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Abstract —Phylogenomic data from a rapidly increasing number of studies provide new evidence for resolving relationships
in recently radiated clades, but they also pose new challenges for inferring evolutionary histories. Most existing methods
for reconstructing phylogenetic hypotheses rely solely on algorithms that only consider incomplete lineage sorting (ILS) as
a cause of intra- or intergenomic discordance. Here, we utilize a variety of methods, including those to infer phylogenetic
networks, to account for both ILS and introgression as a cause for nuclear and cytoplasmic-nuclear discordance using
phylogenomic data from the recently radiated flowering plant genus Polemonium (Polemoniaceae), an ecologically diverse
genus in Western North America with known and suspected gene flow between species. We find evidence for widespread
discordance among nuclear loci that can be explained by both ILS and reticulate evolution in the evolutionary history
of Polemonium. Furthermore, the histories of organellar genomes show strong discordance with the inferred species
tree from the nuclear genome. Discordance between the nuclear and plastid genome is not completely explained by
ILS, and only one case of discordance is explained by detected introgression events. Our results suggest that multiple
processes have been involved in the evolutionary history of Polemonium and that the plastid genome does not accurately
reflect species relationships. We discuss several potential causes for this cytoplasmic-nuclear discordance, which emerging
evidence suggests is more widespread across the Tree of Life than previously thought. [Cyto-nuclear discordance, genomic

discordance, phylogenetic networks, plastid capture, Polemoniaceae, Polemonium, reticulations.]

The increasing use of genomic-level data sets from
transcriptomes (Wickett et al. 2014), sequence capture
probes such as ultraconserved elements and anchored
hybrid enrichment (AHE) (Faircloth et al. 2012; Lem-
mon et al. 2012), and single nucleotide polymorphisms
(SNPs) (Eaton and Ree 2013) has provided a plethora
of data for resolving both deep and shallow scale
relationships across all branches of the Tree of Life.
However, analyzing these data opens the possibility for
widespread conflicting phylogenetic signal among loci
due to processes such as gene duplication, incomplete
lineage sorting (ILS), and gene flow (both hybridization
and introgression), necessitating a consideration of
the causes of such discordance in analyses. Emerging
evidence suggests that gene flow between lineages is
important in the evolutionary history of both plants
and animals (Cui et al. 2013; Folk et al. 2017, 2018;
McVay et al. 2017a; Vargas et al. 2017; Gernandt et al.
2018; Grummer et al. 2018 ). Discordance among nuclear
gene trees may not be the only complicating factor,
as there also may be discordance among the nuclear
genome and organellar genome(s) (cytoplasmic-nuclear
or cyto-nuclear discordance). In plants, this discordance
between the nuclear and (usually) the plastid (generally
referred to in the literature as chloroplast) genomes
has been interpreted as introgressive plastid capture,
although uncertainty in phylogenetic inference as an

explanation often is not discussed (Smith and Sytsma
1990; Rieseberg and Soltis 1991; Fehrer et al. 2007; Rojas-

Andres et al. 2015; Yi et al. 2015). Despite their smaller

effective population sizes, organellar genomes are also
susceptible to ILS, although this is only beginning to be
tested (Folk et al. 2017; Lee-Yaw et al. 2019), and plastid
haplotypes that arise in a population via introgression
may be maintained in the population as a result of
natural selection, genetic drift, or asexual reproduction
(Levin 2003; Tsitrone et al. 2003; Bock et al. 2014; Lee-
Yaw et al. 2019). Despite the potential importance for
gene flow within the evolutionary history of clades,
most existing methods for phylogenetic analysis either
assume no genomic discordance by concatenating loci
or only assume a coalescent model in which all genomic
discordance is due to ILS (Heled and Drummond 2010;
Liu and Edwards 2010; Chifman and Kubatko 2014; Mir-
arab and Warnow 2015). However, new computational
tools allow the inference of phylogenetic networks that
account for both ILS and gene flow (Than et al. 2008;
Solis-Lemus and Ané 2016; Kamneva and Rosenberg
2017; Solis-Lemus et al. 2017), although these programs
are still currently limited by computational time for even
15 terminals (Solis-Lemus and Ané 2016:Fig. 6; but see Yu
and Nakhleh 2015).

Here, we evaluate the importance of gene flow
in the evolutionary history of the flowering plant
genus Polemonium L. (Polemoniaceae), a lineage with
documented cases of interspecific hybridization under
greenhouse conditions (Ostenfeld 1929; Clausen 1931,
1967) and with historical gene flow hypothesized
based on morphological intergradation (Davidson 1950;
Anway 1968; Sledge and Anway 1970; Grant 1989).
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We reconstruct the evolutionary history of Polem-
onium using both coalescent and phylogenetic network
approaches with data gathered from AHE of up to 499
nuclear genes. In addition, we examine the genealogical
history of the plastid genome (ptDNA, often referred
to in the literature as cpDNA) and nuclear ribosomal
DNA (nrDNA) independent of the low or single copy
nuclear genes, both obtained from the AHE raw reads.
Importantly, this study includes multiple samples for
most of the morphological species in Polemonium, an
approach undertaken in only a few studies using data
of this type (cf. Folk et al. 2017; Morales-Briones et al.
2018; Stubbs et al. 2018). In studies containing multiple
individuals per morphological species, these proposed
taxa are not always reciprocally monophyletic in both
the nuclear and plastid genomes (Folk et al. 2017; Pham
et al. 2017; Lee-Yaw et al. 2019).

The Genus Polemonium

Polemonium is a genus of temperate, largely diploid
(Grant 1989), primarily perennial herbs. It is the most
widespread genus in Polemoniaceae, mostly occur-
ring in Eurasia and North America, with one species
(P. micranthum) disjunct between western North America
and southern South America (Davidson 1950; Grant
1959; Johnson and Porter 2017). Infraspecific variability
in floral traits and pollination mode has spurred research
on trait heritability and natural selection by pollinators
in several species (Galen and Kevan 1980; Galen and
Newport 1987; Galen et al. 1987,1991; Kulbaba et al. 2013),
necessitating a robust understanding of the evolutionary
history of the genus. While Polemonium consistently has
been recovered as monophyletic (Johnson et al. 1996,
2008; Prather et al. 2000), the placement of the genus
in Polemoniaceae is ambiguous (Steele and Vilgalys
1994; Johnson et al. 1996, 2008; Porter 1996; Porter and
Johnson 1998; Prather et al. 2000). The currently accepted
hypothesis is a sister relationship of Polemonium to
tribe Phlocideae (Johnson et al. 2008), but support for
this relationship varies considerably between optimality
criteria, with posterior probabilities (PP) from Bayesian
inference consistently finding strong support but max-
imum parsimony finding contrastingly low support.
Based on our current understanding of the taxonomy of
Polemonium, the genus radiated ca. 7.3-10.8 Ma (Landis
et al. 2018; Rose et al. 2018) and consists of at least
27 species and as many as 38, although new species
continue to be recognized (Murray and Elven 2011; Irwin
et al. 2012; Stubbs and Patterson 2013). Uncertainty in
the number of species has largely depended on the
circumscription of closely related Eurasian populations,
which continue to be poorly understood (Davidson 1950;
Hultén 1971; Vassiljev 1974; Feulner et al. 2001). Davidson
(1950) was the first to tackle interspecific relationships
in Polemonium in a systematic way. Based on his taxo-
nomic conclusions, subsequent workers have focused
on four major species complexes: 1) Polemonium caer-
uleum: erect plants of northern wetlands with paniculate
inflorescences, coplanar leaflets, and yellow anthers; 2)

P. pulcherrimum: caespitose mid- to high-elevation plants
with corymbose inflorescences, coplanar leaflets, and
white anthers (Wherry 1967; Grant 1989); 3) P. viscosum:
caespitose plants of alpine environments with paniculate
to spicate inflorescences, densely glandular-pubescent
verticillate leaflets, and white to orange anthers (Grant
1989); and 4) P. foliosissimum: erect plants of midelevation
conifer forests with corymbose inflorescences, coplanar
leaflets, and yellow anthers (Anway 1968).

