multivariate dispersions (Anderson, 2006) was employed to compare environmental niche breadths among the species and genetic lineages. Probabilities for the test statistic Fm were calculated from 10,000 unrestricted permutations of the least-absolute-deviation residuals.

Finally, multinomial generalized linear models (GLMs; McCullagh and Nelder, 1989) were used to identify subsets of environmental variables accurately discriminating habitats of the defined groups. Because the environmental dataset was truly multidimensional (72 habitat characteristics) and many variables were strongly correlated, which would pose problems related to unstable estimates of coefficients in a standard GLM (Dormann et al., 2013), we used penalized GLMs with the least absolute shrinkage and selection operator penalty (LASSO; Tibshirani, 1996). The LASSO is a regularization technique shrinking the coefficients toward zero and able to set some coefficients exactly to zero, that is, to conduct variable selection. The amount of penalization is controlled by the regularization parameter λ; as the λ penalty becomes large, fewer coefficients are left in the model. Finding an optimal value of the regularization parameter is subject to tuning. We used a 10-fold cross-validation procedure to select the final model with the λ penalty yielding the lowest misclassification rate.

Analyses were performed in R (R Core Team, 2019) using the libraries caret (Kuhn, 2019), ggplot2 (Wickham, 2016), glmnet (Friedman et al., 2010), and vegan (Oksanen et al., 2019).



RESULTS


Cytotypic Composition and Chromosome Counts

Chromosome numbers were counted for 219 plants from 58 populations (Supplementary Data 1 and Supplementary Figure 1). We found extensive variation in chromosome numbers, consisting of the counts of 2n = 16, 17, 18, 19, 20, 22, 28, ca. 28–30, 30, 31, 32, ca. 33, 34, 36, 37, 38, ca. 34–40, ca. 42–44, 44, 48, 52, which represent diploid, tetraploid and hexaploid cytotypes (with the base number x = 8) along with frequent occurrence of probable aneuploids and dysploids. Although the chromosomes did not differ significantly in size, the presence of B chromosomes cannot be ruled out either. In addition, triploids and heptaploids were inferred from relative DNA content (not confirmed by chromosome counting) and based on the number of alleles recorded per microsatellite locus.

Flow cytometry analyses mostly yielded high-resolution histograms, with an average CV for the samples of 2.09% (range 1.1–4.9%) and 1.89% (range 0.94–4.62%) for the standards. In several populations, some individuals showed minor differences in their relative 2C values, which was most likely caused by aneuploidy and dysploidy (indeed, in a number of cases confirmed by direct chromosome counting, see Supplementary Data 1). Simultaneous flow cytometric analyses of such individuals yielded histograms with clearly separated or bifurcated peaks and confirmed that these differences reflected real variation (Figure 2).
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FIGURE 2. Flow cytometric histograms of DAPI-stained nuclei obtained from simultaneous analyses of multiple samples from the same populations, documenting intraspecific divergence in nuclear DNA content in the Cardamine species under study caused by both aneuploidy and dysploidy. (A) Diploid C. matthioli, population Mat_CAJ; (B) tetraploid C. majovskyi, population Maj_KIS; (C) triploid C. rivularis, population Riv_KAT; (D) diploid C. pratensis, population Prat_DE5; (E) tetraploid C. pratensis, population Prat_AIS; (F) hexaploid C. pratensis, population Prat_GOR. Letters denote peaks of nuclei corresponding to different phases of the cell cycle (G0–G2) and/or levels of endopolyploidy (E); the internal standards Solanum pseudocapsicum and Bellis perennis used in analyses (D,F), respectively, are marked by an asterisk. For locality codes see Supplementary Data 1.



Cardamine matthioli

All samples of C. matthioli analyzed for this study were confirmed to be diploid. Nevertheless, extensive intraspecific variation in nuclear DNA content was found, which exceeded 40% (Supplementary Table 2 and Figure 3). At the level of populations, the variation ranged from negligible to as much as 37.58%, which was caused either by aneuploidy or the presence of B chromosomes (2n = 16–20, 22; Supplementary Data 1 and Supplementary Figure 1). Genome sizes derived from population averages for the two lineages defined by genetic data (denoted as the Central and the Widespread lineage, see below) did not differ significantly (Mann-Whitney test, Z = −1.47, p = 0.142).
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FIGURE 3. Genome size variation among and within Cardamine matthioli, C. majovskyi, C. pratensis, and C. rivularis. (A) Relative monoploid genome size (Cx value, following the terminology of Greilhuber et al., 2005) of the species and cytotypes studied. Boxes show interquartile range, and whiskers are extended to the 5th and 95th percentiles. (B) Relative genome size (2C) of the species under study (population mean values). Only representative populations are plotted. The fluorescence intensity of the internal standard Solanum lycopersicum (2C = 1.96 pg) was set to a unit value. Values given under C. rivularis 3x from Bulgaria most likely include both autotriploids of C. rivularis and hybrids between C. rivularis and C. matthioli (see the text for further explanations). Detailed population-, cytotype-, and species-level values are listed in Supplementary Data 1 and Supplementary Table 2.




Cardamine majovskyi

All analyzed samples of C. majovskyi were tetraploid. Intraspecific variation in nuclear DNA content reached 22.65% (omitting the potentially hybrid population Maj_LOG, see below), which is, as in the case of C. matthioli, attributable to aneuploidy (2n = 32, 34; Supplementary Data 1 and Supplementary Figure 1). The intrapopulational variation reached up to 12.34%. Similarly as in C. matthioli, relative genome sizes of C. majovskyi did not differ significantly between the Central and the Widespread lineage (Z = −0.05, p = 0.96). In the population Maj_LOG, where plants with 2n = 31 and 2n = mosaic of 36 and 40 were recorded (Supplementary Figure 1), and where hybridization with C. pratensis is assumed, the extent of intrapopulational variation was 22.24% (Supplementary Data 1).



Cardamine rivularis

Samples of C. rivularis (and its putative hybrids with C. matthioli) exhibited large variation in relative DNA content (Figure 3 and Supplementary Figure 2). Although precise chromosome numbers were not determined in the present study (due to the lack of living material), chromosome number records were previously published from the same populations as examined here (Marhold, 1994a; Ančev et al., 2013). Thus, the DNA content measured herein could be unequivocally attributed to two ploidy levels as previously published, diploids and triploids. Different variation patterns were observed in Romanian and Bulgarian populations, the latter being affected by hybridization with C. matthioli (see below).

The two Romanian populations of C. rivularis analyzed were cytologically uniform, one consisting of diploids and the other of triploids. The variation in relative DNA content in both populations was less than 5%, and their monoploid relative genome sizes were almost identical (Cx = 0.262 and 0.264 for 2x and 3x, respectively; Supplementary Table 2).

Much greater variation was revealed in Bulgarian populations. Diploids were recorded in three out of the seven analyzed populations, and their genome size variation was relatively low (7.09%). Their monoploid genome size, however, was larger than that of diploids from Romania (Cx = 0.28 in Bulgarian vs. Cx = 0.262 in Romanian diploids, Supplementary Table 2 and Figure 3A). The rest of the samples, putatively assigned to triploids, exhibited large variation in genome size (2C = 0.681–0.865; 27.06%; Figure 3). Individuals with the highest 2C values (2C ∼ 0.84; Supplementary Figure 2B) may represent triploids of C. rivularis because their monoploid genome size corresponds to that of sympatric diploids. On the other hand, the triploids with the lower 2C values most likely represent hybrids with C. matthioli (which has significantly smaller monoploid genome size than diploid C. rivularis; Supplementary Table 2 and Figure 3A), where the unreduced gamete was provided either by C. matthioli (expected mean 2C ∼ 0.678) or C. rivularis (expected mean 2C ∼ 0.759). The co-occurrence of diploids with triploids was observed in one population, whereas in four populations, only triploids were recorded (Supplementary Data 1). The number of plants analyzed per population, however, was low (8–10), so we assume that diploid-triploid co-occurrence within populations may actually be more frequent.



Cardamine pratensis

The analyzed samples of C. pratensis comprised several cytotypes ranging from diploid to heptaploid. The majority of individuals were tetraploids (approximately 67%) whereas diploids and hexaploids made up 20 and 12% of the samples, respectively (although the assignment of some aneuploid individuals to ploidy levels might be equivocal). In addition, two rare odd-ploidy level cytotypes were inferred from FCM analyses: one heptaploid population and a single triploid individual in an otherwise diploid population. Almost 90% of the populations sampled consisted exclusively of one ploidy level. Sympatric occurrences of two cytotypes were encountered in only nine populations (Supplementary Data 1).

The distribution of ploidy levels in Central Europe departed from a random pattern (Mantel r = 0.23, p < 0.001). Diploid populations occupied three geographically distinct areas: in the Eastern Carpathians, the Alps, and central and southern Germany. The distribution of tetraploids overlapped with that of diploids and in general covered the whole distributional range of C. pratensis. Hexaploid populations were predominantly found in the Western Carpathians and adjacent areas. Several spatially isolated hexaploid samples were found in four mixed-ploidy populations in Switzerland, Slovenia, and Lower Austria. The single heptaploid population was recorded in Styria, Austria (Supplementary Data 1 and Figure 1).

The intra-cytotypic genome size variation amounted to 35.54% in diploids, 50.37% in tetraploids, and 29.95% in hexaploids (Supplementary Table 2). This large variation in nuclear DNA content is congruent with the detected spectrum of chromosome numbers (i.e., aneuploidy and dysploidy). Monoploid relative DNA content of dominant cytotypes was almost identical among all main ploidy levels (Cx = 0.21, 0.208, and 0.211 for 2x, 4x, and 6x; Figure 3).

Within the diploid cytotype, chromosome numbers ranged from 2n = 16 to 19. At the tetraploid level, they varied from 2n = 28 to 38, reflecting most likely both aneuploidy and dysploidy. Apart from supernumerary chromosomes counted sporadically (i.e., aneuploidy), tetraploid C. pratensis possessed two cytotypes: regular tetraploid (2n = 4x = 32) and hypotetraploid caused by chromosome fusion (dysploidy, 2n = 4x = 30). Both cytotypes are widely distributed across the sampled range. At the hexaploid level, 2n = ca. 42–44, 44, 48, 52 chromosomes were confirmed (Supplementary Figure 1). Similarly to the case of tetraploids, hexaploids comprise two main cytotypes, of which the hypohexaploid one (dysploidy, 2n = 6x = 44) is more common than the regular hexaploid one (2n = 6x = 48; Supplementary Data 1).

Relative genome size values (2C) of diploid C. matthioli overlap with those of diploids of C. pratensis, as do also 2C values of tetraploid C. majovskyi with the tetraploids of C. pratensis (Figure 3A, Supplementary Figure 2, and Supplementary Table 2). By contrast, diploids of C. rivularis (both from Bulgaria and Romania) had markedly larger genome size than C. matthioli and diploid C. pratensis.



Genetic Structure Based on Microsatellite Variation

The 18 microsatellite loci used yielded 394 alleles. The total number of alleles and phenotypes detected per locus ranged significantly, from five alleles (eight ‘marker phenotypes’) in the locus Card12 to 58 alleles (528 ‘marker phenotypes’) in the locus Card19 (Supplementary Table 1). The error rate calculated from the replicates was 0.001 on average, and ranged from 0 to 0.02.


Complete Matrix

The STRUCTURE analysis of the Complete Matrix comprising all 1,104 accessions and 394 alleles showed the following optimal genetic partitioning into three clusters (Figures 4A,C): (1) populations of C. matthioli and C. majovskyi, (2) C. rivularis, and (3) C. pratensis. The neighbor-joining clustering was consistent with this structure (Figure 4B). AMOVA suggested that 18.34% of genetic variation can be explained by differences between these three clusters, 31.1% by differences between populations, and 50.56% of the variation was present within populations (Table 2). The pairwise Lynch similarity index showed that the clusters C. pratensis and C. matthioli – C. majovskyi are genetically the most similar (74.83%) and that C. rivularis is genetically closer to C. matthioli – C. majovskyi than to C. pratensis (58% vs. 49.41%, respectively).
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FIGURE 4. Genetic structure of all species studied, Cardamine matthioli, C. majovskyi, C. rivularis, and C. pratensis, as inferred from microsatellite data analyses of the Complete Matrix. (A) Distribution of the sample sites. Different colors show the population assignment to three genetic clusters as inferred from the STRUCTURE analyses. (B) Neighbor-joining tree diagram, calculated using Lynch distances. (C) Bayesian model-based clustering (STRUCTURE) at K = 3. The coloring of vertical bars indicates each individual’s proportional cluster assignment: green: C. matthioli – C. majovskyi; purple: C. rivularis; orange: C. pratensis. Putative hybrid populations between C. majovskyi and C. pratensis are marked by asterisks. For locality codes see Supplementary Data 1.



TABLE 2. Results of AMOVA demonstrating partitioning of genetic variation based on microsatellite markers.
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This clustering corresponded to the taxonomic classification; however, individuals in several populations were assigned to more than one group, indicating potential gene flow between taxa. Applying the above defined criterion to the determination of hybrids (i.e., the threshold of 25% genetic admixture in at least half of individuals and geographic proximity), hybrid origins were indicated for 11 populations: four populations of C. majovskyi and seven populations of C. pratensis from the contact zone between these two species (marked by asterisks, see Figure 4C). In addition, several samples of C. rivularis showed genetic admixture of C. matthioli; however, these did not exceed half of the population sample size.



Partial Matrix of C. matthioli, C. majovskyi, and C. rivularis

The two genetic clusters of C. rivularis and C. matthioli with C. majovskyi (see above) were merged into a single dataset (MajMatRiv Matrix) comprising 389 samples from 54 populations and 254 alleles. STRUCTURE analysis of this matrix at K = 2 resulted in the same clustering pattern (results not shown) as the analysis of the complete matrix above. With increasing K to its optimal value (K = 3), individuals of C. matthioli and C. majovskyi were separated into two clusters irrespective of their ploidy level (and thus also taxonomy), which are clearly differentiated also in the NJ tree. These two lineages (denoted as Central and Widespread) showed a non-random spatial structure. The Widespread lineage is widely distributed across the species’ distribution range, including its western areas (border area of Italy and Switzerland), northern areas (Lower Austria, Slovakia, and northern Hungary) and southeastern areas (Bulgaria). By contrast, the Central lineage is localized in a relatively small area of Slovenia, northern Croatia, extending also to southeastern Austria (Styria and Burgenland) and western Hungary (Figure 5).
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FIGURE 5. Genetic structure of Cardamine matthioli, C. majovskyi, and C. rivularis inferred from microsatellite data analyses of the MajMatRiv Matrix. (A) Distribution of the sample sites. Different colors indicate the population assignment to the three genetic clusters as inferred from STRUCTURE analyses. Circles with red outlines represent populations of C. majovskyi. (B) Neighbor-joining tree diagram, calculated using Lynch distances. Red dots highlight individuals of C. majovskyi. (C) Bayesian model-based clustering (STRUCTURE) at K = 3. Coloring of vertical bars indicates each individual’s proportional cluster assignment: blue: Central lineage; green: Widespread lineage; purple: C. rivularis. For locality codes see Supplementary Data 1.


AMOVA revealed that the differentiation between the Central and the Widespread lineage explained 14.81% of variance (Table 2), while most variation is present within populations (57.49%), and the rest among populations (27.7%).

Populations belonging to the C. rivularis cluster are genetically different from the grouping of C. matthioli – C. majovskyi; however, gene flow between C. rivularis and C. matthioli in their contact zone is clearly manifested. Four populations of C. rivularis from Bulgaria included some individuals showing genetic admixture with the C. matthioli – C. majovskyi clusters (see Figure 5C). There was, however, no simple relationship between genetic admixture and ploidy level. Genetically admixed individuals were all triploid, but not all triploids exhibited signs of genetic admixture.



Partial Matrix of C. pratensis

The partial matrix of C. pratensis (Prat matrix) comprised 635 samples from 80 populations and 368 alleles. STRUCTURE analyses indicated that a division into three clusters best explained the genetic structure of this dataset (Figure 6). The three lineages are spatially segregated in the longitudinal direction, and these are denoted here as the Western (‘Yellow’), Alpine-Bohemian-E Carpathian (‘Orange’), and the W Carpathian (‘Red’) lineage; for simplicity in the following text we refer to them by the colors as depicted in Figure 6. The Yellow lineage (Western) extends from Belgium and the lowlands of Germany to the Swiss Alps, and encompasses diploid and tetraploid cytotypes (plus a single hexaploid plant in one tetraploid population). Diploids of this lineage span over a wide elevational range, from foothills of the Alps (ca. 500 m) to alpine meadows (ca. 1,650 m). Tetraploids of this lineage are common in lowlands north of the Alps and in the montane zone (below 1,000 m), and only exceptionally reach higher elevations. Populations of the Yellow lineage partially overlap with those of the Orange lineage. The Orange lineage (Alpine-Bohemian-E Carpathian) comprises diploids and tetraploids occurring both in the Western and Eastern Alps, and expanding northwards to lower elevations of Austria, Germany (mainly Eastern Bavaria), and Czechia. This lineage also encompasses spatially isolated populations from the Eastern Carpathians and surrounding lowland areas. Diploids of the Orange lineage occupy montane and subalpine zones (ca. 900–1,900 m) in the Alps, while in the Eastern Carpathians they span from lowlands (350 m) up to the subalpine zone (ca. 1,900 m). Tetraploids of this lineage are dominant across Germany, Austria, and Czechia, and only scarcely occur in the Eastern Carpathians. They grow in lowland and montane belts, and, in contrast to tetraploids of the Yellow lineage, they also occupy (sub)alpine environment (ca. 1,000–1,800 m). Finally, the Red lineage (W Carpathian) occurs predominantly in the Western Carpathians and southern Poland. It encompasses tetraploids, hexaploids and one heptaploid population. The hexaploid cytotype is the most common and occupies the whole elevational gradient in this lineage (300–1,300 m). On the other hand, tetraploid and heptaploid populations are restricted to a narrow elevational range, from 600 to 800 m.
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FIGURE 6. Genetic structure of Cardamine pratensis inferred from microsatellite data analyses of the Prat Matrix. (A) Distribution of sample sites. Different colors indicate the population assignment to three genetic clusters as inferred from STRUCTURE analyses. (B) Neighbor-joining tree diagram based on Lynch distances. Branches are colored according to the population assignment to three genetic clusters as inferred from STRUCTURE analyses; populations with equivocal (admixed) assignments are in black. (C) Bayesian model-based clustering (STRUCTURE) at K = 3. The coloring of vertical bars indicates each individual’s proportional cluster assignment: yellow: Western lineage; orange: Alpine-Bohemian-E Carpathian lineage; red: W Carpathian lineage. The ploidy level of each population is also indicated. For locality codes see Supplementary Data 1.


Nevertheless, considerable admixture among the three above-described lineages of C. pratensis is indicated by our STRUCTURE analyses (Figure 6C). The NJ clustering, too, indicates that genetic differentiation among the three lineages is weak and, in addition, suggests a split within the Red lineage (following the cytotypes) and subdivision within the Orange lineage (Figure 6B). AMOVA showed that only 10.37% of the variation was attributable to differences between the three lineages, and the majority of variation occurred within population (58.76%) (Table 2).

Populations previously classified as C. nemorosa and C. udicola (see Table 1 and Supplementary Data 1) are both included, among other populations, within the Yellow lineage. Not even the subalpine populations from the Alps and Eastern Carpathians, commonly referred to as C. rivularis auct., were identified by our analyses as a distinct entity, as they are placed both within the Yellow and the Orange lineage along with adjacent lowland populations. The morphotype ‘ucranica,’ reported from the foothills of the Eastern Carpathians (Table 1 and Supplementary Data 1), is placed within the Orange lineage.



Genetic Diversity

Genetic diversity within the populations analyzed varied largely (Supplementary Data 1). After rarefaction correction, the highest diversity was recorded in C. pratensis and the lowest in C. rivularis. At the diploid level, diploid populations of C. pratensis were more diverse than those of C. matthioli. Similarly, at the tetraploid level, tetraploid populations of C. pratensis appeared more diverse than C. majovskyi (Table 3).


TABLE 3. Indices of genetic diversity based on microsatellite markers in the species, lineages, and cytotypes of the Cardamine pratensis complex.

[image: Table 3]In C. matthioli, patterns of genetic diversity exhibited a non-random spatial structure. The highest values of the Shannon diversity and population rarity were detected in populations sampled in Slovenia, Croatia, and Slovakia (i.e., from both the Central and Widespread lineages) whereas peripheral Bulgarian populations appeared genetically depauperate (Supplementary Data 1). Swiss and Italian populations were omitted due to low sample sizes. When comparing the two lineages (comprising both C. matthioli and C. majovskyi), they displayed very similar genetic diversity values; the Central lineage appeared more diverse at the level of populations, but the overall estimated allelic richness was slightly higher in the Widespread lineage (Table 3). The percentage of genetic similarity between the two lineages was 72.16%.

In C. pratensis, the Yellow lineage was the least diverse, whereas the Red lineage was the most diverse, as shown by all parameters (Table 3). Some spatial structure in the diversity distribution was observed also within the lineages; however, most of this structure could be attributed to the distribution of different cytotypes, as is obvious from the positive correlation between ploidy level and detected diversity (Supplementary Data 1). Parameters of genetic rarity indicated high values especially in the Alps and Carpathians (the Red lineage and southern margins of both the Yellow and Orange lineages), while lower values were concentrated in northern regions of both the Yellow and Orange lineages (Supplementary Data 1). The three lineages showed high genetic similarity (pairwise Lynch similarity index), in congruence with their spatial distribution. Geographically overlapping lineages, the Orange and Red (82.76% similarity) and the Orange and Yellow (81.83% similarity) were less divergent than the geographically separated Yellow and Red lineages (78.85% similarity).



Genetic Structure Based on Hyb-Seq

Sequencing process yielded, on average, 1.25 million reads per sample. Adapter trimming, quality filtering, and deduplication resulted in an average loss of 15.5% of reads. Of the remaining reads, 79.46% on average were mapped to target sequences. Out of the 2,246 exons from 1,235 genes, targeted by the designed RNA baits, 1,868 (82.8%) exons were recovered from all 48 samples. After inspection, 1,487 supercontig sequences were kept and concatenated to 963 genes of the overall length of 1,186,798 bases. The gene length ranged from 110 to 10,705 bp, with a mean of 1,232 bases. The proportion of parsimony informative sites ranged from 0.5 to 22.7%, with a mean of 3.8%. The variant calling approach (the snipStrup pipeline) utilized 936 genes (out of 963), which contained at least one variant for each sample. The genes harbored between one and 231 SNPs (omitting SNPs that occurred only in one sample), with an average of 41.21 and 47.86 variants per gene for the MajMatRiv and the Prat datasets, respectively.

The different approaches that we employed for the Hyb-Seq data analyses, an ML tree based on phased allele sequences of all genes in concatenation, a supernetwork based on the most informative genes, and STRUCTURE analyses of SNP data drawn from the genes, provided highly congruent results (Figure 7). C. rivularis, C. pratensis, and C. matthioli intermingled with C. majovskyi, were identified as genetically clearly distinct. The extensive intraspecific variation observed within the latter three species is geographically structured, which is largely concordant with the patterns inferred from microsatellites. The same two genetic lineages, Central and Widespread, were identified within the clade of C. matthioli–C. majovskyi. Within C. pratensis, the same three lineages, denoted as Yellow, Orange, and Red, were resolved by STRUCTURE at K = 3 (Figure 7C), albeit with admixture observed especially within the Red lineage, besides some further subdivisions suggested by ML tree and supernetwork (Figures 7A,B). The Yellow lineage is most coherent, formed by western diploid and tetraploid populations from lowlands up to the subalpine belt in the Western Alps. Within the Orange lineage, the same differentiation between the Alpine range and the Eastern Carpathian range is indicated, both comprising populations from lowland to subalpine sites. The Red lineage from the Western Carpathians exhibits a subdivision based on ploidy levels; the hexaploid populations showed affinity to the Yellow lineage, whereas the tetraploids to the Orange one, which is also concordant with the microsatellite results. Only three populations from contact zones between the Yellow and Orange lineages were assigned differently by microsatellite and Hyb-Seq data (marked by asterisks, see Figure 7), which confirms the diffuse borders between these intraspecific lineages. Finally, two samples from Slovenia (Cprat_KRK7, Cprat_GOR3) were identified as potential hybrids between C. pratensis and C. majovskyi in the Hyb-Seq analysis, which was partly confirmed by microsatellite data (Figure 7). In conclusion, the Hyb-Seq data generated for a subset of 47 populations revealed a genetic structure that was highly congruent with that inferred from the microsatellite data of 145 populations.
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FIGURE 7. Genetic structure of Cardamine matthioli, C. majovskyi, C. rivularis, and C. pratensis inferred from Hyb-Seq data analyses. The coloring indicates the sample assignment to genetic clusters as inferred from STRUCTURE analyses: blue and green represent the Central and Widespread lineages of C. matthioli and C. majovskyi, respectively; purple represents C. rivularis; yellow, orange, and red represent the Western, Alpine-Bohemian–E Carpathian and W Carpathian lineages of C. pratensis, respectively. (A) Supernetwork representation of quartets generated in SuperQ, derived from 499 most informative maximum likelihood (ML) gene trees. (B) ML tree constructed from concatenated allele sequences obtained by read-backed phasing from all 963 genes in RAxML-NG. All major clades received bootstrap support greater than 95%. (C) Bayesian model-based clustering (STRUCTURE) based on SNP data from two partial datasets of C. matthioli, C. majovskyi, C. rivularis (on the left), and C. pratensis (on the right); ML tree constructed using the concatenated genes (as in B) is displayed as a cladogram on top. Samples with significant admixture (hybrid origins) between the species or lineages are shown with black branches. Asterisks denote samples differently placed in microsatellite analyses, and their colors indicate the assignment based on microsatellite data. For accession codes see Supplementary Data 1.




Environmental Niche Differentiation

Redundancy analysis revealed significant differences in environmental niches of the four Cardamine species (pseudo-F = 50.5, p < 0.0001) (Figure 8A). The niches were separated along the main climatic gradient represented by elevation and accompanied changes in temperature and solar radiation. The niche of C. rivularis was typical for higher elevations, C. pratensis occupied milder mid-elevation sites, while C. majovskyi and C. matthioli occurred in lower elevations (Supplementary Data 2). The environmental niches of C. matthioli and C. majovskyii showed more overlap than the other species, but still differed, especially in the amount of photosynthetically active radiation and temperature seasonality (both higher in C. majovskyi). The multinomial LASSO model identified 42 habitat characteristics (Supplementary Table 3) that discriminate among species with relatively high overall predictive performance (79% of correctly classified species in cross-validation). The model showed excellent prediction of C. rivularis occurrence (0% misclassification). The rate of misclassification was greater in the case of C. majovskyi (28%), C. matthioli (29%), and C. pratensis (22%). The environmental niches of those species were of significantly different breadths (Fm = 18.7, p < 0.0001). C. pratensis and C. rivularis have broader niches than C. majovskyi (p = 0.0033 and p < 0.0001) and C. matthioli (p = 0.0004 and p < 0.0001). On the other hand, we found comparable niche breadths between C. pratensis and C. rivularis (p = 0.2541), and between C. majovskyi and C. matthioli (p = 0.9630).
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FIGURE 8. Results of RDA showing significant differences in the environmental niches of the four analyzed Cardamine species (A), genetic lineages within C. matthioli and C. majovskyi (B), and three genetic lineages within C. pratensis (C). Ellipses define regions expected to contain 95% of all populations of the species or lineages. Vectors of habitat characteristics contributing to the ordination axes are shown in a full version of the RDA ordination graphs in Supplementary Figure 3. Variance explained by the ordination axes and results of randomization tests are given in parentheses. The scaling of the ordination plots is focused on habitat similarity among sites.


The environmental niches of genetic lineages within C. majovskyi and C. matthioli (Central, Widespread, i.e., four groups in total), were significantly different (pseudo-F = 15.8, p < 0.0001) and each was statistically distinguishable from the others in pair-wise comparisons (Figure 8B). The main habitat-related difference was observed between the geographic areas along the precipitation gradient (greater precipitation sums in the more restricted Central region). Within the geographic areas, C. majovskyi typically occupies habitats with higher temperatures and lower seasonality of precipitation than C. matthioli. The final LASSO model consisted of 19 variables (Supplementary Table 3) which predicted the occurrence of the groups with good accuracy (the cross-validated overall classification accuracy equalled 78%). The classification error rate was quite high for C. majovskyi of the Central lineage (38%), but the other groups reached acceptable rates of misclassification (C. matthioli, Central – 12%; C. majovskyi, Widespread – 14%; C. matthioli, Widespread – 25%). We found the niche breadths of the four defined groups to be unequal (Fm = 4.1, p = 0.0075), but the only significant difference was between the two species within the Widespread lineage (C. matthioli > C. majovskyi, p = 0.01).

Genetic lineages within C. pratensis exhibited significantly different environmental niches (pseudo-F = 2.9, p = 0.0066). In the pairwise-comparison, habitat characteristics of the Yellow (Western) lineage differed significantly from both the Red and Orange lineages, while the latter two lineages were statistically indistinguishable (Figure 8C). In contrast to the Red and Orange lineages, the niche of the Yellow lineage is shifted toward more humid conditions with higher amounts of precipitation. The multinomial LASSO model involving 26 habitat characteristics (Supplementary Table 3) relatively accurately predicted the occurrence of the Yellow (25% cross-validated misclassification error rate) and Orange lineages (27%), however, the rate of misclassification was quite high in the Red lineage (46%). We found only marginally significant differences in niche breadths between the lineages (Fm = 3.3, p = 0.0436); the Orange lineage has a broader niche than the Red lineage (p = 0.0335), while the other pairs are statistically comparable.



DISCUSSION


Patterns and Sources of High Cytotypic and Genome Size Variation

The results of the extensive flow cytometric screening of genome size and chromosome counting presented here support previous chromosome number reports (Kučera et al., 2005; Paule et al., 2017; Marhold et al., 2018) and describe the distribution patterns of ploidy levels and cytotypes in great detail. They underscore the extraordinarily large cytotypic variation within the C. pratensis complex in Central Europe, present both among and within the species. Apart from the euploid numbers, based on the primary base chromosome number x = 8, numerous aneuploids and dysploids were found. Aneuploidy was recorded in the diploid C. matthioli, tetraploid C. majovskyi, and across all ploidy levels of C. pratensis. In addition, descending dysploidy occurs at the tetraploid and higher levels in C. pratensis. The hypotetraploids with 2n = 30 possess one pair of markedly longer chromosomes, which were noticed already by Lawrence (1931) and Lövkvist (1956). Comparative chromosome painting revealed that the two long chromosomes underwent a nested chromosome insertion (fusion), a translocation event involving the ‘insertion’ of one chromosome into the pericentromere of the second chromosome, resulting in a chromosome number reduction from 2n = 32 to 30 (Mandáková et al., 2013). The hypotetraploids were most likely involved in the origin of hypohexaploid plants with 2n = 44 that were noted already by Lövkvist (1956) and detected also by the present study. Descending dysploidy, which has been recognized as a major route of diploidization of polyploid genomes and a significant mechanism of chromosome number evolution (Mandáková and Lysak, 2018; Udall et al., 2019), has been reported from several genera, including a pseudotriploid Cardamine species (Mandáková et al., 2016).

The co-occurrence of euploid and dysploid cytotypes in C. pratensis, along with aneuploids, may be facilitated by the perennial life-form and the capability for vegetative reproduction, and is probably accompanied by inter-cytotype mating, which results in almost continuous variation in chromosome numbers and genome size at and above the tetraploid level. Indeed, pollination and hybridization experiments by Lövkvist (1956) revealed weak reproduction barriers between the polyploids within the C. pratensis complex. Still, we observed that mixed-ploidy populations were relatively rare (constituting about 10% of populations). Based on their distribution patterns we assume that they have arisen both by secondary contacts between the two cytotypes (in the case of diploids and tetraploids) and by multiple in situ polyploidization events (in the case of tetraploids and hexaploids). Populations with the co-occurrence of diploids and tetraploids were found only in the western part of the study area, where these ploidy levels grow largely intermingled, enabling and furthering their secondary contacts. By contrast, tetraploid-hexaploid populations were found scattered in areas occupied by tetraploid populations, suggesting that the hexaploids originated multiple times within those populations. A similar scenario of recurrent hexaploid formation within tetraploid populations has been inferred in ferns based on their Cx value variation (Hanušová et al., 2019).

In congruence with the phylogenetically distinct position of C. rivularis (Franzke and Hurka, 2000), this species had significantly larger monoploid genome size than the other species analyzed here, namely C. matthioli, C. majovskyi, and C. pratensis, which, in turn, possessed highly similar monoploid genome sizes. Still, we found large genome size variation within C. rivularis, which apparently reflects various evolutionary processes. First, some genome size divergence was observed between the Romanian and Bulgarian range of this (sub)alpine species, which was probably facilitated by their long-term disjunction (postglacial at least) and evolution in allopatry. As is known from other studies, differential evolution of repetitive DNA and/or selection can generate genome size differences across populations and species, which can be fixed in the absence of gene flow (Bennetzen et al., 2005). As the next cause of the observed genome size variation, triploids have been revealed in the Romanian range (Făgăraş Mts), in agreement with earlier reports (Marhold, 1994a). The formation of unreduced gametes in natural populations is a significant pathway by which triploid cytotypes originate (Mason and Pires, 2015), and it is proposed here also for the case of C. rivularis. This species is capable of vegetative propagation (Marhold, 1994a; Ančev, 2006), and, indeed, genetic clones were inferred from the lack of microsatellite variation in both populations from the Făgăraş Mts analyzed here. Vegetative reproduction may therefore explain the successful establishment of triploids and their long-term persistence despite the cytotype minority exclusion phenomenon and sterility issues (Levin, 1975; Ramsey and Schemske, 1998; Husband, 2004; Köhler et al., 2010), similarly as was observed in the triploid Cardamine × insueta in the Alps (Zozomová-Lihová et al., 2014b). Much more complex genome size patterns are seen in the Bulgarian range, where apparently both unreduced gamete formation and hybridization with C. matthioli have resulted in a mixture of different auto- and allotriploids persisting along with diploids. The substantial genome size variation revealed here within as well as among populations may be due to multiple hybrid formation and even crossing between triploids of different origins, as they seem to be partially fertile (Ančev et al., 2013).



Multiple Polyploid Origins and Cases of Interspecific Hybridization

Previous authors suggested an autopolyploid origin of C. majovskyi based on its occurrence within the area of the diploid C. matthioli, morphological as well as molecular data (Marhold, 1994a, 1996; Franzke and Hurka, 2000; Lihová et al., 2003). The genetic patterns resolved here clearly support this scenario, and, in addition, show that the tetraploid C. majovskyi arose at least twice. We are thus adding to an ample body of evidence that multiple origins of polyploids are rather the rule than the exception (e.g., Doyle et al., 1990; Soltis et al., 2004; Servick et al., 2015; Rešetnik et al., 2016; Novikova et al., 2017, 2018). Sympatric occurrence of diploids and tetraploids at the same site was rare (Supplementary Data 1). Thus, even if autopolyploids may be recurrently formed within diploid populations, a frequency-dependent mating disadvantage (the principle of minority cytotype exclusion; Levin, 1975) probably hampers common and long-term cytotype co-existence (Kolář et al., 2017; see e.g., Castro et al., 2019), unless they reach a different site or habitat. Even though C. majovskyi has not expanded beyond the range of its diploid progenitor so far, it appears to have a significantly different environmental niche. Still, the magnitude of niche divergence is greater between the two genetically and geographically defined lineages spanning both species (i.e., Central and Widespread) than between the two species. Previous studies on other species groups have indicated that autopolyploids may exhibit lower rates of niche evolution than allopolyploids and may consequently persist in geographically close areas and occupy similar niches as their ancestors (e.g., Arrigo et al., 2016; Castro et al., 2019).

