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Abstract
Juniper (Juniperus) is an ecologically important conifer genus of the Northern

Hemisphere, the members of which are often foundational tree species of arid regions. The
serrate leaf margin clade is native to topologically variable regions in North America, where
hybridization has likely played a prominent role in their diversification. Here we use a reduced-
representation sequencing approach (ddRADseq) to generate a phylogenomic data set for 68
accessions representing all 22 species in the serrate leaf margin clade, as well as a number of
close and distant relatives, to improve understanding of diversification in this group.
Phylogenetic analyses using three methods (SVDquartets, maximum likelihood, and Bayesian)
yielded highly congruent and well-resolved topologies. These phylogenies provided improved
resolution relative to past analyses based on Sanger sequencing of nuclear and chloroplast DNA,
and were largely consistent with taxonomic expectations based on geography and morphology.
Calibration of a Bayesian phylogeny with fossil evidence produced divergence time estimates for
the clade consistent with a late Oligocene origin in North America, followed by a period of
elevated diversification between 12 and 5 Mya. Comparison of the ddRADseq phylogenies with
a phylogeny based on Sanger-sequenced chloroplast DNA revealed five instances of pronounced
discordance, illustrating the potential for chloroplast introgression, chloroplast transfer, or
incomplete lineage sorting to influence organellar phylogeny. Our results improve
understanding of the pattern and tempo of diversification in Juniperus, and highlight the utility
of reduced-representation sequencing for resolving phylogenetic relationships in non-model

organisms with reticulation and recent divergence.

Keywords: diversification, juniper, RADseq, reticulation, western North America
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1. Introduction

The complex geologic and climatic history of western North America played an
important role in the diversification of many plant groups throughout the Cenozoic (Axelrod,
1948, 1950). Tectonic uplift, climate change, transcontinental land bridges, and glacial cycles
created opportunity for range shifts, geographic barriers to admixture, and allopatric speciation
(Hewitt, 1996; Calsbeek et al., 2003; Hewitt, 2004; Weir and Schluter, 2007). Hybridization has
also been prominent in the evolutionary history of Nearctic plant taxa, as glacial cycles allowed
periods of isolation and subsequent secondary contact (Swenson and Howard, 2005; Hewitt,
2011). The interactions among topography, climate, and reticulation have shaped diversification
and challenged phylogenetic analyses for many plant genera in western North America (e.g.,
Rieseberg et al., 1991; Kuzoff et al., 1999; Bouill¢ et al., 2011; Xiang et al., 2018; Shao et al.,
2019). However, improved genomic sampling enabled by high-throughput sequencing data has
recently increased phylogenetic resolution for many young and reticulated groups (e.g., Stephens
et al., 2015; Massatti et al., 2016; McVay et al., 2017; Moura et al., 2020) and generally stands to

enhance our understanding of diversification for plant taxa in this region.

Junipers (Juniperus, Cupressaceae) are ecologically and economically important conifers
of arid and semi-arid landscapes throughout the Northern Hemisphere (Farjon, 2005; Adams,
2014). Unlike other genera in Cupressaceae, the juniper lineage evolved a fleshy female cone,
functionally resembling a berry, which is an important food source for many birds and small
mammals (Phillips, 1910; Santos et al., 1999). The serrate junipers, distinguished by the presence
of microscopic serrations on their scale leaf margins, are particularly resistant to water stress
compared with other juniper groups (Willson et al., 2008) and often represent the dominant trees

in arid habitats of the western United States and Mexico (West et al., 1978; Romme et al., 2009).
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A number of species in this clade are expanding their range in North America, and while the
main causes of these expansions are unclear for some taxa (Miller and Wigand, 1994; Weisberg
et al., 2007; Romme et al., 2009), fire suppression, over-grazing by cattle, and under-browsing
by native herbivores appear to be the dominant factors underlying J. ashei and J. pinchotii range
expansion in west Texas (Taylor, 2008). Despite several attempts to resolve phylogenetic
relationships in this ecologically important clade (Mao et al., 2010; Adams and Schwarzbach,
2013a,b), its complex evolutionary history including recent divergence, long generation times,

and hybridization have likely obfuscated phylogenetic signal in previous molecular data sets.