Although not explicitly stated, both Wherry (1942) and
Grant (1989) implied an hypothesis that the P. caeruleum
species complex exhibits the most plesiomorphic charac-
ter states in the genus. In addition, Grant (1989) explicitly
hypothesized that alpine species of Polemonium have
evolved multiple times from low to midelevation species.
Molecular phylogenetic investigations into Polemonium
have provided limited but important insights into the
evolution and taxonomy of the group. These studies
used sequence data (de Geofroy 1998; Timme 2001; Irwin
etal. 2012) or amplified fragment length polymorphisms
(AFLPs) (Worley et al. 2009). When multiple individuals
per species have been sampled, these studies generally
support the monophyly of species recognized by David-
son (1950). However, inferring interspecific relationships
in Polemonium has been exceedingly difficult with weak
to nonexistent support along the backbone of the genus
(de Geofroy 1998; Timme 2001; Worley et al. 2009; Irwin
et al. 2012). Furthermore, phylogenetic reconstructions
based on sequence and AFLP data have been strongly
conflicting. Taken as a whole, previous results suggest
that a rapid radiation, recent divergence, or widespread
gene flow (either present day or historical), separately
or in concert, may contribute to a complex evolutionary
history of Polemonium.

MATERIALS AND METHODS

Data Availability

Scripts for nuclear locus assembly and processing
are available from the Dryad Digital Repository
(https:/ /doi.org/10.5061 /dryad.5hgbzkh2r) as well as
GitHub (https://github.com/jrosaceae/polemonium
_AHE). Raw reads have been deposited in the NCBI
Sequence Read Archive (BioProject PRINA638804). Tree
files and pre- and postfiltered alignments for all analyses
are available from the Dryad Digital Repository.

Taxonomic Sampling

Taxonomic sampling was designed so as to both elu-
cidate the phylogenetic placement of Polemonium, as well
as examine the evolutionary history of the genus itself.
In addition to Polemonium, we sampled one species each
from the two tribes possibly sister to the clade: Gilieae
(Gilia capitata) and Phlocideae (Leptosiphon montanus),
with tribe Loeselieae (Ipormopsis aggregata) treated as the
outgroup based on the results of Johnson et al. (2008).
Infrageneric sampling in Polemonium was tailored to
meet our primary goal of resolving deeper relationships
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in the genus, although thorough taxonomic sampling
was also desirable. We therefore focused our taxonomic
sampling on major lineages indicated by previous
phylogenetic studies. As previous studies have lacked
sufficient sampling of the P. foliosissimum and P. viscosum
species complexes, we also targeted these putative clades
in which additional phylogenetic diversity may exist. For
New World Polemonium, leaf tissue was obtained for all
but one North American species and several Mexican
species, totaling 45 accessions of Polemonium (Table 1). In
many cases, multiple geographically distant individuals
were sampled for each morphological species. Genomic
DNA was extracted from silica-dried leaf tissue and two
herbarium samples using the Qiagen DNeasy Plant Mini
Kit (Valencia, CA, USA) following the recommended
protocol.

Library Preparation and Sequencing

We utilized an anchored phylogenomics approach,
AHE, in collaboration with the Center for
Anchored Phylogenomics at Florida State University
(www.anchoredphylogeny.com). This method targets
conserved “anchor” regions in the nuclear genome and
generates data for ~500 loci including exons and introns
(Lemmon et al. 2012; Prum et al. 2015). The pipeline
employed here uses probes designed from the genomes
of 25 broadly sampled angiosperms and targets 499
moderately conserved exons with some intronic regions
(Buddenhagen et al. 2016). This pipeline has been
used successfully to infer infrageneric relationships
across distantly related groups (Cardillo et al. 2017;
Léveillé-Bourret et al. 2017; Mitchell et al. 2017; Kriebel
et al. 2019). Library preparation was carried out on
the extracted genomic DNA. DNA was sonicated to
a fragment size of between 200 and 600 bp before
indexed library preparation and indexing following a
modified protocol of Meyer and Kircher (2010). Library
preparation was performed on a Beckman Coulter FXp
liquid handling robot. Indexed samples were pooled
and enriched using the Angiosperm v.1 enrichment kit
(Buddenhagen et al. 2016). Sequencing was performed
on one PE150 Illumina HiSeq 2500 lane (~50 Gb total
yield) at the Translational Science Laboratory, College
of Medicine, Florida State University.

Nuclear DNA Assembly and Alignment

Paired reads were merged before assembly, following
Rokyta et al. (2012). Reads were mapped to the probe
regions using Arabidopsis thaliana, Billbergia nutans, and
Carex lurida as references and the assembly was exten-
ded into the flanks using a quasi-de novo assembly
approach described by Hamilton et al. (2016). Consensus
sequences were calculated for each assembly cluster
with contigs based on fewer than 20 reads removed.
The orthology of consensus sequences at each locus
was assessed using a pairwise distance matrix among

homologs and used to cluster sequences with a neighbor-
joining algorithm to assess if gene duplication occurred
prior to or following the crown of the clade. To minimize
cases of miscalled orthology, we applied a conservative
filter by removing clusters containing evidence of gene
duplication if they contained <90% of samples (see
Hamilton et al. 2016 for details). Sequences in each
orthologous cluster were aligned in MAFFT v. 7.023b
(Katoh and Standley 2013). To remove poorly aligned
regions, raw alignments were trimmed and masked
using the following procedure from Prum et al. (2015).
Sites with the same character in >40% of sequences
were considered “conserved.” A 20 bp sliding window
was then moved across the alignment, and regions
with <14 characters matching the common base at
the corresponding conserved site were masked. Sites
with <25 unmasked bases were removed. Finally, the
masked alignments were inspected by eye in Geneious v.
10.2.3 (Kearse et al. 2012). Regions considered obviously
misaligned or likely paralogous were removed and
poorly aligned sections in a given alignment were
deleted.

