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A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    Evolutionary radiations are excellent systems with which to address 
adaptive radiation theory and macroevolutionary hypotheses on 
diversifi cation and character evolution. However, when evolution-
ary radiations involve rapid speciation events, phylogenetic rela-
tionships among species can be diffi  cult to disentangle.  Penstemon  
(Plantaginaceae) is a genus of ca. 280 perennial herbs and sub-
shrubs native to North America. Previous studies have proposed 
that  Penstemon  diversifi ed in the late- or post-Neogene, perhaps as 

recently as the Pleistocene ( Straw, 1966 ;  Wolfe et al., 2002 ,  2006 ), 
although divergence times have not been estimated in this group. 
Members of the genus diversifi ed in vegetative and fl oral morphol-
ogy, and adapted to diverse ecological niches ( Fig. 1 ;   Wolfe et al., 
2006 ;  Wilson et al., 2007 ;  Th omson and Wilson, 2008 ). For exam-
ple, there have been up to 21 independent evolutionary origins of 
adaptation to hummingbird pollination from the ancestral adapta-
tion to hymenopteran pollination ( Wilson et al., 2007 ). While this 
genus is an attractive study system to investigate the pattern and 
process of evolutionary diversifi cation as well as processes underly-
ing repeated evolution, the phylogenetic relationships within this 
genus have proved diffi  cult to resolve. 

 Th e most comprehensive phylogenetic study to date applied 
maximum parsimony inference to DNA sequence variation at 
three loci (the nuclear  ITS  region and two concatenated chloroplast 
(cpDNA) loci  trnT-L  and  trnC-D ) across 163  Penstemon  species, 
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  PREMISE OF THE STUDY:  Evolutionary radiations provide opportunities to examine large-scale patterns in diversifi cation and character evolution, yet are 

often recalcitrant to phylogenetic resolution due to rapid speciation events. The plant genus  Penstemon  has been diffi  cult to resolve using Sanger se-

quence-based markers, leading to the hypothesis that it represents a recent North American radiation. The current study demonstrates the utility of 

multiplexed shotgun genotyping (MSG), a style of restriction site-associated DNA sequencing (RADseq), to infer phylogenetic relationships within a subset 

of species in this genus and provide insight into evolutionary patterns. 

  METHODS:  We sampled genomic DNA, primarily from herbarium material, and subjected it to MSG library preparation and Illumina sequencing. The resul-

tant sequencing reads were clustered into homologous loci, aligned, and concatenated into data matrices that diff ered according to clustering similarity 

and amount of missing data. We performed phylogenetic analyses on these matrices using maximum likelihood (RAxML) and a species tree approach 

(SVDquartets). 

  KEY RESULTS:  MSG data provide a highly resolved estimate of species relationships within  Penstemon . While most species relationships were highly sup-

ported, the position of certain taxa remains ambiguous, suggesting that increased taxonomic sampling or additional methodologies may be required. The 

data confi rm that evolutionary shifts from hymenopteran- to hummingbird-adapted fl owers have occurred independently many times. 

  CONCLUSIONS:  This study demonstrates that phylogenomic approaches yielding thousands of variable sites can greatly improve species-level resolution 

of recent and rapid radiations. Similar to other studies, we found that less conservative similarity and missing data thresholds resulted in more highly sup-

ported topologies. 

    KEY WORDS      multiplexed shotgun genotyping;  Penstemon ; phylogenomics; pollination syndrome; RADseq 
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sampling nearly all subgenera (Appendix S1, see Supplemental 
Data with the online version of this article) plus several outgroups 
( Wolfe et al., 2006 ). In that study, both the  ITS  and the cpDNA 
trees supported subg.  Dasanthera  as the earliest diverging lineage 
within  Penstemon . A “crown” group of  Penstemon  consisting of 
species from subg.  Habroanthus  and subg.  Penstemon  sects.  Coe-
rulei, Gentianoides,  and  Spectabiles  was identifi ed, but internal 
species relationships were unresolved leading to speculation that 
these taxonomic designations may be artifi cial. Moreover, there 
was signifi cant topological confl ict between the  ITS  and cpDNA 
phylogenies. Th e failure of these three fast-evolving markers to 
resolve relationships at the species level within the crown group 
supports the hypothesis that  Penstemon  has experienced a recent 
and rapid radiation ( Wolfe et al., 2006 ). For example, rapid spe-
ciation events can lead to gene tree discordance due to incomplete 
lineage sorting (ILS;  Maddison, 1997 ;  Maddison and Knowles, 
2006 ). A history of introgression or hybridization may also con-
tribute to gene tree discordance, and previous studies have sup-
ported hypotheses of hybridization in  Penstemon  (e.g.,  Wolfe et al., 
1998 ;  Datwyler and Wolfe, 2004 ). Resolution of the underlying 
tree may therefore require a large amount of phylogenetically in-
formative variation. 

 Phylogenomic-based approaches that sequence a reduced repre-
sentation of the genome are effi  cient means to generate a very large, 

  FIGURE 1  Flowers of selected  Penstemon  species. (A)  P. glaber.  (B)  P. barbatus . (C)  P. harringtonii . (D) 

 P. cyathophorus . Photographs: Craig C. Freeman   

genome-wide sample of phylogenetically in-
formative sites, particularly for nonmodel or-
ganisms that lack existing genome sequences 
( Lemmon and Lemmon, 2013 ). Restriction site-
associated DNA sequencing (RADseq) involves 
Illumina sequencing short DNA fragments 
adjacent to restriction cut sites ( Baird et al., 
2008 ). Th ese fragments are aligned and con-
catenated for phylogenetic analysis. RADseq 
methods have been proven eff ective in resolv-
ing shallow divergences (e.g., 15 kya;  Jones 
et al., 2013 ) and deeper divergence events 
(e.g., 17 mya;  Cruaud et al., 2014 ). Recent 
studies have used RADseq methods to resolve 
phylogenetic relationships in groups where 
Sanger sequence-based data have failed due 
to insuffi  cient variation, gene tree discor-
dance, or both ( Jones et al., 2013 ;  Wagner et al., 
2013 ;  Eaton and Ree, 2013 ;  Escudero et al., 
2014 ;  Hipp et al., 2014 ;  Takahashi et al., 2014 ; 
 Ebel et al., 2015 ;  McCluskey and Postlethwait, 
2015 ;  Mort et al., 2015 ;  Herrera and Shank, 
2015 ). 

