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Polyploidy plays a major role in the evolution of angiosperms with multiple paleopolyploid events having been suggested making it plausible that all angiosperms have a polyploid event in their history. Polyploidy can arise by genome duplication within a species (i.e., autopolyploidy), or whole genome duplication coupled with hybridization (i.e., allopolyploidy). Penstemon subsection Saccanthera contains a species complex of closely related diploids and polyploids. The species in this complex are P. heterophyllus (2x, 4x), P. parvulus (4x), P. neotericus (8x), P. laetus (2x), and P. azureus (6x). Previous studies have hypothesized that P. azureus is an allopolyploid of P. parvulus (4x) X P. laetus (2x). To test the hypothesis of allopolyploidy in the origin of P. azureus and to determine possible progenitors, two nuclear loci (Adh and NIA) and three chloroplast spacer regions (trnD-trnT, rpoB-trnC, rpl32-trnL) were sequenced from P. azureus, P. heterophyllus, P. laetus, P. parvulus, and P. neotericus. These data were analyzed in a phylogenetic framework and a network analysis was used on the nuclear data. Both nuclear datasets supported the allopolyploid origin of P. azureus with divergent Adh orthologs recovered in all five accessions of P. azureus and divergent NIA orthologs recovered in three of the P. azureus accessions. Furthermore, the Adh and NIA datasets support three hypotheses for the possible progenitors of P. azureus: (1) P. heterophyllus (2x) X P. parvulus; (2) P. heterophyllus (4x) X P. laetus; and (3) P. heterophyllus (2x) X P. heterophyllus (4x). Markedly, all hypotheses support P. heterophyllus (2x) as a progenitor. In addition, the Adh and NIA trees also suggest that P. neotericus is an allopolyploid, P. parvulus is an autopolyploid with two distinct origins, and P. heterophyllus (4x) is an autopolyploid or allopolyploid. The cpDNA analysis resolved geographically structured clades. This pattern seems best explained by local adaptation of the chloroplast genome and chloroplast capture. However, multiple origins of the polyploid species and gene flow could also explain this pattern. This study provides the first molecular phylogenetic evidence of the allopolyploid origin of P. azureus and has given insight into the origin of the other polyploids in this species complex.
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INTRODUCTION

The importance of polyploidy as an evolutionary mechanism for speciation and diversification, especially in flowering plants, has become apparent over the last 60 years (Soltis et al., 2014a). There are two types of polyploidy: autopolyploid and allopolyploidy. Autopolyploidy results from whole genome duplication without hybridization, whereas allopolyploidy includes hybridization between different species. Allopolyploidization has been shown to induce rapid changes in genome composition (Leitch and Leitch, 2008; Tate et al., 2009; Buggs et al., 2012a), gene expression (Buggs et al., 2011, 2012b; Soltis et al., 2014b), protein expression (Hu et al., 2011), phenology, and morphological traits (Pires et al., 2004; Gaeta et al., 2007). Furthermore, these changes can be non-additive thus producing unique phenotypes and genotypes compared to the progenitor species (Osborn et al., 2003; Buggs et al., 2011; Soltis et al., 2014b). It has been suggested that these changes produce a plethora of diversity for natural selection to act on making allopolyploidization a successful evolutionary mechanism (Soltis et al., 2014b).

Penstemon is the largest genus of plants endemic to North America with ~271 species (Wolfe et al., 2006). Species diversity within Penstemon seems to be the result of a post-tertiary radiation where speciation has resulted mainly from adaptation to distinct ecological niches and to distinct pollinators (Wolfe et al., 2006). Polyploidy is relatively rare in Penstemon, with only a few documented cases (Wolfe et al., 2006). However, subsection Saccanthera contains 21 species that show very little divergence in floral morphology and includes four closely related polyploid species: P. heterophyllus (2x, 4x), P. parvulus (4x), P. azureus (6x), and P. neotericus (8x).

All the species of subsection Saccanthera share very similar floral morphologies of five fused petals forming a corolla tube ranging from blue to purple in color. The differences between species take the form of slight differences in length of the corolla, anther dehiscence, presence of glandular hairs on the inflorescence, anther and corolla pubescence, and vegetative characteristics such as leaf size and shape (Baldwin et al., 2012). Species in this subsection are pollinated by a variety of generalist insects, primarily bees and Pseudomasaris vespoides an oligolectic pollen wasp, that have small foraging ranges (Richards, 1962; Crosswhite and Crosswhite, 1966; Clinebell and Bernhardt, 1998). Although, there is a dearth of information on seed dispersal in Penstemon it is generally assumed to be by barochory (gravity dispersal) (Clements et al., 2002). Keck's (1932) treatment of subsection Saccanthera proposed that P. neotericus (8x) was a hybrid of P. azureus (6x) X P. laetus (2x) and P. azureus (6x) was a hybrid of P. laetus (2x) X P. parvulus (4x). These hypotheses were based on morphological traits and overlapping geographic range (Keck, 1932). Clausen (1933) expanded on these hypotheses by collecting cytological data, chromosome number and behavior during meiosis, for P. neotericus (8x), P. azureus (6x), P. parvulus (4x), and P. laetus (2x), which provided evidence for the allopolyploidy origin of P. neotericus (8x).