The juniper lineage likely originated in Eurasia during the Eocene and subsequently split
into three major monophyletic sections (Mao et al., 2010; Adams and Schwarzbach, 2013a): sect.
Caryocedrus (1 sp., J. drupacea, eastern Mediterranean); sect. Juniperus (14 spp., Asia and the
Mediterranean except J. jackii and J. communis); and the largest clade, sect. Sabina
(approximately 62 spp., Northern Hemisphere except J. procera). Section Sabina contains three
main monophyletic clades (Mao et al., 2010; Adams and Schwarzbach, 2013a): the turbinate,
single-seeded, entire leaf margin junipers of the Eastern Hemisphere (16 spp.); the multi-seeded,
entire leaf margin junipers of both the Eastern and Western Hemispheres (23 spp.); and the
serrate leaf margin junipers (serrate junipers hereafter) of western North America (22 spp.),
which are the focus of this study. The ancestral serrate juniper lineage likely arrived in North
America from Eurasia via the North Atlantic Land Bridge (NALB) or Bering Land Bridge (BLB)
(Mao et al., 2010). Extant serrate junipers are largely restricted to North America, inhabiting arid
and semi-arid regions of the western United States, Mexico, and the high, dry mountains of

Guatemala (J. standleyi; Adams, 2014) (Fig. 1).



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

A previous phylogenetic analysis based on Sanger sequencing data with complete
species-level sampling of the serrate juniper clade was highly biased towards chloroplast DNA
(cpDNA), utilizing four cpDNA regions and one nuclear DNA (nrtDNA) region [full data set
representing 4,411 base pairs (bp), referred to as nr-cpDNA hereafter; Adams and Schwarzbach,
2013b]. Hybridization and discordance between cpDNA and ntDNA based phylogenies have
been reported across Juniperus (Adams, 2016; Adams et al., 2016) and within the serrate
junipers in particular (Adams et al., 2017) and may have contributed to unexpected topologies in
the previous predominantly cpDNA based phylogeny (Adams and Schwarzbach, 2013b).
Incomplete lineage sorting due to long generation times and recent divergence may have also
contributed to paraphyletic and unresolved relationships in the nr-cpDNA analyses of Adams and
Schwarzbach (2013b). Multi-locus data encompassing larger genealogical variation should
reduce topological uncertainty in this clade, while also allowing for insight into nuclear-
chloroplast discordance and its potential causes. Mao et al. (2010) estimated divergence times,
diversification rates, and geographic origins of all major juniper clades; however, limited
sampling of the serrate juniper clade precluded dating for many of its internal nodes. Divergence
time estimation for a complete serrate juniper phylogeny stands to elucidate patterns of
diversification at more recent time scales which appear to be important for diversification across

the genus (Mao et al., 2010).

High-throughput sequencing technologies have rapidly improved our ability to apply
genome-wide information to phylogenetic inference (McCormack et al., 2013; Leaché and Oaks,
2017; Bravo et al., 2019). Data from whole genomes (e.g., Kimball et al., 2019; Allio et al.,
2020), whole transcriptomes (e.g., Leebens-Mack et al., 2019), targeted capture (e.g., de La