 Here we investigate the utility of multi-
plexed shotgun genotyping (MSG;  Andolfatto 
et al., 2011 ) for resolving phylogenetic rela-
tionships within  Penstemon . MSG is a style of 
RADseq with a simplifi ed library preparation 
protocol (see  Davey et al., 2011 ). We demon-
strate that MSG-based data provide species-
level resolution of evolutionary relationships 
within  Penstemon , despite the presence of 
gene tree discordance. We also determine that 
species relationships within the crown group 
generally conform to traditional taxonomic 
groups, and that most hummingbird-adapted 

species represent independent origins of this fl oral syndrome, con-
sistent with prior work on this genus ( Wilson et al., 2007 ). 

 MATERIALS AND METHODS 

 Taxon sampling and DNA extraction —   We sampled 83  Penstemon  
taxa representing 75 species (Appendix 1). Our sampling was broad 
across  Penstemon  (from 13 sections; Appendix S1, see Supplemen-
tal Data with the online version of this article) and deep in selected 
clades allowing us to evaluate the utility of MSG data in resolving 
both deeper and shallower relationships within the genus. In par-
ticular, we focused our sampling eff ort on the crown clade identi-
fi ed by  Wolfe et al. (2006)  (sect.  Coerulei,  sect.  Gentianoides,  subg. 
 Habroanthus , and sect.  Spectabiles ), and we selected one moderate-
sized traditional taxonomic group (sect.  Coerulei ) to sample com-
pletely. We sampled three individuals of  P. angustifolius  Nutt. ex 
Pursh (representing three varieties), two individuals of  P. cyathophorus  
Rydb., three individuals of  P. grandifl orus  Nutt., three individuals 
of  P. haydenii  S. Watson, and two individuals  P. kunthii  G. Don. 
Most samples came from herbarium specimens not older than 
30 yr. We extracted genomic DNA using a modifi ed CTAB proto-
col ( Doyle and Doyle, 1987 ). In particular, we avoided vortexing 
samples and we performed short (ten-minute) alcohol precipitations 
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at room temperature to limit coprecipitation of salts and polysac-
charides. We quantifi ed DNA concentration using the Qubit broad-
range kit (Life Technologies, Carlsbad, California, USA). 

 MSG library preparation —   We included two replicate samples per 
individual, each of which received diff erent unique barcoded adapt-
ers. For each sample, we digested 50 ng genomic DNA using  NdeI  
(New England Biolabs, Ipswich, Massachusetts, USA). Th is enzyme 
was chosen based on the expectation that it cuts moderately fre-
quently in the  Penstemon  genome. Unique barcoded adapters 
( Andolfatto et al., 2011 ) were ligated to each sample and samples 
were combined into two pools (two libraries, one containing 76 
samples and one containing 90 samples). We purifi ed libraries and 
selected DNA fragments in the 250-300 bp size range using a Pippen 
Prep (Sage Science, Beverly, Massachusetts, USA). Libraries were 
then amplifi ed using PCR for 14 cycles—each library had four rep-
licate PCR reactions that were subsequently combined and puri-
fi ed. We sequenced each of the pooled libraries on a single Illumina 
HiSeq 2500 lane at the University of Kansas Genome Sequencing 
Core. Sequence data from this paper have been deposited in the 
NCBI Short Read Archive (accessions SRX1620894 to SRX1620976). 

 DNA sequence processing —   We processed raw sequence reads for 
phylogenetic analysis using the pyRAD soft ware pipeline ( Eaton 
and Ree, 2013 ;  Eaton, 2014 ). Sequences were de-multiplexed ac-
cording to their barcoded adapter sequences, allowing for one mis-
match in barcode sequences, and adapter sequences were trimmed 
from sequencing reads. We then combined replicate samples. We 
discarded reads if more than four bases had phred quality scores 
less than 20. Reads were clustered within each individual according 
to a similarity threshold (see paragraph below) and clusters with at 
least eight reads were retained. Because MSG libraries have the 
same restriction cut site on both ends of each DNA fragment, we 
enabled reverse complement clustering in pyRAD to fi nd and com-
bine loci sequenced in both directions. Consensus sequences from 
each individual were clustered across individuals using the same 
similarity threshold as used for within-individual clustering. We 
discarded clusters containing sites that were heterozygous in greater 
than three individuals to avoid the inclusion of paralogous loci. 
Consensus loci were aligned and included in the fi nal, concatenated 
alignment if the number of taxa per locus met a threshold (see para-
graph below). 