The goals of this study were to (1) test the hypothesis that P. azureus (6x) is an allopolyploid species for the first time in a molecular phylogenetic context using a combination of three intergenic chloroplast markers (trnD-trnT, rpl32-trnL, and rpoB-trnC) and two low-copy nuclear genes (alcohol dehydrogenase [Adh] and nitrate reductase [NIA]), (2) Explore the potential role of P. heterophyllus, P. laetus, and P. parvulus as progenitors of P. azureus, and (3) provide preliminary evidence for the auto- or allopolyploid origins of P. heterophyllus (4x), P. parvulus (4x), and P. neotericus (8x).

MATERIALS AND METHODS

Species Selection

Species selection for this project was mainly determined by the hypotheses of Clausen (1933) and Keck (1932), which are stated above. These hypotheses have been based on chromosome number, morphological traits, and geographic range. Penstemon heterophyllus was added to the current analysis based on the same criteria. Clausen (1933) and Keck (1932) did not address their reasons for excluding P. heterophyllus as a possible progenitor of P. azureus. Conversely, Keck (1932) alludes to the idea that P. heterophyllus might be a major player of this polyploid complex, but never expands on this idea.

Taxon Sampling

Specimens from five populations of the widespread species (P. azureus, P. heterophyllus, and P. laetus) (Table 1; Figure 1) were collected from across their geographic range in California. Specimens from two populations of the narrowly distributed species (P. parvulus, and P. neotericus) (Table 1; Figure 1) were collected from across their geographic range. Ploidy levels of P. azureus, P. laetus, P. parvulus, and P. neotericus were assumed to conform to known ploidy levels for these species. Ploidy levels of P. heterophyllus samples were determined in a previous study using flow cytometry (Visger and Datwyler, unpublished data). Penstemon cardwellii was used as the outgroup for the chloroplast dataset, Keckiella cordifolia was used for the Adh dataset, and P. dissectus was used for the NIA dataset. Herbarium vouchers for each sample were submitted to the California State University, Sacramento herbarium. The NIA sequence for P. dissectus was obtained bioinformatically from GenBank BioProject PRJNA162457 Assembly GCA_000280965.1 ASM28096v1.

Table 1. Sampling locations given in decimal degrees and California county.
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FIGURE 1. Sampling locations. Species are indicated by color (see legend). Ploidy level is indicated by shape: Square (2x), Circle (4x), Triangle (6x), and Diamond (8x).



Data Collection

Genomic DNA was extracted from silica-gel-dried leaves using Qiagen DNeasy Plant Mini Kit (Valencia, CA). Amplifications of the three chloroplast DNA intergenic spacer regions trnD-trnT, rpoB-trnC, and rpl32-trnL were performed using universal primers and cycling protocols described in Shaw et al. (2005) and Shaw et al. (2007) (Table 2). PCR products were generated for Adh (intron 1 through intron 5) and NIA (intron 3) using the primers and cycling protocols from Randy Small (R. Small, personal communication; Table 2). PCR products were confirmed on a 1.0% agarose gel and cleaned up using either the Qiagen QIAquick PCR Purification Kit (Valencia, CA) or Exosap-IT protocol (Affymetrix; Santa Clara, CA). DNA quantifications were carried out on a Promega GloMax-Multi+ plate reader (Madison, WI) using PicoGreen (Invitrogen, Carlsbad, CA).

Table 2. Primers used to amplify chloroplast and nuclear regions.
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DNA concentrations of the chloroplast regions were adjusted to 20–40 ng/μl and were either sequenced directly on an ABI 3730XL using BigDye Terminator v3.1 Cycle Sequencing Kit (Foster City, CA) following the manufacturer's protocol except using 1/8 of the reaction volume or were sequenced by Eurofins MWG Operon (Huntsville, AL). Adh and NIA products were cloned using either a Qiagen PCR Cloning Kit (Valencia, CA) or a ThermoFisher Scientific CloneJET Cloning Kit (Pittsburgh, PA) following the manufacturer's protocols except using one half of the reaction volume. Colonies were selected initially using blue/white screening for the Qiagen PCR Cloning Kit or by lack of the lethal insert for the ThermoFisher Scientific CloneJET Cloning Kit, and insert size was confirmed using whole colony PCR visualized on a 1.0% gel. Plasmid inserts were prepared for sequencing by two different methods. In the first method, colonies with the correct insert were grown overnight in 1x LB broth containing ampicillin. The plasmids were isolated from overnight cultures using a Qiagen QIAprep Spin Miniprep Kit (Valencia, CA). Isolated plasmids were quantified by the same method as above and concentrations were adjusted to the specifications of the sample submission guidelines of MWG Operon (100–200ng/μl). The second method isolated inserts by whole colony PCR. The PCR product were cleaned using either Qiagen QIAprep Spin Miniprep Kit (Valencia, CA) or USB ExoSAP-IT (Santa Clara, CA) and quantified using the same procedure as above with 20 ng/μl final concentration. Sequencing was completed on an ABI 3730XL using BigDye Terminator v3.1 Cycle Sequencing Kit (Foster City, CA) following the manufacturer's protocol except using 1/8 of the reaction volume. Four clones for diploid specimens, eight clones for tetraploid specimens, 10 clones for hexaploid specimens, and 12 clones for octoploid specimens were isolated and sequenced for each of the two nuclear loci. All sequences generated for this study have been deposited in GenBank (Table 3) with annotations matching the OTU used as leaves of the phylogenetic trees. All sequence files used for analyses are provided in Supplemental File 1.