Multiple evolutionary scenarios need to be considered to resolve the origins of polyploids of C. pratensis. Both diploids and polyploids of C. pratensis occur throughout the distribution range of this species (Kučera et al., 2005), as well as within our focus area of Central Europe. Central European diploids grow in several disjunct areas, they are ecologically and genetically diverse, and this heterogeneity provides great potential for multiple polyploidization events. The nested chromosome fusion detected in the hypotetraploid cytotype (2n = 30; Mandáková et al., 2013) represents an evolutionarily unique event, which strongly suggests a single origin of hypotetraploids and their subsequent range expansion. The occurrence of this cytotype in all genetic lineages of C. pratensis, supposedly descendants from different glacial refugia (see below), also indicates that the polyploidization event predated at least the last glacial period. Unlike C. majovskyi, these hypotetraploids have spread widely within as well as beyond Central Europe (Lövkvist, 1956; Lihová et al., 2003, 2004) and typically occupy lowland to montane sites. Hypohexaploids with 2n = 44 belonging to the Red lineage, which likely originated from these hypotetraploids, form a stabilized dysploid, genetically and ecologically defined lineage putatively of a single origin (see also Marhold, 1994a,b), although this cytotype has been recorded also in other parts of Europe (Kučera et al., 2005). On the contrary, we can expect multiple origins of other cytotypes at the tetraploid and hexaploid level. Multiple polyploid origins are for instance, supported by a few cases of tetraploid-hexaploid mixed populations, in which the hexaploids apparently originated only recently and in situ (discussed above). Tetraploids with 2n = 32 were recorded in both the Yellow and Orange lineages, and it is reasonable to assume that they have originated by polyploidization independently in each of them. In contrast to populations with 2n = 30, those with 2n = 32 grow at higher (sub)alpine sites in the Alps and were recorded also in northern Spain (Lihová et al., 2003). We therefore suggest that the polyploids of C. pratensis may have arisen via both single and multiple origins, and probably in earlier (glacial or interglacial) as well as in later (postglacial) periods, as has been documented also in other polyploid complexes (e.g., Brandrud et al., 2020; Rojas-Andrés et al., 2020). Nevertheless, details regarding polyploid origins, such as their source geographic areas, specific diploid or lower-ploidy ancestral lineages and the time of their origin, remain largely unresolved. Franzke and Hurka (2000) proposed that polyploids of the phylogenetic lineage delimited in Central and Northern Europe evolved postglacially. Here we infer that its postglacial origin is highly improbable and that it probably originated in earlier times of Pleistocene glacial-interglacial periods. In fact, the recently published divergence time estimates in the Cardamineae tribe suggests that the entire C. pratensis species complex originated at the turn of the Pliocene-Pleistocene (Huang et al., 2020).

The present results have also revealed that, under favorable conditions, the species studied may hybridize. Cardamine pratensis is common and widespread in Central Europe, and locally in lowland to montane areas it may grow in close proximity to C. majovskyi. A relatively high proportion of genetically admixed populations in their contact zone (found mainly in Slovenia and eastern Slovakia) indicates that gene flow occurs between them. In some of these populations, hybridization was manifested also by increased genome size variation.

Another case of interspecific gene flow was traced between C. matthioli and C. rivularis in Bulgarian mountains. Even though C. matthioli occurs predominantly at lower elevations and only rarely reaches the upper montane belt, and C. rivularis is generally a (sub)alpine species (Marhold, 1994b; Ančev et al., 2013), the two species meet in the West Rhodope Mts in Bulgaria. Their co-occurrence and hybridization were recorded at multiple localities within a relatively small area (Ančev et al., 2013), which is confirmed by the present results on three sites in the West Rhodope Mts, and in addition, also in the Vitosha Mts. Ančev et al. (2013) reported morphological intermediacy and triploid chromosome numbers, as well as disrupted meiosis and unbalanced embryological processes in the hybrids. They even suggested apomictic embryo development, but further investigations are needed. It has been assumed that the species contacts and hybridizations occurred relatively recently, as a result of mountain flora disturbance by human activities and because of climatic oscillations (Ančev et al., 2013). Another case of very recent interspecific hybridization in Cardamine, triggered by land use changes, has been inferred in the Western Alps (Urbanska et al., 1997; Mandáková et al., 2013; Zozomová-Lihová et al., 2014a).



Inference of Phylogeographic History

During glacial periods in the Pleistocene, most currently occupied areas in Central Europe were climatically unfavorable for the large-scale survival of temperate species, especially those adapted to moist lowland and montane sites (Hewitt, 2001; Birks and Willis, 2008; Janská et al., 2017). The genetic patterns presented here were presumably shaped by allopatric differentiation when the species ranges became fragmented and their populations survived in more restricted glacial refugia (Hewitt, 2004; Birks and Willis, 2008).

The large genetic variation found in C. matthioli and its differentiation into two lineages, strongly suggests that these plants survived the last glaciation in at least two separate refugia. The Central lineage, distributed in a relatively small region spanning from the southeastern margin of the Eastern Alps to northern Croatia, overlaps with an area commonly recognized as a potential glacial refugium and a source area for recolonization by several temperate trees and herbs (e.g., Heuertz et al., 2004, Heuertz et al., 2006; Magri et al., 2006; Bardy et al., 2010; Slovák et al., 2012; Rešetnik et al., 2016; Šrámková-Fuxová et al., 2017; Skokanová et al., 2019). The great diversity and rarity observed currently in populations belonging to the Central lineage support the scenario of in situ glacial survival without major population displacement. In contrast to the studies listed above, however, populations of Central lineage did not spread significantly in postglacial times, which resembles the case of Silene hayekiana (Durović et al., 2017). The distribution of many species is evidently limited by slow postglacial spreading rather than by environmental limitations (e.g., Svenning and Skov, 2007; Willner et al., 2009; Baer and Maron, 2019). The restricted distribution of the Central lineage stands in strong contrast to the widely extended Widespread lineage. The present-day genetic patterns do not suggest any straightforward hypothesis concerning the glacial survival and postglacial spreading of the latter lineage. Populations in glacial refugia commonly have unique haplotypes and their level of genetic diversity is high because of diversity accumulation and random allele fixation during their long-term persistence (Hewitt, 2000). Large diversity along with high to moderate rarity values in the Western Carpathians suggest that some populations may have survived in microclimatically favorable sites in the foothills of this mountain chain, in so-called ‘cryptic’ or ‘northern’ refugia (Stewart et al., 2010). The Carpathians were only scarcely glaciated (Ronikier, 2011) and hosted fragmented forest communities throughout the last glacial maximum (Jankovská and Pokorný, 2008). The existence of such ‘northern’ refugia has been documented for several temperate species (e.g., Těšitel et al., 2009; Schmickl et al., 2012; Slovák et al., 2012; Kolář et al., 2016; Stachurska-Swakoń et al., 2020). The locations of other potential refugial areas for C. matthioli remain unclear, but they may have been patchily scattered across the present range.

The occurrence of C. majovskyi in two disjunct areas overlaps with the glacial refugia proposed for its parental diploid lineages, so it seems very likely that C. majovskyi originated independently in the same areas where it is currently distributed and that it did not spread significantly afterward. An open question remains if this tetraploid originated during the glacial period or if it has arisen postglacially, which may be supported by its ecological optimum shifted toward higher precipitation and temperatures.

The three longitudinally correlated and ecologically differentiated genetic lineages detected within C. pratensis indicate the existence of three separate colonization routes from different refugia, but at the same time substantial genetic admixture among them is suggesting also major postglacial shuffling. In addition, each of them consists of at least two ploidy levels, multiple cytotypes of different origins (e.g., tetraploids with 30 and 32 chromosomes) as well as lowland to subalpine populations, which complicates the reconstruction of their phylogeographic history. Genetic diversity patterns do not indicate any clear geographic trends that are expected for simple scenarios of out-of-refugia colonization routes (Hewitt, 1999; Hewitt, 2000; Nieto Feliner, 2014), but are largely governed by cytotypic distribution patterns. Only the geographically restricted Red lineage (Western Carpathians) appears genetically highly diverse and some populations also exhibited high rarity values, which supports their glacial survival in situ, in cryptic microrefugia in the Western Carpathians, similarly as assumed and discussed for C. matthioli. Both the more widely distributed Orange and Yellow lineages tend to possess greater rarity values in the Alps and the Carpathians, suggesting that some refugial populations may have survived in their foothills providing favorable humid habitats, followed by northward colonization only postglacially.

Finally, populations of the (sub)alpine taxon C. rivularis from the Southern Carpathians and Bulgarian mountains have probably responded to glaciations only by small-scale and elevational range shifts. Mountainous regions in Southern Europe have offered multiple favorable sites for long-term plant survival during climatic oscillations, and the extinction of genotypes and populations was minimized here (Gómez and Lunt, 2007; Nieto Feliner, 2011, 2014). In addition, elevational range shifts may have caused past contacts between C. rivularis with C. matthioli. Bulgarian populations of C. matthioli are genetically slightly differentiated from the rest of the species and exhibit greater affinity to C. rivularis. This indicates that contacts and gene flow between C. matthioli and C. rivularis probably do not occur only at present, but may have happened already in much earlier times.



Taxonomic Implications

The highly polymorphic species C. pratensis has been extensively investigated by many authors since the 1950s, who attempted to split it into more homogeneous entities (e.g., Lövkvist, 1956; Dersch, 1969; Urbanska-Worytkiewicz and Landolt, 1974; Landolt, 1984; Marhold, 1994b; reviewed by Marhold et al., 2018). The genetic patterns revealed in the present study, however, stand in strong contrast with previous taxonomic concepts, as they support none of the putative taxa or entities such as C. nemorosa, C. udicola, C. rivularis auct. or the ‘ucranica’ morphotype. For instance, morphologically similar (sub-)alpine populations commonly attributed to C. rivularis auct. are not genetically closely related and have probably originated multiple times from adjacent lower-elevation populations. Similar scenarios of independent colonization of alpine habitats by several distinct genetic lineages from foothill areas were recently inferred also in Arabidopsis arenosa (Kolář et al., 2017) and in the formerly broadly conceived species Alyssum cuneifolium (Španiel et al., 2019). In both these cases, the overall phenotypic similarity of alpine populations contrasting with their genetic heterogeneity has been caused by a similar (alpine) environment (Kolář et al., 2017; Monnahan et al., 2019; Španiel et al., 2019; Wos et al., 2019).

The observed genetic structure in C. pratensis indicates spatial segregation in the longitudinal direction, but it is not strongly pronounced, with more than one quarter of populations considered inter-lineage hybrids. Genetic differentiation is likely maintained by spatially restricted gene flow, as geographically neighboring lineages are genetically more similar than spatially separated ones. We therefore conclude that there are no strict borders among the lineages, which could potentially serve as basis for a new taxonomic concept, and that the splitting of C. pratensis, despite its high genetic, cytotypic and ecological heterogeneity, into segregate taxa cannot be supported.

Although C. matthioli and C. majovskyi are genetically closely related, which reflects the autotetraploid origin of the latter, their morphological differentiation (Marhold and Záborský, 1986; Lihová and Marhold, 2003), the ecological niche divergence documented here, and rare records of species co-occurrence suggest that the tetraploid represents an independent evolutionary unit, supporting its separate taxonomic treatment (Soltis et al., 2007).

In conclusion, the present study provides detailed insights into the complicated cytotypic and genetic structure of the C. pratensis species complex in Central Europe. We identified an interplay of diverse processes that have driven the evolution of the species under study, including allopatric and ecological divergence, hybridization, and multiple polyploid origins in different times, as well as genetic reshuffling caused by Pleistocene climate-induced range dynamics. It is fascinating to see to what extent different evolutionary patterns – regarding cytotypic variation and polyploid evolution as well as phylogeographic scenarios – have evolved in these closely related species.
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The unigeneric tribe Heliophileae encompassing more than 100 Heliophila species is morphologically the most diverse Brassicaceae lineage. The tribe is endemic to southern Africa, confined chiefly to the southwestern South Africa, home of two biodiversity hotspots (Cape Floristic Region and Succulent Karoo). The monospecific Chamira (C. circaeoides), the only crucifer species with persistent cotyledons, is traditionally retrieved as the closest relative of Heliophileae. Our transcriptome analysis revealed a whole-genome duplication (WGD) ∼26.15–29.20 million years ago, presumably preceding the Chamira/Heliophila split. The WGD was then followed by genome-wide diploidization, species radiations, and cladogenesis in Heliophila. The expanded phylogeny based on nuclear ribosomal DNA internal transcribed spacer (ITS) uncovered four major infrageneric clades (A–D) in Heliophila and corroborated the sister relationship between Chamira and Heliophila. Herein, we analyzed how the diploidization process impacted the evolution of repetitive sequences through low-coverage whole-genome sequencing of 15 Heliophila species, representing the four clades, and Chamira. Despite the firmly established infrageneric cladogenesis and different ecological life histories (four perennials vs. 11 annual species), repeatome analysis showed overall comparable evolution of genome sizes (288–484 Mb) and repeat content (25.04–38.90%) across Heliophila species and clades. Among Heliophila species, long terminal repeat (LTR) retrotransposons were the predominant components of the analyzed genomes (11.51–22.42%), whereas tandem repeats had lower abundances (1.03–12.10%). In Chamira, the tandem repeat content (17.92%, 16 diverse tandem repeats) equals the abundance of LTR retrotransposons (16.69%). Among the 108 tandem repeats identified in Heliophila, only 16 repeats were found to be shared among two or more species; no tandem repeats were shared by Chamira and Heliophila genomes. Six “relic” tandem repeats were shared between any two different Heliophila clades by a common descent. Four and six clade-specific repeats shared among clade A and C species, respectively, support the monophyly of these two clades. Three repeats shared by all clade A species corroborate the recent diversification of this clade revealed by plastome-based molecular dating. Phylogenetic analysis based on repeat sequence similarities separated the Heliophila species to three clades [A, C, and (B+D)], mirroring the post-polyploid cladogenesis in Heliophila inferred from rDNA ITS and plastome sequences.

Keywords: repetitive DNA, repeatome, whole-genome duplication (WGD), rDNA ITS, plastome phylogeny, Cruciferae, Cape flora, South Africa


INTRODUCTION

Geographically and phylogenetically well-defined groups are ideal study objects to analyze the evolution of diverse genomic parameters during long periods of isolation that prevented gene flow with other species groups. Although Brassicaceae (mustard family, Cruciferae) occur on all continents, except for Antarctica, and several weedy and crop species have a worldwide distribution, some crucifer clades are restricted to (sub)continents or smaller geographic regions (Lysak and Koch, 2011; Al-Shehbaz, 2012). For instance, tribes of the CES clade (i.e., Cremolobeae, Eudemeae, and Schizopetaleae), as well as Halimolobeae, Physarieae, and all but one Thelypodieae species, are endemic to the New World, while Microlepidieae occur only in Australia and New Zealand. In Africa, the family has a reduced species and generic diversity, with the largest endemic clade confined to southern Africa (South Africa, Lesotho, eSwatini, and Namibia). The tribe Heliophileae includes some 104 species (compilation by I. A. Al-Shehbaz) concentrated chiefly in the winter-rainfall region of the southwestern South Africa, home to two global biodiversity hotspots – Cape Floristic Region and Succulent Karoo. Heliophila ranks among the largest crucifer genera, such as Alyssum, Boechera, Cardamine, Draba, Erysimum, Lepidium, and Physaria (Al-Shehbaz, 2012). The genus is often regarded as morphologically the most diverse Brassicaceae lineage (Mummenhoff et al., 2005). Heliophila varies from small ephemeral annual to perennial herbs (incl. one lianella), subshrubs, and tall shrubs (e.g., Heliophila brachycarpa). The species vary particularly in foliage (entire to variously dissected); petal length (1.2–30 mm) and color (white, pink, mauve, purple, blue, or yellow); number and presence vs. absence of petal and stamen appendages; presence vs. absence of paired glands at the bases of pedicels and/or leaves; ovule number (1–80); fruit length (2–120 mm long), shape (linear, lanceolate, oblong, ovate, elliptic, orbicular), constriction (moniliform or not), type (silique, silicle, samara, schizocarp), and flattening (terete, quadrangular, latiseptate, angustiseptate); gynophore length (obsolete to 12 mm long); style length (0.3–20 mm long) and shape (linear, filiform, conical, clavate, ovoid, globose); seed length (0.6–9 mm long), shape, and development of wing; and cotyledonary type (diplecolobal, spirolobal) (Marais, 1970; Mummenhoff et al., 2005; Mandáková et al., 2012; unpublished data).

Despite Heliophila species being a frequent and sometimes dominating element of some southern African plant communities, there is limited knowledge of the phylogeographic origin of the genus, interspecies relationships, and genome evolution of Heliophila species. Mummenhoff et al. (2005) published a pioneering study, laying foundations for follow-up phylogenomic analyses, demonstrating monophyly of the tribe Heliophileae with South Africa’s endemic Chamira circaeoides as the sister species to Heliophila, finding support for rapid diversification against a background of aridification in the Pliocene/Pleistocene, and showing massive parallel evolution of fruit characters traditionally used in the classification of Heliophileae. Further, ecological optimization analysis allowed preliminary insights into the ecogeographical evolution in Heliophileae.

The last phylogenetic study of c. 57 Heliophila species based on internal transcribed spacer (ITS) sequences suggested basal polytomy involving three clades, all sister to Chamira (Mandáková et al., 2012). The latter authors showed that two ITS clades are dominated by two chromosome numbers (2n = 20 and 2n = 22), whereas the third clade mainly contained shrubby species with chromosome numbers known only for two species at that time. Chromosome numbers in 27 analyzed Heliophila species ranged from 2n = 16 to 2n = c. 88, presumably due to polyploidy and dysploidal chromosomal rearrangements. Interestingly, comparative chromosome painting analyses, revealing the duplicated nature of Heliophila genomes, suggested the existence of an allohexaploid ancestor preceding the divergence of Heliophila lineages (Mandáková et al., 2012). This was supported by an analysis of synonymous substitution rates (Ks) of paralogous and orthologous genes in Heliophila cf. longifolia (Mandáková et al., 2017).

The high species diversity (>100 species) and extraordinary ecomorphological variability of Heliophila impacted by ancient and more recent whole-genome duplication (WGD) events and following post-polyploid diploidization (PPD), confined to one of the most remarkable biodiversity hotspots, make the genus an intricate but attractive phylogenomic model. In this study, based on the previous results and by including a broader spectrum of species, we aim at providing new insight to the WGD–PPD process, test the robustness of the inferred infrageneric relationships (Mummenhoff et al., 2005; Mandáková et al., 2012), and analyze the evolution of repetitive DNA sequences. Based on the updated ITS phylogeny, we selected 15 Heliophila species, representing the major infratribal ITS clades, for low-coverage whole-genome sequencing (lcWGS). Using lcWGS data, we reconstructed a dated whole-plastome phylogeny and characterized the most abundant repetitive sequences (repeatomes) of 15 Heliophila species and the sister C. circaeoides. We tested whether the ITS-based infrageneric clades are congruent with the plastome phylogeny and phylogenetic relationships inferred from repeat sequence similarities (Vitales et al., 2020). Further, we analyzed the repeat diversity and abundances in relation to the post-polyploid cladogenesis in Heliophila. The inclusion of C. circaeoides, the only crucifer species with persistent cotyledons, allowed us to get a first insight into its genome.



MATERIALS AND METHODS


Plant Material

The list of all analyzed Heliophila and Chamira accessions, and outgroup species, is provided in Supplementary Table 1. Errors in the determination of species names for accessions used in previous phylogenetic analyses (Mummenhoff et al., 2005; Mandáková et al., 2012) were investigated and revisited where necessary. Selected 15 Heliophila species and C. circaeoides were used for detailed phylogenetic, repeatome, and cytogenetic analyses (Supplementary Table 2).



Genome Size Estimation

Holoploid genome sizes were estimated by flow cytometry in species from which we had seeds and could grow plants in a greenhouse (Supplementary Table 2). One sepal (if available) or a fully developed intact leaf was prepared according to Doležel et al. (2007), and isolated nuclei were stained using propidium iodide + RNase IIA (both 50 μg/ml) solution, for 5 min at room temperature, and analyzed using a Partec CyFlow cytometer. A fluorescence intensity of 5,000 particles was recorded. Solanum pseudocapsicum (1C = 1.30 pg; Temsch et al., 2010) served as the primary reference standard. One individual of each species measured on three consecutive days was analyzed.



Transcriptome Sequencing and Analyses of Whole-Genome Duplication

Total RNA was extracted from H. lactea, H. cf. longifolia, H. seselifolia subsp. nigellifolia, and C. circaeoides (Supplementary Table 3) using RNeasy Plant Mini Kit (Qiagen). Strand-specific library preparation (Illumina Truseq Stranded mRNA) and RNA-Seq (Illumina MiSeq, paired-end reads, 2 × 300 bp) were performed at the Oklahoma Medical Research Foundation (Oklahoma City, United States). Raw reads were corrected with Rcorrector v1.0.4 (Song and Florea, 2015) and trimmed with Trimmomatic v0.36 (Bolger et al., 2014) to remove low-quality reads and potential adapters. De novo assembly of transcriptomes was carried out with Trinity v2.5.1 (Haas et al., 2013) with default settings. Assembly summary statistics can be found in Supplementary Table 3. We excluded low-quality transcripts detected by Transrate v1.0.3 (Smith-Unna et al., 2016), removed chimeric transcripts, and clustered the remaining transcripts with Corset v1.07 (Davidson and Oshlack, 2014) after mapping RNA-Seq reads with Salmon v0.9.1 (Patro et al., 2017). Coding sequences (CDS) were predicted from the longest sequence of each cluster by TransDecoder v5.0.2 (Haas and Papanicolaou, 2016). Potentially redundant sequences (identity higher than 99%) were further removed with CD-HIT v4.7 (Fu et al., 2012). Gene completeness was then assessed by BUSCO v4.1.2 (Simão et al., 2015). For comparative purposes, we also included publicly available genome of H. aff. coronopifolia (Kiefer et al., 2019) into the downstream analyses.

To investigate the timing of speciation and potential WGD events in Chamira and Heliophila, we analyzed synonymous substitutions per synonymous site (Ks) for paralogous and orthologous gene pairs identified from within- and between-species comparisons, respectively, using the wgd pipeline (Zwaenepoel and Van de Peer, 2019). We also estimated the heterozygosity of coding genes by detecting SNPs with the GATK v4.0.1.0 pipeline (Poplin et al., 2017). Base Quality Score Recalibration built in GATK was used to detect systematic errors in accuracy of each base call during sequencing. The following filters were applied in GATK when detecting SNPS: QD < 2.0, FS > 60.0, MQ < 40.0, and SOR > 4.0. For each species, RNA-Seq reads were mapped to their respective CDS by Bowtie2-2.3.0 (Langmead and Salzberg, 2012). To allow a more direct comparison, we used OrthoFinder pipeline (Emms and Kelly, 2015) to identify 1-to-1 orthologs shared by C. circaeoides and Heliophila species. We excluded H. aff. coronopifolia (Kiefer et al., 2019) from the heterozygosity analysis because there were no RNA-Seq reads available.



Nuclear Gene Phylogeny and Phylogenetic Reconciliation

For phylogenetic analyses, we complemented our CDS dataset (five species mentioned above) with 15 additional species of Brassicales which had public genomic data available (Kiefer et al., 2019; Supplementary Table 4), including Tarenaya hassleriana (Cleomaceae) as an outgroup. Following Yang and Smith (2014), we inferred sequence homology by all-against-all BLASTn search and filtered the output with a hit fraction of 0.3. We employed MCL v14-137 (Van Dongen and Abreu-Goodger, 2012), with parameters “-tf ‘gq(5)’ -I 1.4,” to obtain putative homologous gene clusters. The clusters with a minimum of 15 taxa were aligned using MAFFT v7.450 (Katoh and Standley, 2013) with the settings –genafpair and –maxiterate 1,000. The alignment columns with more than 90% missing data were removed using the Phyx software (Brown et al., 2017). We built a maximum-likelihood tree using a concatenated alignment of 37 single-copy genes with IQ-TREE v1.6.10 (Nguyen et al., 2014), with 1,000 rapid bootstrap replicates. ModelFinder (Kalyaanamoorthy et al., 2017) was used to identify the best fitted substitution model. We also built gene trees separately and inferred coalescent-based phylogeny with ASTRAL v5.7.3 (Zhang et al., 2018). For homologous gene groups with multiple copies in one species, we explicitly selected for those with higher copy number (> = 2) in Chamira + Heliophila species and single copy in the remaining species. To test for the mode of WGD, we converted the gene trees to multilabeled ones and performed phylogenetic reconciliation using GRAMPA v1.3 (Thomas et al., 2017). The ASTRAL topology was used as the input of species tree hypothesis.



Ribosomal Internal Transcribed Spacer Phylogeny

The ITS1 and ITS2 regions were newly sequenced in 102 Heliophila accessions, and the obtained sequences (Supplementary Table 1; GenBank accession numbers MW216680–MW216783 for ITS1 and MW216784–MW216887 for ITS2) were combined with data published earlier (Mandáková et al., 2012). Methods for DNA extraction, PCR amplification, and ITS sequencing followed Mummenhoff et al. (2004). Multiple alignment of ITS sequences was generated using MAFFT v7.450 and then manually checked and trimmed. Bayesian inference from ITS alignment was performed using MrBayes XSEDE v3.2.7a (Ronquist et al., 2012) at CIPRES Science Gateway (Miller et al., 2010; Towns et al., 2014). Two independent Markov chain Monte Carlo (MCMC) analyses under the GTR+I+G model were run for 200 million generations, chains sampling every 5,000 generations, and burn-in 0.25. Convergence diagnostics for MCMC were conducted by Tracer v1.7.1 (Rambaut et al., 2018).



Low-Coverage Whole-Genome Sequencing

NucleoSpin Plant II kit (Macherey-Nagel) was used to extract the genomic DNA from fresh or silica-dried leaves. DNA sequencing libraries were prepared and sequenced at the sequencing core facility of the Oklahoma Medical Research Foundation (Oklahoma City, United States). The Illumina MiSeq platform, generating 151-bp paired-end reads, was used for sequencing.



Chloroplast Genome Assembly and Divergence Time Estimated Phylogeny

We assembled complete chloroplast (cp) genomes for 15 Heliophila species, C. circaeoides, and Subularia aquatica using NOVOPlasty v3.2 (Dierckxsens et al., 2016), using the ndhF gene of Arabidopsis thaliana (GenBank: NC_000932.1) as the seed (Supplementary Table 5). The cp genomes were annotated by plann v1.1.2 (Huang and Cronk, 2015) with A. thaliana as the reference genome, which was followed by manual curation using the Sequin software1.

We retrieved cp genomes of additional 42 Brassicaceae species from GenBank, representing all major Brassicaceae lineages, to investigate the maternal phylogeny of Heliophila within the whole family. A total of 103 genic and 102 intergenic regions were extracted from multiple-sequence alignment generated by MAFFT v7.450 with the L-INS-i mode. Gblocks v0.91b (Talavera and Castresana, 2007) was used to remove poorly aligned regions with a minimum block length of 2 bp. We subsequently concatenated the alignments and selected the best partitioning scheme with PartitionFinder v2.1.1 (Lanfear et al., 2016). A maximum-likelihood (ML) tree was reconstructed using IQ-TREE v1.6.10 with three Aethionema species as outgroup. Following Guo et al. (2017), we performed molecular dating with MCMCTREE (Rannala and Yang, 2007). The root age was set to 31.2 million years ago (Mya) according to Hohmann et al. (2015). The burn-in period was set to 2,000,000 cycles, and the MCMC run was sampled every 800 cycles until a total of 10,000 samples were collected. Diagnostics for MCMC were performed by Tracer v1.7.1.



Preprocessing and Cluster Analysis of Repetitive DNA From Next-Generation Sequencing Data

Quality checks were performed with FastQC v0.11.7 (Andrews, 2010). Illumina adapter removal, quality filtering with 90% of bases equal to or above the quality cutoff value of 20, and trimming procedures were performed with Trimmomatic v0.36. All reads were quality filtered and trimmed down to 140 bp. Using Bowtie2-2.3.0 aligner software, organelle DNA that originated from chloroplast and mitochondria were filtered out prior to the analysis. Characterization and analysis of repetitive DNA were conducted using the graph-based clustering pipeline RepeatExplorer2 (Novák et al., 2013) as described by Novák et al. (2010, 2017).

Clustering was performed using 90% similarity over 55% of the read length as default settings. This analysis resulted in the construction of clusters that represent different repetitive DNA families. All sequences that built the clusters were in the form of contigs. Clusters with a genome proportion higher than 0.01% were annotated in detail. The maximum number of reads was used to perform detailed annotations in individual species to identify all repetitive sequences. Comparative clustering analysis was performed with concatenated next-generation sequencing (NGS) reads of 15 Heliophila and the sister species C. circaeoides (Supplementary Table 2). To avoid the coverage bias in the comparative repeatome analysis, preprocessed paired-end reads were randomly sampled in order to represent 10% of a genome (i.e., coverage = 0.1×) based on (1C) genome sizes (Novák et al., 2010). The same RepeatExplorer2 settings were used in the comparative analysis with individual clustering analysis.

Repetitive DNA cluster annotations were done by RepeatExplorer2 pipeline using DNA and protein similarity searches on clusters with known protein domains. Clusters which could not be classified by the pipeline were manually annotated using BLAST (Altschul et al., 1990) searches against the GenBank sequence and Censor (Kohany et al., 2006) databases. Clusters which were annotated as tandem repeats (directly or manually from the shape of the cluster graph) were further tested with Tandem Repeat Finder software (Benson, 1998) and similarity dot-plots with Dotter (Sonnhammer and Durbin, 1995). Tandem Repeat Analyzer (TAREAN, Novák et al., 2017) which is implemented in RepeatExplorer2 pipeline was used to reconstruct consensus monomers of the tandem repeats. All annotations were revised and corrected if necessary. Subsequently, all identified tandem repeats from all species were compared with each other using BLASTn searches to detect shared tandem repeats.



Phylogeny Based on Repeatome Similarity

The novel phylogeny inference method using repeatome similarities as a source of phylogenetic marker was performed as introduced by Vitales et al. (2020). This method is based on the pairwise genetic distances between repeatomes of closely related species. By calculating the observed/expected number of edges (of similarity) between all species for each cluster from the output of RepeatExplorer2 comparative analysis, a similarity matrix is generated and transformed into distance matrices by calculating the inverse of the values (Vitales et al., 2020). Three datasets were created: 15 Heliophila species from all clades (A–D); 9 species from clades A, B, and D; and 9 species from clades B, C, and D. Subsequently, neighbor-joining trees were constructed for the clusters which included repeats that were present in all species out of the first 100 clusters using R (R Core Team, 2013) and ape package (Paradis and Schliep, 2019). The trees were then used to construct a consensus tree for each dataset with the SplitsTree4 v4.14.6 software (Huson and Bryant, 2006). Lastly, consensus tree including all Heliophila species was transformed to a dendrogram for a better representation.

Further, using RepeatExplorer2 comparative analysis, read abundance matrix, hierarchical cluster analysis was performed using pheatmap package (Kolde and Kolde, 2015) in R. The abundance matrix was transformed into a distance matrix by pheatmap. The clusters with genome proportion higher than 0.01% were used to construct the dendrogram relationship of 15 Heliophila and C. circaeoides species. pheatmap package in R was used to construct the heatmap.



Chromosome Preparations

Young inflorescences were collected from plants in the field. Inflorescences were fixed in freshly prepared fixative (ethanol:acetic acid, 3:1) overnight, transferred into 70% ethanol, and stored at −20°C until used. Chromosome spreads from young fixed flower buds, containing immature anthers, were prepared according to the published protocol (Mandáková and Lysak, 2016a).



DNA Probes

The list of all the designed probes and primers specific to repetitive elements is provided in Supplementary Table 6. Synthetic oligonucleotide probes were used for tandem repeats with shorter monomers (<500 bp). Target sequences (60 nt) with GC content 30–50% were selected from DNA alignments using Geneious v11.1.5 software package2 to minimize self-annealing and formation of hairpin structures. DNA probe preparation and labeling followed the published protocol (Mandáková and Lysak, 2016b). For satellites with longer monomers, PCR primers were designed to face outward from the monomer; therefore, PCR amplification was performed only between monomers tandemly arrayed. For retrotransposons, PCR primers were designed to the GAG domain which is generally the most variable domain among different retrotransposon families. PCR products were purified using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and labeled by nick translation.



Fluorescence in situ Hybridization, Microscopy, and Image Processing

Twenty microliters of the hybridization mix containing 100 ng of the labeled probe dissolved in 50% formamide and 10% dextran sulfate in 2× sodium saline citrate (SSC; 20× SSC: 3M sodium chloride, 300 mM trisodium citrate, pH 7.0) was pipetted on a suitable chromosome-containing slide and immediately denatured on a hot plate at 80°C for 2 min. In some experiments, two differentially labeled probes (100 ng of each) were pooled. Hybridization was carried out in a moist chamber at 37°C for 24 h. Post-hybridization washing was performed in 20% formamide in 2× SSC at 42°C. The immunodetection of hapten-labeled probes was performed as described by Mandáková and Lysak (2016b) as follows: biotin-dUTP was detected by avidin–Texas Red (Vector Laboratories) and amplified by goat anti-avidin–biotin (Vector Laboratories) and avidin–Texas Red, and digoxigenin-dUTP was detected by mouse anti-digoxigenin (Jackson ImmunoResearch) and goat anti-mouse–Alexa Fluor 488 (Invitrogen). Chromosomes were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, 2 μg/ml) in Vectashield. The preparations were photographed using a Zeiss Axio Imager 2 epifluorescence microscope with a CoolCube camera (MetaSystems). Images were acquired separately for two or three fluorochromes using appropriate excitation and emission filters (AHF Analysentechnik). Individual monochromatic images were pseudocolored and merged and cropped using Adobe Photoshop CS.




RESULTS


Chamira and Heliophila Have Most Likely Undergone a Shared WGD in Oligocene

Transcriptomes were assembled for C. circaeoides and three Heliophila species (H. lactea, H. cf. longifolia, and H. seselifolia), from which we predicted 16,671 to 30,264 protein-CDS. Compared to the publicly available genome of H. aff. coronopifolia (Kiefer et al., 2019), which showed 53.2% gene completeness, these transcriptomes had more than 70% of the 1,440 conserved BUSCO genes complete (Supplementary Figure 1). In addition, more than 10% genes were still identified as duplicated ones in all transcriptome-derived CDS after removing potential isoforms (Supplementary Figure 1).

From within-species comparisons of CDS, we identified 1,711 to 3,838 paralogous gene pairs and calculated their rates of synonymous site changes per synonymous site (Ks; Supplementary Table 7). The distribution of Ks showed a clear peak between 0.43 and 0.48 in all Heliophila species (Figure 1A), which can indicate a lineage-specific mesopolyploidy event as proposed by Mandáková et al. (2012, 2017). Interestingly, a Ks peak at the same location was observed in C. circaeoides (Figure 1A). To assess whether the WGD event(s) occurred before or after the divergence of Chamira and Heliophila, we retrieved 7,681 to 16,901 orthologous gene pairs and compared Ks peaks from between-species comparisons. We found a Ks peak at 0.43 in all comparisons between Heliophila species and C. circaeoides, which represented the oldest divergence in our comparisons (Figure 1B and Supplementary Table 8). Thus, the WGD event(s) likely occurred before the Chamira/Heliophila split and might be shared by the two genera. Considering a mutation rate of 8.22 × 10–9 substitutions/synonymous site per year (Kagale et al., 2014), the time of WGD or subgenome divergence was estimated between 26.15 and 29.20 Mya, and the Chamira/Heliophila split around 26.16 Mya.
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FIGURE 1. Analyses of synonymous substitutions per synonymous site (Ks) and phylogenetic tree topologies. (A) Ks plots of within-species comparisons in Chamira and Heliophila species. The red dashed line indicates the position of peaks for the putatively shared WGD event. (B) Ks plots of between-species comparisons in Chamira and Heliophila species. Peaks of species divergence are indicated with dashed lines and labeled with circled letters. The upper tree topology shows the branching order of Chamira and Heliophila species as revealed by Ks analyses, with chromosome numbers labeled for each species. (C) Comparison of SNP rates in coding sequences of C. circaeoides, H. lactea, H. cf. longifolia, and H. seselifolia. (D) Phylogenetic relationship between Chamira + Heliophila and other Brassicaceae species using maximum-likelihood (ML) and coalescent approaches. Colored bars indicate different lineages. Unless otherwise mentioned, all relationships received full support in both ML and coalescent trees. Bootstrap values are labeled for two branches that failed to be fully supported in ML analysis. Scale bars below ML and coalescent trees indicate substitution per site and coalescent unit, respectively. (E) An example of gene tree topology showing phylogenetic relationship among multicopy genes of Chamira and Heliophila species. (F) The multilabeled tree with the lowest parsimony score, as inferred by gene tree reconciliation analyses in all species. The ASTRAL topology was used as the input of species tree hypothesis.