 Clustering and minimum taxa thresholds —   A central data process-
ing decision for RADseq phylogenomic analyses is setting the clus-
tering similarity threshold, which determines the level of variation 
tolerated among putative orthologous loci. Simulation studies sug-
gest that setting this threshold too high and incorrectly splitting 
orthologous loci can bias phylogenetic inference probably because 
phylogenetically informative variation is eliminated ( Rubin et al., 
2012 ). Th is 'over splitting' may be more detrimental than setting the 
threshold too low and incorrectly identifying paralogous sequences 
as orthologous ( Rubin et al., 2012 ). A second important decision is 
setting the minimum taxa threshold, corresponding to the number 
of taxa with observed sequences for a given locus. Th is parameter 
determines the tolerance for missing data in the fi nal alignment. 
Missing data are an inherent property of RADseq datasets and arise 
from several sources ( Huang and Knowles, 2014 ). An important 
source is restriction enzyme (RE) cut site turnover—as evolution-
ary distance increases between taxa, mutations eliminating a RE cut 

site are more likely. Th ere may also be allelic dropout due to nonex-
haustive sequencing, because loci do not meet a minimum read 
depth threshold, or because loci have diverged beyond the set simi-
larity threshold. Setting the minimum taxa high and requiring cov-
erage across most or all individuals may bias phylogenetic inference 
as it discards the rapidly evolving loci that are informative for re-
solving recently diverged taxa ( Huang and Knowles, 2014 ). Hereaft er, 
we refer to the clustering similarity threshold as W 

clust
  and the mini-

mum taxa threshold as Min 
taxa

  following  Takahashi et al. (2014) . 
When examining the full set of taxa, we explored three W 

clust
  values 

(0.80, 0.90, 0.95) and three Min 
taxa

  values (15, 20, 30), yielding nine 
diff erent aligned datasets. All alignments have been deposited in 
Dryad ( http://dx.doi.org/10.5061/dryad.1q8p3 ). 

 Analysis of species subsets —   We created separate alignments for 
two clades within  Penstemon  to maximize markers that specifi cally 
resolved each. Th ese clades were defi ned based on consistent rela-
tionships observed in full dataset analyses (see Results section). 
Th e fi rst ( CG -clade) contains 31 taxa that are members of sects. 
 Coerulei  and  Gentianoides . The second ( HS -clade) contains 32 
taxa that are members of subg.  Habroanthus  and sect.  Spectabiles.  
For each of these clades, we created four aligned datasets that dif-
fered according to two W 

clust
  values (0.80, 0.90) and two Min 

taxa
  

values (4, 8). 

 Phylogenetic analyses —   We inferred phylogenetic relationships on 
concatenated alignments using maximum likelihood (ML) using 
the GTR+   Γ   model of nucleotide substitution implemented in 
RAxML version 7.4.2 ( Stamatakis, 2006 ) and for each analysis per-
formed a rapid bootstrapping analysis with 100 replicates ( Stamatakis 
et al., 2008 ). We also estimated species trees for the  CG -clade and 
the  HS -clade subset analyses using SVDquartets ( Chifman and 
Kubatko, 2014 ), a coalescent-based species tree approach, imple-
mented in Paup* version 4.0a144 ( Swoff ord, 2003 ). SVDquartets 
takes a concatenated data matrix as input and samples all possible 
quartets of taxa (or a random subset of quartets for large numbers 
of taxa). For each quartet, the program calculates the optimal rela-
tionships under the coalescent. Th e quartets are then assembled 
into a species tree. Th is approach diff ers from other species tree 
approaches because it does not use a computationally intensive 
Bayesian framework, it can handle missing data, and it does not 
require summing over individual gene trees, each of which is likely 
to contain little phylogenetic information for MSG datasets. We 
exhaustively sampled all quartets from data matrices and assessed 
support using 200 bootstrap replicates. 

 We rooted phylogenetic trees for the full taxa set on the branch 
leading to  Penstemon newberryi  A. Gray (subg.  Dasanthera ) based 
on prior evidence that the subgenus is sister to the rest of  Penstemon  
( Wolfe et al., 2006 ). We rooted trees for the  CG -clade and  HS -
clade taxa subsets based on consistent relationships identifi ed in 
the phylogenetic trees constructed from the full taxa dataset, i.e., 
we rooted the  CG -clade trees on the internal branch leading to 
 P. confusus  M. E. Jones,  P. patens  (M. E. Jones) N. H. Holmgren, 
and  P. utahensis  Eastw., and the  HS -clade trees on the internal 
branch separating members of subg.  Habroanthus  from members 
of sect.  Spectabiles . 

 Character evolution —   We traced the evolution of pollination syn-
dromes on our phylogenetic trees. The hummingbird pollina-
tion syndrome in  Penstemon  characterizes species that have red 
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flowers, produce large volumes of dilute nectar, and have a fl oral 
morphology that promotes pollen transfer by hummingbirds rather 
than bees (i.e., narrow corolla tubes, refl exed or reduced abaxial 
corolla lip, exserted anthers, glabrous staminode; see  Fig. 1B ). Th is 
syndrome strongly predicts hummingbird visitation ( Wilson et al., 
2004 ).  Wilson et al. (2007)  separate species that have evolved a par-
tial hummingbird syndrome (produce large amounts of dilute nec-
tar and have hot pink fl owers, but have wider tubes that are 
accessible by bees) from those that appear to be adapted exclusively 
to hummingbird pollination (have red fl owers and narrow corolla 
tubes that discourage bee visitation). We used these distinctions to 
assign pollination syndrome character states to each taxon. Species 
described by  Wilson et al. (2007)  as specialized on hummingbirds 
were coded as '2', species described as having a 'partial' humming-
bird syndrome were coded as '1', and all other species were coded as 
'0' (Appendix S2). Th e majority of species coded as '0' conform to 
the bee pollination syndrome (e.g.,  Fig. 1A ), and a minority of spe-
cies coded as '0' may show adaptation to pollination by other in-
sects such as butterfl ies or moths. 

 We chose the RAxML tree with highest average bootstrap sup-
port (constructed from the W 

clust
  = 0.90 and Min 

taxa
  = 20 dataset) for 

reconstructing character evolution. We converted this into an ul-
trametric tree using the chronopl function (semiparametric penal-
ized-likelihood method) of the R package ape ( Sanderson, 2002 ; 
 Paradis et al., 2004 ), run by the Mesquite.R package ( Maddison and 
Lapp, 2011 ) in Mesquite version 3.03 ( Maddison and Maddison, 

  FIGURE 2  Features of the nine phylogenetic datasets constructed from the full set of taxa. (A) 

Number of loci. (B) Number of parsimony informative (PI) sites. (C) Percentage of missing sites. 