Table 3. GenBank accession numbers of generated sequences.
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Data Analysis

DNA sequences were assembled and edited in Sequencher v5.0 (GeneCodes, Ann Arbor, MI). Sequences were processed using the FAST command-line utilities v1.6 (Lawrence et al., 2015) and aligned using the Clustal algorithm (Higgins and Sharp, 1988) implemented in the program Seaview v4.5.3 (Gouy et al., 2010) with manual adjustments made as necessary. Three different datasets were analyzed independently: a combined dataset with all cpDNA intergenic spacers, Adh, and NIA. Gaps in the data matrices were treated as missing data and unambiguous indel characters were coded as additional characters using the simple indel coding method of Simmons and Ochoterena (2000) and appended to the end of each matrix accordingly. Maximum parsimony analyses were performed using the program TNT v1.1 (Goloboff et al., 2008) using 20 random sequence additions and finding the shortest tree 200 times. The “New Technology” search techniques implementing the Ratchet (Nixon, 1999), Tree Drifting (Goloboff, 1999), Sectorial Searches (Goloboff, 1999), and Tree Fusing (Goloboff, 1999) algorithms with default settings were used. Strict consensus trees were calculated and relative node support was assessed using 1000 maximum parsimony bootstrap (BS) replicates with the same settings as above. Nucleotide substitution models for the nucleotide partition of the chloroplast regions (TPM2uf+G), Adh (TIM3+I+G), and NIA (TVM+G) datasets were selected using the Akaike information criterion implemented in jModelTest (Posada, 2008) and the binary model of substitution was used for the gap partition of each dataset. Bayesian analyses of all three datasets were performed using MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) with two Metropolis-coupled Markov-chain Monte Carlo (MCMC) runs of four chains with 10 million generations sampled every 500 generations. Since, the best-fit models of nucleotide substitution could not be implemented in MrBayes a mixed model of nucleotide substitution was used. The mixed model of nucleotide substitution uses a reversible-jump MCMC method to sample across different models of nucleotide substitution as part of its MCMC sampling. Uniform priors were used for all analyses and each chloroplast region had model parameters estimated independently. Stationarity of the Bayesian MCMC runs was based on: (1) convergence to a stable log likelihood value and (2) a value of less than 0.01 for the average standard deviation of the split frequencies between runs. Trees sampled prior to stationarity were discarded as burn in and the remaining trees were used to construct a majority rule consensus tree with clade credibility values (posterior probabilities [PP]). Maximum likelihood analyses were performed using Garli v2.0 (Zwickl, 2006) with 20 replicates performed. Runs were terminated after 10000 generations with no change in the log likelihood score of more than 0.01 and keeping the best tree from the 20 replicates. Branch support was assessed using 100 maximum likelihood bootstrap replicates with the same settings. The majority consensus bootstrap tree for each analysis was calculated and clade support values mapped onto the most likely tree using the SumTrees v3.3.0 program of the DendroPy package v3.8.0 (Sukumaran and Holder, 2010). Adh and NIA gene trees were networked by hand using the multi-labeled tree method of Huber and Moulton (2006). All phylogentic trees were visualized and prepared for publication with TreeGraph2 (Stöver and Müller, 2010). Lastly, all phylogenetic trees and matrices used for these analyses were uploaded to TreeBase (Sanderson et al., 1994) under accession number S18982.