In addition to the WGD peak, we detected a minor Ks peak between 0 and 0.1 in all analyzed species (Figure 1A). By mapping RNA-Seq reads to the assembled transcriptomes, we observed that the heterozygosity in C. circaeoides was two times higher than in Heliophila species (Figure 1C and Supplementary Table 9). This, along with relatively high chromosome number in C. circaeoides (2n = 38), may suggest that the minor Ks peak in this species represents an additional WGD post-dating the Chamira–Heliophila divergence (Figure 1B).



Transcriptome Phylogeny Corroborates the Sistership of Chamira and Heliophila and Suggests Their Allopolyploid Origin

After including 15 available genomes from major Brassicaceae lineages as well as the outgroup T. hassleriana (Cleomaceae), we retrieved 37 strictly single-copy genes that are shared by all species. Our phylogenetic analyses corroborated the sistership of Chamira and Heliophila (Figure 1D). However, maximum-likelihood (IQ-TREE) and coalescent-based (ASTRAL) methods recovered different topologies regarding the placement of Chamira + Heliophila. Whereas the ML tree suggested that this clade was sister to lineage II + Arabideae, coalescent analysis showed that it had a more ancestral position, being outside of lineage I + lineage II + Arabideae (Figure 1D). We also retrieved 130 homologous gene groups that consisted of mostly single-copy genes in diploid species and multicopy genes in C. circaeoides and Heliophila species. We observed that C. circaeoides and Heliophila genes frequently formed sister clades that were sister to different Brassicaceae lineages (see Figure 1E for an example), which suggested that the mesopolyploidy event(s) involved distant hybridization(s). Despite the number of multicopy genes varying across species, gene tree reconciliation analyses focusing on individual species recovered the same source of potential parental genomes for both Chamira and Heliophila (Figure 1F).



The Updated ITS Phylogeny Revealed Four Major Clades in Heliophila

A Bayesian 50% majority-rule consensus ITS tree (Supplementary Figure 2) was inferred from sequences of 198 Heliophila accessions and five outgroup species (Supplementary Table 1). Four major ITS clades were identified in Heliophila. The largest clade A contained 88 accessions, clade B 32 accessions, clade C 73 accessions, and clade D grouped only five accessions. Clade D was newly identified as compared to the previous analyses based on a less extensive taxon sampling (Mummenhoff et al., 2005; Mandáková et al., 2012). All major clades were well supported (posterior probability, pp ≥ 0.98) except for clade A (pp = 0.69). Among the four major clades, clade D was sister to the other three clades; clades A and C showed a sister relationship. C. circaeoides was confirmed as the sister genus of Heliophila/Heliophileae.



Dated Plastome Phylogeny Suggested a Middle Miocene Origin of Heliophila

Using the basally resolved ITS tree, 15 Heliophila species, proportionally representing the four clades, and C. circaeoides were selected for lcWGS (Figure 2 and Supplementary Table 2). The next-generation sequence data was used to construct whole-plastome phylogeny and analyze nuclear repeatomes of the 16 genomes.
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FIGURE 2. Schematic relationships among the analyzed 15 Heliophila species and C. circaeoides based on the ITS phylogeny. Capital letters refer to four Heliophila clades. Diamond symbols indicate average C-values based on estimates for two or more populations; asterisks indicate C-values obtained by analysis of partially degraded leaf material. The original ITS phylogeny is presented as Supplementary Figure 2. All photos by TM.


We assembled complete cp genomes for all 16 sequenced species, ranging in length from 152,794 (C. circaeoides) to 154,300 bp (H. pusilla var. pusilla) (Supplementary Table 10). All the cp genomes showed a typical quadripartite structure in which a large single-copy (LSC) region (82,736–83,766 bp) and a short single-copy (SSC) region (17,429–17,958 bp) are separated by two inverted repeat (IR) copies (26,235–26,413 bp). All analyzed genomes encoded 131 genes, including 86 protein-coding genes, 37 tRNA genes, and eight rRNA genes (Supplementary Table 10). The GC content of the assembled cp genomes ranged between 36.1 and 36.7%.

After excluding unalignable or ambiguous regions and sites, a supermatrix with 100,707 nucleotide sites was generated, of which 15,637 (15.5%) were parsimony informative. Heliophila species were retrieved as a monophyletic clade sister to C. circaeoides. The maternal phylogeny was largely congruent with the above-described ITS phylogeny, except for H. diffusa var. diffusa (clade D) clustering with clade B species (Supplementary Figure 3). Based on the plastome phylogeny, we estimated that the split between (Heliophileae + Chamira) species and their closest relative, S. aquatica, occurred (15.95) 20.26 (24.64) Mya, at the Oligocene–Miocene boundary. The divergence between Chamira and Heliophila was dated to (13.77) 18.53 (23.33) Mya, followed by the diversification of the four Heliophila clades c. 16 to 8 Mya.



Repeatome Analysis

The RepeatExplorer2 pipeline was used to analyze and compare the repeatomes of 15 Heliophila species and C. circaeoides. Maximum number of reads was used for the detailed repeatome analysis with the genome coverage from 0.16× to 0.47× (Table 1). The total repeat content of the analyzed species ranged from 25.04% to 43.66%, whereas single- or low-copy sequences made up the remainder of the genome sequences (Figure 3). In all Heliophila genomes, the predominant repeat type was long terminal repeat (LTR) retrotransposons, ranging from 11.51% (H. juncea) to 22.42% (H. elongata) (Table 2 and Figure 3). The most abundant repeat type of the C. circaeoides genome was tandem repeats (17.92%), whereas among the 15 Heliophila genomes, tandem repeat abundances varied from 1.03% (H. elongata) to 12.10% (H. diffusa) (Table 2 and Figure 3). In all the analyzed genomes, DNA transposon abundances were lower compared with LTR retrotransposons, ranging from 1.54% (H. cornuta var. cornuta) to 4.31% (H. linearis var. linearis) (Table 2 and Figure 3).


[image: image]

FIGURE 3. Relative repeat abundances and low/single-copy sequences identified in sequenced genomes of 15 Heliophila species and C. circaeoides. Low/single-copy sequences above 45% were discarded.



TABLE 1. Characteristics of NGS data used for repeatome analysis.
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TABLE 2. Detailed classification of repetitive elements and their genome proportions (%).

[image: Table 2]
We tested possible correlations between the estimated abundances of identified repeat families (Table 2) and genome size (Mb/1C) of the analyzed Heliophila species. The total repeat content was positively correlated with genome size (p value = 0.0006, R2 = 0.6446). A weak but significant positive correlation was found between tandem repeat content and genome size (p value = 0.0397, R2 = 0.3071).



Transposable Elements

Ty3/gypsy was the most abundant superfamily of LTR retrotransposons in Heliophila species, ranging from 7.84% (H. juncea) to 16.91% (H. collina), while Ty1/copia retrotransposons were less prominent, ranging from 1.94% (H. pusilla) to 5.92% (H. elongata). In the C. circaeoides genome, LTR retrotransposons represent 16.69% of the genome (9.82% of Ty3/gypsy and 6.87% of Ty1/copia elements) (Figure 3).

Analyzing the Ty3/gypsy superfamily, Chromovirus-type elements were represented by CRM, Tekay, Galadriel, and Reina lineages (ordered by their abundances), whereas non-Chromovirus-type elements were represented by Athila and Ogre/Tat lineages (Table 2). In all analyzed genomes, Athila was the predominant lineage. The abundance of Athila elements ranged from 5.87% in H. juncea to 13.99% in H. pusilla. From Chromovirus lineage elements, CRM was found to be the most abundant, ranging from 0.45% in H. arenaria subsp. arenaria to 5.31% in H. deserticola var. micrantha. In C. circaeoides, Athila lineage was the most abundant Ty3/gypsy element (6.57%), followed by CRM (2.27%).

Ty1/copia superfamily consisted of seven lineages: Bianca, Ale, Tork, TAR, Ivana, Angela, and SIRE (ordered by their abundances) (Table 2). Bianca was identified as the most abundant lineage among the Heliophila species, ranging from 0.67% in H. lactea to 2.35% in H. elongata. In C. circaeoides, Ale lineage was the most abundant Ty1/copia element (3.31%), followed by Bianca (1.23%). The amplification of the Ale elements differentiated the C. circaeoides genome from those of Heliophila species. The diversity and abundances of the identified LTR retrotransposons have not followed the infrageneric groupings in Heliophila, and LTR retroelement abundance (in Mb) has not been found correlated with genome size (p value = 0.0569, R2 = 0.2700).

Non-LTR retrotransposons, LINE and SINE elements, were found at very low abundances or not detected in the 16 analyzed genomes; the highest abundances were encountered in H. deserticola (0.28%) for LINE and H. arenaria (0.17%) for SINE (Table 2).

In Heliophila species, DNA transposons were represented by Mutator, CACTA, hAT, Helitron, Harbinger, and Mariner lineages (Table 2). Mutator (0.42% in H. crithmifolia to 1.12% in H. juncea) and CACTA (0.17% in H. crithmifolia to 1.61% in H. deserticola) were the more abundant elements. In C. circaeoides, CACTA lineage was the most abundant DNA transposon (1.85%), followed by hAT (0.50%). The diversity and abundance of DNA transposons did not correspond to the infrageneric Heliophila clades, but the amounts of identified DNA transposons (in Mb) were found to be weakly correlated with genome size (p value = 0.0184, R2 = 0.3823).



Tandem Repeats

In total, 124 tandem repeats were identified in the analyzed Heliophila and Chamira genomes. The identified tandem repeats varied in monomer lengths (e.g., 27-bp HeJun6 in H. juncea and 4,034-bp ChCir9 in C. circaeoides), numbers (four in H. pusilla and H. elongata up to 16 in C. circaeoides), and abundances (from 1.03% in H. elongata to 17.92% in C. circaeoides) (Supplementary Table 11). The high tandem repeat content in H. diffusa (12.10%) differentiates this genome from genomes of the other three Heliophila clades. Tandem repeats of species in clades A, B, and C ranged from 4.44% to 9.97%, except for ∼1% in H. elongata (clade B) and H. biseriata (clade C) (Figure 3).

No apparent correspondence between the diversity of tandem repeats and their genomic proportion was observed. For example, 10 tandem repeats identified in H. biseriata represented only 1.11% of its genome, whereas only four tandem repeats built up 9.56% of the H. pusilla genome (Supplementary Table 11). In all Heliophila species, one or two tandem repeats were dominating their tandem repeatomes [e.g., HeAfr1: 4.72% (out of 5.75%), HeAmp1: 5.9% (8.74%), HeJun1: 2.1% and HeJun2: 1.73% (4.44%)].

The genome of C. circaeoides exhibited the highest number of identified tandem repeats among all the sequenced species. The monomer length of the 16 tandem repeats varied from 180 to 4,034 bp, whereby seven and four repeats were longer than 1,000 and 3,000 bp, respectively (Supplementary Table 11). The abundances of these repeats ranged from 0.074% to 0.59%. Seven tandem repeats with monomers longer than 1,000 bp were also identified in four Heliophila genomes from sister clades A and C species (H. africana, H. biseriata, H. crithmifolia, and H. linearis) at very low abundances (<0.1%, except for HeBis2: 0.24%).



Shared Tandem Repeats

Our analyses have not identified any homologous tandem repeats between C. circaeoides and Heliophila species. In Heliophila genomes, among the 108 tandem repeats identified, 16 repeats were found to be shared among two or more species (Figure 4 and Supplementary Table 11). Monomer lengths of the shared tandem repeats varied between 158 and 184 bp, and overall pairwise sequence homologies ranged from 82.5% to 100% (Supplementary Tables 11,12). Dot-plot comparison of consensus monomer sequences of shared tandem repeats is shown in Supplementary Figure 4, and multiple and pairwise alignments of the 16 shared repeats are presented in Supplementary Figure 5.
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FIGURE 4. Overview of shared tandem repeats among the 15 Heliophila species analyzed. The ITS tree (Supplementary Figure 2) was used to display species relationships. Shared tandem repeats are color-coded; numbers of species-specific tandem repeats are indicated in parenthesis.


In clade A species, three tandem repeats were shared among all the six genomes, whereas one repeat was shared only by three species of the H. africana subclade (HeAfr2, HeAre3, and HeLin5). Whereas five clade A species have unique tandem repeats, all four tandem repeats detected in H. pusilla were shared either among all clade A species (HePus2, HePus3, and HePus4) or only with H. arenaria (HeAre2) and H. linearis (HeLin2). Interestingly, the 168-bp HeCor4 repeat in H. cornuta was found to be homologous to the HeJun1 in H. juncea from clade B (Figure 4 and Supplementary Tables 11,12).

In clade B, H. elongata and H. juncea shared one tandem repeat (HeElo1 and HeJun8) which was also shared with two clade C species – H. crithmifolia (HeCri1) and H. variabilis (HeVar3). The 184-bp HeElo3 identified in the H. elongata genome was also detected in H. crithmifolia (HeCri2) and H. variabilis (HeVar1) (Figure 4 and Supplementary Tables 11,12). Among the six clade C genomes analyzed, two genomes (H. biseriata and H. collina) possessed only species-specific repeats, while 10 repeats were shared by at least two of the four remaining species. Sister species H. crithmifolia and H. variabilis shared five different repeats, whereby two were also shared by H. deserticola (HeDes1, HeDes5) and the other two were identified in two clade B species (see above). Three other repeats were shared between H. amplexicaulis (HeAmp3, HeAmp7, and HeAmp8) and H. deserticola (HeDes8, HeDes9, and HeDes10) species without a sister relationship (Figure 4 and Supplementary Tables 11,12). H. diffusa shared one repeat (HeDif5) with all clade A genomes and two repeats (HeDif1, HeDif2) with clade C species H. amplexicaulis (HeAmp8, HeAmp9) and H. deserticola (HeDes9) (Figure 4 and Supplementary Tables 11,12).

In summary, the identified tandem repeats shared among Heliophila species, but not with Chamira, corroborates the monophyletic origin of the former genus. The three repeats shared among all clade A genomes may reflect younger age of speciation events in this group (Supplementary Figure 3). Tandem repeatomes in clade C genomes show high evolutionary dynamism, manifested by (i) high diversity of shared satellites, (ii) some repeats being shared with more ancestral clades B and D, and (iii) accelerated evolution or elimination of shared repeats in two species (H. biseriata and H. collina).



Phylogenetic Analysis of the Identified Repeats

Consensus tree phylogeny was reconstructed using the ape package (Paradis and Schliep, 2019) in R based on pairwise genetic distances between all repeats in the 100 most abundant clusters retrieved from RepeatExplorer2 comparative clustering analysis. In the dataset which consisted of 15 Heliophila species, 25 clusters included sequence overlaps (similarities) between reads from all species to generate sequence similarity matrices. In 75 clusters, sequence reads shared by all the analyzed species were lacking, indicating that those repeats are either species- or clade-specific. The consensus tree, reconstructed from 25 clusters with complete similarity matrices, separated repeatomes of clade A and C species, whereas clade B and D genomes formed a third clade (Figure 5A). This topology is congruent with the plastome (Supplementary Figure 2) and ITS tree (Figure 5B) in retrieving clades A and C, but differs by grouping clade B and D genomes into one clade. To test whether the number of retrieved similarity-based clusters may change, two alternative sub-datasets with either clade A or clade C genomes excluded were analyzed. The exclusion of either clade C or clade A genomes resulted in the separation of H. diffusa from the two clade B species (Supplementary Figure 6), similar to the ITS-based phylogeny (Figure 5B and Supplementary Figure 2). While the repeat-based analysis identified three major infrageneric clades in Heliophila (Figure 5A), the interspecies relationships in clades A and C differed from those in the ITS-based tree (Figure 5B) and plastome phylogeny (Supplementary Figure 3).
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FIGURE 5. Phylogenetic relationships between 15 Heliophila species based on repeat sequence similarities (A) and ITS sequences (B). Scale bar indicates mean branch length across all individual trees to infer the consensus tree.


RepeatExplorer2 comparative analysis read abundance matrix was transformed to distance matrix and used to reconstruct the hierarchical clustering relationship of Heliophila species and Chamira (Supplementary Figure 7). Clade A, B, and C species formed separated clusters in the reconstructed dendrogram, and clade D species H. diffusa together with C. circaeoides was retrieved as sister to the remaining Heliophila genomes. This clustering was incongruent with interclade relationships in the plastome (Supplementary Figure 3), ITS, and repeat sequence similarity-based (Figure 5) phylogenies.



Chromosomal Localization of the Identified Repeats

Chromosomal distribution of selected identified repeats was determined by fluorescence in situ hybridization (FISH) in six clade A species (H. africana, H. arenaria, H. cornuta, H. lactea, H. linearis, H. pusilla), two clade B species (H. elongata, H. juncea), three clade C species (H. amplexicaulis, H. deserticola, H. variabilis), in clade D species H. diffusa, and C. circaeoides (Supplementary Table 6 and Figure 6).
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FIGURE 6. FISH localization of the selected tandem repeats and retroelements on mitotic metaphase chromosomes of Heliophila species and C. circaeoides. Chromosomes were counterstained by DAPI; FISH signals are shown in color as indicated. Detailed information on the localized repeats is provided in Supplementary Table 6. Scale bars, 10 μm.


In clade A, FISH of DNA probe for the 172-bp repeat HeAre2 identified species-specific chromosomal distribution of the satellite in three Heliophila genomes. HeAre2 was identified in pericentromeric heterochromatin of four chromosome pairs in H. pusilla, subtelomeric region of five chromosome pairs in H. arenaria, and at terminal heterochromatic knobs of seven chromosome pairs in H. linearis. In H. arenaria and H. linearis, the 174-bp HeAre1 repeat localized to pericentromeric regions of all and three chromosome pairs, respectively. In H. africana, H. cornuta, and H. linearis, the 171-bp HeLin1 tandem repeat showed localization at one, all (c. 24), and three chromosome pairs, respectively. In H. lactea, the 177-bp HeLac1 tandem repeats localized to pericentromeric regions of four chromosome pairs. The 177-bp HeAfr1 and 171-bp HeAre5 tandem repeats localized to all pericentromeres in H. africana and six chromosome termini in H. arenaria, respectively (Figure 6). In clade B genomes, the 167-bp HeJun2 and 383-bp HeElo2 repeats were present in subtelomeric regions of c. 20 chromosomes in H. juncea and pericentromeres of one chromosome pair in H. elongata, respectively (Figure 6).

In clade C species H. variabilis, four major tandem repeats formed pericentromeric chromatin. The 177-bp HeVar3 repeat localized to all chromosome pairs, the 168-bp HeVar2 provided hybridization signals on five chromosome pairs, the 184-bp HeVar1 localized to four chromosome pairs, and the 832-bp HeVar7 repeat gave hybridization signal on one chromosome pair. The 178-bp HeDes1 tandem repeat was located at all but two pericentromeres in H. deserticola. In H. amplexicaulis, 172-bp HeAmp2, 175-bp HeAmp3, and 184-bp HeAmp7 tandem repeats localized to pericentromeric heterochromatin of four, 11, and five chromosome pairs. The 188-bp HeAmp6 tandem repeat localized to subtelomeric regions of four chromosome pairs. Finally, the 162-bp HeAmp1 provided a strong hybridization signal at all interstitial and terminal heterochromatic knobs (Figure 6).

In clade D species H. diffusa, four major tandem repeats formed pericentromeres. The 177-bp HeDif2, 178-bp HeDif1, 184-bp HeDif3, and 171-bp HeDif4 repeats gave hybridization signals in all 22, c. 11, three, and one chromosome pair, respectively (Figure 6).

In C. circaeoides, three pericentromeric (294-bp ChCir2, 202-bp ChCir3, and 198-bp ChCir4) and two subtelomeric (249-bp ChCir1 and 1,427-bp ChCir10) tandem repeats were localized. The ChCir2 repeat was present in all pericentromeres, whereas ChCir3 and ChCir4 localized in centromeres to four and two chromosome pairs, respectively. ChCir1 and ChCir10 showed localization at chromosome termini of two different chromosome pairs (Figure 6).

In the investigated Heliophila and Chamira species, retrotransposons were mostly accumulated in pericentromeric heterochromatin; however, to a lesser extent, they were also distributed on chromosome arms (distribution of Ty3/gypsy in H. africana, H. arenaria subsp. arenaria, H. linearis, H. elongata, and H. variabilis and of Ty1/copia in C. circaeoides are shown in Figure 6).



Repeatome of C. circaeoides vs. Repeatomes of Heliophila Species

Detailed repeat analysis showed that C. circaeoides contained about 5% more repetitive elements (43.66%) in its genome compared with H. diffusa which exhibited the highest repeat content (38.67%) among Heliophila genomes (Figure 3), despite the genome size difference between the two species (461 and 800 Mb, respectively, Figure 2).

C. circaeoides showed minor differences in its overall repeatome composition compared with the 15 Heliophila species analyzed (Figure 3). Total LTR retrotransposon abundances in C. circaeoides were comparable with those observed in Heliophila genomes (16.69% in C. circaeoides vs. 11.51% to 22.42% in Heliophila, Table 2). Whereas Ty3/gypsy abundance was similar in Chamira and Heliophila genomes, Ty1/copia abundance in C. circaeoides was observed to be the highest (6.87%) among all the sequenced genomes (the highest proportion of Ty1/copia elements was detected in H. elongata – 5.92%). Unlike in Heliophila species, where Bianca is the predominant Ty1/copia lineage, Ale lineage was the most abundant Ty1/copia element in C. circaeoides (3.31%) (Table 2).

The most distinct feature of the C. circaeoides genome is the high accumulation of tandem repeats (17.92%, Figure 3). In Heliophila, the highest genomic proportion of tandem repeats was found in H. diffusa (12.10%). In contrast to Heliophila genomes, long monomer satellites constitute a significant portion of the C. circaeoides tandem repeatome, such as ChCir5: 3,388 bp – 0.59%, ChCir6: 3,342 bp – 0.42%, ChCir7: 3,558 bp – 0.37%, and ChCir9: 4,034 bp – 0.17% (Supplementary Table 11).




DISCUSSION


The Origin of Chamira and Heliophila Was Preceded by a WGD

By analyzing transcriptomes of four Heliophila species (Mandáková et al., 2017; and this study), we corroborated the earlier conclusion based on chromosome painting data that the genus has undergone a mesopolyploid WGD (Mandáková et al., 2012, 2017). The occurrence of similarly positioned Ks peaks in Heliophila and Chamira genomes, along with the repeatedly retrieved sister relationship of both genera and their sympatry in the Greater Cape Floristic Region, suggests that either the WGD predated the Chamira/Heliophila divergence or the ancestors of both mesopolyploid genera were closely related. Whereas transcriptome-based divergence time estimates dated the WGD between 26 and 29 Mya and the Chamira/Heliophila split to 26 Mya, plastome-based dating yielded somewhat younger dates of the Chamira/Heliophila divergence (c. 21 Mya) and dated the diversification of the four Heliophila clades to c. 14–16 Mya. Nevertheless, transcriptome as well as plastome data congruently date the WGD to Oligocene or Miocene and major infrageneric cladogenesis in Heliophila to Middle Miocene. Although a much younger origin of Heliophila was previously proposed by Mandáková et al. (2012), we reason that those estimates were affected by the use of questionable fossil records and secondary calibration points (Franzke et al., 2016).

Chromosome number of 2n = 38 established for Chamira (Mandáková et al., 2015; and this study) is similar to those of Heliophila neopolyploids (2n = 32, 36, 40, 44, 60, 64, 80, and 88; Mandáková et al., 2012) and suggests that the mesopolyploid WGD might have been followed by an additional genome duplication in Chamira. Only genome sequences of C. circaeoides can shed more light into its genome history and phylogenomic relationship to Heliophila. Despite the overall rarity of (neo)polyploidy in Cape flora (Oberlander et al., 2016), ancient WGDs, such as that documented in Chamira and Heliophila, are probably awaiting their discovery in other southern African angiosperm lineages.



Major Clades of the Heliophila Phylogeny

The monophyly of Heliophila and its sister position to Chamira were established by Mummenhoff et al. (2005) based on analysis of rDNA ITS sequences. That study retrieved three main clades in Heliophila which were confirmed as a basal trichotomy in a follow-up ITS-based study including more species (Mandáková et al., 2012). Herein, by further expanding our taxon sampling, we recovered four well-resolved ITS clades, with clade D (H. diffusa, H. pendula, and a putative hybrid, aff. H. macra) being sister to the three remaining clades (Supplementary Figure 2). The plastome phylogeny was largely congruent with the ITS tree, although it indicated a closer relationship between clades D and B (Supplementary Figure 3). The overall congruence between the two phylogenies further corroborates ITS as a reliable marker for inferring infrageneric relationships in Heliophila and other eukaryotic lineages (e.g., García-Robledo et al., 2013; Wang et al., 2015; Minamoto et al., 2017; Yang et al., 2018).

Future analyses of more unplaced species (particularly the H. concatenata species complex, H. astyla, H. meyeri, H. obibensis, H. patens, H. scandens, and some undescribed species) should clarify whether the basal D group could be expanded or whether further clades will be revealed. Altogether, ITS and plastome phylogenies corroborated a minimum of three to four major clades in Heliophila. At least two major clades (corresponding to ITS clades A+D and clades B+C, respectively) were retrieved based on pollen types (Kumwenda, 2003), and chromosome number variation in Heliophila also supports such cladogenesis. The chromosome number 2n = 44 is repeated in the two most morphologically related species of clade D and is rare elsewhere. While species of clade A have mostly chromosome number of 2n = 20, 2n = 22 is prevalent in clade C species. The known chromosome numbers of B clade species are more variable (2n = 16, 22, 26, 32, and 64; H. dregeana, H. elongata, and H. juncea; Mandáková et al., 2012 and this study). This pattern is congruent with the sister relationship of clades A and C, as well as with the more ancestral position of clade B in both nuclear and plastome phylogenies (Supplementary Figures 2,3). While the occurrence of truly monocarpic species is limited to clades A, C, and D, the apparent woodiness and the presence of an intercalary type of inflorescence even in short-lived perennial species are diagnostic characters of clade B species.



Repeatome Diversity Is Reflecting Infrageneric Cladogenesis in Heliophila

A substantial fraction of nuclear plant genomes is composed of repeated DNA. These highly abundant genomic elements are influencing the function and evolution of plant genomes (e.g., Macas et al., 2011; Garrido-Ramos, 2015, 2017), and their diversity and abundance patterns can reflect phylogenetic distances (Dodsworth et al., 2014, 2017; Bolsheva et al., 2019; Vitales et al., 2020). Here, we sequenced and analyzed repetitive elements of 15 Heliophila species proportionally representing four major infrageneric clades. As transposable elements (TEs) are usually conserved across closely related species groups (Moisy et al., 2014; Wicker et al., 2018), we did not expect to identify clade-specific TEs in Heliophila. TAREAN analysis detected 108 tandem repeats in the sequenced Heliophila genomes. Fifty-four percent of all tandem repeats identified in Heliophila had a monomer length between 170 and 190 bp; the remaining 46% ranged widely in length from 27 to 2,012 bp in H. juncea and H. biseriata, respectively. Out of the 108 tandem repeats, 56 (51.9%) were species-specific, 32 (29.6%) shared among species of the same clade, and 20 (18.5%) were shared across the clades.

Most within-clade shared repeats were identified among clade A species – 43% of the repeats were shared among all six species and 14.3% were shared among three species of the clade. Tandem repeatomes of clade C species are more divergent, with 12% of shared repeats being shared among three out of six species analyzed and 31% of repeats shared by only two species. The two clade B species share only a single tandem repeat (one out of 12 identified). No shared repeats were found between any clade A and clade C species, and only 4 tandem repeats were homologous between clade B and clade D species.

According to the dated plastome phylogeny (Supplementary Figure 3), clades B+D split from clades A+C ∼12 Mya and all four clades diverged between 10 and 11 Mya; based on the ITS tree (Supplementary Figure 2), clade D was the first to diverge from the remaining three clades. While the major diversification within clades A and C occurred around 7 Mya, a number of speciation events in clade A seem to be younger than species diversifications in clade C (though the phylogeny suffers from species under-representation). As tandem repeats are evolving rapidly in most cases (Henikoff et al., 2001; Melters et al., 2013), their sequence conservation can be observed only on short evolutionary distances (Henikoff et al., 2001; Meraldi et al., 2006; Koukalova et al., 2010; Renny-Byfield et al., 2013; Dodsworth et al., 2014). Hence, the highest number of shared repeats among clade A species may reflect their close relationships and more recent origins. Similarly, in clade C, the highest number of shared repeats was identified in the species pair H. crithmifolia–H. variabilis representing the youngest (3.4 Mya) speciation within this clade. Some identified tandem repeats had a relic character, linking distantly related lineages, such as the two repeats shared between H. elongata and H. juncea from clade B and H. crithmifolia and H. variabilis from clade C. The most basal species H. diffusa (clade D) shares one repeat (HeDif5) with all clade A genomes and two with clade C species (HeDif1: H. amplexicaulis, HeDif2: H. amplexicaulis and H. deserticola). The three repeats shared between clade C and D genomes, and the only tandem repeat (HeCor4) shared between clade A (H. cornuta) and clade B (H. juncea) remained conserved for 12 million years since the divergence of these clades.



The Use of Tandem Repeats to Infer Phylogenetic Relationships Among Plant Genomes

While low-pass genome skimming of plant genomes is not adequate to analyze their gene space, repetitive sequences present in thousands of copies are sufficiently represented in this data. Repeat analysis using graph-based clustering methods allowed for computationally efficient and robust characterization of repetitive elements and provided much deeper insights into repeatome structure and evolution (Harkess et al., 2016; Doronina et al., 2017; McCann et al., 2020). Moreover, abundances of de novo identified repetitive elements were found to carry phylogenetic signals (Dodsworth et al., 2014, 2016, 2017). If assuming that repeat abundances are evolving through random genetic drift (Jurka et al., 2011), the abundances can be analyzed as continuous characters for phylogeny inference (Dodsworth et al., 2014). When using a genome proportion of 0.1% or higher, this method proved to be highly congruent with phylogenies inferred using other nuclear or plastome markers (Dodsworth et al., 2014, 2017; Bolsheva et al., 2019). Recently, Vitales et al. (2020) reported a novel approach of phylogenetic inference using repeats as markers. They utilized the RepeatExplorer2 similarity matrices and generated derived matrices which consist of the observed/expected read similarity values by considering the number of reads of each taxon that are represented in clusters. Thus, the matrices consist of pairwise sequence similarities, disregarding the number of reads for each species. By transforming these similarity matrices to distance matrices, they were able to build consensus networks for each dataset. Similar to the abundance-based method, the lineage-specific differences between homologous repeats are regarded to be regulated by random genetic drift in diversification, thus expected to carry phylogenetic signals (Jurka et al., 2011; Dodsworth et al., 2014; Vitales et al., 2020). However, it should be noted that tandem repeats undergo rapid turnover in plant (e.g., Koukalova et al., 2010; Renny-Byfield et al., 2013) and animal genomes (e.g., Sinha and Siggia, 2005; Cechova et al., 2019) and that their phylogenetic signals can be erased during long-term reproductive isolation and independent evolution of initially closely related genomes. As approaches using repeats as phylogenetic markers are still in their infancy, these phylogenetic inferences should be applied cautiously, along with other marker gene sets (Vitales et al., 2020), as done here for inferring phylogenetic relationships in Heliophileae.
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Climatic fluctuations in the Pleistocene caused glacial expansion-contraction cycles in Eurasia and other parts of the world. Consequences of these cycles, such as population expansion and subsequent subdivision, have been studied in many taxa at intraspecific population level across much of the Northern Hemisphere. However, the consequences for the potential of hybridization and polyploidization are poorly understood. Here, we investigated the phylogeographic structure of two widespread, closely related species, Veronica spicata and Veronica longifolia, across their European distribution ranges. We assessed the extent and the geographic pattern of polyploidization in both species and hybridization between them. We used genome-scale SNP data to clarify phylogenetic relationships and detect possible hybridization/introgression events. In addition, crossing experiments were performed in different combination between V. spicata and V. longifolia individuals of two ploidy levels and of different geographic origins. Finally, we employed ecological niche modeling to infer macroclimatic differences between both species and both ploidy levels. We found a clear genetic structure reflecting the geographical distribution patterns in both species, with V. spicata showing higher genetic differentiation than V. longifolia. We retrieved significant signals of hybridization and introgression in natural populations from the genetic data and corroborated this with crossing experiments. However, there were no clear phylogeographic patterns and unequivocal macroclimatic niche differences between diploid and tetraploid lineages. This favors the hypothesis, that autopolyploidization has happened frequently and in different regions. The crossing experiments produced viable hybrids when the crosses were made between plants of the same ploidy levels but not in the interploidy crosses. The results suggest that hybridization occurs across the overlapping areas of natural distribution ranges of both species, with apparently directional introgression from V. spicata to V. longifolia. Nevertheless, the two species maintain their species-level separation due to their adaptation to different habitats and spatial isolation rather than reproductive isolation.

Keywords: hybridization, polyploidy, comparative phylogeography, steppe, Europe, macroclimatic niche


INTRODUCTION

The past 30 years have seen an enormous increase in knowledge of how species migrated and evolved, thanks to the analyses of intraspecific genetic variation and progress in the field of phylogeography (Avise, 2000, 2009). Pleistocene refugia and migration corridors have been inferred (e.g., Hewitt, 2000; Harrison and Noss, 2017) and phylogeographic patterns among species have been compared to infer commonalities in dispersal history and differences, indicative of changes in community composition over time (e.g., Brunsfeld et al., 2001; Muellner-Riehl, 2019). Based on such information, hypotheses about the effect of climate change on biodiversity decline have been established (Keppel et al., 2012; Carvalho et al., 2019). A special situation occurs when species interact, i.e., they hybridize or form polyploids. In most cases, such studies examined the origin of hybrids or polyploids on a narrow spatial scale (e.g., Schönswetter et al., 2007; Balao et al., 2015). Undetected hybrids or structure caused by intraspecific lineages with different ploidy levels can potentially mislead analyses to infer genetically distinct groups or can inflate genetic diversity of particular groups of populations. Further, hybridization and polyploidy have potential large effects on a variety of processes shaping the distribution range of a species (Nieto Feliner, 2014; Arrigo et al., 2016; Paule et al., 2017), for example allowing species to exploit new ecological niches. Likewise, the advantages of polyploids over diploid progenitors are the increased number of alleles to mask the deleterious recessive mutations and lead to heterosis in allopolyploids (Gu et al., 2003), and neo-functionalization or sub-functionalization of duplicated genes copies. These factors are considered important for ecological niche expansion and provision of high flexibility toward environmental challenges (Adams and Wendel, 2005; Birchler et al., 2010), facilitating colonization of new and extreme habitats. In consequence, populations of a species affected by hybridization might have survived in places where the non-hybrid populations of that species normally would not be able to occur (Kadereit, 2015). These factors may be especially prevalent in phylogeographic analyses, in which both diploids and polyploids are widespread and sympatric. Here, we compared phylogeographic patterns of two species able to hybridize and assessed how hybridization and polyploidization might have affected these patterns considering past climatic changes. We have studied two species of the genus Veronica L., Veronica spicata L., and Veronica longifolia L. from Veronica subgenus Pseudolysimachium (W.D.J.Koch) Buchenau, both are widely sympatric across Eurasia and known to have two different ploidy levels, the polyploids (in our case, tetraploids) being derived by autopolyploidy (Bardy et al., 2011; Albach, unpubl.). The two species, however, differ in ecology. Veronica spicata occurs on nutrient-poor, open and sunny dry meadows, dunes, or rocks. It is considered to have been a member of the late-glacial steppe-tundra-community and occurs nowadays in the remnants of this vegetation (Pigott and Walters, 1954). It is highly intolerant of shade and competition (Pigott and Walters, 1954), which makes it endangered in large parts of its western distribution area. In contrast, V. longifolia is a species inhabiting nutrient-rich, mesic to moist habitats along rivers, lakes or even ditches or in swamps (Winter et al., 2008).