Plastid and Nuclear Ribosomal DNA Assembly and
Alignment

To obtain the ptDNA and nrDNA, we used Geneious
to map all recovered forward and reverse reads to
reference sequences. For the ptDNA, we used the whole
plastid genome of Saltugilia latimeri (Polemoniaceae,
GenBank accession KT921175 from Landis et al. 2016)
as a reference. For the ntDNA, we used a concatenated
ETS/185/1TS/26S reference compiled from published
and unpublished Sanger-derived sequences from mul-
tiple Polemonium species. Raw reads were trimmed and
assembled using iterative refinement of up to five times
with the default Geneious mapper and medium sensit-
ivity. As the reference plastid genome is fairly distantly
related, we assembled plastomes using a multistep pro-
cess. First, reads were mapped to the Saltugilia reference.
Next, we used the sample with the most reads mapped to
it (P. pectinatum) as a second reference to map published
and unpublished Sanger-derived reads to improve our
reference. We then remapped all reads to this Polemonium
reference using the same parameters mentioned above.
For the ptDNA, consensus sequences were generated
using the strict consensus approach. If coverage for a
particular site was <7, the consensus nucleotide was
scored as a gap. Unmapped regions were treated as
missing data and reads mapped to multiple positions
were excluded from consensus calculations. To account
for potential paralogous copies of the nrDNA (Buckler
etal. 1997; Poczai and Hyvonen 2010), we applied a more
stringent consensus criterion of base calls matching 65%
of sequences. Coverage and unmapped regions were
treated as above. Sequences were aligned using MAFFT
with default parameters. After alignment, ambiguously
aligned or called regions were removed by hand. The
mitochondrial genome was not extracted as the closest
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TaBLE 1. Voucher and sequence information for taxa of Polemonium and outgroups used in this study

Reads No. of Mean
Taxon Voucher Provenance (10°) loci coverage
Gilia capitata Sims Rose s.n. (WIS) Cultivated 12.57 448 274
Ipomopsis aggregata Rose 14-221 (WIS) ID, USA 7.34 359 76
(Pursh) V.E. Grant
Leptosiphon Rose s.n. (WIS) Cultivated 4.14 350 80
montanus (Greene)
J.M. Porter and
L.A. Johnson
P. acutiflorum Willd. Bennett 14-0056 BC, CAN 7.49 402 176
(WIS)
P. boreale Adams Bennett 14-0081 YT, CAN 4.73 413 140
(WIS)
P. brandegeei (A. Rose 14-245 (WIS) CO, USA 7.73 400 170
Gray) Greene
P. californicum Stubbs 18 (SFSU) CA, USA 6.96 411 164
Eastw.
P. californicum JR009 (WIS) WA, USA 2.49 371 89
P. carneum A. Gray Stubbs 10 (SFSU) CA, USA 5.09 367 116
P. carneum Stubbs 8 (SFSU) OR, USA 3.52 327 63
P. chartaceum Mason Stubbs 23 (SFSU) CA, USA 7.93 398 179
P. chartaceum Stubbs 24 (SFSU) CA, USA 6.26 378 115
P. confertum A. Gray Rose 14-240 (WIS) CO, USA 5.76 416 221
P. delicatum Rydb. Rose 14-239 (WIS) CO, USA 6.22 401 159
P. delicatum Rose 12-233b UT, USA 7.06 396 142
(WIS)
P. eddyense Stubbs Stubbs 15 (SFSU) CA, USA 8.81 405 159
P. elegans Greene Rose 13-53 (WIS) WA, USA 5.01 398 124
P. elusum J.J. Irwin Irwin 5148 (RM) 1D, USA 6.22 333 78
and R.L. Hartm.
P. elusum Irwin 5496 (RM) 1D, USA 4.89 355 80
P. eximium Greene Stubbs 22 (SFSU) CA, USA 3.93 247 51
P. eximium Stubbs 14 (SFSU) CA, USA 5.84 378 129
P. foliosissimum A. Rose 14-230 (WIS) UT, USA 5.14 395 123
Gray var. alpinum
Brand
P. foliosissimum var. Rose 14-260 (WIS) AZ,USA 7.05 366 120
flavum (Greene)
Anway
P. foliosissimum A. Rose 14-256 (WIS) NM, USA 6.08 372 145
Gray var. f.
P. foliosissimum var. Rose 14-250 (WIS) CO, USA 5.77 378 143
molle (Greene)
Anway
P. foliosissimum var. Rose 14-235a UT, USA 4.78 333 75
molle (WIS)
P. foliosissimum var. Rose 14-254a NM, USA 4.86 369 120
molle (WIS)
P. foliosissimum var. Rose 14-258 (WIS) AZ,USA 4.40 389 97
nov. (aff. P.
filicinum Greene)
P. grandiflorum MEXU630068 Mexico 5.37 210 27
Benth.
P. micranthum Benth. Stubbs 4 (SFSU) CA, USA 5.33 405 151
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TaBLE1l.  (Continued)
Reads No. of Mean
Taxon Voucher Provenance (100) loci coverage
P. nevadense Wherry Rose 14-219 (WIS) NV, USA 4.26 349 78
P. occidentale Greene Rose 14-226 (WIS) ID, USA 4.00 351 89
subsp. 0.
P. occidentale subsp. Stubbs 17 (SFSU) CA, USA 8.00 397 185
0.
P. occidentale subsp. MIN816873 MN, USA 3.22 372 117
lacustre Wherry
P. pauciflorum S. Fishbein 2438 AZ, USA 8.18 357 110
Wats. (ARIZ)
P. pectinatum Greene JR95 (WIS) WA, USA 9.10 369 143
P. pulcherrimum Bennett 14-0039 YT, CAN 6.15 388 148
subsp. lindleyi (WIS)
(Wherry) V.E.
Grant
P. pulcherrimum DiNicola 2013-53 ID, USA 7.97 396 173
Hook. subsp. p. (WIS)
P. pulcherrimum Stubbs 20 (SFSU) CA, USA 4.70 348 80
subsp. p.
P. pulcherrimum var. Stubbs 16 (SFSU) CA, USA 8.24 386 149
shastense (Eastw.)
Stubbs
P. reptans L. var. r. Rose 13-44 (WIS) OH, USA 7.21 331 93
P. reptans var. JR11 (WIS) OH, USA 4.76 386 113
villosum E.L.
Braun
P. vanbruntiae JRVB2 (WIS) VT, USA 6.16 372 129
Britton
P. vanbruntiae JR002 (WIS) NY, USA 7.41 382 198
P. vanbruntiae JRVB3 (WIS) QB, CAN 5.30 376 111
P. vanbruntiae Rose 13-46 (WIS) WV, USA 4.25 368 116
P. viscosum Nutt. Stubbs 25 (SFSU) NV, USA 7.16 396 147
P. viscosum Rose 14-232 (WIS) UT, USA 7.63 411 205
P. viscosum Rose 12-243 (WIS) NM, USA 5.44 376 104

reference genome available was too distantly related to
extract a large and phylogenetically informative amount
of the genome (Vaccinium macrocarpon, Ericaceae).

Checking for Tree-Like Structure

We began by analyzing the 45 accessions of Polem-
onium alone using 142 loci without any missing ingroup
data. We first estimated a phylogenetic tree from a
concatenated version of this data set using maximum
likelihood in RAXML (Stamatakis 2014) under the GTR
+ G model of sequence evolution. We conducted 10
separate runs to find the most likely tree as well as 500
rapid bootstrap (BS) replicates.

Next, to examine if an assumption of underlying tree-
like structure was appropriate for our data set, we
employed the Tree Incongruence Checking in R (TICR)
pipeline (Stenz et al. 2015) to obtain concordance factors
(CFs) for each possible quartet and to use these data to
infer an optimal population tree for Polemonium. Briefly,
for the TICR pipeline, we ran MrBayes v. 3.2.6 (Ronquist

etal. 2012) on all genes using a batch script. The best gene
tree for each locus was inferred under the GIR + 1+ G
model of sequence evolution using 3 runs of 3 chains
each for 6 million generations with sampling every 6000
generations with a chain temperature of 0.4 and a 30%
burnin. Standard deviations of split frequencies from
MrBayes were usually <0.010. Following the MrBayes
analysis, Bayesian concordance analysis on the posterior
sample of gene trees was conducted in BUCKy w.
144 (Ané et al. 2007; Larget et al. 2010) with 100
000 postburnin generations. This analysis calculates all
possible quartets and prunes the MrBayes gene trees to
all but the four terminals of interest. Then, BUCKYy is
run on each pruned gene tree to generate a table of all
quartet CFs and their standard errors. The parameter o
in BUCKy is the a priori amount of discordance between
gene trees. Although empirical studies have shown that
CFs and branch lengths in coalescent units are robust
to this prior (Cranston et al. 2009; McVay et al. 2017a;
Everson et al. 2016; Crowl et al. 2017; Folk et al. 2017),
we used three values of o (0.5, 1, and 2) to ensure
the robustness of our results as in Folk et al. (2017).
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Next, Quartet MaxCut (Snir and Rao 2012) was used to
generate a starting population tree based on these CFs.
The TICR test (Stenz et al. 2015) was employed using
the R package phylolm (Ho and Ané 2014) to examine if
any or all edges in the optimal population tree could be
modeled under panmixia using the test.one.species.tree
and stepwise.test.tree functions. The stepwise.test.tree
function starts from either a fully resolved tree or a fully
collapsed tree and uses a stepwise search of edges to
determine the best resolution of the tree. We conducted
two searches with a maximum number of iterations of 10
000 each with forward and backwards searches at each
step and considering 1000 population trees at each step.
One search started from panmixia and another started
from a fully resolved tree.