RESULTS

Chloroplast DNA

The aligned matrix of the combined cpDNA data of 21 accessions contained 3240 bp with 118 (3.6%) variable characters of which 43 (1.3%) were parsimony-informative and 5.7% of the matrix cells were scored as missing data. The combined matrix also contained seven indels of which six were parsimony-informative. The rpoB-trnC region ranged in length between 1172 and 1288 bp with an aligned length of 1313 bp with 27 (2.1%) variable characters of which 13 (1.0%) were parsimony-informative. The rpoB-trnC dataset included three coded indels of which two (66%) were parsimony-informative. The rpl32-trnL region ranged in length between 540 and 1008 bp with an aligned length of 1023 bp with 40 (3.9%) variable characters of which 24 (2.3%) were parsimony-informative. The rpl32-trnL dataset included two coded indels both of which were parsimony-informative. The trnD-trnT region ranged in length between 759 and 891 bp with an aligned length of 906 bp with 51 (5.6%) variable characters of which six (0.7%) were parsimony-informative. The trnD-trnT dataset included two coded indels both of which were parsimony-informative. Parsimony analysis of the 21 sequences including seven indels resulted in seven equally parsimonious trees of 52 steps. The strict consensus of the parsimony analysis (Figure 2) was almost identical to the majority-rule consensus from the Bayesian analysis (Figure 3) and the tree recovered from the maximum likelihood (lnL-5266.7251; Supplemental Figure 1) analysis, except for additional sub-structuring within some clades that was supported by variable characters that were not parsimony informative. Additionally, the branch leading to P. azureus 11-13 in the Bayesian and maximum likelihood trees is relatively long and seems to be caused by a possible extension of an AT rich repeat at the end of the trnD-trnT dataset. However, without additional sequence data that extends past the currently sequenced trnD-trnT region it is difficult to determine if the sequence differences found in P. azureus 11-13 were caused by the extension of an AT rich repeat or a higher rate of nucleotide substitution. For all analyses it was assumed to be caused by a higher rate of nucleotide substitution and was aligned as such. All analyses found five well-supported clades referred to as the orange (100 BS, 94 MLBS, 1.0 PP), blue (100 BS, 85 MLBS, 1.0 PP), red (100 BS, 99 MLBS, 1.0 PP), green (100 BS, 63 MLBS, 0.98 PP), and brown clades (100 BS, 86 MLBS, 1.0 PP). Each of the major clades were structured by geographic location with each species being paraphyletic or polyphyletic. The orange clade consisted of two accessions of P. laetus (11-9 and 12-7) and P. azureus (08-3 and 08-10) from Placer, Nevada, El Dorado, and Butte counties. The blue clade consisted of two accessions of the tetraploid P. heterophyllus (08-4 and 08-5), and P. laetus (12-6 and 12-9), and single accessions of the diploid P. heterophyllus (10-1), P. azureus (11-13), and P. filiformis (08-6). This is the most geographically widespread clade with accessions coming from Trinity, Shasta, Yuba, Tehama, and Humboldt counties. The red clade consisted of both accessions of P. neotericus (11-8 and 12-5) and single accessions of P. parvulus (08-11), P. azureus (11-11), and P. heterophyllus (11-12) from Butte, Trinity, Tehama and Shasta counties. The green clade consisted of one accession of P. azureus (08-1), P. laetus (08-2), and P. parvulus (12-10) from Fresno and Tulare counties. The brown clade contains a single accession of P. heterophyllus (11-4), which is located in Ventura County (Figure 2).
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FIGURE 2. Strict consensus of seven equally parsimonious cpDNA trees with sampling location of colored clades indicated on map. Numbers above branches indicate parsimony bootstrap and maximum likelihood bootstrap support values greater than or equal to 60 respectively. Numbers below branches indicate Bayesian posterior probability greater than or equal to 0.50.
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FIGURE 3. Bayesian majority-rule phylogram recovered from Bayesian analysis of the cpDNA dataset. Numbers above branches indicate posterior probabilities. Only posterior probability values greater than or equal to 0.50 are indicated. Clades are colored based on the strict consensus parsimony tree in Figure 2.



Adh Data Analysis

The Adh data matrix consisted of 90 sequences from 20 accessions with an aligned length of 1798 bp with 498 (27.7%) variable characters of which 316 (17.6%) were parsimony informative and 11% of the matrix cells were scored as missing (including gaps in the alignment). We were unable to amplify Adh from two samples of P. laetus and P. cardwellii for unknown reasons. The length of the Adh region ranged between 715 and 1730 bp with the shortest sequence being a result of a partial sequencing read (Paz81_FA; KF429008.1). To ascertain the effects of partial sequences on phylogenetic reconstruction all analyses were run with and without partial sequences. Because no topological or support value differences were found between the dataset with partial sequences and the one without partial sequences, the remaining analyses included partial sequences. The data matrix also contained four indel characters that were all parsimony informative. Parsimony analysis of the 90 sequences including four indels resulted in a single most parsimonious tree of 843 steps (Figure 4A). The analysis recovered six clades with low support of which four contained sequences from P. azureus accessions. These four clades have been color coded as red, blue, green, and brown. The blue clade has sequences from two tetraploid P. heterophyllus accessions (08-4 and 08-5), one P. laetus (08-2) accession, two P. parvulus accessions (08-11 and 12-10), one P. filiformis accession (08- 6), one P. neotericus (12-5) accession, and three P. azureus (08-10, 11-11, and 11-13) accessions. The green clade has sequences from two P. laetus (11-9 and 12-7) accessions, one P. parvulus (12-10) accession, one P. neotericus (12-5) accession, and from one accession of P. azureus (08-3). The brown clade contains only sequences from two P. azureus (08-1 and 08-10) accessions. The red clade is largest of the four clades and consists of sequences from two P. neotericus (11-8 and 12-5) accessions, one tetraploid P. heterophyllus (08-4) accession, every sequence from the three diploid P. heterophyllus (10-1, 11-4, and 11-12) accessions, and sequences from all five accessions of P. azureus (Figure 4A). The two remaining clades consist of a clade of sequences from P. laetus (08- 2) and P. parvulus (12-10) and a clade containing sequences from P. laetus (11-9). The tree recovered from the maximum likelihood (-lnL: 7848.1471) (Supplemental Figure 2) and the Bayesian majority-rule consensus tree (Figure 4B) resolved similar clades as the parsimony analysis, but with lack of resolution of the branches leading to the major clades, therefore, the parsimony tree was used for all further analyses.
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FIGURE 4. Branch colors are based on clades in the parsimony tree and are used for reference within the text. (A) Single most parsimonious Adh tree. Numbers above branches indicate parsimony bootstrap and maximum likelihood bootstrap support values greater than or equal to 70 respectively. Numbers below branches indicate Bayesian posterior probability greater than or equal to 0.50. Asterisk indicates that clade did not receive minimum support value for one of the bootstrap support methods. (B) Bayesian majority-rule phylogram recovered from Bayesian analysis of the Adh dataset. Numbers above branches indicate posterior probabilities. Only posterior probability values greater than or equal to 0.50 are indicated. The branch leading to the outgroup is shown at 1/16 of actually length.