Harpe et al., 2019; Liu et al., 2019; Karimi et al., 2020), and genome-skimming approaches (e.g.,
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Liu et al., 2020; Nevill et al., 2020) have resolved evolutionary relationships complicated by
incomplete lineage sorting and reticulate evolution (Faircloth et al., 2013; Alexander et al., 2017;
Carter et al., 2019). Methods using restriction enzyme digest to reduce genome complexity [e.g.,
restriction site-associated DNA sequencing (RADseq; Miller et al., 2007; Baird et al., 2008)]
have been particularly valuable for phylogenetic applications in non-model organisms due to
their ability to sample large numbers of informative polymorphisms without requiring prior
genomic resources (Takahashi et al., 2014; Leaché and Oaks, 2017; Near et al., 2018; Salas-
Lizana and Oono, 2018; Hipp et al., 2020). RADseq data have improved the resolution of many
groups that have been recalcitrant to phylogenetic analysis with small numbers of Sanger-
sequenced loci due to rapid, recent, or reticulate evolution (Wagner et al., 2013; Massatti et al.,
2016; Paetzold et al., 2019; Rancilhac et al., 2019; Léveillé-Bourret et al., 2020). Although
allelic dropout (i.e., the nonrandom absence of sequence data at a locus due to restriction site
mutations) can result in larger amounts of missing data across more strongly diverged lineages,
analyses of empirical and simulated RADseq data have illustrated its effectiveness for resolving
even relatively deep divergences (e.g., up to 60 Mya, Rubin et al., 2012; Cariou et al., 2013;

Eaton et al., 2017; Lecaudey et al., 2018; Du et al., 2020).

Here we utilized a double-digest RADseq approach (ddRADseq; Parchman et al., 2012;
Peterson et al., 2012) to generate a phylogenomic data set for all extant species of serrate
Junipers (Juniperus sect. Sabina) as well as several close and distant relatives. As methods for
phylogenetic inference utilizing multi-locus data make different assumptions about genealogical
variation among lineages, we inferred phylogenetic trees using three distinct approaches
(SVDquartets, maximum likelihood, and Bayesian). Our results produce consistent and highly

resolved topologies, reveal discordance with phylogenies inferred with cpDNA alone, and
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illustrate variation in diversification rates consistent with the climatic and geologic history of

western North America.

2. Materials & Methods
2.1 Taxon sampling and ddRADseq library prep

We sampled leaf material from 68 individuals representing all 22 serrate juniper species
and six outgroup species (Table S1). Most serrate juniper taxa and two outgroup taxa
(Hesperocyparis bakeri and H. arizonica, Cupressaceae; Zhu et al., 2018) were either the same
individuals or different individuals collected from the same populations as those analyzed
previously by Adams and Schwarzbach (2013b). Thus, analyses of the data presented here have
50 samples (73.5%) in common with Adams and Schwarzbach (2013b) and 18 samples (26.5%)
which are unique to this study. Five additional outgroup taxa [Juniperus drupacea (Juniperus
sect. Caryocedrus); J. communis (Juniperus sect. Juniperus); J. virginiana, J. sabina var. sabina,
and J. sabina var. balkanensis (smooth leaf junipers of sect. Sabina)] were added to better
understand evolutionary divergence at deeper time scales in this genus. Two additional J.
poblana var. poblana localities (Nayarit, MX, and Amozoc de Mota, Puebla, MX), one
additional J. poblana variety (J. poblana var. decurrens), and an additional J. durangensis
locality (Sierra de Gamon, Durango, MX) were included to investigate the potential for recent
evolutionary divergence in these taxa. Finally, we substituted J. ashei samples from Waco, TX,

with J. ashei samples from nearby Tarrant County, TX, for this study.

DNA was extracted from dried leaf tissue with Qiagen DNeasy Plant Mini Kits and
quantified with a Qiagen QIAxpert microfluidic analyzer prior to library preparation (Qiagen

Inc., Valencia, CA, USA). Reduced-representation libraries for [llumina sequencing were
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constructed using a ddRADseq method (Parchman et al., 2012; Peterson et al., 2012) in which
genomic DNA was digested with two restriction enzymes, EcoRI and Msel, and custom oligos
with Illumina base adaptors and unique barcodes (8, 9 or 10 bases in length) were ligated to the
digested fragments. Ligated fragments were PCR amplified with a high-fidelity proofreading
polymerase (Iproof polymerase, BioRad Inc., Hercules, CA, USA) and subsequently pooled into
a single library. Libraries were size-selected for fragments between 350 and 450 bp in length
with the Pippin Prep System (Sage Sciences, Beverly, MA) at the University of Texas Genome
Sequencing and Analysis Facility. Two lanes of single-end 100-base sequencing were executed
at the University of Wisconsin-Madison Biotechnology Center using an Illumina HiSeq 2500

platform.