Coalescent Species Tree Estimation

Because methods that explicitly account for reticulate
evolution can only realistically work on many fewer
terminals than those for which we collected data, we
first explored relationships under ILS alone to invest-
igate the phylogenetic position of Polemonium within
Polemoniaceae as well as phylogenetic relationships
within all of our samples of Polemonium. This data
set consisted of all 45 accessions of Polemonium plus
three outgroups (Gilia capitata, Ipomopsis aggregata, and
Leptosiphon montanus). For this data set, we allowed up to
24 missing sequences per locus (50% missing sequences),
which resulted in a data set of 48 terminals and 316
loci (123 loci without missing data for all taxa, 142 loci
without missing data for Polemonium). We employed two
methods for inferring a coalescent species tree. First,
we used SVDquartets (Chifman and Kubatko 2014) as
implemented in PAUP* version 4.0a163 (Swofford 2002)
on the entire data set, including those with missing data.
SVDquartets is primarily designed for use with SNP data
and the theoretical background for this assumes that
each SNP is unlinked. However, Chifman and Kubatko
(2014) demonstrated that the statistical power of this
method is not greatly affected by using linked SNPs. We
evaluated all possible quartets with ambiguities treated
as missing data. Support for the SVDquartets population
tree was assessed with 500 nonparametric BS replicates.
As an additional method for reconstructing phylogenies
under ILS alone, we also used ASTRAL-III (Mirarab
et al. 2014; Zhang et al. 2017). Using a batch script, we
first conducted maximum likelihood as implemented in
RAXML on each aligned locus under the GTR + G model
of sequence evolution with 100 rapid BS replicates. We
then ran these gene trees in ASTRAL-III and accounted
for uncertainty in the estimated population tree using
100 BS replicates from the RAXML BS trees, as well as
calculating ASTRAL quadripartition support (QS): that
is, the fraction of quartet trees in the set of gene trees
for a particular quadripartition (Sayyari and Mirarab
2016). Lastly, we conducted a polytomy test to see if
the null hypothesis that a branch is a polytomy could
be rejected using the —t 10 option in ASTRAL (Sayyari
and Mirarab 2018). This test uses the fact that under

panmixia, the three topologies of an unrooted quartet of
species each should be present in equal frequency and
should follow a chi-squared distribution. We set our o
value for this test to a less conservative cutoff of 0.10
based on Figure 7 of Sayyari and Mirarab (2018), which
suggests that in phylogenies reconstructed using less
than several thousand genes and which contain many
short branches (in coalescent units) there may not be
enough resolution for this test.

Phylogenetic Network Estimation

To explore the possibility for gene flow as a cause
of discordance in Polemonium, we utilized 17 exem-
plars of Polemonium, a sampling which represents a
good compromise between taxonomic coverage and
computational cost. For this data set, we allowed up
to six missing sequences per locus (up to 33% missing
sequences/locus). Missing sequences were scored as
a single “N” for each individual missing the locus.
Individuals for this data set were selected based on
taxonomic representativeness and having high numbers
of loci captured. We first used the TICR pipeline
as described above in the subsection “Checking for
Tree-Like Structure,” but with the MrBayes parameters
changed to 2 million generations with sampling every
1000 generations. Standard deviations of split frequen-
cies from MrBayes were usually less than 0.010 and
always less than 0.017. We ran BUCKy on each quartet for
1 million postburnin generations, again testing values of
a=0.5, 1, and 2, summarizing the results as an optimal
population tree in Quartet MaxCut. As for the 45-taxon
data set, we used phylolm to test for an unresolved
or partially resolved population tree (see “Checking
for Tree-Like Structure” section). Following these steps,
we analyzed the BUCKy CFs and the Quartet MaxCut
population tree as a starting tree using the SNaQ func-
tion in the Julia package PhyloNetworks (Solis-Lemus
and Ané 2016; Solis-Lemus et al. 2017) to examine the
contribution of ILS and reticulation to the phylogenetic
history of Polemonium. This package uses maximum
pseudolikelihood to fit a network while also accounting
for ILS. PhyloNetworks considers quartet topologies
only and does not take into account information from
branch lengths in individual gene trees. Furthermore,
PhyloNetworks assumes a one-level network: a network
where each hybrid node only has one lineage trans-
ferring genetic material horizontally. We first tested
the fit of models allowing from 0 to 5 reticulation
events (h) and compared models using their pseudo-
likelihood score. The best network model was selected
by examining at what value of h the pseudolikelihood
score plateaus, as per the recommendation of Solis-
Lemus et al. (2017). For each value of i, the best network
over 20 search replicates was selected. We examined
branch support on the best phylogenetic network using
the bootsnaq function with 100 runs of 10 replicates
each.
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Cyto-nuclear Discordance

NrDNA and ptDNA for the entire 48-taxon set were
analyzed with MrBayes under the GTR + I + G model
of sequence evolution using 4 runs of 3 chains each
for 25 million generations with sampling every 100
000 generations and a 30% burnin. To examine if any
observed topological discordance between the estimated
population tree based on nuclear data and individual
genome trees can be explained by ILS alone, we imple-
mented two nested approaches. First, we modified the
approach of Olave et al. (2017) that takes a given species
tree with branch lengths in 4N, units and simulates gene
trees using the program MS (Hudson 2002). The number
of extra lineages between the species tree and gene trees
is then calculated using the function deep_coal_count
in Phylonet v. 2.4 (Than and Nakhleh 2009). The
approach of Olave et al. (2017) generates gene trees
under different values of the migration (m) parameter
and then compares the likelihood of simulated gene
trees under various values of m to actual gene trees to
infer gene flow between lineages. However, this method
assumes that branch lengths are accurately estimated.
We used the best fitting major network topology from
our 17-taxon phylogenetic network analysis and the
optimal population tree from our 45-taxon analysis to
simulate gene trees in MS for both the nuclear and plastid
genomes. To obtain correct branch lengths for nuclear
gene trees, we multiplied branch lengths in coalescent
units by a factor of two to get branch lengths in 4N,
units. To simulate gene trees for the plastid genome,
branch lengths in this starting nuclear species tree were
divided by a factor of four before simulating these
gene trees to account for the faster coalescence times
of uniparentally inherited genes. Second, we generated
5000 gene trees simulated under a coalescent process
with no gene flow (meaning all discordance is due to
ILS) for both the nuclear and organellar 17 and 45 taxon
species trees. Extra lineages were counted on the 5000
simulated gene trees and pruned nrDNA and ptDNA
trees with edges supported by PP < 0.95 collapsed. If
there was evidence for hybridization in our gene trees,
we would expect our observed gene trees to have more
extra lineages than the simulated trees. To get a sense
of which observed clades may be supported under an
ILS-only scenario, we assumed our ntDNA and ptDNA
trees were “true” species trees and assessed bipartition
support by treating our 5000 simulated trees for each
genome as BS replicates.