Veronica subgenus Pseudolysimachium includes ∼30 species distributed across Eurasia, with several of them used in horticulture, especially cultivars of V. spicata and V. longifolia (Albach et al., 2004; Kosachev et al., 2019). These are also the most common and widespread species of the group. The Altai region, with 13 reported species, is considered the center of its diversity; also, seven hybrids have been described there based on morphology (Kosachev et al., 2015 and 2016). The northern Balkan Peninsula is the second center of diversity of the group, with six species (Albach and Fischer, 2003). The origin of the subgenus has been estimated to have occurred 12.5 Mya (±4 My), likely caused by a polyploidization event (Meudt et al., 2015), thus what we consider diploids in this study are in fact ancient tetraploids. Nevertheless, more recent polyploidization events have occurred within the last 3 My (confidence interval 4–0.5 Mya) within the subgenus (Meudt et al., 2015). Besides polyploidization, introgressive hybridization events between more or less diverged lineages in the subgenus may have occurred. Hybridization has been reported repeatedly in the subgenus. For example, Kosachev et al. (2016), studied 18 species of V. subg. Pseudolysimachium, reported an unresolved phylogenetic structure based on cpDNA and ITS1, with most species being polyphyletic, and multiple samples of V. spicata and V. longifolia showing signs of introgression from the other species. Nevertheless, the ITS1 region at least resolved alleles into six groups with most alleles from V. longifolia in one group and those of V. spicata in another. Kosachev et al. (2016) also suggested an East Asian origin followed by repeated westwards range expansions across the Pleistocene Eurasian steppes with frequent interspecific hybridization events. Gene flow between Veronica species (V. spicata, V. orchidea Crantz, and V. barrelieri H.Schott) has been shown to be common in the Balkan Peninsula, with genetic isolation restricted to few geographic regions (Bardy et al., 2011). Potential hybridization between species in the subgenus has also been detected in the Altai Mountains using SRAP (Sequence-related amplified polymorphism) markers, albeit with weak support (Kosachev et al., 2019). Bardy et al. (2011) suggested that complete homogenization of the identified groups is prevented by ecological divergence, ploidy differences, and geographic isolation. While not being responsible for speciation, hybridization may have caused the present wide morphological variation by generating several variants, which are morphologically intermediate between the recognized species.

Hybridization in the subgenus, though not specifically between V. spicata and V. longifolia, has been reported in a number of places across Eurasia, such as in the Balkan Mountains, Eastern Alps, Southern Carpathians (Bardy et al., 2011), Altai Mountains (Kosachev et al., 2019; Khan et al., submitted), and possibly other regions (Kosachev et al., 2016). However, it is still unclear whether hybridization occurred more widely across the Eurasian steppes and between V. spicata and V. longifolia or not. The intermediate plants between both species inferred to be hybrids have taxonomically been called V. × media Schrad. Based on crossing experiments between several species of the subgenus, Härle (1932) and Graze (1933) reported that hybridization between plants with the same ploidy level is possible and the fertile hybrids are able to backcross with their parents. Both species, V. spicata and V. longifolia, have diploid (2n = 34) and tetraploid (2n = 68) populations (Albach et al., 2008). The two different ploidy levels found in V. spicata and V. longifolia (2× and 4×), however, do not seem to be related to differences in either geographical distribution, ecological requirements, or morphology (Trávníček et al., 2004). However, in earlier publications, Raitanen (1967) reported that morphologically determined samples of V. spicata and V. longifolia in Fennoscandia seem to hybridize despite differences in ploidy levels (with V. spicata occurring in the region only as 4× and V. longifolia mainly as 2×). According to Härle (1932), V. spicata and V. longifolia are self-incompatible, but Wilson et al. (2000) reported V. spicata as self-compatible. Similarly, Scalone et al. (2013) suggested that both species are facultatively outcrossing. Pollination in the subgenus is mostly performed by insects (entomophily) and is not species-specific (i.e., performed by non-specialized and mainly generalist pollinators), providing the possibility of hybridization in natural habitats. Bees (Hymenoptera: Apoidea, mainly small- to medium sized species) seem to be the most frequent visitors of the species, but Lepidoptera (Müller, 1881; Knuth, 1909; Ellis and Ellis-Adam, 1994; Albach and Kosachev, unpublished), flies (Diptera: small-sized Syrphidae and various other groups) and small-sized beetles (Coleoptera: Mordellidae, Nitidulidae, and some other non-specialized anthophilous groups) are also observed as occasional flower visitors (Kampny, 1995; Mosyakin, unpublished). It looks like the guilds of pollinators of V. spicata and V. longifolia are recruited from among the local faunas of non-specialist (both nectar-collecting and pollen-eating) anthophilous insects and thus may differ considerably in various regions. At the same time, such pollinator flexibility allows opportunities for cross-pollination within and between the two plant species, when they occur in close proximity. In addition, both species have rhizomes and can reproduce vegetatively by underground rhizome systems (Wilson et al., 2000), a trait considered important for the establishment and local-scale spread of hybrid and polyploid populations (Herben et al., 2017).

Here, we investigated the phylogeographic structure of V. spicata and V. longifolia species in parallel and estimated the extent of hybridization between both species. We employed genome wide SNPs (single nucleotide polymorphism) to analyze genetic diversity and hybridization/introgression in both V. spicata and V. longifolia. Furthermore, we conducted crossing experiments to test for the possibility of generating viable offspring from crosses between V. spicata and V. longifolia individuals of the same as well as different ploidy levels and geographic origins. Finally, we assessed the geographic distribution of ploidy levels in both species. We based our initial hypotheses on the works of Härle (1932) and Graze (1933), and the observation in the wild by Borsos (1967) and Trávníček et al. (2004). Our initial hypotheses were, first, that hybridization between V. longifolia and V. spicata is restricted to individuals having the same ploidy levels [e.g., V. longifolia (2×) × V. spicata (2×) and V. longifolia (4×) × V. spicata (4×)], while different ploidy levels [V. longifolia (2×) × V. spicata (4×) and V. longifolia (4×) × V. spicata (2×)] represent an important crossing barrier. Second, we also expected a significant genetic intraspecific structure across the native distribution ranges of the species reflecting ecological and spatial isolation in the wild. Lastly, we hypothesized that ecological niches of the two species did not differ based on the wide occurrence but considered it likely that macroclimatic differentiation between diploid and tetraploid individuals at both intra- and interspecific levels occurred in both species.



MATERIALS AND METHODS


Sampling

We collected 177 accessions: 81 of V. spicata, 74 of V. longifolia, one putative hybrid (V. × media), and Veronica schmidtiana as an outgroup for the molecular analyses. V. schmidtiana has been used as outgroup since it is the only species unequivocally positioned within the subgenus and sister to the clade containing both ingroup species (Figure 1 and Supplementary Table 1). The accessions were collected on various field excursions during 2000–2019 in different areas across the distribution range of the species (Figure 1B) and identified using the morphological key provided in Albach and Fischer (2003). During the excursion, fresh leaf samples were collected and dried in silica gel (Voucher information; Supplementary Table 1). For crossing experiments, living plants of various accessions have been cultivated in the greenhouse of the Botanical Garden of Carl von Ossietzky-University (see details below). Vouchers for all crosses are deposited in the herbarium of Carl von Ossietzky University of Oldenburg (OLD).
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FIGURE 1. (A) Assignment of individuals to K = 2 clusters based on Bayesian statistics as implemented in STRUCTURE. Blue color represents the probability of Veronica spicata ancestry and red for Veronica longifolia ancestry. Complete details of all individuals with the same order are in Supplementary Table 1. (B) Distribution map of the sampled individuals with genetic composition based on K = 2. Pie charts without number represent only one individual whereas those with numbers give the number of individuals included from that particular locality. Genetic composition of the localities with more than one individual has been averaged accept where the difference among the individual’s genetic composition exceeded 10%.


For the analysis of ecological niches, we generated a dataset of 404 specimens with known ploidy levels based on chromosome counting or flow cytometry and sufficiently precise geographical coordinates (about one arc minute resolution or better; Figure 2 and Supplementary Table 2) from literature data and our own estimations. New records of ploidy level directly measured by us constitute 38% of the data. In the first step, we excluded data points with less than 25 km linear distance from another point in each group (Table 1) using the geosphere package (Hijmans et al., 2019) for R (R Core Team, 2019). This reduces the chance that individuals might stem from the same (meta-) population and it is also convenient for statistical purposes when there is only one data point per grid square or less at the same time. This step also reduces a bias in geographical sampling, which can lead to distorted results (Fourcade et al., 2014). After thinning, we used a total of 248 data points. The threshold of using 25 km linear distance (and not an even greater distance) for exclusion was based on the assumption that a lower sample number is negatively affecting the statistical confidence. Therefore, we sticked to our 248 data set. Following our genetic analysis about 4% on average of all existing individuals in both species (or data points in the macroclimatic analysis) might have been compromised by introgression. It will become evident further below that the variation within each group and the overlap between groups was that high that these potential 4% could not have perturbed the results in any way. Plants for which potential hybrid influence was detected in our genetic analyses were not part of the macroclimatic analyses except for two individuals. One of these individuals was included in tetraploid V. longifolia and one in tetraploid V. spicata based on their typical morphology and the majority of the genetic markers found. Excluding both would not make any difference because their climatic parameters were typical for their respective groups.
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FIGURE 2. Geographical distribution of all V. longifolia and V. spicata individuals with known ploidy level (N = 404).



TABLE 1. Number of points for which georeferenced data and ploidy level was known.
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Flow Cytometry and DNA Extraction

Ploidy information of all samples was assessed by flow cytometry following Meudt et al. (2015) on a CyFlow SL (Partec, Germany). Overall, we report here 156 new measurements of ploidy for the two species. Since intra-population ploidy variation occurs rarely in V. subg. Pseudolysimachium (∼1.8% of the cases; Bardy et al., 2011), we measured for the majority of populations only one sample after confirming the finding of Bardy et al. (2011) for 12 populations in which we measured three individuals (Supplementary Table 2). DNA was extracted from about 20 mg of dried leaf material using innuPREP Plant DNA Kit (Analytic Jena AG, Jena, Germany) following the manufacturer’s instructions. The quality of DNA was checked using gel electrophoresis (1% agarose gel). Photometric DNA concentration and A260/A280 ratio was measured using TECAN infinite F200 Pro (Tecan Group AG, Männedorf, Switzerland).



Genotyping by Sequencing

Several datasets from different years and sequencing runs were combined for the analysis in this study. Combinability of runs was checked in preliminary analyses including the same individual sequenced in different runs. All GBS (genotype by sequencing) libraries were prepared following Elshire et al. (2011), using the methylation-insensitive restriction enzyme MslI (5′…CAYNN^NNRTG…3′) with modifications as described by Siadjeu et al. (2018). Briefly, 200 ng genomic DNA were included in restriction-digestion with one unit MslI (New England Biolabs, NEB) in 30 μl (1× NEB4 buffer) at 37°C for 1 h and heat inactivated at 80°C for 20 min. Adaptor ligation was conducted with 15 μl of restriction product and 3 μl ligation adapters (Ovation Rapid DR Multiplex System, Nugen Technologies, Leek, Netherlands) in 12 μl of master mix (4.6 μl D1 water, 6 μlL1 ligation buffer mix, and 1.5 μlL3 ligation enzyme) at 25°C for 15 min and heat inactivated at 65°C for 10 min. The ligation product was finalized in 20 μl of the kits ‘final repair’ master mix at 72°C for 3 min which was then purified with magnetic beads (homemade Serapure beads). The purified ligated products were amplified with a low number of PCR-cycles (10 cycles) using 4 μl of 5× MyTaq buffer (Bioline), 0.2 μl polymerase and 1 μl (10 pmol/μl) of standard Illumina TrueSeq amplification primers. To remove small fragments from the libraries, all amplicons were purified again with magnetic beads. In this way, libraries were prepared for all individuals, normalized, and pooled. An additional step of purification was performed to remove the PCR polymerase through Qiagen MinElute Columns (Hilden, Germany) from the pooled library. The genomic library was sent to LGC genomics (Berlin, Germany) for sequencing.



RAD-Seq de novo Assembly Into Loci and Genotyping of SNPs

Sequencing quality was checked using FASTQC version 0.11.9 (Andrews, 2010) and all the results in HTML format were aggregated in MULTIQC version 1.9 (Ewels et al., 2016). At the end, we included the reads with mean Phred quality score >28, without any adapter contamination and a per base N content close to 0. In addition, to ensure and avoid any type of false positive/negative errors in SNP calling, we employed process_radtags step from the STACKS version 2.4 (Catchen et al., 2013). The settings for process_radtags were: trimming after 135 bp; remove all uncalled bases with the option -c and low quality scores with the option -q. After confirming upon the quality of the sequencing, we used STACKS version 2.4 (Rochette et al., 2019) pipeline to assemble the raw reads into de novo loci and to genotype the SNPs. The pipeline consists of the sequential execution of different tools as (I) USTACKS, (II) CSTACKS, (III) SSTACKS, (IV) TSV2BAM, (V) GSTACKS, and (VI) POPULATIONS. USTACKS was used to construct a set of putative loci and detect SNP at each locus following: maximum distance allowed between stacks = 4; minimum depth of coverage to create a stack = 5; maximum number of stacks at a single de novo locus = 5. Some of these settings were dictated by having tetraploid individuals in the dataset. Subsequently, the tool CSTACKS was executed to build a catalog (a set of consensus loci) from the set of processed samples, allowing 4 mis-matches between sampled loci when building the catalog. SSTACKS was then used to search a set of stacks against the catalog produced. We used TSV2BAM to transpose the R2 reads, by orienting it to their corresponding loci instead by sample associated with each single-end locus assembled de novo in the previous steps. Following TSV2BAM, we assembled the paired-end reads into a contig, merging the contig with the single-end locus, and aligned reads from individual samples to the locus within GSTACKS. Lastly, the tool POPULATIONS from STACKS was used to filter the data and produce VCF (Variant Call Format, ver. 4.2) files. The minimum percentage of individuals across populations required to process a locus (option −R) was selected as 0.5 after inspection of several phylogenetic trees obtained with various values of −R option (0.9, 0.75, 0.5; results not shown) since this setting has important effect on the maximum missing data (for example with R = 0.5, 50% of missing data). At the end, we generated two different VCF files: one with more than one SNP per locus (concatenated), and one with a single (the first) SNP per locus (using the populations option –write-single-snp), assuming that loci are independent (e.g., unlinked). In the downstream population genomics, we only used the biallelic SNPs assumed to be unlinked to ensure that allele frequencies are not correlated. We included the post process filtering step to remove the variants with low (<8) and high coverages (>800). This step is necessary as the variants sequenced at very low coverage may represent only one of four alleles in tetraploids and the one with high coverage may result from repetitive regions. Subsequently, we removed the variants and individuals with more than 50% missing data. This post-process step was performed using the R package VCFR (Knaus and Grünwald, 2017) and self-written R script (Supplementary Material 1). The tool PARALOG-FINDER implementing the method of McKinney et al. (2017) was applied to remove paralogs in our dataset before the downstream analyses, however, no appreciable differences in the results were found and we kept the original datasets. Our final dataset for population genomics included 27% missing data for concatenated loci (290114 SNPs; 153 individuals) and 25.73% missing data on unlinked loci (8723 SNPs; 157 individuals).

The two datasets contain different numbers of individuals as the post process filtering step removed samples using the same limit of missing information admitted, which differs slightly between samples from unlinked and concatenated dataset (since on unlinked dataset missing data is related with only the first SNP per locus; Supplementary Table 1).



Phylogeographic Structure and Admixture

To assess the genetic structure involving all individuals of both species sampled across the sampling area, we firstly adopted a non-hierarchical approach in STRUCTURE version 2.3 (Pritchard et al., 2000) using the unlinked dataset. STRUCTURE groups the individuals originating from different genetic clusters and identifies migrants. It is also useful in studies involving hybridization using Bayesian statistics by applying Markov Chain Monte Carlo (MCMC) and multiple repetition (Pritchard et al., 2000; Porras-Hurtado et al., 2013). We included all individuals of V. longifolia and V. spicata in STRUCTURE analysis to assign them to their respective genetic clusters, find the role of geography in their structuring and investigate admixed individuals resulted from the contribution of alleles from both species. The analysis was run for 100000 MCMC (Markov chain Monte Carlo) burning the initial 10% chains, with the admixture model and correlated allele frequencies between populations, from K one to four each with 20 iterations, considering that migration is still occurring. This analysis included morphologically defined V. spicata (81 individuals), V. longifolia (74 individuals) and V. × media (one individual). To investigate the role of geography in sub-structuring of both species, we ran an additional second-level hierarchical analysis as well including only samples of V. spicata and V. longifolia with the same parameters except K = 13. We used the program CLUMPP version 1.1.2 (Jakobsson and Rosenberg, 2007) to clump and align all the 20 iteration for the optimal K value following the Evanno approach as employed in STRUCTURE HARVESTER version 0.6.94 (Evanno et al., 2005; Earl and von Holdt, 2012) selecting the Full-Search option. To further explore the role of geography, we used TESS3R package in R (Caye et al., 2016; Supplementary Material 2) as well. TESS3R determines genetic variation in natural populations considering both genetic and geographic data simultaneously. We used the output results of the second level hierarchical analyses on V. spicata and V. longifolia from STRUCTURE (results not shown) and combined them with geographic coordinates of all the included individuals.

To check the relationship among the individuals from different geographical localities and complement the STRUCTURE/TESS3R results, we further constructed the maximum likelihood trees as well using the concatenated SNPs data. For this analysis, we used two different datasets, one including all individuals and another one excluding admixed individuals (based on STRUCTURE results). We considered the individuals admixed which had admixture proportion more than 20%. The best substitution model of evolution was assessed with JMODELTEST-NG (Darriba et al., 2019), which provided GTR + I as best model with both BIC and AIC criteria. The actual analysis was then carried out in RAxML version 8.2.12 (Stamatakis, 2014). To inform RAxML about the nature of the dataset containing only concatenated SNPs without invariable sites, we applied the ASC correction as suggested (Stamatakis, 2014) to minimize the impact on branch lengths. To check the robustness of our results, we ran the analysis with 100 bootstrap replicates. In addition to phylogenetic reconstruction, pairwise FST statistics were also calculated (Wright, 1949) following Weir and Cockerham (1984). This analysis was implemented using the function stamppFst of the R package STAMPP (Pembleton et al., 2013; Supplementary Material 3) on the concatenated dataset with 100 bootstrap replicates and a confidence interval of α = 0.05.



Characterization of Hybrids Classes and Introgression

After getting the admixing proportion through Bayesian approach between V. longifolia and V. spicata in STRUCTURE, we allocated the samples to distinct hybrid or pure classes, specifically, we tested to identify the presence of parent species individuals, F1 or F2 hybrids and backcrossed individuals to both species [parental V. longifolia (A) or V. spicata (B)]. We only included the individuals for which no single class had Q ≥ 0.80 probabilities to belong to one parent species. We implemented this analysis using the program NEWHYBRID (Anderson and Thompson, 2002). NEWHYBRIDS assign individuals to specific hybrid classes by looking at the patterns of gene inheritance within each locus. Since NEWHYBRIDS cannot handle large datasets, we created subsets of 200 unlinked most informative and differentiated SNP loci (method = AvgPIC) using the function gl.nhybrids included in the R package DARTR (Gruber and Georges, 2019; Supplementary Material 3). This function identifies loci that exhibit a fixed difference by comparing two sets of parental populations and creates an input file for the program NewHybrids. To avoid any further bias caused by the heterozygous loci of parental populations, we only included the pure individuals, those showing less than 1% of admixture from STRUCTURE analysis. Additionally, to get the robust results, we run the program with no prior information regarding the status or class of individuals. The analysis was run for 105 MCMC iterations with a burn-in threshold of 104. To run the program NEWHYBRID, we used the R package PARALLELNEWHYBRID (Wringe et al., 2016, 2017).

To check the possibility of introgression between both species, we measured genomic clines in the admixed individuals shared by the parental species as implemented in INTROGRESS (Gompert and Buerkle, 2009, 2010, 2012). INTROGRESS analyzes introgression of genotypes between divergent lineages and hybridizing species. In addition, INTROGRESS estimates genomic clines from co−dominant, dominant, and haploid marker data, without any requirement of fixed allelic differences between parental populations for the sampled genetic markers. The package tests for deviations of loci from neutral expectations as well. INTROGRESS is ideal in cases with high number of informative markers in which the potentially admixed individuals cover the full range of variation between parental species (Gompert and Buerkle, 2010). Since our data is based on continuous sampling, without any spatial correspondence, INTROGRESS suits well to our model. Briefly, we divided the data into three groups, two homozygotes (pure parental) and one heterozygote genotypes (admixed individuals), based on the NEWHYBRID and STRUCTURE results. These groups included 63 individuals of V. longifolia, 79 individuals of V. spicata and 13 admixed individuals (Q ≥ 0.2). In the actual analysis, firstly, we estimated hybrid indices and then genomic clines using multinomial regression. We measured introgression for each individual locus in admixed individuals relative to clines using their genotype frequency along an admixture gradient (Buerkle, 2005; Gompert and Buerkle, 2010) by comparing likelihood of regression models to that of a neutral model. The significance of likelihood was accessed using 1000 permutations. Lastly, we counted the introgressed loci from the observed hybrid genotypes by comparing with the probability densities of homozygotes and heterozygotes genotypes as suggested (Nolte et al., 2009). We adjusted the neutral expectation of genomic clines through multiple comparisons using the false discovery rate (FDR) as suggested (Benjamin and Hochberg, 1995; examples in Harrison et al., 2017; Khan et al., 2020).



Crossing and Germination Experiments

We conducted crossing experiments between individuals of V. spicata and V. longifolia of both ploidy levels and geographic origins to assess experimentally reproductive barriers between the two species. The experiments were conducted in the greenhouses of the Carl von Ossietzky-University (Oldenburg, Germany) in spring and summer 2019. When enough inflorescences were available on a single plant, three treatments were applied for each replicate beside the controls (Ctr): H (hybridization), C (negative control) and CS (cage + selfing). To avoid any unwanted pollination from insects, all floral spikes were bagged using tea-bag filters. In treatment H self-pollination was tried to avoid by emasculation of the flowers on daily basis before anthesis. When the flowers opened, the freshly dehiscent anthers of the donor species were removed with clean tweezers and their pollens were transferred by direct contact with stigma on the receptor species. Negative controls (treatment C) were used to determine the minimum amount of pollen contamination acceptable after applying only emasculation. Negative controls were performed in parallel with H on the same plant. Spikes for treatment CS were bagged before anthesis till fruit maturation. Further, the controls (Ctr) were used to determine the germination rate of seeds pollinated with pollen of the same species. They were handled in a similar way to H with the exception that the pollen donor was from the same species and ploidy level as the control.

Seeds obtained from the crossing experiment were sterilized following the protocol suggested by Pickens et al. (2003): (1) 70% ethanol for 2 min; (2) rinse in distilled water for 5 min; (3) 2.6% NaOCl + Tween 20 for 40 min; (4) rinse in sterile water twice for 5 min each. After sterilization, seeds were placed in Petri dishes on filter paper, adding sterilized distilled water. A climate chamber was used to ensure controlled temperature and light conditions, with the settings: light 12/12 h; and temperature 21°C. The position of the single Petri dishes was randomized inside the chamber in order to account for small variation of temperature and light related to the position. Germination rate was defined as the number of seeds germinated after 30 days divided by the total number of seeds plated.



Polyploidy and Ecological Differentiation

All niche analyses are based on the WorldClim data set (Hijmans et al., 2005) with a resolution of 2.5 min. The 19 bioclim variables were attached to the occurrence data of 248 individuals (see sampling) using DIVA-GIS (Hijmans et al., 2012).

In a preliminary principal component analysis (PCA) including all variables, we found that many of the variables were highly correlated with each other. To avoid collinearity and type II errors caused by high correlation, we applied pairwise Pearson product correlations in R (R Core Team, 2019). This Pearson correlations test retrieved bioclim variables with mod ≥ 0.8 such as: bio4 and bio7; bio5 and bio10; bio1, bio6, bio9, and bio11; bio12, bio13, bio14, bio16, bio17, bio18, and bio19, and the remaining four variables, i.e., bio2, bio3, bio8, and bio15 were not correlated. In the actual analysis we used eight variables, excluding the remaining 11 variables. The choice of the four variables that showed correlation with other variables was based on criteria such as longer time period over shorter period in the definition of the variables and more or less subjective hypotheses about the biological importance in our species. The eight variables included were: bio2 mean diurnal range, bio3 isothermality, bio7 temperature annual range, bio8 mean temperature of wettest quarter, bio9 mean temperature of driest quarter, bio10 mean temperature of warmest quarter, bio15 precipitation seasonality, and bio17 precipitation of driest quarter.

The reduced data set with 248 specimens and eight bioclimatic variables included was subjected to a PCA using NTSYSPC version 2.2 (Rohlf, 2009). It turned out that the Siberian samples of diploid V. spicata (>50° East) grow under rather distinctive climatic conditions. Tetraploid V. spicata do not occur there. To accommodate for this, we repeated several of our analyses separating the Siberian samples (>50° East) from diploid V. spicata from the West (Table 1). Such a problem did not arise in V. longifolia, because its diploid and tetraploid groups occur in the same general geographical regions or there were only very few data points in the one group when far distant from the other group.

To qualitatively compare climatic niche models (or in other words: the macroclimatic envelopes of a group projected on a geographical map) between conspecific diploid and tetraploid groups, we used MAXENT version 3.4.1 (Phillips et al., 2006, 2019) on the data set described above (248 data points divided in four or in five groups). For the application of MAXENT, we followed Merow et al. (2013) and Fourcade et al. (2014), who recommended minimizing the correlation among predictors. Therefore, we again used only the eight bioclim variables as described above. For purposes as in our study, they recommended to use the relevant and complete geographical space for background selection. We therefore first limited the bioclim layers in DIVA-GIS (Hijmans et al., 2012) to 5°W, 135°E, 35°N, and 75°N (Figure 2) and used this restricted rectangle of the eight climatic layers in MAXENT. It was not possible to account for sampling effort in our data, because the data was opportunistically gathered from different times and sources. However, a facultative exclusion of the densely sampled Siberian V. spicata and the thinning of all data to 25 km linear distance follow the suggestions of Fourcade et al. (2014) to minimize geographically biased sampling. We tested different output options in MAXENT and chose the logistic output because the results seemed less diffuse (steeper and therefore clearer gradients) than with the other options.

We investigated differentiation in macroclimatic niches between diploids and tetraploids among individual variables using the analysis of variance (ANOVA) tool in EXCEL 2016 (Microsoft Corp., Redmond; significance considered p < 0.05). All variables were tested for both taxon combinations and this might lead to statistical type I errors. Therefore, we additionally applied Bonferroni corrections for all 19 parallel comparisons, which leads to p < 0.003 as a much more conservative threshold for significance. Since the differences found between European and Siberian samples of diploid V. spicata could be misleading (see below), we repeated the ANOVA for V. spicata including only the western samples (west of 50° East).

Finally, to get a quantitative idea about climatic niche differences between the ploidy levels or between species, we calculated Schoener’s D, a frequently used index for niche overlap, which ranges between 0 and 1 (the latter stands for complete niche overlap) from the original MAXENT results. We used the precompiled version 1.3 for windows of ENMtools (Warren et al., 2008, 2010) for this and also for the following analysis. To test whether the MAXENT scores exhibit statistically significant ecological differences between several groups, we performed a niche identity test using Schoener’s D as a test variable. In this test the empirical occurrence points were pooled, their identity randomized, subjected to a MAXENT analysis, and Schoener’s D was calculated. We did 100 pseudo-replicates per comparison. The resulting distribution of Schoener’s D represents the null hypotheses that niches differ by chance only and it can be compared with the D score of the original data to judge about the probability that niches are identical.




RESULTS


Phylogeographic Structure and Admixture

The Bayesian modeling to assess the genetic structure clustered all individuals in two groups (Evanno method; K = 2; Figure 1A) corresponding to V. spicata and V. longifolia. This analysis clearly showed that the genetic structure of both species is in accordance with their morphology-based classification. However, our results also recovered individuals with admixture higher than 20% (Figure 1A and Supplementary Table 1). The threshold of 20% was subsequently used to infer hybrids since individuals with more than 20% did not group according to geography in other analyses. The second level hierarchical clustering on species alone found optimal intraspecific clustering in V. spicata at K = 2 (result not shown). However, after averaging the results of STRUCTURE between individuals in the populations and using the R package TESS3R to plot those averages on a map, we recovered a reasonable geographical pattern until K = 5 (Figure 3). The Evanno method indicated an optimal K = 2 for the second level hierarchical clustering analysis using the dataset of V. longifolia in STRUCTURE and TESS3R was used to plot the results. At K = 2, the individuals were structured into one group composed of individuals from Asia and the other including those from Europe (Figure 3) except for one individual from Siberia [Rus18 (lo96t_Rus18)] grouping with European individuals. Admixture between the two species based on the STRUCTURE analysis, considering individuals with Q ≥ 0.20 for the minor ancestry as admixed, occurred in seven individuals. Of these, four individuals were a priori identified as V. longifolia, two as V. spicata, and one considered a hybrid. Admixture occurred in both ploidy levels, six in tetraploids and one in a diploid. It was found widely from Switzerland to Ukraine. The divergence between V. spicata and V. longifolia was lower, with an FST value of 0.296 ± 0.002, than between V. longifolia and V. schmidtiana (FST = 0.625), and between V. spicata and V. schmidtiana (FST = 0.632; Supplementary Table 3), while highly significant for all (P = ∼0.0).
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FIGURE 3. Genetic clusters identified with TESS3R analysis in V. spicata (A) and V. longifolia (B) populations. Different colors indicate different clusters inferred (two for V. longifolia and five for V. spicata) and different shading indicates different probabilities to belong to the respective cluster. The graphs are based on the results of STRUCTURE between individuals in the populations, as employed in R package tess3r (details are in main text).


Similarly, the phylogenetic analysis based on maximum likelihood also clustered all individuals into two main groups with high support corresponding to V. spicata and V. longifolia. Since individuals admixed according to STRUCTURE appeared basally branching and not in geographical meaningful clusters, we consider in the following only the analysis without admixed individuals (Figure 4 and see Supplementary Figure 1 for results including hybrids). The phylogenetic analysis also recovered sub-clustering representing Asian/East European individuals and more western European individuals in both species, except lo96t_Rus18. This individual was cultivated in a Russian botanical garden with an unknown geographic origin and placed in a group that contains individuals from Central and Western Europe (France, Germany, Switzerland, and Austria), which suggests that the garden did not cultivate a local genotype.
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FIGURE 4. Phylogenetic analysis based on maximum likelihood statistics as implemented in RAxML. Two main groups with high support correspond to V. spicata (upper part) and V. longifolia (lower part). The IDs assigned to the samples (e.g., lo82t_Ukr17) are constructed using the first two letter to identify the species, e.g., lo for V. longifolia, sp for V. spicata, and sc for V. schmidtiana, followed by a unique number for every individual and a letter to indicate the ploidy level (d for 2×, t for 4×, and × for unknown ploidy). Underscore separates the information related with population constituted by 3 letters to identify the country (e.g., CzR for Czechia) and a unique number in that species (see complete detail in Supplementary Table 1).




Putative Hybrid Individuals and Introgression

Probabilities to be parental species A or B (PA for V. longifolia and PB for V. spicata) obtained in NEWHYBRIDS followed the same pattern as explored with Bayesian statistics in STRUCTURE (Figure 5A). The NEWHYBRID results did not recover any individual to be an F1 hybrid. The estimated posterior probability to be an F2 hybrid was high (>0.88) for lo37t_Slo2, lo15t_Ukr2, and xm1t_Ukr20, while for sp7d_Swi2 and lo83t_Ukr17 the probability to be F2 was lower (0.51 and 0.32, respectively). Sample sp7d_Swi2 had a posterior probability of 0.45 to be a back-cross with V. longifolia parental group. Similarly, samples sp73t_Ukr19, lo18x_Fra5, lo83t_Ukr17, lo84t_Ukr18, and lo74t_Rus8 showed high probabilities (>0.6) to be backcrossed individuals of V. longifolia, whereas lo8d_Hun1, lo58t_Slo4, lo20t_Mon1, and lo24t_Hun5 had lower probabilities (<0.6) to be in the same category (Figure 5A). Similarly, the hybrid indices <0.78 or >0.18 recovered with INTROGRESS with very low heterozygosity ∼0.02, suggest that the hybrid individuals are fertile (Figure 5B).
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FIGURE 5. (A) Probability assignment into different hybrid categories according to NEWHYBRIDS analysis. PA, parental population A (V. longifolia); PB, parental population B (V. spicata); BCA, backcross with parental population A; BCB, backcross with parental population B; F1, F1 hybrid between populations A and P; F2, F2 hybrid between two F1 individuals. (B) Triangle plot detailing the relationship between interspecific heterozygosity against hybrid index of V. longifolia, V. spicata and admixed individuals. The hybrid index was calculated as proportion of V. longifolia and V. spicata alleles (h = 0 indicates individuals with alleles from V. longifolia ancestry, and h = 1 denotes V. spicata ancestry). We considered those individuals from the STRUCTURE presenting Q ≤ 0.80 as putative hybrid individuals; and (C) ancestry plot showing probability based on hybrid indices of V. longifolia (Hybrid index = 0) and V. spicata (Hybrid index = 1) ancestry across all 13 admixed individuals.


The genomic clines approach implemented in INTROGRESS supported the hypothesis of higher probability of homozygotes in admixed individuals than expected under neutral expectations. The homozygosity inferred was 41% from V. longifolia and 51% from V. spicata (Figure 5C). We recovered only one heterozygous locus in all admixed individuals, reflecting high homozygosity. The results infer a higher tendency of homozygotes clines from V. spicata with 216 more SNPs than V. longifolia. This tendency of 18% more homozygotes from V. spicata suggests asymmetrical introgression. For this analysis we only used the non-neutral loci, showing deviation from a model of neutral introgression based on genome-wide admixture (P ≤ 0.025; significance following FDR correction; Table 2).


TABLE 2. Patterns of introgression based on all admixed individuals.
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Crossing and Germination Experiments

We have used 32 individuals during the crossing experiment (11 of V. spicata and 21 from V. longifolia). Overall, 24 crossings were performed in which 13 were based on the same ploidy and 11 on different ploidy levels (Table 3). In almost all cases, the negative controls (n = 20) resulted in the production of zero seeds except in two cases, in which the number of seeds was 18 and 4. In successful crosses, we got usually more than 100 seeds per spike. We considered the crossing as successful only when it led to production of more than 20 seeds per spike, attributing the eventual production of small amounts of seeds to contamination by small arthropods, which were able to reach the spikes through the lower opening of the bag. Crossings performed between plants of the same ploidy level (2× × 2× and 4× × 4×; Table 3), even from very distant geographical origin, resulted in production of viable seeds in all cases, with germination rates ranging from 18 to 100%. However, the crossings between different ploidy levels (2× × 4× and 4× × 2×; Table 3), produced almost no seed in crosses with the tetraploid mother, and in four out of seven crosses when the mother was diploid (Table 3). Plants of crosses, which produced less than 10 seeds, did not grow to fully developed plants, except for a single plant. This plant was determined to be tetraploid (Albach S372 × Albach S634). All five plants of the cross Albach 1450 and Albach S854 analyzed flow cytometrically were tetraploids. Six of the plants from the cross between Albach 1450 and Albach S485 were analyzed with flow cytometry and all were triploid. The controls between plants of the same species and ploidy level showed a high production of seeds and germination rates (>93%) except for the crossing of diploid V. spicata, which could be due to sterility or self-incompatibility reactions.


TABLE 3. Crossing experiment results.

[image: Table 3]


Polyploidy and Ecological Differentiation

Based on our literature search and our own results, we demonstrate that diploids and tetraploids are about equally common in V. spicata (115 vs. 138 measurements, respectively), whereas diploids are less common in V. longifolia (49 vs. 102 measurements, respectively). However, these numbers are biased by our sampling and the accessibility of populations.