NIA Data Analysis

The NIA data matrix consisted of 97 sequences from 21 accessions with an aligned length of 768 bp with 208 (27.1%) variable characters of which 86 (11.1%) were parsimony informative and 24% of the matrix cells were scored as missing, which included gaps in the alignment. We were unable to amplify NIA from P. cardwellii and K. cordifolia for unknown reasons. The length of the NIA region ranged between 430 and 703 bp. The shortest sequence was from a partial sequence. Because no topological or support value differences were found between the dataset with partial sequences and the one without partial sequences, the remaining analyses included partial sequences. The data matrix also contained four indel characters that were all informative. Parsimony analysis of the 97 sequences including 7 indels resulted in 4174 equally parsimonious trees of 171 steps. The strict consensus of the parsimony analysis (Figure 5A) recovered two clades with low support both containing sequences from P. azureus accessions. These clades have been color coded as red and blue. The blue clade contained sequences from three P. laetus accessions (11-9, 08-2, and 12-7), three accessions of P. azureus (08-1, 08-3, and 08-10), both P. neotericus accessions, and all of the sequences from P. parvulus 12-10. The relationships within the red clade are largely unresolved and contained sequences from two accessions of P. laetus (12-9 and 12-6), all five accessions of P. azureus, and both accessions of P. neotericus. The red clade also contains all of the sequences from P. parvulus 8-10, P. filiformis, and all of the P. heterophyllus accessions. The tree recovered from the maximum likelihood (-lnL: 3079.1856) (Supplemental Figure 3) and the Bayesian majority-rule consensus tree (Figure 5B) resolved similar clades as the parsimony analysis, but with lack of resolution of the branches leading to the major clades, therefore, the parsimony tree was used for all further analyses.
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FIGURE 5. Branch colors are based on clades in the parsimony tree and are used for reference within the text. (A) Strict consensus of 4174 equally parsimonious NIA trees. Numbers above branches indicate parsimony bootstrap and maximum likelihood bootstrap support values greater than or equal to 70 respectively. Numbers below branches indicate Bayesian posterior probability greater than or equal to 0.50. Asterisk indicates that clade did not receive minimum support value for one of the bootstrap support methods. (B) Bayesian majority-rule phylogram recovered from Bayesian analysis of the NIA dataset. Numbers above branches indicate posterior probabilities. Only posterior probability values greater than or equal to 0.50 are indicated. The branch leading to the outgroup is shown at 1/16 of actually length.



Network Analysis

The network analyses of the multi-labeled Adh maximum parsimony tree (Figure 6) found that the P. azureus 08-1 genome contained orthologs from the red and brown clade. The P. azureus 08-3 genome contained orthologs from the red and green clade. The P. azureus 08-10 genome contained orthologs from the brown, red, and blue clade. The orthologs of P. azureus 11-11 and 11-13 were resolved as sister to each other and their genomes contained orthologs form the red and blue clades. The network analysis of the multi-labeled NIA maximum parsimony tree (Figure 7) found that the P. azureus 08-1, P. azureus 08-3, and P. azureus 08-10 genomes contained orthologs from the red and blue clades. The P. azureus 11-13 and P. azureus 11-11 genomes contained orthologs only from the red clade.
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FIGURE 6. Network analysis of the multiple-labeled single most parsimonious Adh tree. Multiple-labeled tree is shown in Supplemental Figure 4.
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FIGURE 7. Network analysis of the multiple-labeled strict consensus of 4174 equally parsimonious NIA trees. Multiple-labeled tree is shown in Supplemental Figure 5.



DISCUSSION

Origin of Penstemon azureus

Based on the phylogenetic reconstruction for both Adh and NIA, the evidence seems to support the allopolyploid origin of P. azureus because all five P. azureus accessions contained divergent Adh orthologs (Figure 6), whereas three of five accessions contained divergent NIA orthologs (Figure 7).