(D) Average bootstrap (BS) support from RAxML analyses. Green lines: Clustering similarity 

threshold (W 
clust

 )=0.80; orange lines: W 
clust

  = 0.90; purple lines: W 
clust

  = 0.95.   

2015 ). We mapped fl oral pollination syndrome as an unordered 
categorical trait onto the resultant tree using Mesquite and inferred 
ancestral states using both parsimony and ML. 

 RESULTS 

 Features of MSG datasets —   We generated an average of 2.77 mil-
lion raw Illumina reads per sample. Aft er quality fi ltering, this re-
duced to an average of 2.31 million reads. Th e average number of 
loci per sample varied according to the clustering similarity thresh-
old (Appendix S3), i.e., by increasing the similarity threshold, we 
obtained more loci with slightly lower average read depth. For the 
full set of 83 taxa, features of the nine aligned data matrices diff ered 
according to W 

clust
  and Min 

taxa
  values ( Fig. 2 ;  Appendix S4). As ex-

pected, higher values for W 
clust

  and Min 
taxa

  produced smaller data 
matrices ( Fig. 2A ), with fewer phylogenetically informative sites 
( Fig. 2B ). Across all nine matrices, the number of phylogenetically 
informative sites ranged from 6259 to 68,263 and the percent miss-
ing data ranged from 52 to 71% ( Fig. 2C ). 

 Phylogenetic resolution of relationships within  Penstemon  —   Our 
analyses provide substantial phylogenetic resolution within  Penste-
mon , including species-level resolution within the crown group. 
ML phylogenetic trees produced from the nine diff erent datasets 
varied in bootstrap support ( Fig. 2D ) and in certain topological fea-

tures within the crown group ( Fig. 3 ,  Appen-
dix S5). Th e dataset producing the tree with 
highest bootstrap support had W 

clust
  = 0.90 and 

Min 
taxa

  = 20 ( Fig. 3 ). Phylogenetic trees inferred 
from datasets with W 

clust
  = 0.95 had lower 

bootstrap support ( Fig. 2D ) and more topo-
logical anomalies compared to trees inferred 
from datasets with W 

clust
  = 0.80 or W 

clust
  = 0.90. 

 Independent of W 
clust

  and Min 
taxa

  values, all 
trees inferred from the full taxon set inferred 
the same early divergence events with 99–100% 
bootstrap support ( Fig. 3 , Appendix S5). Sects. 
 Saccanthera ,  Caespitosi , and possibly  Penste-
mon  (although represented here by a single 
species) are relatively early diverging groups 
from the rest of  Penstemon . Confi rming pre-
vious taxonomic hypotheses ( Wolfe et al., 
2006 ),  Penstemon harbourii  A. Gray is sister 
to species of sect.  Caespitosi  and  P. laricifolius  
Hook. & Arn. is sister to species of sect.  Cris-
tati . Section  Ambigui  is sister to most species 
of sect.  Leptostemon , although  P. miniatus  
Lindl. is not monophyletic with respect to the 
rest of sect.  Leptostemon , to which it is cur-
rently assigned. Finally, the crown group is 
divided into two clades that correspond to: 
(1) species of sects.  Coerulei  and four of the 
seven sampled sect.  Gentianoides  species, which 
we refer to as the  CG -clade; and (2) species of 
subg.  Habroanthus  and sect.  Spectabiles  (along 
with the remaining three sect.  Gentianoides  
species), which we refer to as the  HS -clade. 
Sect.  Gentianoides  species did not form a 
monophyletic lineage, but instead appeared 
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  FIGURE 3  Maximum likelihood (ML) tree inferred from full set of taxa with W 
clust

  = 0.90 and Min 
taxa

  = 20. Numbers on nodes indicate percentage BS sup-

port. Nodes lacking values have 100% support. Clades are colored according to existing taxonomy ( Holmgren, 1979 ; and see Appendix S1), with some 

adjustments in circumscriptions based on this analysis.   
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as early diverging lineages within sect.  Coerulei  and sect.  Specta-
biles . Sect.  Coerulei , subg.  Habroanthus , and sect.  Spectabiles  each 
appear to be monophyletic, based on our taxonomic sampling. 

 Datasets built under diff erent parameter thresholds diff ered in 
certain topological features within the  CG -clade and the  HS -clade, 
particularly the latter, indicating the presence of discordance 
among sites ( Fig. 3 , Appendix S5). Separate analyses on each of 

these two clades greatly increased the number of loci and variable 
sites (Appendix S6). 

 Subset analyses for CG-clade —   ML phylogenies across the four pa-
rameter combinations produced the same topology with nearly 
complete support ( Fig. 4A ,  Appendix S7). Th e SVDquartets method 
consistently produced a slightly diff erent topology than that favored 

  FIGURE 4  Phylogenetic trees for subset analyses. Shown are representative trees with highest average BS support for each method of inference. (A) 

 CG -clade, ML, W 
clust

  = 0.80, Min 
taxa

  = 4. (B)  CG- clade, SVDquartets, W 
clust

  = 0.90, Min 
taxa

  = 8. (C)  HS -clade, ML, W 
clust

  = 0.80, Min 
taxa

  = 4. (D)  HS -clade, SVD-

quartets, W 
clust

  = 0.90, Min 
taxa

  = 4. Numbers on nodes indicate percentage BS support. Nodes lacking values have 100% support.   
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by ML regardless of threshold parameters ( Fig. 4B , Appendix S7). 
Th e ML and SVDquartets approaches diff ered in the positions of 
 Penstemon fl owersii  Nees & S. L. Welsh and the clade containing 
 P. grandifl orus  and  P. murrayanus  Hook. Despite these two minor 
diff erences, it is clear that adding additional markers, beyond those 
present in the full taxa dataset, has nearly completely resolved the 
topology of this group. Th e  P. cyathophorus ,  P. grandifl orus , and 
 P. haydenii  samples are each monophyletic, but the sampled  P. an-
gustifolius  varieties are polyphyletic ( Fig. 4A, B ). 