The ANOVA results for the diploid/tetraploid comparison of eight climatic variables are given in Table 4 (results for all 19 variables are given in Supplementary Table 4). When Siberian diploid samples of V. spicata were excluded, mainly the variables dealing somehow with precipitation (e.g., bio17 in Table 4) were significantly different between diploids and tetraploids. However, when all V. spicata diploids were included, variables somehow dealing with temperature or seasonality (e.g., bio2, 3, 7 in Table 4) were significant. This discrepancy is a clear indication and consequence of the distinctly continental climate in Siberia in contrast to the sub-oceanic climate in western and central Europe. The difference between diploids and tetraploids within V. longifolia seemed to be less pronounced and was indicated by five significant variables (three after Bonferroni correction). These variables (e.g., bio8 and 10 in Table 4) basically refer to different summer temperatures.


TABLE 4. One-way ANOVA calculations comparing bioclim variables (Hijmans et al., 2005) of diploid (2) and tetraploid (4) Veronica longifolia and of diploid (2) and tetraploid (4) Veronica spicata.
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The first four axes of the PCA incorporated 52, 23, 11, and 7% of the total variance. The first axis was mainly determined by variables based on seasonality (bio2, bio3, bio7, and bio15) and precipitation (bio9 and bio17), while the second axis was mainly determined by temperature variables (bio8 and bio10). The 41 eastern samples of diploid V. spicata (cyan blue triangle in Figure 6) were separate from all other V. spicata data points in the PCA. However, the western remainder of diploid V. spicata was largely overlapping with tetraploid V. spicata, and the same was true for most of the diploid and tetraploid individuals of V. longifolia, respectively.
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FIGURE 6. Principal component analysis of V. longifolia and V. spicata based on 248 data points and eight bioclim variables.


The variables that contributed more than 10% to MAXENT models were: for diploid V. longifolia bio7 (43%) and bio17 (28%); for tetraploid V. longifolia bio8 (48%), bio 17 (21%), and bio7 (11%); for diploid V. spicata (all data) bio17 (41%), bio10 (22%), and bio9 (12%); for diploid V. spicata west bio17 (63%) and bio3 (21%), for diploid V. spicata east bio7 (34%), bio10 (25%), bio17 (20%), and bio8 (16%); for tetraploid V. spicata bio7 (36%) and bio17 (34%). The maps produced by the logistic output of MAXENT revealed slight differences between the conspecific diploid and tetraploid groups of each species (Supplementary Figure 2). The main difference within V. longifolia was that the plot for diploids indicated suitable climate also in northern Europe (Scandinavia and northeast of the Baltic Sea), but less so for the tetraploids. Within V. spicata, the areas suitable for tetraploids and for the western diploids are very similar. This changed when eastern individuals were also included, adding a large corridor from eastern Europe to western Asia to the potentially suitable conditions of the diploids.

The results of the quantitative niche overlap analysis (Schoener’s D) and the niche identity test for all pairwise comparisons indicated significant niche differentiation (Table 5). These analyses recovered the least differentiation between V. longifolia tetraploid and V. spicata diploid and highest difference between V. spicata diploid and V. spicata tetraploid.


TABLE 5. The results of the niche overlap (Schoener’s D) and niche identity tests.
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DISCUSSION

In this study, we investigated the phylogeographic structure using genome-wide SNPs considering hybridization, introgression and polyploidization of two congeneric species, V. spicata and V. longifolia across their vast European distribution ranges. Though V. longifolia exhibited lower geographic structure, our results demonstrated clear geographical patterns for both species. Hybridization and introgression through backcrossing and polyploidization was detected in several natural populations across the European distribution of both species, but apparently these cases of hybridization have not lead to large-scale merger of the species, neither such hybridization obscured the species boundaries. Finally, experimental crossings revealed high level of compatibility between the two species in cases in which individuals have the same ploidy levels. We have not recovered any clear geographical or macroclimatic patterns related to polyploidy. Thus, the two species do not form hybrid zones on a continental scale but likely have formed hybrid zones of different extent and temporal duration on a local scale ever since the two species split about 1.5 million years ago (Khan et al., submitted).


Phylogeographic Structure of V. longifolia and V. spicata Across Eurasia

Both the population genetic structure and maximum likelihood tree indicated a basal split between European and Central to East Asian (plus two European) samples of V. longifolia after removal of admixed (Q > 0.2 for the minor ancestry) individuals. The higher amount of inferred admixture for these individuals (4–20%; Supplementary Table 1) is not considered to be real evidence for introgression but rather an artifact of STRUCTURE based on genetic divergence of these samples from the majority of (European) individuals. Currently, we lack evidence for this hypothesis but this is currently being analyzed in more detail. Such a split between European and Central to East Asian populations has previously been found in Clausia (Franzke et al., 2004) with a split between groups found around 70° East and further west along the Ural Mountains in Camelina microcarpa (Žerdoner Čalasan et al., 2019). This split along the Ural Mountains is in line with the division of periglacial steppes in two large ecosystems east and west of the Ural Mountains based on paleo-environmental reconstructions (Hurka et al., 2019). Considering the postulated East Asian origin of the subgenus (Kosachev et al., 2016), we hypothesize that V. longifolia originated in Eastern Asia and subsequently dispersed westward toward Europe and further differentiated there. A split between the European and Asian populations in V. longifolia has already been suggested by Trávníček (2000), who considered the differences between Asian and European plants substantial enough to treat them as two different species. However, given our sparse sampling among Asian populations and the lack of clear morphological differentiation, we currently refrain from adopting this view.

In contrast to V. longifolia, the earliest branching samples in V. spicata are from the South Russian – North Caucasian region (Figure 4). This argues against the East Asian origin but rather indicates early differentiation along the southern border of the extant distribution, though not necessarily an origin within that region. The only Asian samples of that species included here were nested among samples from Ukraine, which suggests that V. spicata migrated eastwards to the Altai Mountains either from Southern Russia or from a widespread Eurasian steppe group. The results of the STRUCTURE analysis support the latter view that the samples of V. spicata from the Altai Mountains and Eastern Europe belong to a group of widespread Eurasian steppe genotypes and the Southern Russian populations belong to a separate population group that differentiated early in the evolution of the species. As in V. longifolia, these results show higher amounts of admixture, which we again attribute more to intraspecific genetic divergence than to real introgression from V. longifolia (see above). In this case, it is noteworthy that sample sp1x_Rus1 morphologically belongs to V. spicata subsp. transcaucasica Bordz., which is morphologically differentiated from typical V. spicata. The existence of widespread Eurasian steppe genotypes is somehow counter to the more general assumption that many species during glacial phases of the Pleistocene survived in southern refugia, e.g., the three southern European peninsulas with a subsequent spread across Europe and eastwards to Siberia (Taberlet et al., 1998; Hewitt, 2001). This generalized phylogeographic pattern, being in general true for many species, is, however, not considered a universal key suitable for explaining all phylogeographic patterns of European and Eurasian plant species anymore. Several other patterns for taxa of vascular plants have been proposed as well (e.g., Suchan et al., 2019; Friesen et al., 2020; Volkova et al., 2020, and references therein), such as survival in more northern refugia (even cryptic ones: see Stewart and Lister, 2001), ecological shifts with possible survival in habitats and plant communities not now peculiar to the species, etc. (see a paleobotanical overview in Bezusko et al., 2011). These patterns reflect that each species reacted to the Pleistocene and Holocene environmental and climate changes in an idiosyncratic way reflecting that many characters and ecological adaptations are specific to that species. Phylogeographic patterns of Eurasian steppe plants should also be considered against the background of the general development and transformations of the Eurasian steppe zone (see an overview in Hurka et al., 2019, and references therein), especially during the Pleistocene and Holocene climatic and environmental cycles. Thus, an analysis with better sampling across the Eurasian steppe is necessary to identify refugia of these two species of Veronica.

The ML phylogram (Figure 4) further suggests that V. spicata expanded westwards to Eastern Europe (southern Poland and Ukraine) from the Southern to Central Russian refugium. All individuals west of Ukraine form two geographically distinct groups, one constitutes a Western European (Germany to United Kingdom) and another a Pannonian-Balkanian group. Our TESS3R (Figure 3A) results detected five genetic clusters in V. spicata, which form geographically delimited groups mostly in congruence with the ML phylogram. These are (I) the Western European group with individuals from United Kingdom, France, Germany, Switzerland, and Western Austria; (II) Pannonian-Balkanian group that includes Serbian, Romanian, Hungarian, Slovenian, Eastern Austrian, and Southern Polish individuals; (3) the South Russian group with an outlying individual from Poland; (4) a widespread Eurasian group composed by Ukrainian populations including the samples from the Russian Altai; and (5) a rather isolated Swiss individual. Consequently, our results agree with previous analyses and support the existence of a western, a southeastern European, a Caucasian, and an Eastern refugium (Stewart and Lister, 2001).

The single diploid individual (sp7d_Swi2) sampled from population Swi2 constitutes a separate Swiss group in the STRUCTURE analysis. STRUCTURE analysis indicates slight admixture for this V. spicata individual, while it shows no morphological similarities with V. longifolia. Our NewHybrids analysis indicates that sp7d_Swi2 has a partial probability to be a F2 hybrid or a backcross with V. longifolia, explaining the uniqueness of this Swiss population. Another alternative for this uniqueness might be that sp7d_Swi2 originates from a separate refugial area. This is in concordance with Trávníček et al. (2004) who mentioned V. spicata diploid relicts in Switzerland and other areas of Europe. During the last Pleistocene glaciations, the Alps were covered with glaciers, and many species found refuge in the present-day territory of Italy, which was then free of ice (Lugon-Moulin and Hausser, 2002). After glaciations, many species recolonized the Alps from the South following different migration pathways (e.g., through the Rhodanian pathway; Parisod, 2008). A phylogeographic analysis of V. spicata in the Alps seems necessary to resolve this question. However, our study warns that hybridization and introgression from V. longifolia needs to be considered in such an analysis.

Intraspecific differentiation as in V. spicata is not as clear in V. longifolia. This may partly be due to our sampling, but also to the higher connectivity of suitable habitats (V. longifolia is considered mainly a river corridor plant; Winter et al., 2008; Figure 3B), which allows high gene flow. Nevertheless, phylogenetic analysis, though hampered by low sampling points in western Asia, indicates that V. longifolia spread westward across the Russian steppe, reached first Ukraine (Figure 4), from where it seems to have spread to Fennoscandia independently from the rest of Europe. The remaining samples form two clades, one in Western Europe (France, and Germany) and another from Central to Eastern Europe (from Austria to Ukraine).



Effects of Polyploidization

The genetic structure of both species seems to be largely unrelated to ploidy levels, since both geographical groups in V. longifolia and the European populations in V. spicata contain both ploidy levels with some geographically coherent clusters but no clear pattern. Thus, recurrent polyploidization events across the distribution area best explain the pattern, although we cannot locate specific areas where tetraploids originated. The Balkan group of V. spicata is constituted only by 4× individuals and the East European group only by 2× individuals, while the other groups have both ploidy levels present. Diploid V. spicata have been reported from Bosnia (Fischer, 1974), Bulgaria (Graze, 1933), Serbia (Pustahija et al., 2013), Hungary (Löve, 1977), and Romania (Supplementary Table 2) but they have not been analyzed genetically and could potentially be misidentified or, in the case of our Romanian sample, could be the westernmost extension of the Ukrainian group. It is intriguing that there are no tetraploid individuals of V. spicata known in Asia. This can have at least three different explanations somewhat depending on the unknown frequency of polyploidization. First, it might be that tetraploids have not originated there by chance; second, they might not have migrated there by chance; or, third, they might have originated there with similar frequency as in Europe, but the habitats were not suitable. Unfortunately, the ANOVA analysis is inconclusive (Table 4), because significant niche differences within Europe seem mainly due to less precipitation in habitats of tetraploids and higher precipitation in diploids but when looking at the total range of the diploids, the significant differences indicate different temperature regime only. The same pattern can be seen in the PCA (Figure 6) in which the diploid and tetraploid V. spicata groups were largely overlapping and only the Siberian diploids were separate from all other V. spicata points. Also, the analysis of niche overlap (Table 5) is not a good or valid indicator for putative differences between ploidy levels in our study. Admittedly, there were significant differences between the ploidy levels. This test statistic, however, seems overly sensitive to unequal geographical sampling and we could not adjust our sample to accommodate for this. An example for this problem was, that the measured niche overlap between diploid and tetraploid V. spicata was smaller than between any other comparison, even between the different species. In conclusion, Schoener’s D test statistic may not be suitable for such a wide and therefore partly incomplete geographical sampling as in our study.

Since tetraploid V. spicata have been found mainly in the Pannonian-Balkan region and diploids have rarely been found in the region, it should be investigated in more detail whether the tetraploid V. spicata from the region constitute a genetically differentiated infraspecific taxon with higher drought resistance (Table 4), a trait reported for other autopolyploids, although this is not a universal pattern (e.g., Yang et al., 2014). In that respect, the connection between the Pannonian-Balkan tetraploids and the other tetraploids needs to be studied further. Are these tetraploids of different origin, which could not spread as much as the Balkan populations? Despite this question, tetraploid V. spicata fits the common scenario found in many other European polyploids that were better able to colonize North European areas after glacier retreats (see Figure 2; blue vs. green points), possibly by being better adapted to cold conditions (Brochmann et al., 2004; but see Tkach et al., 2008), although this is not directly reflected in the comparison of climatic variables shaping ecological niches (e.g., similar bio10 values in Table 4). An alternative explanation for the success of polyploids applicable here is that due to fixed heterozygosity polyploids are able to cope better with inbreeding depression after colonization events in new areas (Birchler, 2012). In contrast, in V. longifolia the diploids spread further north, with the tetraploids requiring higher temperature (e.g., bio10 in Table 4). Thus, the macroclimatic niche signal we found is weak and partly inconsistent, but if there was any, it seemed that polyploidization had different effects in the two related species. Finally, our genetic data showed that there was and is a recurrent evolution of polyploids in both species, which produces many unrelated and unconnected autopolyploid lineages. Thus, our explorations of climatic niches fit well to the theory, that the Veronica polyploids still carry the macroclimatic niche requirements of their individuals and immediate diploid ancestral population rather than a common, “typical” and detectable polyploid niche requirement.



Hybridization

The genetic divergence between V. spicata and V. longifolia was found to be low (FST = 0.29), indicating structured populations with connectivity (Supplementary Table 3). This suggests that the amount of evolutionary divergence between the parental species is not high enough to cause significant genetic incompatibilities (Moyle and Nakazato, 2010). Further, the possibility for hybridization to occur was revealed in our crossing experiments, which also demonstrated that plants of the two species can form viable seeds independent of their geographic origin, but only when both parents have the same ploidy level (Table 3). Third, macroclimatic differences between the two species appear minor (Table 5), which is consistent with the coexistence of the two species in close proximity (e.g., Hun6, Ukr13, and Ukr16-20).

Hybridization due to secondary contacts is considered to be a common phenomenon following recolonization after retreat of Pleistocene glaciers (Hewitt, 2001). During these glaciations (glacial phases, in contrast to interglacials), communities of steppe vegetation and its ecological analogs (such as cold and dry periglacial steppes or similar dry grassland plant communities) were favored by predominantly continental climate in most part of Europe, thus possibly providing large and connected open habitats (Mai, 1995; Bezusko et al., 2011; Hurka et al., 2019); such habitats were most probably suitable for V. spicata and ensured its survival and dispersal during Pleistocene cycles. On the other hand, interglacial phases of the Pleistocene were normally warmer and more humid in most of Europe and thus promoted such habitats as riparian meadows and floodplain grasslands developing on fluvioglacial deposits, which were more favorable for survival and dispersal of V. longifolia. Thus, most probably these two species reacted in different manners to the environmental changes of the Pleistocene and Holocene but shifts in environmental conditions brought them into frequent contact.

Unfortunately, direct paleobotanical (paleopalynological) data on the history of Veronica in the Late Quaternary are limited because pollen grains of those entomophilous species are rare in fossil and subfossil pollen samples (see Bezusko et al., 2011, 2018); also, distinguishing species of Veronica based solely on their pollen is problematic (Tsymbalyuk and Mosyakin, 2013). However, some paleobotanical (in fact, paleoecological) evidence on our two species can be obtained indirectly, through reconstructions of the possible distribution of ancient plant communities suitable for these species. In such assumptions we should, however, take into considerations possible habitat shifts of species in the past, as well as the existence of plant communities of the past that were only roughly corresponding to modern plant communities of the region concerned (Bezusko et al., 2011). In any case, such paleoreconstructions should be done in parallel and in agreement with experimental and molecular results, such as those presented here.

Our results indicate that hybridization events can be found between V. spicata and V. longifolia across the whole distribution range in Europe, with tetraploid and diploid hybrid individuals identified in populations from Ukraine, Slovakia, and Switzerland and likely happened for a long time. However, reliable identification of hybrids can be difficult. Here, we adopted a genetic definition based on results of the admixture analysis in combination with phylogenetic evidence. Individuals with higher admixture levels branched earlier among the respective species. Thus, the genetic divergence appears continuous from intraspecific variation to hybrids (Supplementary Table 1), and geographic coherence was added to justify the cut-off.

NEWHYBRIDS results are in line with STRUCTURE (Figures 1, 5). We observed that individuals with high probability to be hybrids or back-crosses with one of the two parental species in the STRUCTURE analysis showed a significant introgression probability proportional to the genotype frequency class expected (Anderson and Thompson, 2002). Overall, 13 individuals had a significant posterior probability to be one of the four hybrid classes (Figure 5). Backcrossing was mainly inferred toward V. longifolia, with only one exception, suggesting that introgression is asymmetrical from V. spicata to V. longifolia. Introgression seems to be not uniform inside natural populations, as indicated by the fact that some individuals resulted to be highly introgressed, while other individuals from the same population (e.g., Ukr19) were not admixed. Furthermore, in natural populations hybridization seems to be a phenomenon not restricted only to tetraploid individuals, even though it seems to occur less frequently in diploids (in only one case the identified hybrid was a diploid compared to five cases among tetraploids). Our crossing results indicate that the vitality of diploid and tetraploid hybrid individuals is comparable, while crossings between different ploidy levels produce seeds with a lower seed development, germination success and survivability, suggesting ploidy level as a crossing barrier. In line with this, hybridization in the two species was only observed in the populations in which V. spicata and V. longifolia had the same ploidy (Ukr17–20) and not in the populations where the two species differed in their ploidy (Hun6, Ukr13, and Ukr16–18). This result is in accordance with Härle (1932), who suggested within-ploidy but not between-ploidy cross-compatibility. Stebbins (1971) already hypothesized that inter-cytotype gene flow is mostly unidirectional from diploids to tetraploids and this has been demonstrated in the last years with molecular tools (e.g., Jørgensen et al., 2011; Zohren et al., 2016). Whereas documented cases of introgression in the wild involving the same ploidy level are frequent, less common examples between different ploidy levels are known. This is due to the fact that triploid hybrids are not produced (triploid block), and if produced, they are highly sterile (Ramsey and Schemske, 1998). In fact, despite thousands of flow cytometric analyses in Veronica, uneven ploidy levels have never been reported in the wild (Bardy et al., 2011, Supplementary Table 1 for V. subg. Pseudolysimachium, but see also Bardy et al., 2010; Padilla-García et al., 2018; Rojas-Andrés et al., 2020; López-González et al., 2020). However, we produced some triploids in our greenhouse from interploidal crosses (Table 3), although we did not yet grow them to maturity to check for fertility. Thus, in some rare cases, triploid individuals may exist in the wild and functional gametes may be produced by triploid hybrids. This can break ploidy barrier and, through backcross with one of the parental species, result in gene transfer (Chapman and Abbott, 2010).

Thus, as suggested by Bardy et al. (2011), hybridization may have generated a great morphological variation by generating several morphologically intermediates between species. Some hybrids seem to have intermediate morphology, while others seem to be more similar to one of the parents morphologically and/or in term of ecological niche. For example, the individual V. × media (xm1t_Ukr20), classified as F2 hybrid, showed intermediate morphological characters between V. spicata and V. longifolia, while the other hybrids detected, even those inferred to be F2 such as lo37t_Slo2 and lo15t_Ukr2, did not. The predominance of backcrossing to V. longifolia combined with the majority of hybrids a priori identified as V. longifolia suggests that there is selective pressure favoring a V. longifolia-phenotype for the hybrids and, thus, backcrossing with V. longifolia. However, this selection does not occur up to the seedling stage since we did not observe maternal effects in our crossings (Table 3).




CONCLUSION

The genus Veronica, with its high species richness and diversification, as well as a great ecological amplitude, constitutes an important model study system which allows investigating several aspects and factors of plant evolution. In the present study, further evidence is provided to support the hypothesis, already proposed for V. subg. Pseudolysimachium in other regions (Balkans – Bardy et al., 2011; Altai – Kosachev et al., 2019), that hybridization between V. spicata and V. longifolia is common but these two species remain separate and distinct due to their different ecological adaptations and partial geographical or spatial isolation, with hybrids being probably less competitive than their parents. Furthermore, as shown in the crossing experiment, ploidy can constitute a further reproductive barrier, preventing gene flow between natural populations of different ploidy levels. Our analyses further demonstrate that, despite similar distribution ranges and flower biology, the two species differ markedly in their phylogeographic structure. Dry grasslands appear to have occurred more scattered than riparian habitats with their high connectivity, leading to more elaborate population structure in V. spicata as compared to that in V. longifolia. Increasing the number of populations sampled and performing sampling in a more geographically homogeneous way across Eurasia may provide interesting and more solid data on the origins and phylogeographic histories of the two species and their evolutionary interactions. Further ecological studies in different regions would be necessary to evaluate the effective ecological competitiveness of the hybrids compared with their parents and to identify which ecological niches they can occupy. The ecology of the hybrids is totally unknown; it can be intermediate between parents, but also one of the two extremes.
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Supplementary Figure 1 | Phylogenetic analysis based on maximum likelihood statistics as implemented in RAxML including hybrids. Coloring and labeling follow Figure 4. The IDs assigned to the samples (e.g., lo82t_Ukr17) are constructed using the first two letter to identify the species, e.g., lo for Veronica longifolia, sp for V. spicata, and sc for V. schmidtiana, followed by a unique number for every individual and a letter to indicate the ploidy level (d for 2×, t for 4×, and × for unknown ploidy). Underscore separates the information related with population constituted by 3 letters to identify the country (e.g., CzR for Czechia) and a unique number in that species (see complete detail in Supplementary Table 1).

Supplementary Figure 2 | Macroclimatic maps resulting from the logistic output of MAXENT (Phillips et al., 2019). Macroclimatic suitability of regions for the groups analyzed ranges from very high (red) to poor (blue). White squares indicate points used for training the model. (A) Diploid V. longifolia. (B) Tetraploid V. longifolia. (C) All of diploid V. spicata. (D) Tetraploid V. spicata. (E) Only western individuals of diploid V. spicata. (F) Only eastern individuals of diploid V. spicata.
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Whole genome duplication or polyploidy is widespread among floras globally, but traditionally has been thought to have played a minor role in the evolution of island biodiversity, based on the low proportion of polyploid taxa present. We investigate five island systems (Juan Fernández, Galápagos, Canary Islands, Hawaiian Islands, and New Zealand) to test whether polyploidy (i) enhances or hinders diversification on islands and (ii) is an intrinsic feature of a lineage or an attribute that emerges in island environments. These island systems are diverse in their origins, geographic and latitudinal distributions, levels of plant species endemism (37% in the Galapagos to 88% in the Hawaiian Islands), and ploidy levels, and taken together are representative of islands more generally. We compiled data for vascular plants and summarized information for each genus on each island system, including the total number of species (native and endemic), generic endemicity, chromosome numbers, genome size, and ploidy levels. Dated phylogenies were used to infer lineage age, number of colonization events, and change in ploidy level relative to the non-island sister lineage. Using phylogenetic path analysis, we then tested how the diversification of endemic lineages varied with the direct and indirect effects of polyploidy (presence of polyploidy, time on island, polyploidization near colonization, colonizer pool size) and other lineage traits not associated with polyploidy (time on island, colonizer pool size, repeat colonization). Diploid and tetraploid were the most common ploidy levels across all islands, with the highest ploidy levels (>8x) recorded for the Canary Islands (12x) and New Zealand (20x). Overall, we found that endemic diversification of our focal island floras was shaped by polyploidy in many cases and certainly others still to be detected considering the lack of data in many lineages. Polyploid speciation on the islands was enhanced by a larger source of potential congeneric colonists and a change in ploidy level compared to overseas sister taxa.

Keywords: colonization, diversification, endemism, island floras, ploidy level, phylogenetic path analysis, polyploidy, whole genome duplication


INTRODUCTION

Since the time of Darwin (1839), the study of island biotas has provided major advances that have profoundly influenced ecological, evolutionary, and biogeographical theory (MacArthur and Wilson, 1967; Mayr, 1967; Carlquist, 1974; Emerson, 2002). Island biotas are generally the net outcome of immigration (dispersal and establishment), local diversification, and extinction (Carlquist, 1974), and these processes are known to be influenced by specifics of the island, such as age, area, distance from nearest potential source floras (Rosenzweig, 1995), and local habitat (abiotic and biotic) conditions (Savolainen et al., 2006; Vamosi et al., 2018). Islands may also pose selective filters that may be apparent in the intrinsic traits of species, including those increasing their ability to disperse, colonize, and establish in novel habitats (Crawford et al., 2009; Vargas et al., 2015). Among those traits, whole genome duplication or polyploidy has been suggested to be central to facilitating long-distance dispersal (Linder and Barker, 2014), the survival of small populations (Rodriguez, 1996), and evolution of novel traits (Soltis et al., 2014), all features of many island floras. Polyploids are broadly categorized as autopolyploids, when formed within a species, or allopolyploids, when formed between genetically distinct species (Stebbins, 1947). Polyploidy, especially allopolyploidy, may also be a mechanism for increasing the genetic diversity of the colonizer (Crawford and Stuessy, 1997; Carr, 1998), which is often low for island colonizers and lineages (e.g., Frankham, 1997; but see García-Verdugo et al., 2015). Thus, polyploidy could have multiple advantages, particularly in island floras.

Despite its potential benefits, polyploidy has been historically suggested to play a minor role in diversification of island floras, with many groups showing “chromosomal stasis” (Carr, 1998; Stuessy and Crawford, 1998). For the oceanic island systems that inform this perspective (Hawaiian, Juan Fernández, Galápagos, and Bonin Islands), paleopolyploidy was suggested to have helped some lineages establish, with little polyploidization thereafter (Carr, 1998; Stuessy and Crawford, 1998), such as in Gossypium (Malvaceae; Figure 1). Thus, while polyploid, these oceanic island lineages remained chromosomally static. By contrast, chromosomal variation was found in two island systems near their continental source, the Queen Charlotte Islands and Canary Islands (Stuessy and Crawford, 1998). Although Crawford et al. (2009) began to address the question of the evolution of polyploidy in island systems and its role in diversification (for Asteraceae; Crawford et al., 2009), others discounted its impact (Stuessy et al., 2014; Crawford and Archibald, 2017). However, in those studies (Carr, 1998; Stuessy and Crawford, 1998; Crawford et al., 2009), chromosome counts from only a small percentage of native island species were available, so interpretations were based on island origin (continental vs. oceanic) and island age rather than polyploidy itself. Other island systems, in particular New Zealand, have not been included in these larger comparative studies, despite chromosome numbers being widely available for many native plant species (see Dawson, 2000, 2008). Furthermore, a phylogenetic context was lacking in previous studies, which is important because the phylogeny will indicate the number of origins on the island as well as patterns of diversification on the island related to polyploidy or other factors.

[image: Figure 1]

FIGURE 1. Outline and representative polyploid plants from the five analyzed island systems. From left to right: (A) New Zealand: Veronica topiaria (Plantaginaceae) © Phil Garnock-Jones; (B) Canary Islands: Aeonium arboreum (Crassulaceae) © Dirk Albach; (C) Hawaiian Islands: Argyroxiphium sandwicense (Asteraceae) © Marc Appelhans; (D) Juan Fernández Islands: Eryngium bupleuroides (Apiaceae) © Lukas Mekis; (E) Galápagos Islands: Gossypium darwinii (Malvaceae) © A. Emmerson.


As robust (and increasingly, dated) phylogenetic hypotheses have amassed over the last several decades, along with continued efforts to document chromosome numbers, we now have the capability to test the role of polyploidy in contributing to species diversification on islands in a phylogenetic context (Kellogg, 2016; Crawford and Archibald, 2017). As species in many different island floras are known to have diverse chromosome numbers and form species-rich groups, they may not be chromosomally static lineages as previously thought (Soltis et al., 2009; New Zealand: Murray and de Lange, 2011; Canary Islands: Caujapé-Castells et al., 2017). A recent analysis of the global distribution of polyploids indicated polyploid frequency is highest in temperate areas rich in perennial herbs, including mountainous areas (Rice et al., 2019). Analyzed from a global perspective, several island systems are polyploid-rich, including the Hawaiian Islands (50% of analyzed species are polyploid), New Zealand (46%), and Galápagos Islands (46%), whereas others have lower polyploid frequencies – such as the Canary Islands (32%) – or insufficient data (Juan Fernández: 0 of 2 species included were polyploid; Rice et al., 2019). However, that study was focused primarily on assessing external drivers of polyploid plant distribution globally, not on island systems, and did not utilize dated phylogenies. A dated phylogenetic context allows a more precise determination of when diversification and polyploidization have occurred within each lineage (i.e., as separate events), and puts the focus on (multiple) lineage ages rather than a single island age. Such an approach can generate multiple independent data points that can be analyzed together to address the timing and role of polyploidy on islands. Dated phylogenies are especially important in the context of island diversification because they make it possible to estimate in situ diversification rates and to consider in the analyses the geological processes (e.g., volcano eruptions, inundations) that may affect lineages at different evolutionary time scales.

We hypothesize that polyploidy has played an important role in the diversification of island floras by facilitating dispersal and establishment of plants to islands, and/or by generating additional diversity through varying ploidy levels. To test a conceptual model for how polyploidy influences species diversification on islands, we synthesized published chromosome and divergence time data for 150 lineages representing 1,805 endemic species across the Juan Fernández, Canary, Hawaiian, and New Zealand archipelagos (Figure 1). All these island systems, except New Zealand, have been included in previous comparative studies or reviews of polyploidy and diversification (see above), but without the time-calibrated phylogenetic context we add here. By using phylogenetic path analysis, we simultaneously tested the strength and direction of causal associations to explain the diversity of endemic island species in these four archipelagos. We predicted that island lineages would be more diverse (i.e., have more endemic species) if they (Figure 2): (P1) contained multiple ploidy levels; (P2) had more time to generate ploidy levels once on these islands, as indicated by the length of time they were present on an island; (P3) had a different (i.e., higher) ploidy level relative to their sister lineage, indicating polyploidization immediately before or after colonization of the island; (P4) were derived from a large pool of overseas congeners and thus the likelihood of polyploidization events that could enhance diversity was greater. We also tested other direct explanations that did not involve ploidy and predicted island lineages would be more diverse if they (Figure 2); (P5) were older, because they have simply had more time to undergo speciation and isolate populations across a greater availability of niches (e.g., Lee et al., 2012; Tanentzap et al., 2015); (P6) were derived from a large pool of overseas congeners and thus the probability of colonization from that pool would be higher; and (P7) repeatedly colonized islands with different ancestral species, indicated by a lack of monophyly. Hypotheses P1–P4 test effects of ploidy that are both direct (P1) or indirect (P2–P4) and mediated by time (P2), changes to the ploidy levels themselves (P3), or source pool size (P4). Alternatively, hypotheses P1, P2, and P5 test polyploidy as a trait important in diversification, whereas P3, P4, P6, and P7 test polyploidy as a trait important in dispersal or establishment.

[image: Figure 2]

FIGURE 2. Conceptual model for how species diversity in island lineages varies with polyploidy and extrinsic colonization history. Arrows show predicted linkages between direct and indirect effects of polyploidy (P1–P4, shown in black) and non-polyploidy effects (P5–P7, shown in gray) on diversification of island floras. Left-hand of the plot shows traits intrinsic to island lineages whereas the right-hand shows traits associated with island dispersal and colonization.




MATERIALS AND METHODS


Data Collection

We compiled data of indigenous species, subspecies, varieties, and forms (hereafter: species), and noted whether they were native or endemic, for vascular plants on five island systems using published references for the Canary Islands (CI; Arechavaleta et al., 2010), Galápagos Islands (GI: Jaramillo Díaz et al., 2017, 2018), Hawaiian Islands (HI: Wagner et al., 2005 and electronic updates; Imada, 2012), Juan Fernández Islands (JF: Table 5.1 in Stuessy et al., 2017), and New Zealand (NZ: Breitwieser et al., 2012; Schönberger et al., 2019). We then added data for each species (where known and when from a sample from that island system) on chromosome number (Index to Plant Chromosome Numbers,1 Chromosome Counts Database,2 and additional literature search), genome size (Pellicer and Leitch, 2020
3) and ploidy level. We summarized this information for each genus on each island system, including the total number of indigenous and endemic species, whether the genus was endemic to the island system, chromosome number, genome size, and ploidy level (Table 1). For each genus with at least one native species on a particular island group, we identified the most recent phylogenetic study (that included at least one native species sampled from that island) to determine if the genus was monophyletic on the island system and whether there was a change in ploidy level compared to the sister group. For lineages with dated phylogenies, we extracted the mean time of their divergence from both sister lineages and their most recent common ancestor (i.e., stem and crown ages, respectively). Values were either given in papers or estimated using WebPlotDigitizer4 on dated tree figures. We also estimated the variance for each crown and stem age using the standard deviation (SD) or assuming normality of the longer of the two tails of the 95% highest posterior density or confidence intervals (after Lee et al., 2012; Tanentzap et al., 2015; Brandt et al., 2016). For genera that were not monophyletic within the archipelago, we used dates of the earliest-derived species or lineage on the island system. From these data (see Supplementary Files), we calculated several comparative statistics (Table 2), as described below.



TABLE 1. Summary of island systems for all genera and species1 of native vascular plants.
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TABLE 2. Summary of variables used for the statistical analyses.
[image: Table2]



Statistical Analyses

We tested our conceptual model (i.e., P1–P7) by fitting two separate phylogenetic least squares (PGLS) regression models using the gls function (implemented in the nlme package; Pinheiro et al., 2014) in R v.3.6, which were united into a single path analysis with the piecewiseSEM package (Lefcheck, 2016). As we were interested in the effect of ploidy on diversification, we analyzed lineages that had at least two native species on the island system, a dated phylogeny available with at least one native island species, and at least one chromosome count of a native island specimen (Supplementary File 1). Lineages that fit our criteria were included from New Zealand (n = 98), Canary Islands (n = 23), Hawaiian Islands (n = 23), and the Juan Fernández Islands (n = 6), but data from Galápagos Islands were insufficient for downstream analysis. These lineages were always genera aside from four exceptions that were closely related genera that formed a monophyletic group on the archipelago (Supplementary File 1). The models were fitted to the number of endemic species and number of ploidy levels for each lineage on each island system. To predict species number, we modeled observations based on both log-transformed stem age and number of ploidy levels of the island lineage, total number of accepted and unresolved species in the lineage outside of the island system according to The Plant List v1.1 (2013), and separate binary variables for whether the lineage was monophyletic on the island system and its ploidy level was different from its closest sister lineage outside of the island system. We let the effects of ploidy levels vary among the four island systems and accounted for differences in the mean endemic diversity of lineages among island systems. Doing so also ensured that island systems with more data points, such as New Zealand, did not bias the estimated effects towards themselves. We used stem ages to represent lineage age because they were better sampled than crown ages (n = 150 vs. 116 lineages, respectively), were highly correlated with crown age (Pearson correlation between mean ages, r = 0.84, df = 110, p < 0.001), and may better reflect the entire evolutionary history of clades (Scholl and Wiens, 2016). The model of archipelago ploidy levels was identical to that for endemic diversity except without including ploidy levels and archipelago monophyly as predictors and letting the stem age effect vary with the island system. Following standard practice, the models were fitted assuming the expected covariance in the responses between any two lineages was proportional to their shared evolutionary history along a phylogenetic tree, i.e., a Brownian motion (Symonds and Blomberg, 2014). Distances were derived by pruning the largest time-calibrated phylogenetic tree available for vascular plants, which contained 74,531 species and was generated with hierarchical clustering analysis of GenBank data and a backbone provided by Open Tree of Life version 9.1 (Smith and Brown, 2018; Jin and Qian, 2019). On average, sister branches in this phylogeny had an overlap of 1,792 base pairs, which corresponds to roughly one or two gene regions. Although the responses were counts and so could also be modeled with other approaches (e.g., phylogenetic generalized linear models), log-normal transformations made the responses normally distributed, as expected for some Poisson distributed variables. The gls function also had the advantage that it could be used to fit a path analysis and incorporate uncertainty in the responses unlike these other regression approaches. We specifically accounted for uncertainty in divergence time estimates and different levels of data completeness by weighting observations of species counts and ploidy levels with the inverse square root of divergence time SDs and the proportion of species with chromosome counts, respectively, after Garamszegi and Møller (2010).