2.2 Preparation, filtering, and assembly of ddRADseq data

To identify and discard Illumina primer/adapter sequences and potential biological
sequence contaminants (e.g., PhiX, E. coli), we used the tapioca pipeline
(https://github.com/ncgr/tapioca), which uses bowtie2 (v. 2.2.5; Langmead and Salzberg, 2012)
to identify reads which align to a database of known contaminant sequences. To ensure that
cpDNA did not influence our analyses, we used the same approach to discard all reads which
aligned to the Juniperus squamata chloroplast genome (GenBank Accession Number
MKO085509; Xie et al., 2019). To demultiplex reads to individual, we used a custom Perl script
that corrects one or two base sequencing errors in barcoded regions, parses reads according to
their associated barcode sequence, and trims restriction site-associated bases. Files with the read

data for each individual are available at Dryad (https://doi.org/10.5061/dryad.gbzkh18df).
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To process the raw data into a matrix of putatively orthologous aligned loci, we utilized
ipyRAD (v. 0.9.16; Eaton, 2014) which was designed to process reduced-representation data for
phylogenetic workflows and allows for indel variation across samples during clustering (Eaton,
2014; Razkin et al., 2016). We largely used default values, as these settings produced multiple
alignments of tractable size which led to highly resolved, supported, and consistent topologies
across inference methods. First, nucleotide sites with phred quality scores less than 33, which
represent base calls with an error probability greater than 0.0005%, were considered missing and
replaced with an ambiguous nucleotide base (“N”). Next, sequences were de novo clustered
within individuals using vsearch ( v. 2.14.1; Rognes et al., 2016) and aligned with muscle (v.
3.8.155; Edgar, 2004) to produce stacks of highly similar reads. A similarity clustering threshold
(clust_threshold) of 85% was applied during this and a later clustering step because it produced a
thorough yet tractable number of loci and a highly supported topology with the TETRAD
(SVDquartets) inference method. To ensure accurate base calls, all stacks with a read depth less
than 6 were discarded. Observed base counts across all sites in all stacks informed the joint
estimation of the sequencing error rate and heterozygosity, which informed statistical base calls
according to a binomial model. At this step, each stack within each individual was reduced to
one consensus sequence with heterozygote bases represented by [IUPAC ambiguity codes, and
any consensus sequences with more than 5% ambiguous bases (max Ns_consens) or
heterozygous sites (max Hs consens) were discarded to remove poor alignments. The remaining
consensus sequences from all individuals were clustered again, this time across individuals,
using the same assembly method and similarity threshold as used in the previous within-sample
clustering step. The resulting clusters, which represent putative ddRADseq loci shared across

individuals, were discarded if they contained more than 8 indels (max_Indels locus) or 20%
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variable sites (max_SNPs_locus), as an excess of either could indicate poor alignment. To detect
potential paralogs, consensus sequences were removed if they contained one or more
heterozygous sites shared across more than 50% of all samples (max_shared Hs locus) or more
than 2 haplotypes (Eaton, 2014). We retained all loci that were present in a minimum of four
samples (min_samples locus) to prevent over-filtering of missing data, which can negatively
affect downstream inference (Rubin et al., 2012; Wagner et al., 2013; Huang and Knowles, 2014;
Takahashi et al., 2014). Two sequence alignment formats, ipyRAD’s database file and a phylip
file of concatenated loci, were used as input for SVDquartets (TETRAD) and maximum likelihood
(RAxML) phylogenetic analyses, respectively. The database file contains the clustered sequence
data as well as linkage information for each locus. We used a python script
(http://github.com/btmartin721/raxml_ascbias/) to remove all invariant sites from the phylip

sequence alignment prior to analysis with RAxML.