 Subset analyses for HS-clade —   Adding additional markers that 
specifi cally resolve the  HS -clade nearly completely resolved the 
topology of the sampled sect.  Spectabiles  species, with the only to-
pological ambiguities being the positions of  Penstemon bicolor  
(Brandegee) Clokey & D. D. Keck and  P. cerrosensis  Kellogg ( Fig. 
4C, D , Appendix S8). Topological relationships within subg.  Hab-
roanthus  varied across parameter settings and method of inference, 
yielding eight unique topologies ( Fig. 4C, D , Appendix S8), yet 
there were several invariant features among all trees: (1)  P. cardina-
lis  Wooton & Standl. was the earliest diverging lineage within our 
sample of subg.  Habroanthus , either alone or joined by  P. eatonii  A. 
Gray and/or  P. glaber  Pursh; (2)  P. barbatus  (Cav.) Roth,  P. comar-
rhenus  A. Gray,  P. neomexicanus  Wooton & Standl., and  P. virgatus  
A. Gray were a monophyletic group; (3)  P. hallii  A. Gray,  P. mensa-
rum  Pennell, and  P. saxosorum  Pennell were a monophyletic group; 
(4)  P. cyananthus  Hook. and  P. longifl orus  (Pennell) S. L. Clark were 
a monophyletic pair; and (5)  P. cyanocaulis  Payson,  P. fremontii  
Torr. & A. Gray,  P. paysoniorum  D. D. Keck, and  P. strictiformis  
Rydb. were a monophyletic group. Other features were variable 
across the eight trees, including the positions of  P. eatonii ,  P. glaber, 
P. labrosus  (A. Gray) Mast. ex Hook. f., and  P. subglaber  Rydb. ( Fig. 
4C, D , Appendix S8). 

 Pollination syndrome evolution —   We reconstructed the evolution 
of pollination syndrome on the full dataset phylogeny produced 
from the W 

clust
  = 0.90 and Min 

taxa
  = 20 dataset, using both parsi-

mony and ML. In our dataset, 19 species were classifi ed as hum-
mingbird syndrome, i.e., 12 species display the 'full' hummingbird 
syndrome and seven species display a 'partial' syndrome (sensu 
 Wilson et al., 2007 ). Both the parsimony- and ML-based analyses 
revealed the same pattern of character evolution—there have been 
10 to 12 origins of the full syndrome and 3 to 4 origins of the partial 
syndrome (Appendix S9). Th e ambiguity is concentrated in the  HS -
clade. Depending on whether  Penstemon cardinalis  and  P. eatonii  
are closely related (as indicated by some of our trees, Appendix S8), 
they may represent a single origin of the full hummingbird syn-
drome, otherwise they may be separate origins. Our taxon sam-
pling and reconstruction were unable to fully resolve origins of 
hummingbird syndrome in sect.  Spectabiles . Minimally, there have 
been four character shift s in this group. Possible scenarios include 
four origins of hummingbird syndrome (two full, two partial), or 
else three origins and one reversal from partial syndrome to bee 
syndrome. 

 DISCUSSION 

 MSG data can resolve species relationships within  Penstemon  —

   Our study confi rms the utility of RADseq data in resolving diffi  cult 
phylogenetic problems where standard “fast-evolving” markers 

have failed, joining several other examples ( Jones et al., 2013 ;  Wagner 
et al., 2013 ;  Eaton and Ree, 2013 ;  Escudero et al., 2014 ;  Hipp 
et al., 2014 ;  Takahashi et al., 2014 ;  Ebel et al., 2015 ;  Herrera and 
Shank, 2015 ;  McCluskey and Postlethwait, 2015 ;  Mort et al., 2015 ). 
Our study provides a signifi cant increase in phylogenetic resolution 
of  Penstemon  over the previous attempts to resolve species relation-
ships in this large, taxonomically complex genus ( Wolfe et al., 
2006 ). We also provide further evidence that RADseq approaches 
can be successfully applied to material sampled from herbarium ac-
cessions ( Beck and Semple, 2015 ). Our limited sampling within 
 Penstemon  did not permit us rigorously to evaluate the taxonomy 
proposed by  Holmgren (1979) . However, based on this limited 
sampling, we hypothesize that circumscription of sections that we 
sampled extensively is consistent with traditional taxonomies in 
 Penstemon  (e.g.,  Keck, 1937 ;  Holmgren, 1979 ) with the following 
exceptions. Neither section  Gentianoides  nor sect.  Elmigera  (subg. 
 Habroanthus ) is monophyletic. Both of these taxonomic groups 
have been circumscribed based on shared fl oral morphological fea-
tures—their nonmonophyly highlights the prevalence of repeated 
patterns of fl oral evolution in  Penstemon . Our data suggest that re-
lationships among sections within  Penstemon  do not always refl ect 
hierarchical relationships proposed by  Holmgren (1979) . For ex-
ample, subg.  Habroanthus  appears nested among sections within 
subg.  Penstemon . Future studies with greater sampling will be able 
to evaluate these hypotheses. 