RESULTS


Comparison of Island Groups

The five island systems (New Zealand, Canary Islands, Hawaiian Islands, Juan Fernández, and Galápagos Islands) differ regarding number and total area of island system, distance to nearest continent, number (and percentage) of native and endemic species and genera, and data availability for phylogenies, dated phylogenies, chromosome numbers, genome size, and ploidy information (Table 1). The island systems have a five-fold difference in the number of indigenous genera (103 in JF to 466 in CI), a 10-fold difference in the number of native species (209 in JF to 2,551 in NZ), and a 20-fold difference in the number of endemic species (136 in JF to 2,056 in NZ). For simplicity, we chose to lump sub-specific ranks under species, so our determination of absolute species numbers may differ from other sources and we acknowledge that there is much taxonomic uncertainty in island radiations. We do not think that this approach has affected our analyses other than minor differences in species numbers.

On all island systems, the majority of indigenous vascular plant species are angiosperms, with a small percentage of ferns and even fewer gymnosperms. The average number of native species per genus is 2.0 (JF, GI), 3.6 (CI), 4.5 (HI), and 6.0 (NZ). The percentage of endemic genera was low for all island systems (3–11%), as was the availability of genome size data (up to 14% in CI). The availability of chromosome numbers was highest for CI and NZ (70–77%) and lowest for GI (7%), with HI (34%) and JF (42%) also having relatively few counts. The number of native non-monotypic genera on each island system ranged from 39 (38%, JF) to 256 (60%, NZ). On all island systems, molecular phylogenies have been published for the majority of these non-monotypic genera, ranging from 62% in HI to 80% in NZ, but dated phylogenies are less prevalent (4% in GI to 44% in NZ).

Of all the island systems studied here, New Zealand has the largest area, the lowest number of main islands (but the highest number of total islands including smaller islands), the largest flora, and the highest percentage of data available for its species (Table 1). Ferns comprise about 9% of species (210 species, 46% endemic) and 13% of genera in the native plant vascular flora [57 genera, of which only monotypic Leptolepia (Dennstaedtiaceae) and Loxsoma (Loxsomaceae) are endemic]. With respect to gymnosperms, all 22 species and one-third of the 10 native genera are endemic. Of the 430 NZ vascular plant genera, 256 have at least two native species, and the rest are monotypic on the archipelago. Of these 256, 78% have a phylogeny but only 46% have dated phylogenies. About 70% of genera with a phylogeny (144 genera) have 50% or more species included in phylogenies. Roughly one-third of these genera are monophyletic or nearly so in NZ (i.e., one NZ origin likely), one-third are not monophyletic in NZ (i.e., more than one origin in NZ), and about 40% are unknown due to lack of phylogeny or sampling. Ninety percent of the genera have at least one species with a chromosome count, but there are few published genome size estimates (12.5%, see Table 1). Fifty-seven genera have 10 or more native species, and two of these have over 100 species, i.e., Veronica (Plantaginaceae, 143 species, 96% endemic) and Carex (Cyperaceae, 118 species, 88% endemic). Ninety-four percent of genera with phylogenies have at least 50% of the species with chromosome counts. Genera have between 1 and 6 ploidy levels represented on the archipelago, ranging from 2x to 20x. Of the 199 NZ genera with phylogenies, 40% have multiple ploidies (the majority with two or three ploidy levels).

The Canary Islands rank second after NZ in terms of number of native species and data availability, third in terms of area, and first in terms of proximity to the nearest mainland (Table 1). They have the second-lowest percentage of endemic species (39%). There are 27 genera with 10 or more species, including several adaptive radiations, two of which comprise larger lineages of multiple genera, i.e., the Aeonium alliance (Crassulaceae; 62 endemic species in four genera) and the Sonchus alliance (Asteraceae; 62 endemic species in six genera; Kim et al., 2008). Gymnosperms are rare in CI (only six native species, two of which are endemic), and of the 50 fern species, only 6% are endemic; there are no endemic genera of gymnosperms or ferns. Of the 466 genera, 217 have between 2 and 33 species, and the rest are monotypic on the archipelago. Of these 217, 78% have a molecular phylogeny but only one-third are dated phylogenies. Between 1 and 27 native CI species per genus (17–100%) are included in the phylogenies; over half have 50% or more species included in phylogenies. Roughly 20% of these genera with phylogenies are monophyletic or nearly so in CI (i.e., one CI origin likely), 30% are not monophyletic in CI (i.e., more than one origin in CI), and about half are unknown due to lack of phylogeny or sampling. Eighty-seven percent of the genera have at least one species with a chromosome count, and there are genome size estimates known for about 14% of species. Ninety-four percent of genera with phylogenies have at least 50% of the species with chromosome counts. Genera have between 1 and 4 ploidy levels represented on the islands, ranging from 2x to 12x, with the most common ploidies being diploid and tetraploid. Of the 170 genera with phylogenies, 40% have multiple ploidies (the majority with two ploidy levels).

The Hawaiian Islands have the second-largest land mass (after New Zealand) of the five island systems and the highest level of species endemicity (88%; Table 1). There are 272 native vascular genera, 139 (51%) have between 2 and 80 species, and the remainder are represented by one species on the archipelago. Ferns represent 14% of the vascular plant species diversity and show a high level of endemicity at the species level (75%). There are no native gymnosperm taxa in HI. Phylogenies are available for about one-third of the genera, and of these, one-third are dated. Overall, we identified 142 phylogenies that included Hawaiian taxa, and 39% of these were for groups in which only one species occurs in HI. The flora is not well characterized chromosomally at the species level overall (34% of species with known chromosome numbers), but there is broad representation at the generic level, with 57% of genera having at least one species known. Ploidy levels range primarily from diploid to octoploid, with diploid and tetraploid representing the majority of known levels. Overall, polyploid series with multiple ploidy levels are lacking but there are true dysploid series (e.g., x = 13, 14) that occur in several genera of the Hawaiian silversword alliance (Asteraceae, Carr, 1998). The most common scenario for HI taxa (with known chromosome numbers) is that these lineages are tetraploid relative to their overseas congeners and these show chromosomal stasis on the island system [e.g., angiosperms: the six genera of Campanulaceae, Bidens (Asteraceae), Stenogyne (Lamiaceae); ferns: Deparia (Athyriaceae)]. Among angiosperm genera with two or more species, 60 (43%) are the result of a single colonization event and 11 are considered to have diversified in situ. Representative adaptive radiations include the genera of the Lobelioideae (Campanulaceae), those in the Lamioideae (Lamiaceae), and the aforementioned silversword alliance (Asteraceae; Price and Wagner, 2018). Twenty-seven genera are the result of two colonization events and 10 have three or more introductions to HI.

The Juan Fernández Islands have the smallest flora and the smallest area, have the same low number of only three main islands as New Zealand, and are probably second to last in terms of data availability (Table 1). Of the 103 JF genera, 39 have between 2 and 12 species, and the rest are monotypic on the archipelago. Only three genera have more than 10 native species, i.e., Carex (Cyperaceae, 11 species including seven endemic), Dendroseris (Asteraceae, 12 species, all endemic), and Hymenophyllum (Hymenophyllaceae, 11 species, only one endemic). Overall, species endemicity is high (65%), placing JF as third among the island systems in terms of species-level endemicity, and equal with New Zealand and the Hawaiian Islands (11%) at the generic-level. Ferns represent about one-quarter of native vascular plant species (57 species, 46% endemic) and genera (24 genera, of which only monotypic Thyrsopteris is endemic); there are no native gymnosperms. There are phylogenies for 33 genera but only eight of these are dated. Between 1 and 7 native JF species (20–100%) are included in the phylogenies; 21 genera (63% of those with a phylogeny) have 50% or more species included in phylogenies. Roughly 20% of these genera are monophyletic or nearly so in JF (i.e., one JF origin likely), 20% are not monophyletic in JF (i.e., more than one origin in JF), and the remaining 60% are unknown due to lack of phylogeny or sampling. Only about half of the JF genera have at least one species with a chromosome count, and there are no genome size estimates known. JF genera have either one or two ploidy levels represented on the archipelago, ranging from 2x to 8x, with diploids and tetraploids the most common. Of the 33 JF genera with phylogenies, about 70% have at least one species with a chromosome count and half have at least 50% species with a chromosome count. Of these, almost all have only one ploidy level.

The Galápagos Islands have the highest number of main islands with an area only slightly greater than the Canary Islands (Table 1). Native vascular genera total 277, seven are endemic (3%); 105 (38%) of these have between 2 and 19 species, and the remaining are monotypic on the archipelago. Ferns represent ca. 23% of vascular plant species (9% of these are endemic); there are no endemic fern genera. Like the Hawaiian and Juan Fernández Islands, there are no native gymnosperms in the Galápagos. Molecular-based phylogenies are available for 42 genera, and only four of these are dated phylogenies. Between 1 and 13 GI species (11–87%) are included in the phylogenies; 21 genera have 50% or more species included in the phylogenies. Chromosome numbers are available for only 21 genera, and of these 13 genera have two or more species. Data for chromosome numbers for native taxa and dated phylogenies were only available for one lineage, which was not included in the statistical analyses. Where chromosome numbers are available, the species are primarily 4x or 6x with just one ploidy level in those lineages in most cases. In two cases, multiple ploidy levels exist on the archipelago and these were both in fern genera [Adiantum (Pteridaceae) and Polypodium (Polypodiaceae)].



Statistical Analysis of Island System Data


Table 2 summarizes the lineages from the four island systems that fitted the criteria for the statistical analyses (i.e., at least two native species on the island system, dated phylogeny available with at least one native island species included, and at least one chromosome count of a native island specimen). New Zealand lineages comprised 66% of the data set, followed by the Hawaiian and Canary Islands with 15% each, and Juan Fernández at 3% (no data were available for the Galápagos Islands). Just under half (45%) of the genera were monophyletic on the island system. For the majority of lineages where the ploidy level of the sister group could be determined, the lowest ploidy level on the island was the same as the sister group (JF 60% n = 6, HI 73% n = 23, CI 92% n = 23, NZ 92% n = 98; Table 2). The remaining lineages had a polyploidization event that occurred sometime along the stem lineage immediately before or after colonization of the island and thus may represent island neopolyploidization. New Zealand had the oldest mean stem age (15.63 vs. 4.18million years in Juan Fernández) and the highest number of ploidy levels per lineage (1.7 vs. 1.0 in Juan Fernández). The Hawaiian Islands had the highest mean number of island endemic species per lineage (16.1 vs. 4.8 in Juan Fernández) but also the lowest mean percentage of species with chromosome counts (50 vs. 86% in New Zealand).

Our statistical analysis supported the hypothesis that polyploidy shapes the diversification of island floras (Figure 2). We found that greater levels of polyploidy directly promoted endemic diversity on island systems (P1; t
150 = 3.11, p = 0.002). Over the range of observed ploidy levels (1–6), the estimated number of species in island genera increased from a mean of 1 to 4 [95% confidence interval (CI) for increase: 0.7–9.9]. Polyploidy itself was enhanced by a larger source of potential congeneric colonists (P4; t
150 = 5.36, p < 0.001) and a change in ploidy level from overseas sister taxa (P3; t
150 = 4.04, p < 0.001). Lineages that changed in ploidy near the time of island colonization had, on average, 4.4 ploidy levels as compared with 2.5 levels where these changes were absent (95% CI for difference: 0.83–3.22). In these same lineages, as the size of the potential colonist pool increased from the 25th to 75th percentile of observed values (5–275 species in the source pool), estimated ploidy levels increased from a mean of 3.5 to 5.4 (95% CI for increase: 1.0–2.9).

Lineage age also affected diversification outcomes. Older lineages were more diverse (t
150 = 3.69, p < 0.001), as expected if they had more time to diversify (P5) and had slightly more ploidy levels across island systems (P2; t
150 = 1.98, p = 0.049). Over the interquartile range of observed stem ages, ploidy levels were estimated to increase from a mean of 4.1 to 4.7 (95% CI for increase: 0.4–2.1). The effect of stem age on ploidy levels was, however, reversed (negative and statistically significant) for the Hawaiian Islands (Figure 3, “island effect”), resulting in fewer ploidy levels in the older Hawaiian lineages (t
150 = −2.60, p = 0.010). Endemic diversity was also higher, on average, for Hawaiian lineages (t
150 = 2.11, p = 0.036) and lower in Juan Fernández lineages (t
150 = −2.10, p = 0.038; Figure 3, “island effect”). Whether lineages were monophyletic on the island system (P7) or had more potential congeneric colonists outside of the island system (P6) had no direct effect on endemic diversity (t
150 = 1.62, p = 0.107 and t
150 = 1.62, p = 0.108, respectively). Tests of directed separation indicated a missing path in our analysis from the lineages being monophyletic (“repeat colonization”) to ploidy levels (“polyploidy,” Figure 2). Including this path in our final model made no difference to our results (t
150 = 0.15, p = 0.885). Overall, the model predicted both endemic diversity and the number of ploidy levels reasonably well (R2 = 0.35 and 0.38, respectively; Figure 3).

[image: Figure 3]

FIGURE 3. Estimated path analysis to explain the influence of polyploidy on the diversity of endemic island plant species. The model was fitted to 150 lineages across four archipelagos for which we had published estimates of their stem age and chromosome numbers. Arrows are scaled proportional to standardized effect sizes and only statistically significant pathways (p < 0.05) are shown (e.g., direct effects of repeat colonization and source pool size on endemic diversity were tested but not significant). Gray text and arrows refer to pathways that were statistically significant only on the Hawaiian (HI) or the Juan Fernández (JF) Islands.





DISCUSSION

Understanding evolutionary processes on islands has improved with molecular phylogenetic analyses and especially the development of time-calibrated phylogenies, which provide a temporal framework for island colonization. Using this information from five island systems, we highlight the important role of polyploidy in the dispersal, colonization, and diversification of island lineages. Our results overturn the perception that chromosomal stasis is a feature of island systems, and instead provide evidence that demonstrates the importance of polyploidy in promoting both colonization and species diversification.

Previous authors have already commented that polyploidy may assist colonization of islands by facilitating the establishment of species (Linder and Barker, 2014) and this also parallels findings that polyploidy is more common in invasive plants (Te Beest et al., 2012). Furthermore, polyploids seem to be preadapted to island colonization. One factor providing polyploids an advantage over related diploids in the colonization of new habitats is higher genetic diversity, which leads to lower inbreeding depression of polyploids (Rosche et al., 2017) and improved adaptability (Scarrow et al., 2020). Other factors include improved environmental tolerance (Moura et al., 2020), higher frequency of vegetative reproduction, and selfing (in part due to a breakdown of self-incompatibility; Robertson et al., 2011), which provide a means to colonize and survive longer at low population size (Baker, 1967; Herben et al., 2017). Thus, there are several arguments for considering polyploids to be superior colonizers but only very few that support the idea that polyploids are better dispersers (e.g., Kuo et al., 2016 for ferns). For example, Harbaugh (2008) suggested that polyploid Santalum (Santalaceae) have smaller seeds and fruits with a thicker endocarp, making them easier to disperse by birds. However, easy dispersal does not necessarily translate to frequent establishment and consequently more species on an island.

Our analyses demonstrate that polyploidy contributes significantly to diversification of established island lineages. Endemic richness on islands increases over time in colonizing lineages, reflecting the accumulation of new species through local speciation on islands. The results of the path analysis indicate that polyploidy influences species diversity on islands through colonizing species belonging to large lineages, apparently able to speciate more than others independent of the geographic setting. Thus, the source pool size is one factor that drives polyploidization, which in turn affects endemicity on the archipelago. Additionally, ploidy levels also increase over time and thereby contribute to increasing the number of endemic taxa. According to our path analysis (Figure 3), lineages are more likely to produce new polyploid species on the archipelago, when the lineage already underwent polyploidization after diverging from its mainland sister lineage.

Together, our results agree with previous conclusions that speciation on islands is similar to elsewhere (Takayama et al., 2018) and supports our hypothesis that polyploidy is a diversification trait on islands, with this trait being taxonomically more frequent in some lineages than others (Wood et al., 2009), e.g., Asteraceae (Figure 1). For example, Meudt et al. (2015) demonstrated that diversification in the hexaploid lineage of Veronica in New Zealand, the largest endemic lineage in New Zealand (Figure 1), is related to its decrease in genome size. This genome downsizing is also related to diversification in mainland lineages of Veronica. A connection of genome downsizing in polyploid lineages has similarly been found in polyploid Cheirolophus (Asteraceae) on the Canary Islands (Hidalgo et al., 2017). More generally, Kapralov and Filatov (2011) demonstrated a correlation of low genome size with species richness in endemic island genera. Thus, the relevance of polyploidy for island diversification involves both lineage features, such as the tendency to form polyploids, and aspects of island characteristics, such as habitat heterogeneity and availability of pollinators. Islands also have many intrinsic features that may facilitate polyploid differentiation and persistence, including small size, habitat heterogeneity and proximity, and nutrient-rich soils associated with volcanic activity or maritime animals.

It remains to be studied which aspects of polyploidy are critical for a given taxon and island and whether there is a more general aspect that allows polyploids to disperse, colonize, and/or diversify. Given advances in molecular biology, it seems feasible in the future to determine a propensity to form polyploid species (Bomblies, 2020) and to detect ancient rounds of polyploidy (Tiley et al., 2018). At the moment, polyploidy per se outside the island systems could not be considered in our analyses because of the difficulty to establish this in many cases (i.e., where the chromosome number of a sister lineage was unknown) and our observations that many of the lineages colonizing the island systems are already polyploid lineages of mainland taxa [e.g., Coprosma (Rubiaceae)].Where there is high species richness within a genus, it seems the polyploid lineage is the one that colonizes the island systems, but overall these examples remain few. One excellent example is the Hawaiian silversword alliance, a recent radiation that includes ~30 species in three endemic genera, which exhibit a variety of growth forms and exploit diverse habitats (Baldwin and Sanderson, 1998). The endemic Hawaiian species are all allotetraploid derivatives from diploid continental ancestors (Carr, 1998; Barrier et al., 1999). Our result of increased diversity on the island systems based on a higher ploidy level of the island lineage compared to the mainland sister lineage, nevertheless, allows us to focus on the question of whether polyploidy is a dispersal or colonization trait. Crawford et al. (2009) already queried whether the colonizers themselves were polyploid or if polyploidy evolved in situ, which motivated our first prediction (P1) in our conceptual model. Our literature survey provides many examples of such cases to be studied in the future under different evolutionary scenarios, with and without further diversification, with or without further changes in ploidy level, and in different geological and temporal settings.


Polyploidy and Diversification on Islands – Generalities

Islands have complex geological histories, and generally New Zealand is considered to be a “continental island” as compared to the other “oceanic islands” that we studied here (Weigelt et al., 2013). However, our analyses showed that this was not a meaningful distinction for determining factors influencing diversification as results from all island systems were generally similar (few island effects, and none that distinguished New Zealand from the other four archipelagos). Thus, despite the fact that New Zealand has not been included with other studies of island polyploid speciation, we find similarities among all the island systems included here in terms of the contribution of polyploidy to species diversification (Tables 1 and 2). Also, the age of New Zealand’s flora, as estimated based on mean stem age per lineage (Table 2), does not distinguish New Zealand from others due to the large variation in age. This large variation in ages of island lineages (Table 2) demonstrates that colonization has been successful mostly independent of time of arrival. Thus, even old islands are dispersal‐ or establishment-limited not niche-limited. Based on Carvajal-Endara et al. (2017) the establishment of a lineage seems to be the bigger hurdle than dispersal. While our study focused on particular island systems that have been well studied, the patterns of species diversification on islands that have emerged may be more general to other island systems (e.g., López-Alvarado et al., 2020). Other island systems would be interesting to evaluate for these larger-scale patterns, as studies on their specific flora are becoming available (e.g., Sardinia – López-Alvarado et al., 2020; Balearic Islands – Rosselló and Castro, 2008). Indeed, Rice et al. (2019), in their global analysis of polyploid biogeography, find high levels of polyploidy on several island systems, which mainly relate to the climatic conditions and predominance of perennial taxa.



Polyploidy and Species Diversification on the Individual Islands

New Zealand is considered a continental island, because it separated from Gondwana 80 million years ago. Nevertheless, much of its flora, especially non-woody taxa, is considered to have arrived by long distance-dispersal following large-scale marine transgression during the Oligocene (Heenan and McGlone, 2019). Still, lineages on New Zealand included in our analyses are on average older than those of the other island systems (Table 2). Sanmartín et al. (2007) inferred most of the colonization events to have occurred from Australia, and our survey of available phylogenies shows that many New Zealand genera are part of larger Southern Hemisphere lineages. New Zealand has the largest flora of those studied here with a high number of endemics and several large radiations involving polyploid formation (e.g., Veronica; Meudt et al., 2015, Table 1). The flora is well-studied phylogenetically and chromosomally with genome size measurements increasing recently, which makes New Zealand an excellent example for studies on the importance of polyploidy.

The Canary Islands are characterized among the five archipelagos as the one closest to a continent, which may explain its low endemicity despite having the highest diversity per square kilometer of all island systems except Juan Fernández (Table 1). Indeed, nearby mainland Europe or Africa seems to be the ancestral areas for most Canary Island genera and species (Sanmartín et al., 2008). This diversity and the ease to access the island system explains why the Canary Islands have become such an important natural laboratory for evolutionary botanists with studies investigating patterns of dispersal and evolution on the archipelago, such as the evolution of woodiness (Böhle et al., 1996; Schüßler et al., 2019), breeding system (Soto-Trejo et al., 2013), and photosynthetic pathways (Mort et al., 2007). Most important in our context is the intensive karyological study of the archipelago (e.g., Suda et al., 2005; Table 1). Interestingly, a number of studies (e.g., Allan et al., 2004) demonstrate that Canary Island taxa occupy similar habitats as compared to their continental relatives, suggesting that their ancestors might have been pre-adapted to occupying particular habitats.

Polyploidy seems to have a larger impact on diversification on New Zealand and the Canary Islands compared to the other island systems, for example in the largest radiation on the Canary Islands, the Aeonium alliance (Figure 1), or Sideritis (Lamiaceae; Raskina et al., 2008). The suggestion that polyploidy seems to be less common in Asteraceae on the Canary Islands compared to other island systems (Crawford et al., 2009) only holds for the two largest genera of Asteraceae on the island system (Argyranthemum, Sonchus alliance), not generally across the family. More detailed analysis on the distribution of polyploids on New Zealand and the Canary Islands will be necessary to determine whether, for example, the larger altitudinal range on these two archipelagos promote diversification by polyploidy. This should be analyzed in connection with the report of the low genome size of the Macaronesian flora in relation with the rest of the world (Suda et al., 2005).

The Hawaiian Islands are the island system farthest away from a continent, and thus its genera are mostly considered to have colonized the island system only once (Funk and Wagner, 1995; Keeley and Funk, 2011). Following from this it also has the highest number of endemics (Table 1). Ancestors of Hawaiian taxa are derived from diverse geographical regions including North America, Australia, Asia, Africa, and other island systems in the Pacific (e.g., New Zealand; Keeley and Funk, 2011; Price and Wagner, 2018). The considerable age of some of its lineages is likely caused by the influence of early colonization of now succumbed islands of the archipelago (García-Verdugo et al., 2019), while most others represent more recent arrivals (Price and Clague, 2002). Despite great interest in the flora of the island system, it is only poorly investigated karyologically (Table 1). Thus, the hypothesis of chromosomal stasis of lineages on the Hawaiian Islands (Stuessy and Crawford, 1998) is founded on few, though important, cases. Nevertheless, the data available suggest a lower importance of polyploidy than in New Zealand and the Canary Islands, chromosomal stasis thus being peculiar to the Hawaiian Islands. One notable pattern for the Hawaiian Islands is the formation of dysploid series (Carr, 1998), which has also been noted on rare occasions in the Canary Islands (Sideritis, Barber et al., 2000) and New Zealand (Veronica, Wagstaff and Garnock-Jones, 1998).

The Juan Fernández Islands are the smallest archipelago but the flora has been intensively investigated floristically (Greimler et al., 2013) and evolutionarily (Takayama et al., 2018), including a number of karyological studies but so far no measurements of genome sizes (Table 1). The closest continental source is South America, which seems to be the ancestral area for several Juan Fernández genera and species (Stuessy et al., 2017). Despite the fact that some genera have species with different ploidy levels on different islands, there is no clear case of polyploid origin there because those cases are either based on separate colonization events or have not been studied phylogenetically. Also, Stuessy et al. (2017) state only two possible cases of polyploid origins on this island system. The high number of polyploids in the ancestral lineages of some Juan Fernández endemics, such as Dendroseris and Erigeron (Asteraceae), therefore suggests that polyploidy is a dispersal or colonization trait rather than a diversification trait for the flora of Juan Fernández. Two factors could explain this lack of polyploid speciation on Juan Fernández Islands: their small size providing little space for the avoidance of inter-cytotype gene flow or the young age of the lineages compared to that of the other islands (Table 2). Given more time the intraspecific variation in ploidy of several species on the islands [Stuessy et al., 2017; e.g., in Eryngium bupleuroides (Asteraceae); Figure 1] could translate into new polyploid species.

The Galápagos have not been included in our analyses, despite the importance of this island system for the history of evolution and biogeography, because its flora has been poorly studied. Its flora, like its fauna, is considered to be derived from South America (Darwin, 1839; Elisens, 1992), although exceptions occur (e.g., Andrus et al., 2009). The Galápagos flora is only a third the size of the Canary Islands flora despite similar area, possibly due to its dryness, which could also explain the low number of endemic fern species (Table 1). Polyploid speciation, however, has been shown to occur in the genus Pectis (Asteraceae, Hansen et al., 2016). In Scalesia (Asteraceae), the largest radiation on the archipelago, the species are considered to be tetraploid but have not further diversified in ploidy level (Eliasson, 1974; Fernández-Mazuecos et al., 2020).

The discussion of these five island systems already demonstrates that there are as many idiosyncratic patterns as there are island systems, but polyploidy seems to play a role in many of them. For example, Rosselló and Castro (2008) found a large frequency of neopolyploidization events among the endemic plants of the Balearic Islands, whereas Sun and Stuessy (1998) recorded chromosomal stasis in the flora of Ullung Islands. Studies of additional island systems that vary in their locations and floristic complexities would be beneficial for enhancing our understanding of endemic polyploid diversification.




OUTLOOK AND FUTURE DIRECTIONS

We see the study of polyploidy on islands as an exciting avenue to further our understanding of polyploid species diversification. Our comparative study was limited to data that were available for the island systems under study and we were surprised that some of these “classic” island systems remain poorly known chromosomally and phylogenetically, especially the Galápagos. While genomic studies have revolutionized our ideas of polyploid genome dynamics (e.g., Bomblies, 2020), there is much value in continuing to generate chromosome numbers and dated phylogenies for native island endemics. Because island radiations are often young and/or rapid on an evolutionary timescale, in many cases acquiring a well-resolved phylogeny for a group of species based on single or few gene sequences has been challenging (e.g., Meudt and Simpson, 2006; Knope et al., 2012; Vitales et al., 2014). Newer methodologies that take advantage of next-generation sequencing methods should be helpful in this regard (Larridon et al., 2020). Similarly, overseas sister lineages need to be investigated to understand the context of island diversification. One additional limitation to our study was the lack of data for genome size estimates, either to help resolve ploidy levels or to analyze its effect on polyploid species diversification on the island systems. Given that genome downsizing is considered to be an important part of polyploid evolution (Soltis et al., 2016), we see this factor as a potentially important player in facilitating establishment on islands, as mentioned previously for Veronica (Meudt et al., 2015). Additionally, future studies should further compare the effect of polyploidy on colonization and diversification among woody vs. herbaceous, dry vs. fleshy fruited, and selfing vs. outcrossing lineages (Vamosi et al., 2007) for a more complete picture of island diversification.
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Polyploidization can have a significant ecological and evolutionary impact by providing substantially more genetic material that may result in novel phenotypes upon which selection may act. While the effects of polyploidization are broadly reviewed across the plant tree of life, the reproducibility of these effects within naturally occurring, independently formed polyploids is poorly characterized. The flowering plant genus Tragopogon (Asteraceae) offers a rare glimpse into the intricacies of repeated allopolyploid formation with both nascent (< 90 years old) and more ancient (mesopolyploids) formations. Neo- and mesopolyploids in Tragopogon have formed repeatedly and have extant diploid progenitors that facilitate the comparison of genome evolution after polyploidization across a broad span of evolutionary time. Here, we examine four independently formed lineages of the mesopolyploid Tragopogon castellanus for homoeolog expression changes and fractionation after polyploidization. We show that expression changes are remarkably similar among these independently formed polyploid populations with large convergence among expressed loci, moderate convergence among loci lost, and stochastic silencing. We further compare and contrast these results for T. castellanus with two nascent Tragopogon allopolyploids. While homoeolog expression bias was balanced in both nascent polyploids and T. castellanus, the degree of additive expression was significantly different, with the mesopolyploid populations demonstrating more non-additive expression. We suggest that gene dosage and expression noise minimization may play a prominent role in regulating gene expression patterns immediately after allopolyploidization as well as deeper into time, and these patterns are conserved across independent polyploid lineages.

Keywords: Tragopogon, allopolyploid, additive expression, homoeologs, expression bias, homoeolog-specific expression, non-model system, RNA-Seq


1. INTRODUCTION

The consequences of plant polyploidization have been a subject of intense interest for several decades (reviewed in Wendel, 2000, 2015; Doyle et al., 2008; Leitch and Leitch, 2008; Van de Peer et al., 2009; Barker et al., 2012; Soltis et al., 2016). Polyploidization results in broad-scale genomic changes that serve as potentially novel avenues upon which evolution may act (reviewed in Otto and Whitton, 2000; Flagel and Wendel, 2009). Many changes occur in the generations immediately after polyploidization including changes in genome size (reviewed in Soltis et al., 2003; Leitch et al., 2008; Leitch and Leitch, 2013) spanning the extremes in both gain (e.g., Paris japonica Pellicer et al., 2010) and loss (e.g., Utricularia gibba Ibarra-Laclette et al., 2013), expression (Chen and Pikaard, 1997; reviewed in Adams and Wendel, 2005b; Chaudhary et al., 2009; Hu et al., 2015), epigenetic modifications (Shaked et al., 2001; Salmon et al., 2005; reviewed in Chen, 2007; Madlung and Wendel, 2013; Cheng et al., 2016), transposon activity (reviewed in Woodhouse et al., 2014; Vicient and Casacuberta, 2017; Wendel et al., 2018) as well as changes in protein folding and dosage (reviewed in Birchler and Veitia, 2010, 2012; Pires and Conant, 2016). These changes are variable across lineages (Anssour and Baldwin, 2010; reviewed in Soltis et al., 2016) and may occur in repeated cycles (Soltis and Soltis, 1999; Buggs et al., 2012; reviewed in Wendel, 2015; Soltis et al., 2016). In some paleopolyploids, these changes appear to largely converge over time, at least within closely related lineages (Blanc and Wolfe, 2004; reviewed in Barker et al., 2008; Edger and Pires, 2009; Freeling, 2009).

Polyploids are categorized as either autopolyploids, which are formed from a whole-genome duplication within a single species (reviewed in Otto and Whitton, 2000; Spoelhof et al., 2017), or allopolyploids, which are generated by the combination of entire genomes from two different species (Kihara and Ono, 1926). However, these definitions represent an oversimplification of the dynamic range of variability that polyploids may cover (reviewed in Stebbins, 1947; Ramsey and Schemske, 1998) and the various mechanisms by which they are formed (reviewed in Mason and Pires, 2015). Allopolyploid formation results in duplicated gene copies originating from each parent known as homoeologs. Immediately after polyploidization, homoeologs are expected to be functionally redundant and as such, one copy may be altered without deleterious effect or conserved in duplicate (reviewed in Conant et al., 2014; Pires and Conant, 2016). Whole-genome duplication in an organism can impose unfavorable dosage effects upon cellular functions unless gene balance is maintained (Freeling, 2009; Birchler and Veitia, 2010, 2012). These dosage effects likely represent one aspect of a larger framework that directs genome evolution after polyploidization (Conant et al., 2014). As such, duplicate loci in allopolyploids may experience a number of possible fates. Genomes may experience silencing or loss of one homoeologous copy via fractionation over time. Homoeolog functions may diverge from the parentally inherited state such that functions are partitioned between homoeologs (subfunctionalization), or copies may develop novel functionality (neofunctionalization) (reviewed in Edger and Pires, 2009; Freeling, 2009). Homoeologs may also interact via convergent evolution, homoeologous recombination or gene conversion (Langham et al., 2004; Doyle et al., 2008).

Expression patterns may also vary in the polyploid such that loci demonstrate spatiotemporally divergent expression from the progenitors (Pires et al., 2004b; Wang et al., 2006a; Buggs et al., 2010b; Baldauf et al., 2016), homoeolog-specific expression (HSE) (Buggs et al., 2010a; reviewed in Grover et al., 2012; Yoo et al., 2013; Woodhouse et al., 2014) or additive expression (Guo et al., 2006; Stupar and Springer, 2006; Wang et al., 2006b; reviewed in Yoo et al., 2014). HSE occurs when the polyploid expresses one parental homoeolog over the other (Woodhouse et al., 2014; Boatwright et al., 2018). HSE is similar to allele-specific expression in that both refer to expression differences that are caused by cis- and trans-regulatory variation (Bell et al., 2013), and each has been a topic of interest in hybrid and polyploid studies (Wright et al., 1998; Adams and Wendel, 2005a; Aguilar-Rangel et al., 2017). HSE differs from allele-specific expression in that HSE examines expression across homoeologous chromosomes in contrast to allele-specific expression, which examines expression between homologous chromosomes. Homoeolog expression may also diverge in an additive manner where expression in the polyploid is the arithmetic mean of the two diploid progenitors (reviewed in Yoo et al., 2014).

It is worth noting that the degree of similarity/dissimilarity in expression between parents of a polyploid and the polyploid itself, also known as parental legacy (Buggs et al., 2014), may have a significant effect upon the fate of homoeolog expression in the polyploid (Conant et al., 2014). Similarly, differences among polyploids and their diploid progenitors may derive from numerous processes such as divergent evolution of the lineages after polyploidization, effects of whole-genome duplication (i.e., larger cells and stomata, higher photosynthetic rates and gas exchange, and different stress tolerance) (Hegarty et al., 2006; Sémon and Wolfe, 2007; De Smet and Van de Peer, 2012), or hybridization (resulting in heterosis, increased genetic variation and additive expression) (Mallet, 2007; Bell et al., 2013; Soltis et al., 2016). While the fates of homoeologs after polyploidization are convergent within some lineages (Blanc and Wolfe, 2004; reviewed in Edger and Pires, 2009; and Freeling, 2009), establishing a paradigm has proved elusive (reviewed in Soltis et al., 2016).

The evolutionary model organism Tragopogon serves as a prominent example of repeated, naturally occurring allopolyploidization. The Tragopogon system includes synthetic lines, nascent (< 90 years) and meso- (~2.6 million years) polyploids (Mavrodiev et al., 2015; Soltis et al., 2016). While most species of Tragopogon have chromosome numbers of 2n = 12, there are several well-studied allopolyploids (2n = 24), Tragopogon mirus, T. miscellus, and T. castellanus. Both T. mirus and T. miscellus represent neoallotetraploids that formed recently in the northwestern United States after their three diploid progenitors (T. dubius-T. porrifolius and T. dubius-T. pratensis, respectively) were introduced from Europe in the early 1900s (Ownbey, 1950; Soltis et al., 2004). These allopolyploids never formed in Europe due to their geographic isolation but have formed repeatedly in the USA since the diploids were brought into close proximity. These polyploids are estimated to be approximately 45 generations old (80–90 years for these biennials) (Soltis et al., 1995; Symonds et al., 2010).