REsuLTS

Owerall Metrics of AHE Nuclear Loci

Metrics of number of reads and loci generated from
AHE sequencing as well as locus coverage are provided
in Table 1. After filtering, our pipeline recovered 360
putatively orthologous regions. After cleaning to remove

loci with miscalled orthology, few potentially parsimony
informative sites, and/or a large amount of ambigu-
ous base calls, we recovered 316 loci with less than
50% missing sequences, 123 of which are not missing
any sequences. These loci vary greatly in taxonomic
coverage, length, and number of potentially parsimony
informative sites. Locus coverage ranges from 22 to 48
taxa (mean of 44 taxa). Loci range from 254 to 1704
aligned nucleotides in length, with a median length of
593.5 nucleotides. Within each of these loci, the number
of potentially parsimony informative sites varies from 3
to 151, with a median value of 33.

Evidence for Underlying Tree-Like Structure

Inference of the optimal population tree from the set
of major quartets in Quartet MaxCut for the 45-terminal
data set shows no topological differences between values
of a and only slight differences in branch lengths and
CFs. We therefore focus on the results of the analysis in
which a=1 when generating CFs in BUCKYy. CFs on the
optimal population tree suggest a large amount of gene
tree discordance within Polemonium, with CFs ranging
from 0.95 to 0.34 with a mean CF of 0.53 (Fig. 1). The
TICR test suggests that ILS does not fully explain the
observed quartet CFs (X2 =2359.6, P=0.0). Furthermore,
panmixia is strongly rejected (X>=33 150.13, P=0.0).
Stepwise addition of edges starting from panmixia or
a fully resolved tree converge on the same answer and
suggests that all edges should be retained except the
edge supporting a closer relationship of P. californicum
from California to P. delicatum than to P. californicum from

Washington (Fig. 1) (X?>=2368.3, P=0.0).

Estimating Bifurcating Coalescent Trees

The optimal population tree from our ASTRAL
analysis of 48 terminals and all 316 loci suggests
an overall well-supported population tree (BS and
QS > 80) (Fig. 2a). The normalized quartet score
of this tree is 0.553, suggesting strong discord-
ance between loci. Although there is clearly tree-
like structure to the data set, the polytomy test
on our data suggests several edges could be col-
lapsed (P>0.10) (Supplementary Fig. 1 available on
Dryad at https://doi.org/10.5061/dryad.5hqbzkh2r).
Our ASTRAL analysis suggests the closest relative of
Polemonium is tribe Gilieae rather than Phlocideae (BS
=1.0, QS =1.0). Within Polemonium, P. micranthum is
recovered as sister to the remainder of the genus (BS
=1.0, QS =1.0). We recover two major clades within
the remainder of Polemonium. The first clade consists
of members of the P. caeruleum (caeruleum clade)
and P. pulcherrimum species complexes (pulcherrimum
clade) (BS =1.0, QS =0.9). The second clade is less
supported (BS =0.94, QS =0.78, edge best collapsed into
a polytomy). Polemonium elegans is sister to the remainder
of this clade (BS =1.0, QS =0.98), and P. carneum is sister
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FIGURE 1.

m Rocky Mountain

Optimal population tree for Polemonium inferred using Quartet MaxCut based on CFs derived from 142 nuclear genes without

any missing data. The tree is rooted with P. micranthum based on the results of other analyses. Internal branch lengths are in coalescent units,
terminal branches are diagramed for visualization purposes. Numbers above branches are CFs with their range shown in parentheses. Italicized
numbers below branches are BS support values from the RAXML analysis on the concatenated matrix. Thin branches are not found in the most
likely tree and branches with support marked by a dash (-) are not present in any BS replicate. Tips are colored according major clades discussed

in the text.

to the remainder of the clade excluding P. elegans (BS
=1.0, QS =0.85, edge best collapsed into a polytomy).
Relationships in the remainder of this clade are less
clear as backbone relationships receive contrasting BS
and QS support. Included in this group are members of
the P. foliosissimum (foliosissimum clade) and P. viscosum
species complexes. The P. viscosum species complex is

recovered as a grade of three clades, the eximium clade
(BS=1.0,Q5=0.92, edge best collapsed into a polytomy),
an Intermountain clade (BS =1.0, QS =0.89, edge best
collapsed into a polytomy), and a Rocky Mountain clade
(BS =1.0, QS =0.99). The Rocky Mountain clade is
sister to members of the foliosissimum clade (BS =1.0,
QS =1.0), although the monophyly the foliosissimum
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Coalescent species tree for Polemonium based on 316 nuclear genes inferred using a) ASTRAL and b) SVDquartets. Tips are colored

according major clades discussed in the text. Thick edges in the SVDquartets tree are fully supported; values < 100% BS support are indicated.
Thick edges in the ASTRAL tree have 100% BS support. Numbers above edges show support based on the BS analysis followed by quartet
support. Branches without any numbers above them are fully supported by both metrics.

clade is poorly supported (BS =1.0, QS =0.71, edge best
collapsed into a polytomy). Most species are recovered
as monophyletic if multiple accessions exist, but several
cases of paraphyletic/polyphyletic species are recovered
including 1) P. delicatum embedded in P. californicum, 2)
species polyphyly in the P. eximium (eximium) clade,
and 3) two clades of P. viscosum: one in the Rocky
Mountain clade sister to P. brandegeei and another in the
Intermountain clade sister to P. elusum + P. nevadense.
The topology and support for relationships in the
SVDquartets tree are largely consistent with that in the
ASTRAL topology along the backbone (Fig. 2b) with
only 58% BS support for the eximium clade as sister to
the Rocky Mountain, Intermountain, and foliosissimum
clades. Other differences in the SVDquartets topology
are the placement of P. foliosissimum var. foliosissimum,
the placement of P. occidentale subsp. lacustre, and
the monophyly of P. californicum P. chartaceum, and P.
eximium, although these topological conflicts are poorly
supported in one or both analyses.

The analysis of the concatenated matrix of 45-
terminals and 142 loci produced a mostly well-supported
topology (BS > 80) largely consistent with the topologies
of the optimal population tree of the same data set

as well as the analyses on the larger data set of 48
terminals and 316 loci, with the exception of several
edges. These edges include the positions of P. carneum
and P. elegans, relationships among the Intermountain,
eximium, and Rocky Mountain + foliosissimum clades,
and relationships within the caeruleum, eximium, and
foliosissimum clades (Figs. 1 and Fig. 2; Supplementary
Fig. 2 available on Dryad).