 Comparing the results of our subset analyses to the full data 
analyses revealed that increasing the number of markers resulted in 
a more robust and better-supported phylogenetic tree for the crown 
group of  Penstemon , despite also increasing the amount of missing 
data. Th is matches results observed by other empirical and simula-
tion studies that have found lower minimum taxa thresholds 
produce RADseq-based phylogenies that are more robust, better 
supported, or more likely to recover the simulated topology (in the 
case of simulation studies) compared to higher threshold values 
( Rubin et al., 2012 ;  Eaton and Ree, 2013 ;  Jones et al., 2013 ;  Wagner 
et al., 2013 ;  Huang and Knowles, 2014 ;  Takahashi et al., 2014 ; 
 McCluskey and Postlethwait, 2015 ). On the other hand, other em-
pirical studies have found no apparent eff ect of the size of the data 
matrix on phylogenetic inference ( Escudero et al., 2014 ;  Hipp et al., 
2014 ;  Ebel et al., 2015 ). Th is suggests that some phylogenetic groups 
can be adequately resolved with relatively small number of phylo-
genetically informative sites, while others (including  Penstemon ) 
benefi t from the inclusion of a larger number of fast-evolving sites. 

 Gene tree discordance may be a pervasive feature of  Penstemon  —

   In our study the placement of certain species within the tree re-
mained uncertain, with diff erent parameter settings and methods 
of analysis yielding different placements, despite thousands of 
variable sites. Th is suggests gene tree discordance may complicate 
inference of a bifurcating tree. Potential sources of gene tree dis-
cordance include ILS along short internodes or a history of hybrid-
ization or introgression ( Maddison, 1997 ;  Maddison and Knowles, 
2006 ). Coalescent-based species tree methods are an approach 
to improve phylogenetic inference in cases of gene tree discor-
dance ( Degnan and Rosenberg, 2009 ). However, most species tree 
approaches are not compatible with RADseq data. Species tree 
summary approaches require individual gene trees that are each 
well-resolved, which is diffi  cult for RADseq datasets in which an 
individual locus will have at most a handful of phylogenetically in-
formative sites. Multilocus coalescent approaches generally assume 



 MAY    2016 ,  V O LU M E   103   •   W E S S I N G E R  E T  A L .  — R E S O LU T I O N O F P HYLO G E N O M I C R E L AT I O N S H I P S W I T H I N  P E N S T E M O N     •   919 

no missing taxa per gene, and methods are either computationally 
prohibitive for most RADseq datasets or involve summing across 
individual gene trees, each of which has scant phylogenetic infor-
mation in RADseq datasets (see  Ree and Hipp, 2015 ). Th us, our 
study necessarily relied on ML analysis of concatenated sequence 
data as well as a species tree method (SVDquartets) that does not 
use a computationally intensive Bayesian framework and that allows 
for missing sites. Although the majority of relationships are con-
cordant when applying the two diff erent approaches to the same 
dataset, we did fi nd some topological diff erences. In such cases, we 
are hesitant to put stronger confi dence in the hypotheses obtained 
from one approach over the other. 

 Our ability to resolve species’ relationships in  Penstemon  using 
MSG data seemed to vary according to clade. While the  CG -clade 
was nearly completely resolved by increasing the number of phylo-
genetically informative sites, ambiguity remains in the topology of 
the  HS -clade. It is therefore possible that the amount of ILS and/or 
ancestral introgression experienced during the evolutionary his-
tory of these two clades diff ers. We note that our sampling of sect. 
 Coerulei  (which makes up the majority of the  CG -clade) was com-
plete, whereas sampling from subg.  Habroanthus  and sect.  Specta-
biles  was comparatively sparse, including about 47% of the species. 
In the future, phylogenetic relationships in the  HS -clade may be 
clarifi ed by denser taxon sampling and/or by species tree methods 
accounting for gene tree discordance. 

 Increased phylogenetic resolution provides insights into  Penste-

mon  evolution —   Our study provides the fi rst well-resolved trees for 
the 20 species traditionally assigned to sect.  Coerulei  and off ers 
strong evidence for the monophyly of the section. A previous phy-
logenetic study sampled 16 of these species but had insuffi  cient 
phylogenetic information to evaluate its monophyly or to resolve 
relationships among species ( Wolfe et al., 2006 ). We focus our dis-
cussion on this group to highlight the types of insights into biogeo-
graphic patterns, character evolution, and species circumscription 
provided by a resolved  Penstemon  phylogeny. 

 Th e species of sect.  Coerulei  are distributed from southern Al-
berta and Saskatchewan in Canada, south to northern Mexico, and 
from the upper Midwest west to the Columbia Plateau in the U.S. 
Species richness is highest is the Colorado Plateau and eastern In-
termountain Region. Most western species have relatively small 
ranges that are mostly allopatric compared to eastern species in the 
section.  Coerulei  species occur from 0-3100 m in open grassland or 
sagebrush communities with dry, well-drained, silty to sandy soils. 
About a quarter of the species are strict psammophytes (inhabiting 
sandy soil). Members of sect.  Coerulei  are usually distinguished by 
glabrous, glaucous, and fl eshy herbage, leaves with entire margins, 
cylindric infl orescences, blue, lavender, or pink corollas, relatively 
broad and heavily bearded staminodes, and relatively large (2-5 mm) 
brown to dark brown seeds. 

 We consistently found four species of sect.  Gentianoides  to be an 
early diverging paraphyletic branch of the  CG -clade. Members of 
sect.  Gentianoides  share a number of morphological similarities 
with members of sect.  Coerulei , i.e., glabrous and glaucous stems 
and leaves, leathery and entire-margined leaves, cylindric infl ores-
cences, weakly bilabiate corollas, and dark brown seeds.  Wolfe et al. 
(2006)  were unable to resolve relationships of species in our  CG -
clade, but the crown group in both of their ITS and cpDNA trees 
did contain most of the members of our  CG -clade. Expanded 
sampling of sect.  Gentianoides  is needed to determine if this sister 

relationship with sect.  Coerulei  holds. Within sect.  Coerulei , we 
consistently recovered two major clades: (1) a predominantly west-
ern clade of nine species centered in the Colorado Plateau and In-
termountain Region, plus  Penstemon fendleri  Torr. & A. Gray, a 
species of the southern Great Plains, and Chihuahuan and Sonoran 
deserts; and (2) a predominantly eastern clade of 11 species includ-
ing all species occurring in the Great Plains, Midwest, and western 
Gulf Coastal Plain of the U.S., plus the fi ve western species  P. acu-
minatus  Douglas ex Lindl.,  P. arenicola  A. Nelson,  P. cyathophorus , 
 P. fl owersii,  and  P. harringtonii  Penland .  