Similarly, T. castellanus has formed multiple times from independent allopolyploidization events (Mavrodiev et al., 2015). Tragopogon castellanus is endemic to Spain and occurs only along the northern half of the Iberian Peninsula (Blanca and de la Guardia, 1996). Morphological, cytological, and molecular phylogenetic analyses support T. lamottei and T. crocifolius as putative parents. Tragopogon castellanus is morphologically variable and somewhat similar to parental T. crocifolius; as a result T. castellanus was once considered a subspecies of T. crocifolius (Willkomm, 1893; de la Guardia Guerrero and López, 1989). The parentage of T. castellanus was validated using phylogenetic analyses of external transcribed spacers, internal transcribed spacers, Adh, and plastid datasets, fluorescence in situ hybridization, and genome in situ hybridization (Mavrodiev et al., 2008, 2015). Tragopogon castellanus may have formed before the last glacial maximum that would date the formation of this polyploid species to perhaps as long ago as 2.6 million years (Mavrodiev et al., 2015). As such, the multiple, independent occurrences of Tragopogon allopolyploid formation in young US species and the older T. castellanus permits the assessment of the fate of homoeologs in both neo- and mesopolyploids.

Previous studies have demonstrated that duplicate gene fates after polyploidization are non-random within the newly formed allopolyploid species of Tragopogon. That is, many gene loss and expression changes were repeated across polyploid populations of independent origins (Buggs et al., 2012; Soltis et al., 2012). However, these studies were primarily small-scale and the fates of duplicated gene copies do not generalize across all polyploid plants (reviewed in Soltis et al., 2016). Here, we examine multiple, independently formed allopolyploid T. castellanus lineages estimated to have formed as long as 2.6 mya (Mavrodiev et al., 2015). We show that not only are expression patterns similar, but duplicate loss is largely convergent across independent lineages of T. castellanus. We further compare duplicate fates in populations of this mesopolyploid from Spain to the neopolyploids from the US, T. mirus and T. miscellus (based on earlier studies; Buggs et al., 2010a,b, 2012; Boatwright et al., 2018) in which identical methods were used so that we may examine changes due to natural allopolyploidization over a large evolutionary time scale of perhaps several million years.



2. MATERIALS AND METHODS


2.1. Sample Processing

Leaf tissue was collected from plants grown in controlled conditions as described by Tate et al. (2006), and RNA was extracted as described in Tate et al. (2006). Three individuals of the diploid T. crocifolius were sampled from the P-B lineage along with five individuals of diploid T. lamottei composed of two and three individuals/lineages from lineage P-I and P-II lineages, respectively (Mavrodiev et al., 2015). Both parental species are phylogenetically distinct and appeared as members of two distinct clades based on ITS phylogeny as estimated in Mavrodiev et al. (2005); namely, clade Majores s. l. [incl. clade Hebecarpus] (T. crocifolius) and clade Tragopogon (T. lamottei) (Mavrodiev et al., 2008). Sample localities and voucher information for all samples are given in Supplementary Table 1. Additional information is provided in Mavrodiev et al. (2015) and vouchers are deposited at the University of Florida herbarium (FLAS). We sequenced 12 allotetraploid T. castellanus individuals representing three bioreplicates for four independent polyploidization events (Supplementary Figure 1 and Supplementary Table 1). RNA-Seq samples were bar-coded and processed using the Illumina TruSeq kit.



2.2. Sequencing, Assembly and Annotation

Samples were sequenced using the Illumina MiSeq sequencing platform resulting in 2 X 300 paired-end reads (Supplementary Table 2). Adapters were removed using CutAdapt (Martin, 2011), and sequences were trimmed using Trimmomatic (Bolger et al., 2014). RNA reads were pooled from all individuals of each diploid species and assembled using the Trinity de novo assembler (Grabherr et al., 2011), resulting in one assembly per species. Redundant isoforms were removed from our assemblies using a previously described pipeline (Boatwright et al., 2018). The final assemblies were annotated using Trinotate (Altschul et al., 1990; Ashburner et al., 2000; Krogh et al., 2001; Lagesen et al., 2007; Finn et al., 2011; Grabherr et al., 2011; Kanehisa et al., 2011; Petersen et al., 2011; Powell et al., 2011; Punta et al., 2011) with default parameters (https://github.com/jlboat/Tragopogon_castellanus).



2.3. Ortholog Identification and Common Orthologous Regions

Putative orthologs were identified between the T. crocifolius and T. lamottei assemblies using a reciprocal best-hit approach (Moreno-Hagelsieb and Latimer, 2008) as described in Boatwright et al. (2018). Common Orthologous REgions (COREs) were identified between orthologous pairs using the local alignment provided by WU-BLAST (Gish, 2005) and a custom CPython script (https://github.com/BBarbazukLab/papers/). This resulted in BED files containing COREs that were used to filter BAM files after aligning reads to complete assemblies (Boatwright et al., 2018).



2.4. Poisson-Gamma Model

As in Boatwright et al. (2018), parental RNA-Seq reads were mapped to both complete, diploid references independently using Bowtie v0.12.9, -m1,-v 3] (Langmead et al., 2009) and Last [v531, -l 25] (Frith et al., 2010; Graze et al., 2012; Munger et al., 2014). The BED files containing COREs were used to filter the resulting SAM files for respective references. Parental reads that mapped uniquely within COREs were isolated, and the reads were subsequently identified as mapping equally well to both references or better to one of the two parents. A Bayesian Poisson-Gamma model (León-Novelo et al., 2014), which provides conservative estimates of the type I error (Fear et al., 2016), was used to identify COREs biasedly mapping reads from the alternative parent. COREs demonstrated expression bias if the credible interval did not overlap 0.5 for all priors (0.4, 0.5, 0.6). Polyploid reads were mapped following the same procedure, and the biased COREs—as determined by diploid read mapping—were filtered out after processing, leaving the remaining set of unbiased COREs for inference. Within the set of unbiased COREs, remaining expression bias corresponded to loci demonstrating HSE. Overlapping gene sets were visually displayed using UpSet plots generated using R (Team, 2014) and the UpSetR package (Lex et al., 2014).



2.5. Additively Expressed Genes

Reads mapping to both references within COREs were used to generate an expression matrix for diploids and all independent polyploids. Loci were filtered from the expression matrix that did not contain at least 10 counts-per-million based upon the average library size in 11 samples. Differentially expressed genes were identified in R (Team, 2014) using the empirical Bayesian analysis pipeline within the limma package (Ritchie et al., 2015) after using voom (Law et al., 2014) to apply precision weights to account for the mean-variance trend. Loci were considered differentially expressed at a false discovery rate of 0.05 (Benjamini and Hochberg, 1995). Contrasts were performed between T. lamottei and T. crocifolius to determine when parental expression was the same or different. To test for additivity, contrasts were performed between each population of the polyploid T. castellanus and its two parents where polyploid expression is expected to be the arithmetic mean of the two parental expression levels. Overlapping gene sets were visually displayed using UpSet plots generated using R (Team, 2014) and the UpSetR package (Lex et al., 2014).



2.6. Homoeolog Loss and Silencing

Orthologs were used to design probes for NimbleGen sequence capture to isolate genomic reads from allopolyploid T. castellanus individuals. Each probe was designed to target unique regions of each contig with 1-3 probes along each contig. These probes were used to isolate genomic DNA corresponding to expressed transcripts (Supplementary Table 3). Polyploid DNA reads obtained from sequence capture were aligned to diploid references in the same manner as polyploid RNA reads, and homoeolog loss and silencing were assessed within COREs using the unbiased homoeolog set. Homoeologs with mapped DNA and mapped RNA reads represent genes that are both present and expressed. Homoeologs with DNA reads and no RNA reads represent putative silencing events. Homoeologs with RNA reads but no DNA reads likely represent a failed capture or mismapped reads. Homoeologs with neither DNA nor RNA reads represent putative loss. Overlapping gene sets were visually displayed using UpSet plots generated using R (Team, 2014) and the UpSetR package (Lex et al., 2014).



2.7. Functional Protein Association Network and GO Enrichment

Loci common to all independently formed polyploid populations that were lost, exhibited additive or non-additive expression as well as loci that demonstrated HSE were individually tested for interaction enrichment. Arabidopsis thaliana orthologs were identified for Tragopogon contigs using WU-BLAST blastx with an A. thaliana protein database. The E-value cutoff was set at 1E-75, and the high-scoring segment pair had to represent 70% of either the total query or subject length. The resulting lists of A. thaliana genes were used to construct functional protein association networks using STRING10 (Szklarczyk et al., 2014). The resulting networks used only high-confidence, experimentally validated protein-protein interactions with disconnected nodes in the networks hidden, and the edge thickness represented confidence of data supporting interaction. Protein-protein interaction enrichment p-values were FDR corrected (Benjamini and Hochberg, 1995). All gene sets were further checked for GO enrichment using GOSeq (Young et al., 2012). The background for HSE and lost loci was the set of unbiased COREs. The background for additively expressed genes included all loci tested for additivity. Functional network details and GO annotations are available at (https://github.com/jlboat/Tragopogon_castellanus).




3. RESULTS


3.1. Assembly, Annotation and Ortholog Identification

The assemblies of the diploids, T. crocifolius and T. lamottei, contained 113,865 and 155,600 contigs, respectively. Assemblies were annotated using Trinotate, and putative orthologs and domains were identified. For each of the diploid species, over 7,000 entries hit Arabidopsis thaliana sequences, and approximately 500 of the remainder hit Oryza sativa ssp. japonica using NCBI-BLAST against the SwissProt database. We also identified approximately 4,800 unique eggNOG hits for each diploid, where eggNOG hits represent hierarchical orthologous groups and provide functional annotations for homologous sequences. We identified 14,388 orthologs between the diploid genomes and delimited COREs for downstream processing (Gish, 2005; Moreno-Hagelsieb and Latimer, 2008). COREs were assessed for similarity in both length and GC content (Supplementary Figures 1, 2) and were found to be highly similar between the two species, with length differences never exceeding 16 bases and GC content differences primarily falling under 2%.



3.2. Additive Expression

Additivity was assessed by first performing a contrast between diploid parents to identify loci where parental expression deviated or was the same (Table 1 and Supplementary Figure 4). The matrix of counts used to estimate additive expression was subjected to multi-dimensional scaling, where samples that lie in close proximity exhibit more similar expression patterns, and plotted. The clustering of T. castellanus individuals is consistent with the known lineages as samples for Cast_2 and Cast_10 both come from lineage I and cluster together (Figures 1, 2, and Supplementary Figure 1). Similarly, the T. lamottei individuals Lam_1 and Lam_2 come from the same lineage, P-I, and are adjacent. Of the 5,806 loci remaining after filtering, parental expression was the same at 4,533 loci and different at 1,273. We found that polyploid expression is primarily non-additive where additivity was examined with respect to parental expression (Table 1), and overlap of each additive/non-additive category was assessed (Figure 3). Approximately 65% (2,155) of the loci were not additive in all four of the independent polyploids, whereas only 43% (909) of the loci consistently exhibited additivity over the four polyploids. There was no significant (FDR < 0.05) GO enrichment for shared additively expressed loci.


Table 1. Test for additivity in polyploid expression.
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FIGURE 1. Relationships among the Tragopogon diploids and polyploids. US species are left of the chromosome counts and Spanish species are on the right. Diploids are aligned along the top row and polyploid offspring are along the bottom row. Colored lines indicate whether the diploid serves as the maternal or paternal parent for the corresponding polyploid, where blue is paternal and red is maternal.
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FIGURE 2. MDS plot of the additive expression matrix for T. castellanus and its diploid progenitors. Lam represents T. lamottei, Croc represents T. crocifolius, and Cast represents T. castellanus.
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FIGURE 3. Additive and non-additive expression overlap across T. castellanus individuals. Set IDs represent samples that are additive (A) or non-additive (NA) where parents are different (PD) or the same (PS). Sample sets with common loci are indicated by filled circles with connecting lines, and the number of loci within that intersection may be seen directly above in the bar chart with corresponding size over each bar. The total sample sizes are found in the left bar chart and correspond to the adjacent sample.




3.3. Homoeolog-Specific Expression

HSE was assessed using the PG model and, similar to the additivity assessment, was examined in light of parental expression using unbiased COREs (Table 2). The number of polyploid loci exhibiting homoeolog expression bias toward each parent was similar, with a moderate, consistent bias toward T. crocifolius of about 50 loci, which accounts for ~7% of loci in which parental gene expression is the same but ~23% of loci which exhibit significantly non-equal expression in the parents. The percent of loci overlapping between independent polyploids was ~60% when parental expression was the same and ~64% when parental expression differed (Figure 4). There was no significant (FDR < 0.05) difference in GO enrichment for common loci demonstrating HSE.


Table 2. Homoeolog-Specific Expression.
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FIGURE 4. Homoeolog-specific expression overlap across T. castellanus. Set IDs represent samples where parents are different (PD) or the same (PS) and the direction of homoeolog-specific expression (i.e. toward higher expression of the T. lamottei (Lam) or T. crocifolius (Croc) homoeolog). Overlapping sets are indicated by filled circles, and the number of loci within that intersection may be seen directly above in the bar chart with corresponding size over each bar. The total sample sizes are found in the left bar chart and correspond to the adjacent sample.




3.4. Homoeolog Silencing and Loss

After orthologs were identified between diploid assemblies, exon-capture probes were designed so that genomic data could be used to distinguish between loci lost vs. silenced after polyploidization. As seen with both additivity and HSE, the number of loci expressed, silenced or lost is highly consistent across all polyploids of independent origin (Table 3). However, the degree of overlap varies among expressed, silenced or lost loci. For expressed loci, approximately 95% of the same parentally derived homoeologs (4,113 for T. lamottei and 4,054 for T. crocifolius) overlap among the four polyploids (Figure 5). Of those few homoeologs demonstrating loss, approximately 66% overlap, again, for both T. lamottei (92) and T. crocifolius (99) homoeologs, independently (Figure 6).


Table 3. Expression states of homoeologs derived from T. lamottei or T. crocifolius.
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FIGURE 5. UpSet plot showing homoeologs mapping both DNA and RNA reads across T. castellanus individuals. Set IDs represent samples where homoeologs from T. crocifolius (C) or T. lamottei (L) are present (P) based upon both DNA and RNA alignment. Overlapping sets are indicated by filled circles, and the number of loci within that intersection may be seen directly above in the bar chart with corresponding size over each bar. The total sample sizes are found in the left bar chart and correspond to the adjacent sample. As expected, there should be no overlap across T. crocifolius and T. lamottei homoeologs.
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FIGURE 6. Loci lost across T. castellanus individuals. Set IDs represent samples where either T. crocifolius (C) or T. lamottei (L) homoeologs are lost (L). Overlapping sets are indicated by filled circles, and the number of loci within that intersection may be seen directly above in the bar chart with corresponding size over each bar. The total sample sizes are found in the left bar chart and correspond to the adjacent sample. As expected, there should be no overlap across T. crocifolius and T. lamottei homoeologs.


Silenced homoeologs showed the most variability even though a similar number of loss events occurred across all independently formed polyploids. Only 14 T. lamottei-derived homoeologs (~10% of all T. lamottei homoeolog silencing events) and 35 T. crocifolius-derived homoeologs (~25% of all T. crocifolius homoeolog silencing events) were silenced in all four polyploids. In fact, the majority of silencing events were unique to each polyploid, suggesting that silencing is likely a much more stochastic process than homoeolog loss (Figures 7, 8). There was no significant (FDR < 0.05) GO enrichment for loci expressed, lost or silenced.


[image: Figure 7]
FIGURE 7. Loci silenced across T. castellanus individuals. Set IDs represent samples where either T. crocifolius (C) or T. lamottei (L) homoeologs are silenced (S). Overlapping sets are indicated by filled circles, and the number of loci within that intersection may be seen directly above in the bar chart with corresponding size over each bar. The total sample sizes are found in the left bar chart and correspond to the adjacent sample. As expected, there should be no overlap across T. crocifolius and T. lamottei homoeologs.
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FIGURE 8. Loci lost or silenced across T. castellanus individuals. Set IDs represent samples where either T. crocifolius (C) or T. lamottei (L) homoeologs are lost (L) or silenced (S). Overlapping sets are indicated by filled circles, and the number of loci within that intersection may be seen directly above in the bar chart. The total sample sizes are found in the left bar chart and correspond to the adjacent sample. As expected, there should be no overlap across T. crocifolius and T. lamottei homoeologs.




3.5. Functional Protein Association Network

The only group of loci that demonstrated significantly more interactions than expected based on chance included the additively expressed genes common to all independently formed allopolyploids (Supplementary Figure 5). The resulting network included 787 nodes with 185 edges with an expected edge count of 101. The average node degree was 0.47 with an average local clustering coefficient of 0.132. The FDR-corrected q-value was 2.75e-13.




4. DISCUSSION


4.1. Assembly and Annotation

Transcript assembly sizes were similar in these Tragopogon diploids from Spain (113,865 and 155,600 contigs for T. crocifolius and T. lamottei, respectively) to those seen in the US diploid parental species (105,282, 116,777, and 122,024 for T. dubius, T. porrifolius, and T. pratensis, respectively) (Boatwright et al., 2018). The number of orthologous pairs identified between diploid progenitors was also similar, with 14,389 pairs identified in this study between T. lamottei and T. crocifolius, while US species were represented by 15,493 pairs between T. dubius-T. pratensis and 15,587 between T. dubius-T. porrifolius. Differences in CORE lengths were similar between studies with no difference over 16 bp, while the %GC difference never exceeded 5% (Supplementary Figures 2, 3). The number of hits against the SwissProt database was nearly identical for all diploid assemblies (~7,000 to A. thaliana and ~500 to O. sativa for both US and Spanish species) as were the numbers of unique eggNOG hits (~4,800). These metrics are significant in that they demonstrate that these studies contain large, similarly sized and comparable data. Thus, differences between the studies should largely be due to biological differences and not methodological differences.



4.2. Additive Expression

Additive and non-additive gene expression patterns are commonly studied in hybrid and polyploid plants (Guo et al., 2006; Stupar and Springer, 2006; Swanson-Wagner et al., 2006, 2009; Wang et al., 2006a,b; Baldauf et al., 2016). Synthetic Brassica napus exhibits proteome additivity where differential regulation was not related to protein function (Albertin et al., 2007). Additive protein expression has been previously described in the neopolyploid Tragopogon mirus (Koh et al., 2012), and additive gene expression in both neopolyploids T. mirus and T. miscellus (Boatwright et al., 2018).

However, expression in the diploid parents of T. castellanus is significantly different from that seen in the parents of the nascent polyploids. For the neopolyploids, the expression of the diploids T. dubius and T. porrifolius was the same for 5,806 loci and different for 4,706 loci; T. dubius and T. pratensis expression was the same for 5,026 and different for 5,121 loci (Boatwright et al., 2018). While expression was different between diploid parents for the neopolyploids about 50% of the time, the values seen here for T. crocifolius and T. lamottei indicate that parental expression is primarily the same. Similarly, whereas the homoeolog expression was consistent with additivity for the majority of loci within the neopolyploids (Boatwright et al., 2018), plants of the mesopolyploid T. castellanus exhibit more non-additive expression.

A recent publication in Spartina (Giraud et al., 2021) has demonstrated that a high degree transcriptome repatterning (52% of genes deviated from parental additivity) occurs following neopolyploidy (within the last 170 years), and long-term, divergent transcriptome evolution is evident between the mesohexaploid parents that diverged 2-3 MYA (with 36% genes deviating from parental additivity).

One potential reason for this difference in additive expression may be that neopolyploid survival is dependent upon reduction in gene expression noise, as expression noise can have negative impacts upon fitness (Barkai and Leibler, 2000; Rao et al., 2002; Fraser et al., 2004; Pires and Conant, 2016). Thus, shrinkage toward mean parental expression within neopolyploids may alleviate the effects of transcriptomic shock, especially for polyploids with sub-genome trans-acting factors that are largely interchangeable. Over longer periods of time, mutation and selection may then optimize expression of genes, resulting in more non-additive expression. Both noise reduction and gene dosage are expected to play a large role after polyploidization (reviewed in Conant et al., 2014; Pires and Conant, 2016). Interestingly, dosage effects are seen in numerous additively expressed genes within polyploids (Guo et al., 1996; Chen, 2007). These dosage effects are expected to primarily affect genes that function in protein complexes or biological pathways (reviewed in Freeling, 2009; Birchler and Veitia, 2010, 2012). This explanation appears to be the case for additively expressed genes conserved across these independently formed polyploids in that our functional protein association network was significantly enriched for protein-protein interactions.

There is evidence that members of protein complexes within yeast, fruit flies, and humans all exhibit reduced expression noise (Ohno, 1970; Lemos et al., 2004; Schuster-Böckler et al., 2010; reviewed in Pires and Conant, 2016). As such, finding protein-protein interaction enrichment among additively expressed genes may be further evidence that noise reduction and dosage play a significant role in expression changes after allopolyploidization. The degree of dissimilarity between parental expression may also significantly affect homoeolog expression fate between neo- and mesopolyploids (Conant et al., 2014). Environmental differences may also select for different expression patterns over time (Otto and Whitton, 2000). As such, there is likely a complex interplay among the processes governing expression patterns after polyploidization.



4.3. Homoeolog-Specific Expression

HSE, also sometimes called homoeolog expression bias, has been observed in neopolyploids such as Senecio (Hegarty et al., 2012), mesopolyploids such as Gossypium (Adams et al., 2004; Chaudhary et al., 2009; Yoo et al., 2013), and even more broadly across polyploid plants (Buggs et al., 2010b; Schnable et al., 2011; Grover et al., 2012; Woodhouse et al., 2014; Yang et al., 2016). Notably, we observed numerous loci demonstrating HSE, but overall, we see a similar proportion of loci exhibiting homoeolog expression bias toward each parent (Grover et al., 2012). This balanced proportion of HSE in Tragopogon is interesting in that numerous other allopolyploid plants have exhibited substantial subgenome expression bias (Chen and Pikaard, 1997; Wang et al., 2006b; Flagel et al., 2008; Chaudhary et al., 2009; Akhunova et al., 2010; Schnable and Freeling, 2011; Schnable et al., 2011). However, both neoallopolyploid Tragopogon (Boatwright et al., 2018) and the mesoallopolyploid T. castellanus demonstrate similar proportions of homoeolog expression bias toward their corresponding parents. HSE in resynthesized Brassica neoallopolyploids is established soon after the initial genome merger and allopolyploidization (Yang et al., 2016). So, HSE is potentially yet another ameliorative response to whole-genome duplication and/or hybridization (Pires and Conant, 2016). The cause of these expression patterns in Tragopogon is unclear, but numerous genetic and epigenetic mechanisms have been proposed to affect expression in polyploids (Chen, 2007).

The maintenance of dosage balance is not likely to occur indefinitely after whole-genome duplication (Conant et al., 2014; McGrath et al., 2014). HSE is believed to allow duplicated copies to undergo subfunctionalization, neofunctionalization or fractionation, but it is possible that recurrent gene conversion between duplicated copies may maintain sequence identity between them (Pires and Conant, 2016). Biased sub-genome expression dominance has been observed following whole-genome duplication in maize where biased expression occurs within neofunctionalized regulatory genes, and non-regulatory neofunctionalized genes incrementally acquire sub-genome dominance during development (Hughes et al., 2014). Epigenetic regulation has been shown to facilitate sub-genome dominance after whole-genome triplication in B. rapa where a biased distribution of transposable elements among sub-genomes as well as small targeting RNAs are responsible for expression dominance at a sub-genome scale (Cheng et al., 2016). It is also possible that HSE reconciles problems arising from heterologous protein complexes for proteins that function more efficiently as homopolymers or require precise binding affinities, stoichiometry or product ratios (Birchler and Veitia, 2010, 2012; Boatwright et al., 2018).



4.4. Homoeolog Silencing and Loss

The process of genome evolution after polyploidization is characterized by alterations in methylation, transposable element activity, expression and function changes as well as genome rearrangement and downsizing (reviewed in Van de Peer et al., 2009; Wendel, 2015; Soltis et al., 2016; Wendel et al., 2018). While these changes have been observed in mesopolyploids (Wang et al., 2011) and paleopolyploids (Schnable et al., 2011), they also occur in neopolyploids where a wide spectrum of genomic changes may occur soon after genome merger and duplication (Madlung and Wendel, 2013), indicating that neopolyploid genomes are not necessarily additive or static (Leitch et al., 2008). Stochastic silencing has been proposed to play an important role in the formation of new species and diploidization after polyploidization. Polyploid species are notable in their tendency to preserve duplicate gene copies, which could be a result of gene dosage effects (Lynch and Conery, 2000; Conant et al., 2014). Dynamic silencing likely serves as a damage-control mechanism to temper potentially adverse effects of polyploidization on gene dosage to improve chances of establishment and adaptation of nascent polyploids (Wendel, 2000; Chaudhary et al., 2009; Buggs et al., 2011). In this study, the silencing of specific homoeologs was more inconsistent across independent polyploids than were loss events or expressed genes. In fact, the majority of silencing events were unique to each polyploid, which seems to support the role of stochastic silencing in polyploid plants. However, it is notable that even though silencing appeared to be stochastic, the homoeologs that were lost were more consistent. This may suggest that the mechanisms governing fractionation are more systematic.

Tragopogon castellanus was previously shown to exhibit a nearly additive genome size of its parents, and the degree of loss seen here (~3% of loci examined) is consistent with that finding (Mavrodiev et al., 2015). Neopolyploid Tragopogon species from the US also exhibited very little putative gene loss (Boatwright et al., 2018) and exhibit an additive genome size (Pires et al., 2004a). Long-term gene loss and retention after whole-genome duplication has demonstrated what appears to be a non-random progression in previous studies (Barker et al., 2008; Freeling, 2009; Birchler and Veitia, 2010; Schnable et al., 2011; Severin et al., 2011; De Smet et al., 2013; Soltis et al., 2016). These observations may also be consistent with the biased fractionation hypothesis, where genome dominance is expected when the subgenomes are highly diverged but not when the subgenomes are similar (Garsmeur et al., 2014; Zhao et al., 2017). While the exact divergence between for diploid parents of T. castellanus has not been thoroughly investigated, the P-derived parental genetic divergence index, the ratio between parental divergence and the average genetic divergence in the respective genus, is 1.14 (Paun et al., 2009), indicating that the balanced expression may be justified by the low parental divergence. This biased fractionation theory is also supported by the contrasting case of recently formed Mimulus peregrinus allopolyploids (Edger et al., 2017) where subgenome expression dominance occurs immediately following the hybridization of divergent genomes and increases significantly over subsequent generations and results from Ephedra allotetraploids whose subgenomes are approximately 8MY diverged, where it has been shown that the rapid formation of large genomes could be attributed to even and slow fractionation following polyploidization (Wu et al., 2021).

Tragopogon seems to be yet another case of convergent homoeolog loss after multiple, independent polyploidization events similar to recent results from Capsella allotetraploids have demonstrated predictable patterns of gene retention and loss following polyploidization (Douglas et al., 2015). We further checked for gene ontology enrichment within our retained, lost and silenced genes but found no significant enrichment. Differential regulation of proteome additivity was not related to protein function in Brassica napus allotetraploids (Albertin et al., 2007). So, a lack of enrichment within additively expressed genes may be expected. While the lack of enrichment within lost genes contrasts with studies that found binding proteins, protein kinases, transcription factors, and transferases are usually retained in duplicate (Jiao et al., 2011), and photosynthesis and cell cycle genes typically drop to singleton status (De Smet et al., 2013), it is the same result found in the neopolyploid Tragopogon species (Boatwright et al., 2018). It may be that loss is not predominantly determined by functional category but rather by some other genetic or epigenetic characteristic such as noise reduction or dosage, at least within Tragopogon.




5. FINAL REMARKS

The short- and long-term effects of cis- and trans-acting interactions are sure to have a significant, if not dynamically different, effect on duplicate gene fate within allopolyploid species. Studies of these processes lack duplication but are certain to identify broader physiological, ecological, and evolutionary implications of polyploidization (Soltis et al., 2016). Here, we compared both homoeolog fate convergence within independently formed mesoallopolyploid populations (T. castellanus) and how those compare to neoallopolyploids within the same genus using the same methodology. While homoeolog expression bias was balanced in both the two neopolyploids and in the mesopolyploid, the degree of additive expression was significantly different, with populations of the mesopolyploid demonstrating more non-additive expression. We found that homoeologs that are retained or lost seem to be strongly convergent across independently formed allopolyploids, while silencing tends to occur stochastically. Further, this non-random trend in long-term homoeolog retention and loss is not unique to Tragopogon but may be selectively advantageous for polyploid speciation and survival (Barker et al., 2008; Freeling, 2009; Birchler and Veitia, 2010; Severin et al., 2011; Schnable et al., 2012; De Smet et al., 2013; Soltis et al., 2016). While there was no GO enrichment among the studied gene sets, additively expressed genes demonstrated enrichment for protein-protein interactions within a functional network. It may be that gene dosage and noise minimization play leading roles in regulating gene expression patterns after allopolyploidization, and these patterns are conserved across independent lineages.
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‘species on island (%)

No. genera® for which a molecular 205 (48%) 170 (36%) 86 (32%) 31(30%) 71 (26%)

phylogeny is available (% of native

genera)

No. genera® for which a dated 112(26%) 41(9%) 27 (10%) 8(8%) 4(1%)

molecular phylogeny is available

(% of native genera)

No. total genera (%) / no. genera® (%) 389 (92%)/250 (98%) 406 (87%)/219 (92%) 156 (57%)/92 (67%) 58(56%)/25 (64%) 21 (8%)/13 (12%)

for which there is at least one known

chromosome number®

No. species per genus range/ 1-143/6.0/2 1-83/3.6/2 1-80/4.5/2 1-12/2.011 1-19/2.0/1

average/median

No. gymnosperm species (% 22 (100%) 6(33%) [ 0 0

endemic)

No. gymnosperm genera (% endemic) 10(30%) 3(0%) 0 0 0

No. fern species (% endemic) 210 (46%) 50 (6%) 167 (75%) 57 (46%) 125 (9%)

No. fern genera (% endemic) 57 (4%) 23(0%) 51(4%) 24 2%) 52 (0%)

Istand geographic data from:

*McGlone et al (2001).
“Carracedo and Troll (2016).
“Price (2004).

“Stuessy et al. (1998)
“Rivas-Torres et al. (2018).

“Includes species, subspecies, varieties, and forms; collectively called “species” for simplicty.

“Most data generally agree with Breitwieser et a. (2012).

“The species numbers here include 288 subspecies, which means they will be higher than in Arechavaleta et al. (2010) which only counts species.
“But see Garnock-Jones (2014) who suggested the actual number of endemic genera is lower, ca. 28-44 (7-10%).

“With two or more native species on the isiand.
“From a specimen of at least one native species from the island.
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Island archipelago

Variable New Zealand ~ Canary Islands Hawaiian Islands ~ Juan Fernandez
No. of lineages 9% 23 23 6
Number of monophyletic island fineages 33 13 18 3
Number of ineages with different ploidy level than closest sister 8 2 6 2

outside of island

Mean (SD) number of island endemic species per lineage 11.3(17.6) 13.7 (15.0) 16.4 (19.0) 45(37)
Mean (SD) stem age per lineage in millions of years 15.63 (17.30) 8.48(6.19) 9.21(6.29) 5.93(5.86)
Mean (SD) number of ploidy levels per lineage 17(12) 15(07) 1.2(0.4) 1.0(00)
Mean (SD) % of endemic island species with chromosome counts 86,0 (22.8) 74.3(24.0) 509 (319) 71.8(36.1)
Median number of species in lineage outside of island system 34 7 58 384

Allislands

122(17.1)
1316 (14.81)
16(1.1)
78.2(27.8)
51

Means and standard deviations (SD) were calculated for each non-count variable. The data set included the subset of 150 lineages of native vascular plants with the folowing
criteria: dated phylogeny available, at least one native species sampled in the phylogeny, at least two native species on the isiand system, and at least one known chromosome

count from the island system.
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T. lamottei T. crocifolius

Expressed Silenced Lost Failed Expressed Silenced Lost Failed

Cast 2 4,202 142 134 109 4,225 160 139 153
Cast_10 4,360 121 138 105 4,201 139 146 148
Cast_13 4,310 120 136 112 4,248 137 161 141
Cast 31 4,362 121 146 105 4,287 136 148 153

Counts represent total number of loci exhibiting the specified expression state. T.
lamottei- and T. crocifolius-derived homoeologs may be present and expressed, silenced,
lost or have failed either to be isolated using sequence capture probes or spuriously
mismapped reads.
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Cast 2
Parents same
Parents different
Cast_10
Parents same
Parents different
Cast_13
Parents same
Parents different
Cast_13
Parents same
Parents different

Not additive

2,762 (50.6%)
787 (14.4%)

2612 (47.9%)
757 (13.9%)

2,515 (46.1%)
710 (13.0%)

2,466 (45.2%)
744 (13.6%)

Consistent with additive

1,516 (27.8%)"
301 (7.2%)

1,666 (30.5%)"
421 (7.7%)**

1,763 (32.3%)"
468 (8.6%)"

1,812 (33.29%)"
434 (8.0%)

Counts represent loci where parental expression is not significantly diferent or is
significantly cifferent and polyploid expression is either adcltive or non-adtive in the T
castelanus individuals of independent origin. Percentages are based on per-indvidual
totals such that the expression categories of each individual sum to 100%. * These loci are
notstrictly adltive as T. castellanus expression could deviate from mid-parent expression
and yet be consistent with additive when parental expression is the same. ** These loci
have power issues because the hybrid mean expression falls within the diploid mean

expression levels.
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T. lamottei T. crocifolius No HSE

Parents same

Cast_2 774 856 1,400
Cast_10 827 881 1,346
Cast_13 789 824 1,429
Cast_31 806 868 1,397

Parents different

Cast 2 225 286 324
Cast_10 233 293 310
Cast_13 218 285 328

Cast_31 219 304 310

Ignoring parents
Cast 2 1,274 1,429 2,360
Cast_10 1,365 1,481 2279
Cast_13 1,201 1,387 2307
Cast_31 1,327 1,447 2344

Counts represent total number of loci demonstrating expression bias toward a particular
parental homoeolog. Homoeolog expression biases are examined in light of (A) loci
expression levels being the same in the diploid parents, (B) loci expression levels being
differentin the diploid parents, and () HSE if parentel patters are ignored; these numbers
are higher due to filtering constraints used to determine differences in parental expression.
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Species Clade Total repeats No. of Genome No. of
(%) reads coverage clusters

Heliophila A 30.07 511,217 0.19x 232

africana

H. arenaria A 30.18 901,412 0.26x 183

subsp. arenaria

H. cornutavar. A 31.38 652,717 0.19x 203

cornuta

H. lactea A 33.93 744,973 0.29x 177

H. linearis var. A 37.03 1,002,030 0.35x 209

linearis

H. pusilla var. A 37.34 576,080 0.22x 164

pusilla

H. elongata B 30.73 662,141 0.23x 181

H. juncea B 25.04 886,973 0.31x 173

H. amplexi- C 37.21 961,390 0.32x 165

caulis

H. collina C 38.90 774,496 0.31x 130

H. crithmifolia C 34.06 853,487 0.29x 224

H. deserticola C 38.64 1,304,122 0.38x 281

var. micrantha

H. biseriata C 32.96 962,154 0.47x 276

H. variabilis C 33.55 1,056,742 0.41x 148

H. diffusa var. D 38.67 911,217 0.16x 141

diffusa

Chamira - 43.66 690,569 0.21x 163

circaeoides
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Clade

A B Cc

Repeat family HeAfr HeAre HeCor HelLac HelLin HePus HeElo HeJun HeAmp HeCol HeCri HeDes HeBis HeVar
LTR retrotransposons 1264 11.93 17.00 1599 14.93 1854 2242 1151 1503 1959 13.90 19.07 20.58 13.63
Ty3/gypsy Athila 7.62 821 823 1081 6.95 13.99 1279 587 953 11566 7.67 638 936 813
CRM 0.76 045 156 143 215 164 185 1.63 2.26 451 088 531 1.76  1.12