Estimating a Phylogenetic Network

Filters for taxonomic and genetic completeness in
the 360 recovered loci from AHE sequencing resulted
in 325 loci analyzed for the 17 target taxa. As with
the 45-taxon optimal population tree, CFs mapped on
the 17-taxon optimal population tree are relatively low
(0.37-0.61, mean =0.45), suggesting high discordance
between gene trees (Supplementary Fig. 3 available
on Dryad). The TICR test suggests that ILS does not

fully explain the observed quartet CFs (X>=7.88,P=
0.049). Furthermore, panmixia is strongly rejected (X?=

551.06, P=4.09 x 10~11%). Stepwise addition of edges
suggests that all edges should be retained. A plot of
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FIGURE3.  Best SNaQ phylogenetic network from our analysis of 17
exemplars of Polemonium. Tip color corresponds to clades recovered in
the coalescence-only species tree approaches. Arrows indicate inferred
direction of gene flow in the three detected reticulation events, with
the parameter y indicating the percentage of the genome involved in
the reticulation. All major topology edges and all hybrid edges receive
100% BS support.

pseudologlikelihood scores (Supplementary Fig. 4 avail-
able on Dryad) suggests the best network model is one
with a maximum number of four hybridization events
allowed (-ploglik =1446.48). The best network has three
hybridization events (Fig. 3). The parameter gamma (y)
is a metric of the proportion of the genome contributed
by one parental population in the reticulation event,
with 1 - y being the proportion of the other parent
(stem lineage in a level-1 network). In each of the three
reticulation events, large portions of the genome have
been exchanged. Detected reticulations are: 1) between
the pulcherrimum clade and P. elegans (y=0.47), 2)
between P. foliosissimum var. nov. and P. pauciflorum (y=
0.33), and 3) between P. elusum and P. carneum (y=0.26).
The BS analysis found full support (BS = 100%) for all
edges of the major topology as well as for all hybrid
edges. The range of estimated y values of the major
hybrid edge from the BS analysis was 0.45-0.48 for the
contribution of the pulcherrimum clade to P. elegans,
0.30-0.44 for the contribution of P. foliosissimum var.
nov. to P. pauciflorum, and 0.24-0.27 for the contribution
of P. elusum to P. carneum. The major topology of the
phylogenetic network contrasts with that recovered from
the coalescence-only approaches in two ways. First,
P. pectinatum is recovered as sister to the pulcherrimum
clade instead of sister to the caeruleum clade. Second,
P. pauciflorum is not recovered within the foliosissimum
clade. Instead, it is sister to the foliosissimum clade + the
Rocky Mountain clade.

Cyto-nuclear Discordance

We were able to recover nearly the entire plastid
genome from the raw reads of the AHE sequencing. After
removing ambiguously aligned portions, the ptDNA
data set of 48 terminals contains 132 389 aligned nuc-
leotides. The maximum clade credibility (MCC) tree has
most edges supported by a PP < 0.95 (Supplementary
Fig. 5 available on Dryad). The ptDNA topology differs
markedly from those obtained from the nuclear loci
in terms of clade composition, clade placement, and
species monophyly (Fig. 4). The ptDNA genealogy
suggests the eximium clade is sister to the remainder
of the genus. Polemonium micranthum is in turn sister
to the remainder of the genus. Within this larger clade,
morphological species are scattered throughout the tree
but do form several smaller clades, including two clades
of members of the foliosissimum clade and a close
relationship among many (but not all) members of the
pulcherrimum clade. The nrDNA data set of 48 terminals
contains 6342 aligned nucleotides. A number of sites
are clearly polymorphic. We interpret this as a result
of sequencing paralogous copies of the tandem repeat,
and these are therefore treated as ambiguous characters
in our analyses. While several areas of our nrDNA
genealogy are strongly supported, many branches in
the MCC tree are supported by low PP (Supplementary
Fig. 6 available on Dryad). Polemonium micranthum is
sister to the rest of Polemonium. Within Polemonium
excluding P. micranthum, there are two major subclades.
The first subclade contains members of the P. carneum,
P. viscosum, and foliosissimum clades, although none
of the polytypic clades are recovered as monophyletic.
Polemonium eddyense is sister to the Intermountain clade
+ P. carneum (PP = 1.0). Polemonium carneum is recovered
as sister to P. elusum + P. nevadense (PP = 1.0). The
P. eddyense + Intermountain clade + P. carneum clade
is sister to the foliosissimum clade + Rocky Mountain
clade, although the monophyly of this clade is poorly
supported (PP = 0.47). The Rocky Mountain clade
is not monophyletic and clearly nested within the
foliosissimum clade. The second major ntDNA clade
contains members of the caeruleum, P. elegans, eximium,
and pulcherrimum clades. The backbone of this clade is
unsupported (PP < 0.50), but the pulcherrimum clade
is polyphyletic, with P. elegans nested within a clade of
P. pulcherrimum (PP =1.0). Though poorly supported,
the eximium clade (excluding P. eddyense) is nested
within the caeruleum clade (PP = 0.86). Overall, the
well-supported areas of the ntDNA genealogy are more
congruent with the species trees based on nuclear DNA
than to the ptDNA genealogy (Fig. 5).

The results of the pipeline of Olave et al. (2017)
suggest that the number of extra lineages required
to reconcile the random trees generated under the
multispecies coalescent with the major topology of our
17-tip phylogenetic network range from 0 to 15 with a
median of 6 for nuclear genes, and vary from 0 to 4
with a median of 0 for organellar genomes (Fig. 6a).
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FIGURE4. Tanglegram illustrating discordance between the ASTRAL nuclear species tree (left) and the plastome tree (right). Trees have been

rotated to maximize tip matching with minimal link overlap. Link color corresponds to major clades discussed in the text and links connect
identical tips. Clades in the plastome tree with PP < 0.95 have been collapsed.

For our 45-tip optimal population tree, the number of
extra lineages in the nuclear genome ranges from 2 to
31 with a median value of 16 and from 0 to 10 for
organellar genomes with a median of 3. For observed
gene trees, the number of extra lineages required in the
17-tip data setis 16 for the ntDNA gene tree and 27 for the
ptDNA gene tree. For the 45-tip data set, these numbers
are 24 for the ntDNA gene tree and 80 for the ptDNA
gene tree (Fig. 6b). For both data sets, the number of
extra lineages for the ntDNA gene tree falls within the
upper tail of the distribution expected for the nuclear
genome under a strictly coalescent process, whereas the
number of extra lineages for the ptDNA genome greatly
exceeds the expected distribution (Fig. 6). Assessing
support for observed ptDNA bipartitions based on the
5000 organellar trees simulated under the multispecies
coalescent suggests the backbone of the ptDNA gene tree
does not appear in any simulated gene trees, and that
many other clades are only present in a small percentage
of gene trees. The most commonly recovered clades in
the simulated gene trees are found towards the tips and
usually support the monophyly of species (Fig. 7a). By

contrast, support for bipartitions of ntDNA clades is
much higher overall, with many backbone bipartitions
appearing in a significant number (>33%, within the
expected distribution of splits under a polytomy) of
simulated coalescent trees (Fig. 7b).

DIsCUSSION

A major challenge for inferring phylogenetic net-
works are the computational limitations associated with
searching “network space” on data sets that contain
more than a dozen taxa, especially when the number
of possible hybridization events is high. By contrast,
methods that incorporate only ILS in inferring species
trees are popular because they account for some sources
of discordance and are fast and tractable with data sets of
dozens to hundreds of terminals. However, species trees
inferred using these methods are suboptimal models of
relationships if gene flow has occurred between lineages,
even if the major topology of the phylogenetic network
is identical, as branch lengths will be underestimated
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FIGURE 5.

Tanglegram illustrating discordance between the ASTRAL nuclear species tree (left) and the nuclear ribosomal DNA gene tree

(right). Trees have been rotated to maximize tip matching with minimal link overlap. Link color corresponds to major clades discussed in the
text and links connect identical tips. Clades in the nuclear ribosomal DNA tree with PP < 0.70 have been collapsed.

if all genomic discordance is explained by ILS alone
(Leaché et al. 2014). In this study, we document that mor-
phological species of Polemonium are often reciprocally
monophyletic based on nuclear data. Despite evidence
for widespread gene flow within Polemonium, there
is considerable topological congruence among species
trees inferred using disparate methods. Furthermore,
evidence from the plastid genome suggests that there
has been more gene flow than is evident solely in the
nuclear genome.