 Floral evolution in sect.  Coerulei  —   As seen in our entire sample of 
 Penstemon  species, we fi nd evidence for evolutionary lability in fl o-
ral morphology within sect.  Coerulei .  Penstemon murrayanus  has 
fl owers adapted for hummingbird pollination (red, tubular-funnel-
form corollas, exserted stamens, and glabrous staminodes) and was 
placed in sect.  Peltanthera  (= sect.  Spectabiles ) based on its mor-
phology ( Keck, 1937 ). Our data support  P. murrayanus  as sister to 
 P. grandifl orus , confi rming an example of pollinator shift  from bees 
to hummingbirds in sect.  Coerulei . A close relationship between 
these two species was previously hypothesized ( Crosswhite and 
Crosswhite, 1981 ). 

 Two other species of sect.  Coerulei  have exserted stamens:  Pen-
stemon cyathophorus  and  P. harringtonii .  Penstemon cyathophorus , 
endemic in southcentral Wyoming and northcentral Colorado, has 
all four stamens exserted and has lavender or lavender-blue corol-
las ( Fig. 1D ).  Penstemon harringtonii , endemic in the Colorado 
River drainage in northwestern Colorado, has two stamens ex-
serted and has blue, lavender, or pinkish blue corollas, oft en with 
the limb blue and the tube pink ( Fig. 1C ). Th e two species are sym-
patric only in extreme northern Summit County, Colorado. Our 
data showed these two species are sister to each other and together 
are sister to a clade comprising two western species ( Penstemon 
acuminatus ,  P. fl owersii ) plus all of the species occurring east of the 
Rocky Mountains (a clade that also includes the western species 
 P. arenicola ). Based on their fl oral morphology, it is tempting to 
speculate that  Penstemon cyathophorus  and  P. harringtonii  repre-
sent intermediate phases in the shift  from bees to hummingbirds. 
R. L.  Nielson (1998)  reported a diverse pollinator assemblage on 
 P. harringtonii , dominated by hymenopterans. Pollinators have not 
been reported for  P. cyathophorus . Th e second author (CCF) has 
observed foraging hummingbirds visit fl owers of both species in 
the fi eld. 

 Evolutionary relationships among eastern sect.  Coerulei  taxa —

   We investigated species-level monophyly of four species within 
sect.  Coerulei . Th ree of these ( Penstemon cyathophorus ,  P. grandi-
fl orus , and  P. haydenii ) were monophyletic based on our sampling, 
but  P. angustifolius  was polyphyletic, with  P. buckleyi  Pennell and 
 P. haydenii  nested among the varieties and related to  P. angustifo-
lius  var.  venosus  (D. D. Keck) N. H. Holmgren. Both  P. buckleyi  and 
 P. haydenii  are psammophytes, suggesting that edaphic specializa-
tion is conserved among these species. Until all of the varieties of 
 P. angustifolius  are examined, we can only speculate about the taxo-
nomic adjustments that might be needed to refl ect more accurately 
the evolutionary relationships among the fi ve varieties of  Penstemon 
angustifolius . 

 Evolutionary shifts to hummingbird adaptation —   Based on the pre-
vious phylogenetic tree for  Penstemon ,  Wilson et al. (2007)  estimated 
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minimally ten and up to 21 origins of hummingbird pollination 
were represented in a sample of 25 hummingbird-adapted species, 
suggesting evolutionary lability from bee to hummingbird pollina-
tion in  Penstemon . Our study confi rms, with greater precision, that 
adaptation toward hummingbird pollination is labile. We found 
that the 12  Penstemon  species in our taxon set that have evolved 
fl owers conforming to the full hummingbird pollination syndrome 
phenotype represent 10 to 12 separate origins. Th e seven species 
with fl owers partially adapted for hummingbird pollination represent 
3 to 4 separate origins. Th e small amount of ambiguity arises from 
the incompletely sampled  HS -clade, particularly in sect.  Spectabiles , 
where there are a handful of equally plausible scenarios including 
a possible reversal from partial to nonhummingbird syndrome. De-
spite this possibility, our data support the hypothesis that shift s 
from bee to hummingbird syndrome are much more common than 
evolutionary reversals ( Wilson et al., 2007 ;  Th omson and Wilson, 
2008 ). Th e ancestral pollination syndrome in  Penstemon  is consid-
ered to be hymenopteran-adapted ( Wolfe et al., 2006 ). Our ML re-
construction leaves deep nodes in the tree ambiguous with respect 
to pollination syndrome, and our MP reconstruction leaves the ear-
liest node ambiguous (Appendix S9). Ambiguous reconstruction of 
early nodes in our  Penstemon  phylogeny likely results from overs-
ampling species with full or partial hummingbird-adapted fl oral 
syndromes (25.3% in our data matrix compared to ca. 14.6% across 
all  Penstemon ;  Wilson et al., 2007 ), and including  P. newberryi  with 
partial hummingbird-adapted fl owers compared to the majority of 
subg.  Dasanthera , which have fl owers adapted to bee pollination. 

 CONCLUSION 

 Our study confi rms that relationships within  Penstemon  are diffi  cult 
to resolve due to gene tree discordance, requiring thousands of phy-
logenetically informative sites to confi dently infer short internal 
branches. Th is gene tree discordance may refl ect a recent and rapid 
expansion, as previous proposed, and may be explained by ILS and 
a history of hybridization or introgression. Our study only sampled 
a small proportion of the total number of species in this group, and 
future sampling and methodologies will greatly improve our under-
standing of the pattern of diversifi cation in this complex genus. 
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   APPENDIX 1       Voucher information for  Penstemon  samples used in 
this study. All vouchers deposited in R.L. McGregor 
Herbarium (KANU) unless otherwise noted. 