Tekay 084 028 360 075 1.78 067 054 0.07 0.39 0.78 38.07 372 358 213

Galadriel  0.06 000 0.16 026 000 0.00 0.10 0.01 0.04 0.00 0.07 012 031 0.00

Reina 0.02 002 003 000 0.00 o0.01 0.00 0.00 0.00 0.00 006 002 024 0.00

Ogre/Tat  0.00 0.00 004 000 0.00 0417 032 017 0.00 0.00 000 009 025 0.00

Unclassified 0.66 0.14 0.156 023 0.03 0.12 090 0.10 0.10 0.06 003 006 0.12 0.05

Total 9.94 909 13.76 1347 1092 16.60 1650 7.84 1232 1691 11.77 1569 1563 11.43

Ty1/copia Ale 021 020 014 011 035 0.21 143 0.81 0.10 022 044 054 155 0.17
Bianca 114 126 186 067 129 128 235 0.76 0.96 120 126 1.06 128 117

Angela 027 034 004 018 039 0.13 025 0.18 0.13 0.33 003 035 034 0.11

Ivana 029 036 020 084 055 0.09 08 0.21 0.64 0.31  0.09 0.31 0.10 0.24

TAR 040 045 040 033 079 0.10 029 042 0.41 051 0.12 043 053 0.22

Tork 023 015 056 031 059 0.10 067 1.15 0.40 0.05 0.16 063 093 0.18

SIRE 0.05 004 003 0.08 0.03 0.01 0.04 0.10 0.02 0.03 0.01 0.05 0.13 0.09

Unclassified 0.01  0.03  0.01 0.01 002 0.03 003 0.04 0.05 0.04 0.01 0.01 0.08 0.01

Total 260 284 324 252 400 194 592 367 2.71 268 212 837 495 220

DNA transposons  Harbinger  0.53 058 0.04 0.7 0.38 0.11 0.08 0.04 0.23 0.07 0.05 0.11 0.21  0.03
Helitron 038 036 004 0412 011 010 024 0417 0.42 028 024 020 0.11 0.05

CACTA 067 056 057 049 1.05 035 053 048 0.96 0.60 0.17  1.61 0.48 0.38

Mariner 014 015 000 0148 0.15 0.09 0.00 0.01 0.07 0.05 007 007 005 0.08

Mutator 045 082 050 059 092 091 086 1.12 0.88 051 042 086 087 0.60

hAT 0.81  0.61 0.08 043 089 024 023 045 0.82 011 024 059 0.17 028

Unclassified 0.33 0.72  0.31 045 081 028 022 046 0.17 040 069 020 0.17 034

Total 329 379 154 244 431 208 216 274 3.54 202 188 364 206 1.65

LINE 0.08 002 003 007 001 000 000 0.05 0.05 0.01 004 028 000 0.02
SINE 0.08 017 000 0.09 007 0.10 0.06 0.09 0.09 0.00 000 000 0.00 0.02
rDNA 376 245 234 375 305 287 191 2.65 5.18 3.69 542 227 431 471
Tandem repeats 575 812 7.21 919 996 956 1.08 4.44 8.74 825 842 997 111 993
Unclassified repeats 456 370 326 240 470 418 3.16 3.56 4.57 534 440 342 491 3.8
Low/single-copy sequences 69.93 69.82 68.62 66.07 6297 62.66 6927 7496 62.79 61.10 6594 61.36 67.04 66.45
All repeats total 30.07 30.18 31.38 33.93 37.03 37.34 30.73 25.04 3721 3890 3406 38.64 3296 33.55

D

HeDif

19.14
12.77
2.94
0.59
0.00
0.00
0.45
0.03
16.78
0.30
0.69
0.03
0.86
0.01
0.16
0.24
0.06
2.36
0.06
0.09
0.29
0.18
0.72
0.11
0.22
1.69
0.00
0.01
2.05
12.10
3.67
61.33
38.67

ChCir

16.69
6.57
227
0.00
0.48
0.29
0.00
0.21
9.82
3.31
1.283
0.07
0.66
1.14
0.40
0.04
0.01
6.87
0.19
0.00
1.85
0.00
0.43
0.50
0.12
3.09
0.03
0.00
2.56

17.92
3.37

56.34

43.66

HeAfr, Heliophila africana; HeAre, Heliophila arenaria; HeCor, Heliophila cornuta; HelLac, Heliophila lactea; HeLin, Heliophila linearis; HePus, Heliophila pusilla; HeElo,
Heliophila elongata; Hedun, Heliophila juncea; HeAmp, Heliophila amplexicaulis; HeCol, Heliophila collina; HeCri, Heliophila crithmifolia; HeDes, Heliophila deserticola;
HeBis, Heliophila biseriata; HeVar, Heliophila variabilis; HeDif, Heliophila diffusa; ChCir, Chamira circaeoides.
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Schoener’s D Niche identity p-value
test mean D + SD

V. longifolia tetraploid vs. 0.61 0.79 £0.04 <0.01
diploid
V. spicata tetraploid vs. 0.39 0.84 £0.03 <0.01
diploid
V. spicata tetraploid vs. 0.66 0.81 £0.04 <0.01
diploid (west)
V. longifolia tetraploid vs. 0.69 0.82 £ 0.03 <0.01
V. spicata diploid
V. longifolia diploid vs. 0.51 0.81 £0.04 <0.01
V. spicata diploid
V. longifolia tetraploid vs. 0.40 0.81 £0.04 <0.01
V. spicata tetraploid
V. longifolia diploid vs. 0.41 0.78 £ 0.05 <0.01
V. spicata tetraploid
V. longifolia diploid vs. 0.46 0.78 £ 0.06 <0.01
V. spicata diploid (west)
V. longifolia tetraploid vs. 0.40 0.77 £0.04 <0.01

V. spicata diploid (west)

The mean, the standard deviation (SD) of the D value, and the p-values were
derived from the distribution of D values from 100x pseudoreplicates.
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Veronica groups All available
Diploid V. longifolia 48
Tetraploid V. longifolia 102
Diploid V. spicata 118
Tetraploid V. spicata 136
Total 404

After thinning

40
65
74
69

248

Subsets

33 west, 41 east

In the second column only the points with more than 25 km linear distance from
each other were included. Only diploid V. spicata was divided in two subsets

for some analyses.
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Patterns of Introgression relative to neutral expectations No of Loci

Non-neutral 1793
V. longifolia (Parent A) homozygotes to admixed individuals 472
V. spicata (Parent B) homozygotes to admixed individuals 688
Heterozygous excess in admixed individuals 1

Heterozygous deficiency in admixed individuals 1603
Homozygous excess in admixed individuals 1160
Homozygous deficiency in admixed individuals 2

Neutral 6930

The results are based on pure parental individuals of V. longifolia (63 individuals
with 0.1 > Q > 0.9), V. spicata (79 individuals with 0.1 > Q > 0.9), and admixed
individuals (13 with Q > 0.2) following the NEWHYBRID, and STRUCTURE results.
The total number of SNPs used were 8,723 with 25.73% missing data. Prediction of
introgression at each locus was compared through likelihood of regression model
to that of a neutral model and its significance by using 1,000 permutations. Non-
neutral loci were selected by adjusting the neutral expectation of genomic clines
through multiple comparisons (P < 0.025; significance following FDR correction).
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Hybrids (H)

Ploidy 4 Q ID

(o x9) Species Origin Species Origin Seeds obt. Seeds plated Germ.30d Germ.% & Q
V. spicata Switzerland V. longifolia  Altai Mount. >100 50 47 94 Albach S526 ~ Albach S625
V. longifolia  Altai Mount. V. spicata France >100 50 50 100 Albach S625  Albach S758
V. longifolia  Altai Mount. V. spicata Switzerland >100 50 48 96 Albach S625  Albach S526

2x x 2x V. longifolia  Finland V. spicata Romania >300 50 50 100 Albach S848  Albach S376
V. longifolia  Finland V. spicata Hungary >100 50 46 82 Albach S849  Albach S748
V. longifolia  Finland V. spicata Poland >100 50 g 18 Albach S848  Albach S485
V. longifolia  Finland V. spicata Poland >100 50 13 26 Albach S849  Albach S485
V. spicata France V. longifolia  Finland =50 50 12 24 Albach S758  Albach S849
V. longifolia  Finland V. spicata Hungary 0 0 0 0 Albach S848  Albach S869

2x x 4x V. spicata Altai Mount. V. longifolia ~ Ukraine ~10 0 0 0 Albach S634  Boiko 020
V. spicata Poland V. longifolia ~ Czechia 0 0 0 0 Albach S485  Albach S499
V. longifolia ~ Yakutia V. spicata France 4 4 4 100 Albach S372  Albach S758
V. longifolia  Yakutia V. spicata Altai Mount. 9 9 6 67 Albach 8372 Albach S634

4x x 2x V. longifolia  Ukraine V. spicata Poland >50 28 19 68 Albach 1450  Albach S485
V. longifolia ~ Ukraine V. spicata Poland ~100 50 1 Albach 1450  Albach S485
V. longifolia ~ Ukraine V. spicata Altai Mount. 0 0 0 0 Boiko 020 Albach S634
V. longifolia ~ Ukraine V. spicata Hungary >100 50 49 98 Boiko 020 Albach S869

4x x 4x V. spicata Hungary V. longifolia ~ Czechia >100 50 48 96 Albach S869  Albach S499
V. spicata Hungary V. longifolia ~ Ukraine >100 50 50 100 Albach S869  Albach 1450
V. longifolia ~ Ukraine V. spicata Hungary >100 50 40 80 Boiko 020 Albach S869

Positive Control (Ctr)

2x x 2x V. longifolia  Finland V. longifolia  Finland ~30 33 31 94 Albach S849  Albach S849
V. spicata Austria V. spicata Austria >50 50 50 100 Albach S749  Albach S749

4x x 4x V. spicata Austria V. spicata Austria >100 50 50 100 Albach S749  Albach S749
V. longifolia ~ Czechia V. longifolia ~ Czechia ~37 35 34 97 Albach S499  Albach S499
V. longifolia ~ Czechia V. longifolia ~ Czechia >50 50 50 100 Albach S499  Albach S499

The number of seeds obtained refers to single floral spikes. Germ. 30d refers to seed germinated 30 days after plating. ID refers to vouchers in herbarium OLD.
Hybrids indicate crossings between different species, while positive controls crossings between same species and ploidy level. The IDs assigned to the samples (e.g.,
sp30aSwi_d1) were constructed using the first two letter to identify the species (sp for V. spicata, and lo for V. longifolia), followed by a unique letter e.g., 30a representing
an individual of population 30, and 3 letter code of country of origin (e.g., Swi for Switzerland). An underscore separates the information related with polyploidy e.g., t for
tetraploid and d for diploid.
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Bioclim variable V. longifolia 2/4 V. spicata 2 total/4 V. spicata 2 west/4

Mean 2 (N = 40) Mean 4 (N = 65) p-value Mean 2 (N = 74) Mean 4 (N = 69) p-value Mean 2 (N = 33) p-value

bio2 8.99 9.58 0.047 9.65 8.62 <0.001* 8.42 0.431

bio3 25.20 25.61 0.629 25.36 29.00 <0.001* 29.10 0.894
bio7 36.28 38.89 0.185 39.35 29.81 <0.001* 29.17 0.383
bio8 13.39 16.90 <0.001* 16.20 16.32 0.861 13.68 0.006
bio9 —5.18 —7.18 0.267 —7.10 0.11 <0.001* 0.93 0.292
bio10 16.27 17.26 <0.001* 17.72 17.40 0.365 16.92 0.332
bio15 39.48 42.85 0.334 36.48 32.40 0.031 27.24 0.009
bio17 85.88 77.75 0.258 98.34 106.32 0.406 153.31 <0.001*

The latter was tested with and without the diploid Siberian samples (2 total and 2 west, respectively). The V. spicata mean 4 column is valid for both comparisons. Only
the eight uncorrelated bioclim variables are shown here but the test was done for all 19 variables (see Supplementary Table 4). Significant results (p < 0.05) are in bold.
Significant results after Bonferroni correction for multiple tests (p < 0.003) have an asterisk.
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Variable

Habitat type

Presence of arable land
Habitat naturalness
Habitat heterogeneity
Rock proximity

Light conditions

Heat load

Elevation

Test

KW
K-w
K-w

DF

FN N N

Test
statistics

65.34
32.08
51.78
4.49
13.04
5.66
22.36
19.70

0.002
<0.001
<0.001

0810

0.011

0.226
<0.001
<0.001

Differences were tested either by log-linear models (LLM) or Kruskal-Wallis test (K-W).
P-values in bold are significant after Bonferroni correction (P < 0.008).





OPS/images/fpls-11-588856/cross.jpg
3,

i





OPS/images/fpls-11-588856/fpls-11-588856-g001.jpg
DE
A 7

PL

@
RO A
£\

100km
2x 3x 4x 6x Tx BG
@ % A\<=[] C matthioli - ¥ & 4
O * A dl}:. |:| C. majovskyi ‘ z
. * A + . C. pratensis .
. * A .:ﬂ: |:| C. rivularis . 5 /;‘






OPS/images/fpls-11-588856/fpls-11-588856-g002.jpg
Number of nuclei

Number of nuclei

N
o
o

-
N
o

-
Ny
o

-
o
=]

80

60

401

20

140

120

100

80

60

40

20

B Cc
G1/G0 120
G1/G0 G1/G0
/zn =16 C. matthioli 2n = 2x | 1201 C. majovskyi2n=4x | 2n ~ 24 C. rivularis 2n = 3x
2n=18 1001 2n =32 80
2n=20 80 / 2n =34
/ / G2/E 60 G2/E
40
G2/E
E 20
| sl . . — sl 0 oty i, .
200 400 600 800 1000 0 200 600 800 1000 0 200 400 600 800 1000
E F
* 240 G1/G0 G1/G0
C. pratensis 2n = 2x C. pratensis 2n = 4x | 120 C. pratensis 2n = 6x
G1/G0 200
o~ 30 191 2n ~ 48
n ~
/ 2n~16 160 / 80 2n~44\‘
2n~17 2n ~ 32 X
120 / 60
,‘4 2n~18
80 G2/E 40
G2/ G2/E 4 2
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Relative fluorescence Relative fluorescence Relative fluorescence





OPS/images/fpls-11-591137/fpls-11-591137-t002.jpg
Population cytotype Number of Percent of

composition (Odds) populations total

3x (4.0) 12 1.40%
ax(1.6) 114 13.28%
5¢(3.3) 450 52.45%
6x(1.3) 123 14.33%
x(4.5) 9 1.05%
8x(1.0) 1 0.12%
3x+ 4x 1 0.12%
3x + 5x 2 0.23%
4x 4+ 5x 51 594%
x4 6x 10 1.17%
ax+7x 1 0.12%
ax + 8¢ 1 0.12%
5x + 6x 74 862%
5x + 7x 1 0.12%
4x + 5x 4 6x 8 0.98%

Populations are grouped according to the number of cytotypes per population (one, two,
or three). Frequencies are shown both in absolute numbers and in percentages of the
total number of populations.
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Allium cytotypes

1

3x

ax

Bx

6x

2

ax
5x
6x
x
5x
6x
7x
6x
7x
x

Niche overlap (D)

0.161
0.227
0.264
0.066
0.806
0.439
0.224
0.540
0.251
0.371

Niche equivalency

ns
ns
ns
Less equivalent
More equivalent
ns
ns
ns
ns
ns

Niche similarity

12 2-1

More similar  More similar
ns ns

ns ns

ns ns

More similar  More similar
ns ns

ns ns

More similar  More similar
ns ns

ns ns

Indices of niche change (95th percentile)

Expansion (E)

0.101
0.068
0.077
0.000
0.001
0.000
0.001
0.000
0012
0.234

Stability (S,)

0.899
0.932
0.923
1.000
0.999
1.000
0999
1.000
0.988
0.766

Unfilling (U)

0.000
0.005
0.107
0.509
0.039
0.232
0.254
0.145
0258
0.243

Stability (Sn)

1.000
0.995
0.893
0.491
0.961
0.768
0.746
0.855
0.742
0.757

The niche similariy test was repeated in both directions, i.., by resampling first the occurrences of higher ploidy level and then those of lower ploidy level. Expansion (€) and unfiling
(U indlices represent proportions of the iche of higher ploidy level which is not occupied by the lower ploidy level and vice versa. Niche stabilty (S, Se) represents the proportion
of the niche of either lower (S) or higher ploidy level (Sq) shared with the other cytotype. Indices of niche change were calculated at the intersection of the 95th percentile of both
compared environmental densites. We determined significance of niche equivalency and niche similarity tests i the observed D of the cytotypes being compered was within the lower
("less equivalent/similar’) or upper 2.5% (“more equivalent/similar’) quantile of a null distribution of simulated values of D, respectively (ns, non-significant).
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Source of variation d.f. Sum of squares Variance components Percentage of variation ¢ - statistics

(A) Cardamine pratensis complex

Between clusters 2 2725.494 4.817 18.34 @CT =0.183**
Between populations within clusters 133 10070.431 8.171 311 ®SC =0.381"*
Within populations 904 12009.773 13.285 50.56 OST = 0.494"*
(B) Genetic lineages of C. matthioli and C. majovskyi

Between lineages 1 460.168 2.626 14.81 OCT =0.148"
Between populations within lineages 43 1947.602 4.909 27.7 dSC = 0.325"*
Within populations 278 2832.936 10.19 57.49 @ST = 0.425"**
(C) Genetic lineages of C. pratensis

Between lineages 2 885.793 2.634 10.37 OCT =0.104*
Between populations within lineages 53 4390.685 7.846 30.87 DSC = 0.344™*
Within populations 388 6195.837 14.93 58.76 OST =0.412"

**p-value < 0.001. (A) Between genetic clusters identified within the Cardamine pratensis complex (C. matthioli + C. majovskyi, C. pratensis, C. rivularis), (B) between
genetic lineages identified within the C. matthioli + C. majovskyi cluster (Widespread and Central lineages), and (C) between genetic lineages identified within C. pratensis
(Red, Orange, and Yellow lineages). The delimitation of genetic clusters and lineages follows the results of STRUCTURE analyses.
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Group Ning Npop
Cardamine pratensis complex

C. matthioli + C. majovskyi 296 37
C. pratensis 621 78
C. rivularis 72 9
Diploids

C. matthioli 167 21
C. pratensis 134 17
C. rivularis 24 3
Tetraploids

C. majovskyi 129 16
C. pratensis 361 45
Hexaploid

C. pratensis 79 10
Genetic lineages of C. matthioli and C. majovskyi
Widespread 167 21
Central 129 16
Genetic lineages of C. pratensis

Yellow 128 16
Orange 247 31
Red 79 10

228
366
119

163
231
68

208
320

276

175
173

231
294
256

Priv.

12
136

25
92
13

24
136

55
53

14
41
26

A

3.293
4.967
2.321

2.709
3.419
1.759

4.077
5174

6.811

3.218
3.413

4.206
4.557
6.133

Ae

2.311
3.232
1.835

2.01
2.403
1.492

2.709
3.294

4179

2.297
2.333

2.858
2.943
3.897

Hr

0.496
0.635
0.368

0.429
0.53
0.249

0.682
0.648

0.724

0.485
0.507

0.58
0.611
0.705

Shan. div. + SD

1.01 £0.083
1.262 £0.118
0.477 £0

0.865 +0.117
1.061 £0.069
0.342 +£0

11983 +0
1.298 + 0.081

1.61+0

0.996 + 0.037
1.031 £0

1.037 £0.085
1.248 £0.076
1452 £0

o +SE

7.484 + 0.665
10.786 + 1.282
5.919 £ 0.705

6.319 £ 0.640
9.145 +£1.242
3.778 £ 0.698

7.560 + 0.650
10.291 +1.228

10.335 4+ 1.093

6.827 + 0.675
6.427 +0.576

8.682 + 1.046
9.956 +1.235
10.088 & 1.047

Ning, number of analyzed individuals; Npop, number of populations included in the diversity calculations, i.e., without hybrid populations and those with low sample size
(Ning < 7). A, total number of alleles; priv., number of species- and lineage-specific (private) alleles; A’, average number of alleles per locus; Ae, effective number of
alleles; Hr, total heterozygosity; Shan. div., Shannon’s diversity index; o, allelic richness estimated with generalized rarefaction, calculated as the number of distinct alleles
expected in a random subsample of size g, here g = 60. Values in A', Ae, Hr, and Shan. div. are population averages after rarefaction correction; o are values calculated

at the species or lineage levels.
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Marhold et al. (2018) Ploidy level (Kucera Distribution range Lovkvist, 1956 Urbanska-Worytkiewicz Landolt, Marhold, 1994a,b Franzke and

and present study et al., 2005) and Landolt, 1974 1984 Hurka, 2000

C. matthioli Moretti 2x Central and SE Europe C. matthioli C. matthioli C. matthioli C. matthioli C. matthioli

C. majovskyi Marhold 4x Central and SE Europe - - = C. majovskyi C. majovskyi

and Zaborsky

C. pratensis L. 2x=7x Europe, N Africa, N Asia, introduced to C. pratensis C. pratensis C. pratensis  C. pratensis C. pratensis
N America

C. pratensis 2x; Germany, Switzerland, France (lower C. pratensis C. nemorosa Lej. C. pratensis - C. pratensis
altitudes)

C. pratensis 2x, 4x Germany, Switzerland (lower altitudes) C. pratensis C. udicola Jord. C. udicola C. pratensis C. udicola

C. pratensis 2 E Carpathians (lower altitudes) C. pratensis = - C. pratensis =

“ucranica” type
C. pratensis 2x, 4x Carpathians and Alps [(sub-)alpine belt] C. rivularis Schur C. rivularis Schur C. rivularis C. pratensis C. rivularis auct.
Schur “rivularis auct.” type ~ non Schur

C. rivularis Schur * 2x, 3x S Carpathians and Bulgaria - - = C. rivularis C. rivularis
[(sub-)alpine belt]

C. dentata Schult. ** (7x)8x — 12x Central and NW Europe C. palustris Petermann - C. palustris C. dentata C. dentata

*A species growing only in Southeastern Europe, but previously confused with (sub-)alpine populations from the Eastern Carpathians and Alps; sampled and analyzed in the present study. **A species not included in
the present study due to its high polyploidy.
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Sequence type

Repeat family

Genomic proportion (%)2

IntA IntC PreA PreC PalA PalF PicF PicB Hyb2 Hyb3 Hyb4
Ty1/Copia Ale 0.149 0.149 0477 0.176 0.147  0.151 0.192 0.152 0.159 0.160 0.154
retrotransposons
Angela 4199 4202 4474 4409 4202 4334 4408 4.397 4.351 4319  4.363
(2.740) (2.829) (3.055) (2.864) (3.196) (3.319) (3.426) (3.050) (2.799) (2.951) (2.845)
Bianca 0.163 0.163 0.155 0.164 0.165 0.169 0.160 0.172 0.164 0.166  0.169
lkeros 0.032 0.080 0.015 0.000 0.015 0.017 0.000 0.018 0.017 0.016 0.017
SIRE 16.399 16.776 14.043 14.151 15940 15.734 14.873 14.022 14.874 14929 15535
(7.442) (7.328) (6.926) (6.466) (5.981) (7.335) (7.719) (6.134) (6.571) (6.114) (6.654)
TAR 0.337 0277 0257 0254 0258 0267 0292 0276 0.265 0.266 0.255
Tork 0.367 0.359 0470 0.346 0.359 0.351 0.354  0.351 0.360  0.431 0.356
total Ty1/Copia 21.646 21.956 19.591 19.500 21.086 21.023 20.279 19.388 20.190 20.287 20.849
(11.230) (11.135) (11.055) (10.270) (10.120) (11.609) (12.143) (10.153) (10.335) (10.104) (10.450)
Ty3/Gypsy chromovirus/Tekay 31.687 30.830 33.006 31.413 33.114 36.522 32.350 32.104 32.849 31.884 32.571
retrotransposons
(10.227) (10.843) (11.456) (10.583) (9.570) (10.049) (10.997) (10.980) (10.156) (9.983) (11.269)
chromovirus/CRM 0.014 0.029 0.032 0.064 0.023 0.027 0.000 0063 0.026 0.095 0.039
non-chromovirus/OTA/Athila 1773 1472 13855 1602 1.668 1699 1.380 1528 1.667 1.567 1.622
(1.756) (1.457) (1.8335) (1.483) (1.652) (1.699) (1.363) (1.510) (1.667) (1.548) (1.602)
non-chromovirus/ OTA/Ogre_Tat/TatV  0.571 0.527  0.463  0.441 0.482 0512 0445 0453 0500 0482  0.491
(0.571) (0.527) (0.375) (0.441) (0.398) (0.512) (0.445) (0.239) (0.500) (0.482) (0.409)
total Ty3/Gypsy 34.045 32.858 34.856 33.420 35.287 38.760 34.175 34.148 35.042 34.028 34.723
(12.568) (12.856) (13.198) (12.571) (11.643) (12.287) (12.805) (12.792) (12.349) (12.108) (13.319)
pararetrovirus 0.069 0.055 0.000 0.000 0.050 0.031 0.017 0.042 0.021 0.029  0.031
DNA transposons  EnSpm_CACTA 0175 0178 0.145 0177 0.163 0265 0284 0.168 0.151 0.189  0.160
hAT 0.068 0.056 0.068 0.063 0.070 0.060 0.060 0.075 0.058 0.084 0.060
MuDR_Mutator 0.152 0159 0.149 0.184 0.189 0.195 0.090 0.073 0.160 0.092 0.089
(0.132) (0.159) (0.148) (0.167) (0.159) (0.195) (0.090) (0.073) (0.160) (0.092) (0.089)
PIF_Harbinger 0.262 0284 0286 0.284 0.241 0253 0123 0283 0.279 0.256 0.249
total DNA transposons 0.657 0.677 0.648 0.708 0.633 0.773 0.557 0.599 0.648 0.571 0.558
(0.636) (0.677) (0.647) (0.691) (0.633) (0.773) (0.557) (0.599) (0.648) (0.571) (0.558)
Helitron 0.160 0.155 0.105 0.133 0.143 0.125 0.101 0.146 0.126 0.124  0.128
satellite DNA satellite CL18 ° (23+21 bp) 0.405 0.349 0369 0.424 0471 0414 0477 0485 0417 0452 0.405
satellite CL160 (89 bp) 0129 0125 0.118 0.089 0.113 0.119 0088 0.114 0.108 0.121 0.124
satellite CL82 (369 bp) 0.086 0.000 0.163 0.200 0.077 0103 0.120 0.106 0.192 0.112 0.108
satellite CL229 (46bp) 0.042 0.000 0.000 0.000 0.023 0.014 0.021 0.021 0.024 0.025 0.025
satellite CL201 (172bp) 0.000 0.000 0.026 0.028 0.000 0.000 0.031 0.013 0.025 0.014 0.027
satellite CL217 (126bp) 0.023 0.029 0.000 0.011 0.016  0.021 0.013 0.018 0.014 0.017 0.023
total satellite DNA 0.685 0.503 0.676 0.752 0.700 0.671 0.749 0.758 0.781 0.741 0.712
45S rDNA 0.331 0.225 0576 0.380 0.394 0.561 0619 0297 0.458 0.442 0.331
5S rDNA 0.027 0.000 0.052 0.024 0.029 0.028 0.021 0.024  0.031 0.030 0.023
unclassified repeats 13.918 13.445 14.613 14562 12211 8952 13.447 14202 13.918 14.836 13.755
(45.831) (44.267) (44.806) (44.658) (46.821) (44.839) (42.954) (44.793) (46.465) (46.939) (45.557)
small uncharacterized clusters 11.336  11.817 11.436 11.938 10.856 11.264 10.779 11.707 10.797 10.733 10.717
singlets 17128 18311 17.450 18.582 18.612 17.811 19.2566 18.690 17.988 18.179 18.172

aValues in regular font represent results of annotation at the supercluster level; results at the cluster level are indicated in italics and in parentheses.

cluster level are only reported when they differ from the ones at the supercluster level.
b complex structure with nested repeats including two minisatellites (see Belyayev et al., 2018).

Annotations at the





OPS/images/fpls-11-591053/fpls-11-591053-t005.jpg
45 rDNA 58 rDNA CL82 (369 bp) CL229 (46bp) CL217 (126 bp) CL201 (172bp)®

ID RE BLAST No. of RE BLAST No. of RE BLAST No. of RE BLAST No. of RE BLAST No. of RE BLAST No. of
(+/-) (+/-) FISHIloci (+/-) (+/-) FISHloci (+/-) (+/-) FISHloci (+/-) (+/-) FISHloci (+/-) (+/-) FISHloci (+/-) (+/-) FISH loci

IntA 4 + 4 + + 2 + + 1 + + 2 + + 2 = - 0
IntC  + + 4 ~ + 2 - P 0 - e 0 + + 2 - - 0
PreA  + + 6 + + 2 + + 7 - (+)° 0 = + 0 + + 2
PreC  + + 6 + + 2 + + 7 - @ 0 + + 0 + + 2
PaA  + + 7 + + 3 + + 2 + + 1 + + 2 = (+° 1
PalF  + + 7 + + 3 + + 6 + + 1 + +  3+6d - W 0
PicF  + + 7# + + 3 + + 9 + + 1 + +  4+8d + + 2
PicB  + + 78 + + 3 + + 6 + + 1 + + 2 + + 2
Hyb2  + + 5 + + 2 + + 4 + + 1 + + 1 + + 2
Hyb3  + + 5 o+ o+ 2 + + 4 o+ o+ 1 + + 1 o+ + 1
Hybd  + + 5 + + 2 + + 6 + + 1 + + 1 + + 2

ID = Sample ID; RE/BLAST (+/—) = RepeatExplorer/BLAST (cluster detected/cluster not detected).

aThe numbers of loci for 45S rDNA in PicF and PicB were reported in Chrtek et al. (2020).

bCL82 was detected in a very low amount in IntC (see Supplementary Table 3) and a closer inspection showed that the corresponding reads displayed a rather low
similarity to the sequence of satellite CL82 (see section “Discussion”).

Csatellite repeat detected only in trace amounts (see Supplementary Table 3).

dpesides major loci found on all metaphase plates (PalF 3, PicF 4), additional loci (PalF 6, PicF 8) of CL217 occurred in these samples (see section “Results” and Figure 6).
€CL201 was present as two hemizygous loci on non-homologous chromosomes in Pre.
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Species, accession labels ID Locality? Ploidy level Genome size 2C (pg) No. of raw NGS pair-end
reads

H. intybaceum

int_1531/8 IntA Austria, Tirol, Arlberg Massif: Arlbergpass 2x 7.5402 45,992,578
27,990,512 d

int_6/14/25 IntC France, Savoie: Col du Petit Saint-Bernard 2x 7.5902 37,998,498
35,974,3484

H. prenanthoides

pre_6/5/5 PreA Italy, Piedmont: Claviere 2x 7.2202 52,429,354
45,062,158 9

pre_6/8/5 PreC Italy, Piedmont: Claviere 2x 7.180P 26,260,212

H. pallidiflorum (2 Int x 1 Pre)

H1609 PalA Austria, Bundesland Salzburg: Muhr 3x 11.3342 24,970,582

H1614 PalF France, Savoie: Col du Petit Saint-Bernard 3x 11.5842 28,335,496

H. picroides (1 Int x 2 Pre)

H1613 PicF France, Hautes-Alpes: Col du Lautaret 3x 11.4122 30,698,202

H1615 PicB France, Savoie: Col du Petit Saint-Bernard 3x 10.6592 26,850,644

Synthetic F1 hybrids H. intybaceum x H. prenanthoides (IntA x PreC)

17038_2 Hyb2 experimental garden, Prihonice, Czechia 2x 7.360° 26,922,000

17038_3 Hyb3 experimental garden, Priihonice, Czechia 2x 7.360°¢ 24,944,800

17038_4 Hyb4 experimental garden, Priihonice, Czechia 2x 7.3412 26,225,800

@For details of accession origin, voucher information and genome sizes, see Chrtek et al. (2020).
bmean value of all genome size measurements for diploid H. prenanthoides from Chrtek et al. (2009), Chrtek et al. (2020).
Cvalues are calculated based on the average of genome sizes of parental accessions.
dfor samples IntA, IntC and PreA two independent libraries were sequenced.
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Sample ID and Genome size No. of analyzed Coverage Reads in all clusters Reads in clusters above Singlets (%) No. of clusters above the No. of superclusters above
ploidy level 1C (Gbp) reads? including small the threshold of 0.01% (%) threshold of 0.01% the threshold of 0.01%
uncharacterized clusters (%)

IntA (2x) 3.686 4,349,101 0.18 x 82.87 71.54 17.13 246 167
IntC (2x) 3.711 4,270,305 0.17 x 81.69 69.87 18.31 224 145
PreA (2x) 3.531 4,212,792 0.18 x 82.55 71.11 17.45 230 150
PreC (2x) 3.511 4,368,530 0.19x 81.42 69.48 18.58 228 149
PalA (3x) 5.543 4,278,270 0.12x 81.39 70.53 18.61 236 149
PalF (3x) 5.664 4,467,725 0.12 x 82.19 70.92 17.81 242 158
PicF (3x) 5.580 3,767,752 0.10x 80.74 69.96 19.26 209 138
PicB (3x) 5.212 4,338,941 0.12x 81.31 69.60 18.69 260 173
Hyb2 (2x) 3.600 4,457,370 0.20 x 82.01 71.22 17.99 241 160
Hyb3 (2x) 3.600 4,636,407 0.20 x 81.82 71.06 18.18 251 161
Hyb4 (2x) 3.590 4,465,263 0.19x 81.83 71.11 18.17 246 167

aAfter exclusion of plastid and mitochondrial clusters.
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Sample IDs and numbers of reads Total no. of reads Coverage?

a) Comparison of the representatives of parental species
IntXP (1,622,720) + PreX® (1,544,840) 3,167,560 0.066

b) Comparison of natural apomictic hybrids (3x) and representatives of
parental species

PalA (2,438,920) + IntXP (1,622,720) + Prex° 5,606,480 0.066
(1,544,840)

PalF (2,492,160) + IntxP (1,622,720) + Prex°® 5,659,720 0.066
(1,544,840)

PicF (2,455,200) + IntxP (1,622,720) + Prex® 5,622,760 0.066
(1,544,840)

PicB (2,293,280) + Intx (1 ,622,720) + Prex° 5,460,840 0.066
(1,544,840)

c) Comparison of synthetic hybrids (2x) and their actual parents

Hyb2 (1,920,000) + IntA (1,968,000) + PreC 5,760,000 0.080
(1,872,000)

Hyb3 (1,920,000) + IntA (1,968,000) + PreC 5,760,000 0.080
(1,872,000)

Hyb4 (1,914,668) + IntA (1,968,000) + PreC 5,754,668 0.080
(1,872,000)

@Coverage calculated using 1C-values.
bintX: sample created by pooling reads from both H. intybaceum individuals.
CPreX: sample created by pooling reads from both H. prenanthoides individuals.
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Ploidy level Pl DAPI

Npop Nind MeanRF  SD  Min Max Variation(%) Npop Nind MeanRF SD  Min Max Variation (%)

3x 16 132 1.252 003 119 129 8.4 - - - - - - -
ax 134 2,087 1.56° 008 141 171 21.3 6 29 2.45° 009 236 259 97
5x 345 4,249 1.84° 005 166 198 19.3 36 286 2.84° 010 251 304 211
6x 89 1,858 2.10¢ 005 201 224 1.4 3 15 3.20° 006 3.16 327 34
x 10 87 2.46° 006 238 252 6.8 = N = = == = =
8x 2 23 265" 006 262 269 27 - - - - - - -

Al values of relative fluorescence are caiculated relative to the internal standard (Triticum aestivum cv. Saxana). Mean RF values within a column with different letters are significantly
different at P < 0.05 (Bonferroni multiple comparison test). All available data of RF measured by us (Supplementary Table 1) were used for calculations. Npop, number of populations
analyzed; Nind, number of individuals analyzed: SD, standard deviation; Variation (%) = (Max-Min) x 100/Min.
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Parameter

Hw

HI

K

Ls

Ra

Description

Habitat width

Habitat length

Population carrying capacity

Lifespan (reproductive seasons + 1)

Reproductive assurance (probability
of uniparental reproduction)

Values

Square: 32, 64

Narrow: 4, 8

Square: 32, 64

Narrow: 256, 512
Small: 50

Large: 200

Annual: 2

Perennial: 10
QOutcrossing: 0.05
Mostly outcrossing: 0.25
Mixed mating: 0.5
Mostly uniparental: 0.75
Uniparental: 0.95
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