Support for Relationships in Polemonium Despite Strong
Nuclear Discordance

Our results suggest that there is a large amount of
discordance between nuclear gene trees as evidenced by
low CF < 0.50 in the optimal population tree, yet the
vast majority of these edges are statistically supported by
all analyses, strongly suggesting an underlying tree-like
structure. One possibility for some of this discordance
is error in gene tree estimation. While this may be
true to some extent for the ASTRAL-III analysis which

relies on maximum likelihood gene trees estimated using
RAXML, uncertainty in gene tree estimation is tempered
somewhat by using BS replicates. Other analyses should
be robust to this error as they either estimate a species
tree directly (SVDquartets) or rely on CFs derived from
BUCKy, which accounts for gene tree estimation error.
However, low but significant CFs are best explained as
the result of conflict caused by ILS and reticulation.
Widespread ILS is not unexpected in the cases of
Polemonium, given the apparent rapid radiation of the
genus in the last 10 My (Landis et al. 2018; Rose et al.
2018).

Our topologies are consistent with the conclusions
of the only previous multilocus phylogenetic study
of Polemonium based on a concatenated parsimony
analysis of AFLP data (Worley et al. 2009). In cases
where Worley et al. (2009) found strong support for
relationships, we likewise find strong support. As in
Worley et al. (2009), we recover a sister relationship of
P. reptans and P. vanbruntiae, as well as two subclades
in the pulcherrimum clade: one of P. pulcherrimum s.s.
and another of P. boreale, P. californicum, and P. del-
icatum. The major difference between our estimate and
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FIGURE 6.  Histogram of number of extra lineages required to
reconcile gene trees simulated under the multispecies coalescent in MS
using a) the major topology of our 17-tip phylogenetic network or b)
the 45-tip optimal population tree. Extra lineages were counted using
deep_coal_count in Phylonet. Light grey bars show the distribution
of nuclear genome trees and dark grey bars show the distribution of
organellar genome trees. Dashed vertical lines represent the number
of extra lineages observed in the nuclear ribosomal (light grey) and
plastid (dark grey) gene trees.

Worley et al. (2009) is that they suggest that P. viscosum
is either monophyletic or P. brandegeei is nested within
it, instead of polyphyletic as suggested in this study.
This discrepancy, however, is based on their geographic
sampling of P. viscosum, which was restricted to members
of the Rocky Mountain clade.

Despite the large amount of nuclear gene tree
discordance detected in our study, major topolo-
gical relationships are largely consistent across species
tree approaches. Between our coalescent species tree
approaches, topological relationships along the back-
bone are consistent, although the placement of the
eximium clade is poorly supported across analyses, and
the optimal population tree suggests the split between
the eximium, Rocky Mountain, Intermountain, and
foliosissimum clades occurred rapidly. Additionally, as
noted above, error in gene tree estimation may explain
some of these differences between these coalescent
analyses (Fig. 2).

The major topological difference among our results
is the placement of P. pauciflorum and P. pectinatum.
In our optimal population trees and in our coalescent
analyses, P. pauciflorum falls sister to southern members
of the foliosissimum clade: P. foliosissimum var. flavum
and an undescribed variety of P. foliosissimum. In our
SNaQ analysis, P. foliosissimum is recovered as mono-
phyletic. In addition, in our concordance and coalescent
analyses P. pectinatum falls sister to the remainder of
the caeruleum clade whereas in the SNaQ analysis the
species is placed sister to the pulcherrimum clade. Our
results are also consistent across methods in suggesting
that P. viscosum is polyphyletic, and that these lineages
have not exchanged genes. Only 19% of the nuclear
genome supports a sister relationship of the two clades
of P. viscosum. Our finding of polyphyly in P. viscosum
might be expected given that the species exhibits a wide
range of morphotypes and that species circumscription
based on morphology has resulted in various schemes
for delimiting species (Brand 1907; Davidson 1950; Grant
1989). At present, it is unclear what (if any) morpholo-
gical characters distinguish Intermountain P. viscosum
from Rocky Mountain P. viscosum, but it appears that
these clades represent a case of extreme convergence in
alpine habitats. Preliminary study suggests that length
and deciduousness of leaves as well as corolla length may
be important characters (J. Rose, unpublished data).

Nuclear Discordance is Explained by ILS and Gene Flow

Our SNaQ results demonstrate that reticulate evolu-
tion has played a large role in the evolutionary history
of the genus. In fact, the presence of reticulation events
in Polemonium is one possible explanation for deeper
edges rejected as “true” by the ASTRAL polytomy test.
The phylogenetic network analysis suggests at least three
exchanges of genetic material have occurred between
unrelated lineages, several of which occur along deeper
(internal) edges of the phylogeny. Estimates of the
amounts of the genome exchanged between lineages
during these events are high (26, 33, and 47%), especially
when considering animal systems (Solis-Lemus and Ané
2016; Blair et al. 2019; Morando et al. 2020; Pyron et al.
2020) but are not atypical for plant systems (Crowl
et al. 2017, Morales-Briones et al. 2018; Roberts and
Roalson 2018). Given high CFs for sister relationships not
analyzed by SNaQ (Fig. 1), itis likely that the P. carneum-—
P. elusum reticulation event occurred before the origin
of P. carneum (P. carneum CF = 0.95) and that the P.
foliosissimum var. nov.—P. pauciflorum reticulation event
also involved P. foliosissimum var. flavum (P. foliosissimum
var. nov. + P. foliosissimum var. flavum CF = 0.92). One
of the most commonly used markers for Sanger-based
phylogenetic inference in land plants has been nrITS
sequences. Despite lack of variability in ntDNA and
weak support for relationships in Polemonium (Irwin
et al. 2012; Supplementary Fig. 6 available on Dryad),
this nuclear region contains evidence of the history of
reticulate evolution in the clade through the strongly
supported sister relationship of P. pulcherrimum and
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P. elegans (PP = 1.0) as well as the sister relationship
of P. carenum and P. elusum (PP = 1.0). Based on the
distribution of extra lineages as well as support for the
topology provided by nrDNA in the simulated gene
trees, discordance for the ntDNA genealogy can be
explained by 1) a lack of phylogenetically informative
substitutions for some relationships, 2) ILS, and 3) detec-
ted reticulate evolution events. While it is clear that
species of Polemonium have exchanged genes, itis unclear
which phenotypic traits, if any, were exchanged in these
reticulation events. Candidate traits demonstrating such
reticulation events include pollen color and leaflet size.
Future study into character evolution within Polemonium
should explicitly test for this phenomenon in the context
of a phylogenetic network (Bastide et al. 2018).

Strong Discordance Between Plastid and Nuclear Genomes

From our analyses, it is clear that the well-supported
tree obtained with the plastid genome of Polemonium
is in strong conflict with the species tree of the genus
inferred from nuclear data. Based on data from the
nuclear genome, when multiple individuals of a given
morphological species have been sampled, the species
are either monophyletic or paraphyletic. By contrast,
most morphological species appear polyphyletic in the
ptDNA genealogy. Moreover, this topology is not only

inexplicable based on ILS, but tests for ILS as the sole
cause of discordance in the ptDNA tree demonstrate
that the amount of discordance in the ptDNA tree is
on exceeds the amount of discordance expected under
a strictly coalescent process (Fig. 6). This is further
emphasized by the small number of bipartitions present
in the plastid genealogy also present in bipartitions
in the 5000 simulated organellar gene trees (Fig. 7a).
The finding of strong plastid-nuclear discordance is
contrary to what would be expected based on the
smaller effective population sizes (and thus shorter
coalescence times) expected for organellar genomes
(Moore 1995). Of the three reticulation events supported
by our nuclear data, only the genetic exchange between P.
foliosissimum var. nov. and P. pauciflorum is also reflected
in the plastid genome. Plastid discordance not matching
hybridization events has also been reported recently in
Pinus (Gernandt et al. 2018).