Although two of five accessions of P. azureus individuals did not have divergent NIA orthologs, this may be the result of divergent orthologs that were not sampled due to limited sampling or because of limited resolution in the NIA phylogeny. Increasing the number of introns sequenced or sequencing more orthologs for each sample may result in these two accessions having divergent orthologs. The mechanisms that result in divergent orthologs within an individual are hybridization, ancestral polymorphism (incomplete lineage sorting), presence of pseudogenes, or duplicated genes (paralogs) (Degnan and Rosenberg, 2009; Edwards, 2009). It does not seem likely that the NIA dataset contains any pseudogenes or paralogs. It is expected that a gene duplication or pseudogenization event that happened before these species diverge would be reconstructed as an early divergence from orthologs of all species, which is not present in the NIA dataset (Maddison, 1997; Zmasek and Eddy, 2001; Maddison and Knowles, 2006). A younger duplication or pseudogenization event would be hard if not impossible to detect with the current NIA dataset because of the low level of resolution in the tree.

The Adh dataset suggests a possible gene duplication in P. azureus after formation of the hexaploid species (Brown Clade, Figures 4, 6), but this might also be an indication of a progenitor species that was not sampled or an extinct species within the complex. Excluding the brown clade as a possible duplicated gene results in four of the five P. azureus accessions containing divergent orthologs (Figure 6). The lack of evidence of orthologs from pseudogenes or duplicated loci, excluding the brown clade from Adh tree, supports hybridization as an explanation of the divergent orthologs found in P. azureus, thus supporting the hypothesis that P. azureus is an allopolyploid.

Distinguishing between incomplete lineage sorting and hybridization is more difficult. Lineage sorting is affected by time since divergence and effective population size (Ne) of the ancestral species. For diploid organisms it has been determined that it can take up to 4Ne generations for complete lineage sorting to occur (Kimura, 1983; Tajima, 1983; Takahata and Nei, 1985; Maddison, 1997; Degnan and Rosenberg, 2009; Edwards, 2009). There is currently no data on the effective ancestral population sizes of different Penstemon clades, but it seems that Penstemon is the result of an evolutionary radiation (Wolfe et al., 2006), which implies that the time since divergence of different species is short and makes incomplete lineage sorting more likely. If the divergent orthologs recovered from P. azureus are to be explained by incomplete lineage sorting instead of hybridization it implies that all divergent orthologs were present in a common ancestor and their preservation in various combinations occurred in a descendant heterozygous taxon (Degnan and Rosenberg, 2009; Edwards, 2009). This would suggest a large effective population size of the descendant heterozygous taxon, which seems unlikely given that most species in this complex are poor competitors and often have small populations. Additionally, if incomplete lineage sorting was to explain the pattern of divergent orthologs we expect that all divergent orthologs may be found in one of the diploid species, but the gene tree constructed from the Adh dataset has some species distinction between diploid species. The red clade in the Adh tree contains all of the diploid P. heterophyllus orthologs along with orthologs recovered from the polyploids P. azureus, P. neotericus, and tetraploid P. heterophyllus compared to the green and blue clades, which have orthologs from the diploid P. laetus and from the polyploids P. azureus, P. neotericus, P. parvulus, and tetraploid P. heterophyllus (Figures 4A, 6). As a result of divergent orthologs never being recovered in the diploid species P. heterophyllus and P. laetus in the Adh tree it seems that hybridization is more likely explanation of the divergent orthologs found in P. azureus. However, because of the limited sampling of orthologs it is possible that these divergent orthologs could be contained in one of the diploid species with only one ortholog being sampled.

In contrast, the pattern of hybridization vs. incomplete lineage sorting is less clear in the NIA dataset. The red clade of the NIA tree contains all of the diploid P. heterophyllus orthologs (Figures 5A, 7), which is similar to the red clade of the Adh tree (Figure 4), however, it also contains orthologs from two P. laetus accessions. These results could indicate that lineage sorting has not gone to completion at the NIA locus. Nevertheless, the proposed hybridization events in the NIA network (Figure 7) are also supported by the Adh network (Figure 6). Since lineage sorting is a random process it has been suggested that consensus between gene trees indicate the true evolutionary relationships (Maddison, 1997; Maddison and Knowles, 2006) and for this reason we suggest that hybridization is more likely the explanation of the divergent orthologs found in P. azureus in both the Adh and NIA trees.

These results support three hypotheses for the possible progenitors of P. azureus: (1) P. heterophyllus (2x) X P. parvulus (4x); (2) P. heterophyllus (4x) X P. laetus (2x); and (3) P. heterophyllus (2x) X P. heterophyllus (4x). Markedly, all of the hypotheses support P. heterophyllus (2x) as a possible progenitor of P. azureus. The other possible progenitor species of P. azureus are less clear with P. laetus (2x), P. parvulus (4x), and P. heterophyllus (4x) all being supported by the data. P. neotericus (8x) was not considered as a possible progenitor because the most common mechanism of polyploid formation appears to be unreduced gametes (Ramsey and Schemske, 1998), which excludes P. neotericus (8x) based on chromosome number. Since orthologs from P. parvulus (4x) and P. heterophyllus (4x) segregated with P. laetus orthologs this could suggest a more complicated reticulate pattern where P. laetus at first played a role in the formation of P. parvulus and/or P. heterophyllus (4x) and then later on P. parvulus and/or P. heterophyllus (4x) acted as a progenitor of P. azureus. This could explain why orthologs from P. laetus, P. parvulus, P. heterophyllus (4x), and P. azureus segregate together in the Adh and NIA trees.