To understand the timing and tempo of diversification within the serrate juniper clade, we
utilized fossil evidence to inform divergence time estimates in a Bayesian phylogenetic inference
framework. For this analysis, we included one sample per serrate juniper species, including three
outgroup samples from the closely related smooth leaf juniper clade (J. virginiana, J. sabina var.
sabina, and J. sabina var. balkanensis), with priority given to juniper samples with higher
sequencing coverage depth. Sequencing reads for this subset of 25 samples were de novo
assembled with default i pyRAD parameter values except for the min_samples locus parameter,
which was increased from 4 to 20, and the clust threshold parameter, which was increased from
85% to 90%. Increasing these parameters effectively reduced both the proportion of missing data
and the size of the sequence alignment to ensure tractable computation time with Bayesian

inference methods. However, one caveat of excluding missing data in RADseq data sets is that it

10
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can bias the distribution of mutation rates represented across loci and lower the accuracy of
downstream phylogenetic inference (Huang and Knowles, 2014). The resulting nexus sequence
alignment of concatenated loci was utilized as input for Bayesian analysis (RevBayes).

Complete information on parameter settings for this and the aforementioned assembly, as well as

the sequence alignment files, are archived at Dryad (https://doi.org/10.5061/dryad.gbzkh 18df).

2.3 Phylogenetic analyses

After removing invariant sites, the phy1ip formatted sequence alignment for all taxa,
including outgroups, was analyzed with maximum likelihood as implemented by RAXML (v.
8.2.12; Stamatakis, 2014) under the GTR+I" model of nucleotide substitution corrected for
ascertainment bias (-m ASC GTRGAMMA). Support was assessed with 100 rapid bootstrap
replicates (-N 100), followed by a thorough maximum likelihood search for the best-scoring
tree (-f a). Although RAxML is fast and often used for analysis of concatenated RADseq loci
(Lemmon and Lemmon, 2013), phylogenetic inference with concatenated data necessarily
ignores genealogical variation among loci and is statistically inconsistent as the number of genes

increases (Kubatko and Degnan, 2007; Roch and Steel, 2015).

To account for genealogical variation among sampled loci and to incorporate coalescent
stochasticity into analyses, we also conducted species tree inference using a site-based approach,
SVDquartets (Chifman and Kubatko, 2014), as implemented by TETRAD (Eaton et al., 2017).
TETRAD is included with ipyRAD and implements the SVDquartets algorithm, using information
on genotype calls and linkage to sample unlinked SNPs. Briefly, SVDquartets uses the multi-
species coalescent model to generate a probability distribution on the data patterns at the tips of a

species tree which can be used to compute a score on a quartet of taxa and infer the true quartet

11
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relationship (Chifman and Kubatko, 2014, 2015). These quartet relationships can be inferred for
all or a subset of all possible quartets, and a quartet amalgamation software (in this case, QMC v.
2.10; Snir and Rao, 2012) joins the inferred quartets into the species tree. Here, we used
TETRAD’s default number of quartets, which is the number of samples to the power of 2.8, which
yielded 135,215 quartets (16.6% of total possible). To quantify support for the nodes of the
species tree, we implemented a standard nonparametric bootstrapping procedure for 100
replicates. The inferred tree was manually rooted with the clade containing Hesperocyparis

bakeri and H. arizonica.

To enable comparison of topologies produced with ddRADseq and cpDNA Sanger
sequencing data, we repeated the methods of Adams and Schwarzbach (2013b) on the same
individuals or different individuals collected from the same populations as those analyzed in the
ddRADseq analysis for a total of 66 individual samples. Thus, the cpDNA analysis presented
here has 59 samples (89.4%) in common with the aforementioned ddRADseq analyses and 7
substitutional samples (10.6%). DNA extractions, PCR amplifications, and Sanger sequencing of
the four chloroplast loci (petN-psbM, trnS-trnG, trnD-trnT, and trnL-trnF) were conducted using
the methods described in Adams and Schwarzbach (2013b). The GTR+I'+I nucleotide
substitution model provided the best fit to the cpDNA data according to Akaike’s information
criterion in Modeltest (v.3.7; Posada and Crandall, 1998), and analysis was conducted with
Mr.Bayes (v.3.1; Ronquist and Huelsenbeck, 2003). Two rounds of four chains were run for a
total of 10 million generations, sampling every 1000 generations after an initial burn in of 25%

of generations.