Causes of Cyto-nuclear Discordance

How do we reconcile these results? First, it is possible
that we simply did not sample loci in the nuclear genome
that show evidence for additional reticulation events.
This may come about from not sampling loci showing
reticulation in our 316-gene subsample of the nuclear
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genome. Our sample of loci may come from one or a
few chromosomes or within a specific area of each chro-
mosome and not capture all evidence of horizontal gene
flow. However, the 499 target loci are found throughout
the Arabidopsis genome (Buddenhagen et al. 2016), so it is
unlikely that our 316 genes are strongly biased towards
certain chromosomes. Second, our subsample of 17-
taxa for inferring a phylogenetic network may not have
included most of the ptDNA /nucDNA discordances and
we may have not sampled individuals with these retic-
ulation events in their history. This could be addressed
by generating a phylogenetic network for all 45 samples
of Polemonium if this were computationally feasible.
ABBA-BABA statistics are widely used to investigate
patterns of gene flow (Patterson et al. 2012; Eaton and
Ree 2013; Martin et al. 2014; Pease and Hahn 2015;
Blischak et al. 2018) but are limited in that they only
treat four or five terminals at a time and cannot detect
gene flow along internal edges of the phylogeny in the
four-terminal case (Pease and Hahn 2015, p. 654). Third,
there may be no sign of these reticulation events in
the nuclear genome. In order to detect introgression
between different lineages, crossing over between the
two parental nuclear genomes in the F; generation must
occur, and extensive backcrossing must not occur. This
could be caused by prezygotic or postzygotic barriers
preventing crossing between F; hybrids, or nuclear sig-
nal being swamped out by extensive backcrossing with
one parent. We propose that this third possibility best
explains the seemingly incompatible ptDNA /nucDNA
results. That is, the unexplained discordance between
genomes reflects a pattern of gene flow followed by
immediate backcrossing with one parent, swamping
out any signal of gene flow in the nuclear genome.
There is experimental evidence for this scenario in
Polemonium. While many species of Polemonium lack
prezygotic barriers to reproduction (Ostenfeld 1929),
interspecific F; hybrids are often sterile but may be
backcrossed with one of the parents to produce a fertile
hybrid. Clausen (1967) investigated the chromosomes of
these Polemonium hybrids and found a large number
of irregularities during meiosis in the anthers. These
chromosomal rearrangements may provide a postzy-
gotic barrier to reproduction in F; hybrids (Rieseberg
2001). In other cases, interspecific hybrids show few
chromosomal irregularities (Clausen 1931) and may
be able to produce viable seed (Anway 1968). In the
case of Polemonium, both chromosomal incompatibilities
and/or backcrossing with one parent may have erased a
signal of gene flow in the nuclear genome, but this signal
has been retained in the plastid genome by chance or by
selection on particular interspecific ptDNA haplotypes.

Future work should examine whether the mitochon-
drial genome is concordant with the plastid genome,
as would be expected if the cytoplasm is inherited as
a single unit. Inferring the mitochondrial genealogy of
Polemonium is hampered by having no closely related
reference genome and the tendency of plant mitochon-
drial genomes to rearrange (Palmer and Herbon 1988).

However, preliminary results with ca. 30 kb of highly
conserved mitochondrial sequences, where strongly
supported, suggest a similar topology to the plastid
gene tree (J. Rose, unpublished data). Future work also
should examine if there is a signal of natural selection
in the coding regions of certain ptDNA haplotypes
which maintain the persistence of interspecific and
intraspecific haplotypes in populations of Polemonium.
Phylogenies inferred from the plastid genome may
reflect the biogeographic history of Polemonium where
relationships are indicators of present or past geographic
distance between species rather than phylogenetic dis-
tance (Whittemore and Schaal 1991; Petit et al. 1993;
Wolf et al. 1997; Rautenberg et al. 2010; Pham et al. 2017;
Schuster et al. 2018).

A Workflow for Analyzing Introgression in AHE Data Sets

This study presents a case study for examining the
evolution of recently radiated plant clades using AHE
and teasing apart ILS and horizontal gene flow. We
recommend a procedure such as the following be
implemented, with some caveats relating to the number
of tips being analyzed (Supplementary Fig. 7 available
on Dryad).

1. Generate gene trees for all loci, paying attention to
the informativeness of the loci at your particular
taxonomic scale and the potential impact of miss-
ing data in the phylogenetic methods used. Loci
may be highly conserved (e.g., transcriptomes) or
short reads (e.g., restriction site methods) where
there may be few or no potentially phylogenet-
ically informative SNPs per locus. If a reference
genome is available, consider combining loci into
a “superlocus” using a sliding window approach.

2. Generate a preliminary species tree from these loci.

3. Test for evidence for all or some branches in the
species tree and if gene tree discordance has a
simple evolutionary explanation (ILS alone) or is
best explained by ILS and one or more cases of
horizontal gene transfer, as suggested by outlier
quartets.

4. If ILS alone is a sufficient explanation for the dis-
cordance, ILS is low, or there is no conflict among
loci, coalescent-only or concatenation approaches
are appropriate for analyzing the data set. If not,
phylogenetic network approaches are appropriate.

5. If the number of terminals is <20, analyze all
samples using currently available methods for
inferring phylogenetic networks, allowing for
models with reticulation events varying from 0
to n. If there are >20 terminals, carefully con-
sider subsetting the data set and avoid if at all
possible. If necessary, subsetting should focus on
the specific questions being addressed in a given
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study, informed by the results of (2) and (3)
(e.g., major clades recovered in a coalescent only
or concatenation approaches, known/suspected
hybrids and their parental taxa, or composition
of outlier quartets), perhaps with several tiers of
subsampling and tests for the robustness of results
in particularly complex systems.

6. Consider follow-up analyses to investigate gene
flow in outlier quartets, including investigating
signal from organellar genome(s) and evidence
from pattern-based statistics, if appropriate.

Given the rapid progress and interest in the field
of phylogenetic network inference, we are confident
that soon, new algorithms will drastically decrease the
computational cost associated with modeling gene flow
with a larger number of tips and reticulation events,
allowing for ease of analysis for ever larger data sets.

CONCLUSIONS

We have presented a case study for examining
the evolution of recently radiated plant clades using
AHE. This has allowed us to robustly tease apart the
contribution of ILS and reticulation in the history of
Polemonium, as well as explain patterns of discordance
between the nuclear genome and additional genomic
compartments. Our results suggest that reticulation
has been an integral factor in the evolutionary history
of angiosperms and that caution should be applied
when making claims about the evolutionary history and
taxonomic circumscription of recently radiated groups
based on models that do not or only account for ILS,
and/or overly rely upon drawing conclusions based on
the inferred history of organellar genomes. Furthermore,
given the contrasting patterns of species or species
complex monophyly in the plastid genome compared
with species and species complex polyphyly in the
nuclear genome revealed by this study, we urge caution
against describing new, cryptic species based solely on
variation in the plastid genome.
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