Gene Flow and Local Adaptation or Multiple Origins

The cpDNA tree has well-supported clades that are geographically structured (Figures 2, 3), whereas the Adh and NIA trees seem to lack any geographic structuring. This pattern in the cpDNA could be explained by local adaptation of the chloroplast genome (Budar and Roux, 2011) followed by gene flow between the different species that resulted in chloroplast capture (Tsitrone et al., 2003). This scenario is supported by seed dispersal by barochory, which is associated with localized gene flow (Duminil et al., 2007) resulting in the geographic structure seen. This is assuming that chloroplast are maternally inherited, which seems a reasonable assumption given that the majority of angiosperms studied have maternal inheritance of chloroplasts. The short foraging range of potential pollinators also support the above scenario by facilitating the repeated nuclear gene flow between hybrids needed for chloroplast capture (Tsitrone et al., 2003; Acosta and Premoli, 2010). Additionally, the potential for gene flow between different ploidy levels has been observed before (Stahlberg, 2009; Chapman and Abbott, 2010) and after polyploidization reproductive barriers can be weakened allowing a higher rate of successful hybridization between species (Muntzing, 1936; Bendiksby et al., 2011). Geographic correlation of chloroplast haplotypes between interfertile species has been observed previously suggesting possible selection of those haplotypes. For example, a correlation between latitude and chloroplast haplotype has been observed in the South American subgenus Nothofagus (Acosta and Premoli, 2010) and a correlation between riparian habitat and chloroplast haplotype has been shown in Brassica rapa (Allainguillaume et al., 2009). However, this pattern could also suggest multiple origins of P. azureus and P. parvulus from genetically distinct P. heterophyllus and P. laetus populations. The population structure apparent in the cpDNA dataset could be lacking in the Adh and NIA datasets because of the shorter time to coalescence of the haploid chloroplast genome, which is 2Ne instead of 4Ne of a diploid genome (Kimura, 1983; Tajima, 1983; Takahata and Nei, 1985; Degnan and Rosenberg, 2009; Edwards, 2009), thus, giving us a more recent view of the genetic structure of sampled populations. Multiple origins of allopolyploid species is quickly becoming the rule instead of the exception as more allopolyploid species are investigated (Soltis et al., 2004, 2009, 2014a; Tate et al., 2009). However, population substructuring of P. heterophyllus and P. laetus followed by multiple of origins of P. azureus and P. parvulus does not fully explain the patterns seen in the cpDNA tree. For example, the blue clade (Figures 2, 3) contains an accession of P. heterophyllus and P. laetus, which could only be explained by gene flow between the diploids that resulted in chloroplast capture. Gene flow between P. laetus and P. heterophyllus in the blue clade may have been facilitated through the polyploids in the blue clade, which would still be consistent with multiple origins of P. azureus and P. parvulus.

Further investigation of the population structure of P. heterophyllus and P. laetus resulting in the identification of population level markers and the distribution of these markers in the polyploid species will be needed to truly address the question of multiple origins.

Biogeography

Despite the number of parsimony informative characters, the major clades recovered from phylogenetic analyses of the Adh and NIA datasets had very low support values with support values increasing closer to the tips of the trees recovered (Figures 4, 5). These results were not surprising given that Penstemon seems to be the result of a post-tertiary evolutionary radiation (Wolfe et al., 2006), which would result in short internal branch lengths that are very hard to resolve. Likewise, the phylograms of the Adh and NIA maximum likelihood (Supplemental Figures 2, 3) and Bayesian (Figures 4B, 5B) trees have extremely short branch lengths between the major clades followed by longer branches leading to the tips, which suggests a rapid radiation followed by differentiation. The short branches of the Adh and NIA trees along with the cpDNA tree (Figure 3) suggest a possible rapid diversification of this species complex originating in the Sierra Nevada Mountains followed by differentiation within the Sierra Nevada Mountains, Coastal, Cascade, and Klamath Ranges. The first diverging clade within the cpDNA tree (Figure 2) is located in the northern Sierra Nevada Mountains suggesting that this region might provide the source populations for diversification and differentiation in this complex. The next clade to diverge is represented by a single collection from the Transverse Ranges. Although only one accession is shown here, other P. heterophyllus collected from the transverse ranges also diverge at this point (Visger and Datwyler, unpublished data), followed by a clade from the southern Sierra Nevada Mountains, and a final clade that includes collections from the northern Sierra Nevada Mountains, the Cascade Mountains and Klamath Ranges. The ability of this study to elucidate phylogeography is limited since it was designed to address the allopolyploid origin of P. azureus. To truly address the origin and diversification of this species complex will require a well-resolved species phylogeny of subgenus Saccanthera with extensive sampling to represent the diversity of this subgenus.