 Taxon  Voucher Information 

 P. acuminatus  Douglas ex Lindl. Legler et al., 2525B (WTU)
 P. alamosensis  Pennell ex G. T. Nisbet Hutchins 11399 (UNM)
 P. albomarginatus  M. E. Jones Honer 2910 (RSA)
 P. ambiguus  Torr. Freeman 24625
 P. angustifolius  Nutt. ex Pursh var.  angustifolius Freeman 24658
 P. angustifolius  Nutt ex Pursh var.  venosus  

(D. D. Keck) N. H. Holmgren
Freeman 23404

 P. angustifolius  Nutt ex Pursh var.  vernalensis  
N. H. Holmgren

Freeman 23353

 P. arenicola  A. Nelson Freeman 22737
 P. barbatus  (Cav.) Roth Freeman 24665
 P. bicolor  (Brandegee) Clokey & D. D. Keck Bell 3589 (RSA)
 P. bracteatus  D. D. Keck Freeman 23478
 P. breviculus  (D. D. Keck) G. T. Nisbet & R. C. Jacks. Freeman 24559
 P. buckleyi  Pennell Freeman 23396
 P. campanulatus  (Cav.) Willd. Forbes s.n.
 P. cardinalis  Wooton & Standl. Hutchins 3030 (UNM)
 P. carnosus  Pennell Freeman 23480
 P. cerrosensis  Kellogg Burge 1048 (DUKE)
 P. centranthifolius  (Benth.) Benth. Wessinger 5 (photovoucher)
 P. cobaea  Nutt. Freeman 24540
 P. comarrhenus  A. Gray Freeman 23610
 P. confusus  M. E. Jones Freeman 23425
 P. crandallii  A. Nelson Freeman 24577
 P. cyananthus  Hook. Freeman 23636
 P. cyanocaulis  Payson Freeman 24563
 P. cyathophorus  Rydb. 1 Freeman 22771
 P. cyathophorus  Rydb. 2 Freeman 24612
 P. eatonii  A. Gray Freeman 23467
 P. fendleri  Torr. & A. Gray Freeman 23400
 P. fl oridus  Brandegee Porter 15113 (RSA)
 P. fl owersii  Nees & S. L. Welsh Freeman 22713
 P. fremontii  Torr. & A. Gray Freeman 24587
 P. fruticiformis  Coville Mistretta 5075 (RSA)
 P. glaber  Pursh Freeman 22891
 P. gracilis  Nutt. Freeman 24662
 P. grandifl orus  Nutt. 1 Morse 22676
 P. grandifl orus  Nutt. 2 Holland 8990
 P. grandifl orus  Nutt. 3 Freeman 24659
 P. grinnellii  Eastw. Sevilla 081 (RSA)
 P. hallii  A. Gray Freeman 24727
 P. harbourii  A. Gray Freeman 24710
 P. harringtonii  Penland Freeman 24578
 P. hartwegii  Benth. Forbes s.n.
 P. haydenii  S. Watson 1 Freeman et al., 24635
 P. haydenii  S. Watson 2 Freeman et al., 24634
 P. haydenii  S. Watson 3 Stuebbendieck & Weedon 

s.n. (NEB)
 P. heterophyllus  Lindl. Anonymous 21979 (RSA)
 P. immanifestus  N. H. Holmgren Freeman 23433
 P. incertus  Brandegee Bell 3622 (RSA)
 P. kunthii  G. Don 1 Forbes s.n.
 P. kunthii  G. Don 2 Beck 1165 (DUKE)
 P. labrosus  (A. Gray) Mast. ex Hook. f. Wessinger 2
 P. laetus  A. Gray Wessinger 3
 P. laricifolius  Hook. & Arn. Freeman 24356
 P. lentus  Pennell Freeman 22690
 P. linarioides  A. Gray Freeman 24558
 P. longifl orus  (Pennell) S. L. Clark Freeman 23622
 P. mensarum  Pennell Freeman 24568
 P. miniatus  Lindl. Burge 1255 (DUKE)
 P. mucronatus  N. H. Holmgren Freeman 23527
 P. murrayanus  Hook. Wessinger 4

 Taxon  Voucher Information 

 P. neomexicanus  Wooton & Standl. Wessinger 1
 P. newberryi  A. Gray Raiche s.n. (JEPS)
 P. nitidus  Douglas ex Lindl. Freeman 24653
 P. osterhoutii  Pennell Freeman 24575
 P. pachyphyllus  A. Gray ex Rydb. Freeman 23446
 P. parryi  (A. Gray) A. Gray Hogan 4965 (UC)
 P. parvus  Pennell Freeman 23606
 P. patens  (M. E. Jones) N. H. Holmgren André 18260 (RSA)
 P. paysoniorum  D. D. Keck Freeman 24637
 P. pseudospectabilis  M. E. Jones André 23774 (RSA)
 P. rostrifl orus  Kellogg Wessinger 6 (photovoucher)
 P. saxosorum  Pennell Freeman 24613
 P. secundifl orus  Benth. Freeman 24701
 P. speciosus  Douglas ex Lindl. Morse 19042
 P. spectabilis  Thurb. ex A. Gray Wessinger 7 (photovoucher)
 P. stephensii  Brandegee Bell 3713 (RSA)
 P. strictiformis  Rydb. Freeman 24555
 P. strictus  Benth. Freeman 24746
 P. subglaber  Rydb. Freeman 23644
 P. thurberi  Torr. Freund 180 (RSA)
 P. trifl orus  A. Heller Freeman 24243
 P. utahensis  Eastw. Freeman 23482
 P. virgatus  A. Gray Freeman 24753

 APPENDIX 1  Continued