Comments on P. neotericus, P. parvulus, and P. heterophyllus (4x)

Penstemon neotericus

The orthologs recovered from P. neotericus segregate with orthologs recovered from P. azureus in the Adh tree (Figure 4A), but segregate with P. heterophyllus, P. azureus, and P. laetus in the NIA trees (Figure 5A). This supports an allopolyploid origin of P. neotericus as a result of a complex reticulate history among P. heterophyllus, P. azureus, and P. laetus, thus, partially supporting the conclusions of Clausen (1933). It is likely that P. azureus is a progenitor of P. neotericus, but it is unclear whether P. laetus is supported as a progenitor in the current analysis despite the morphological similarities between P. laetus and P. neotericus.

Penstemon parvulus

The orthologs recovered from the northern population of P. parvulus segregate with P. heterophyllus (4x) in both the blue clade of the Adh tree (Figure 4A) and the red clade of the NIA tree (Figure 5A) with moderate support. This suggests that the northern population of P. parvulus and P. heterophyllus (4x) might share a common origin and the morphological differences could be a result of environmental differences or population differentiation. Interestingly, the cpDNA (Figures 2, 3) tree recovers P. heterophyllus (4x) in a distinct clade from northern populations of P. parvulus. The orthologs recovered from the southern population of P. parvulus do not segregate with the northern P. parvulus or P. heterophyllus (4x), but instead segregate with orthologs from P. laetus in both the Adh (Figure 5) and NIA tree (Figure 6) with moderate support, suggesting that the southern population might be an autopolyploid of P. laetus. This suggests that the northern and southern P. parvulus populations are of independent origin and possibly from different progenitors making them different species. Alternatively, this pattern may be the result of hybridization between species with different chromosome numbers followed by incomplete lineage sorting.

Penstemon heterophyllus (4x)

The orthologs recovered from P. heterophyllus (4x) segregated with orthologs from P. heterophyllus (2x) and the northern P. parvulus with moderate to strong support in both the Adh (Figure 5) and NIA trees (Figure 6) suggesting that P. heterophyllus (4x) and the northern P. parvulus are both autopolyploids of P. heterophyllus (2x). However, orthologs from P. heterophyllus (4x) also segregated with orthologs from P. laetus, which would suggest an allopolyploid origin of P. heterophyllus (4x) or could be explained by hybridization with P. laetus after autopolyploidization. Further population level sampling and additional loci will be needed to address the origin of P. heterophyllus (4x).

CONCLUSION

This study provides strong support that P. azureus is of allopolyploid origin and that P. heterophyllus is most likely a progenitor. Information from additional nuclear loci and further elucidation of the genetic population structure of P. heterophyllus, P. laetus, and P. parvulus will help answer questions of multiple origins of P. azureus and the role that P. laetus and P. parvulus have played as possible progenitors. The additional data will also help to untangle the complex reticulate relationships of the polyploids of this complex.

Nevertheless, it is apparent that polyploidy has played a major role in the diversification of subsection Saccanthera in California with the two diploid species, P. heterophyllus and P. laetus as the base of this polyploid complex. This is also the first time that allopolyploidy has been supported as a mechanism of diversification in Penstemon. Furthermore, this study adds to the growing number of examples that polyploidy is an important mechanism of diversification in flowering plants.
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PenAdhx6r
PenAdhx6f
PenAdhxdf
PenAdhxdr

PenNIAX3F
PenNIAX4R

/-3 Primer sequence

CKA CAA AAY CCY TCR AAT TG
GAC CCR GAT TYG AAC TGG GG

CAG TTC CAA AAA AAC GTA CTT C
CTG CTT CCT AAG AGC AGC GT

ACC AAT TGA ACT ACA ATC CC
CTA CCA CTG AGT TAA AAG GG

CTC TTT GCC ATA GCG ATG TTT ACT T

AT GAA CAC ATT GAA ATG GAG ATATCA T
CTT CTT GRA AAC GAC TTG GG

GCT GCT GAA GGG GCT CGG

AGG ATT GTA GAR AGC GTA GG

CAT GTT GCT CTC AGA TGA TT

CTC AGC GCC AAA GAA ATT GC
CCA GCC TTG GCA TCA AAT ATG CTA

Cyeling Protocol
80°C, 5 min; 30-35x (96°C, 1 min; 50-67°C, 2 min; 72°C, 3 min}; 72°C, 5 min
80°C for 5 min; 30x (95°C, 1 min; 50°C, 1 min, followed by a ramp of 0.3°C/s to
65°C, then 65°C for 4 mir); 65°C, § min

80°C, 5 min; 30x (94°C, 45 ; 52-56°C, 30's; 72°C, 1 min); 72°C, § min

94°C, 5 min; 30x (94°C, 45s; 50°C, 30s; 72°C, 2 min); 72°C, 5 min

94°C, 5 min; 30x (94°C, 30s; 65°C, 30s; 72°C, 2 min); 72°C, 5 min

Chloroplast primers are from Shaur et al. (2005, 2007). Nuclear primers are from Randy Smal (oers. comm.). Asterisks on the Ach primers indicate primers used for PCR. The other
Adlh rimers used for sequencing anbt.
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