To understand diversification rate variation and the timing of divergence events across

the serrate juniper clade, we inferred a time-calibrated phylogeny for a subset of individuals
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representing all serrate juniper taxa and three closely related outgroup samples from the smooth
leaf juniper clade (J. virginiana, J. sabina var. sabina, and J. sabina var. balkanensis) with a
Bayesian method (RevBayes v. 1.0.12; Hohna et al., 2017). First, we implemented a model-
selection procedure to compare the relative fits with Bayes factors of the JC, HKY, GTR,
GTR+I', and GTR+I+I models of nucleotide substitution. Second, the nexus sequence
alignment of concatenated loci generated with ipyRAD was modeled under the best fit
substitution model given a topology modeled with a constant-rate birth-death process, which was
parameterized with a sampling fraction of 0.39 due to incomplete sampling of the smooth leaf
juniper clade (Kendall, 1948; Nee et al., 1994; Hohna, 2015). We relaxed the assumption of a
global molecular clock by allowing each branch-rate variable to be drawn from a lognormal
distribution. Eight independent MCMC chains were run for 400,000 generations with a burn-in
of 10,000 generations and sampled every 10 generations. Chains were visually assessed for
convergence with Tracer (v. 1.7.1; Rambaut et al., 2018) and quantitatively assessed with
effective sample sizes (ESS) and the Gelman-Rubin convergence diagnostic (Gelman and Rubin,

1992) using the gelman.diag function in R (CODA package; Plummer at al., 2006).

Fossil calibration points and node age prior distributions can influence estimates of
divergence times (Graur and Martin, 2004; Sauquet et al., 2012; Wang and Mao, 2016). We used
three fossil calibration points: one at the root node for the serrate juniper clade (not shown in Fig.
4A) and two at internal nodes (asterisks, Fig. 4A) representing the MRCA (Most Recent
Common Ancestor) of all extant serrate leaf junipers and the MRCA of the western U.S. clade
(J. californica, J. osteosperma, J. occidentalis, and J. grandis). Fossil assignments were based on
morphology and coincided with those made by a previous phylogenetic analysis of Juniperus

(Mao et al., 2010). Justifications for these assignments can be found in Table S2. A fossil
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specimen of J. creedensis (23 Mya; Axelrod, 1987), representing the first appearance of a serrate
juniper in the fossil record, provided the minimum age constraints for both the root node
(representing the MRCA of the serrate leaf juniper clade and the smooth leaf juniper outgroup
taxa) and the internal node representing the MRCA of the serrate junipers. The maximum age
constraint for the root node, specified with a uniform prior distribution, was the estimated age of
the crown lineage of Cupressoideae (134 Mya; Mao et al., 2012), a subfamily of Cupressaceae
which contains Thuja, Cupressus, Juniperus, and other genera. A fossil specimen of J.
desatoyana (16 Mya; Axelrod, 1991), representing a stem ancestor of a subclade containing J.
osteosperma, J. occidentalis, and J. grandis, provided the minimum age constraint of 16 Mya for
the divergence of this subclade from J. californica (i.e., the MRCA of the western U.S. clade).
For the internal nodes representing the MRCA of the serrate leaf junipers and the MRCA of the
western U.S. clade, the ages of the fossil specimens were modelled as exponential distributions
with means of 23 Mya + 1 and 16 Mya + 1, respectively, divided by A, the parameter of the
exponential distribution. The maximum clade credibility tree was inferred from the burned
distribution of posterior trees, and the smooth leaf juniper outgroup samples were pruned in R
with the drop.tip function (ape package; Paradis and Schliep, 2019) prior to subsequent

visualization and analyses.

The inferred Bayesian chronogram was used to generate a lineage through time plot with
the /tt.plot function in R (ape package; Paradis and Schliep, 2019). To determine whether the
rate of lineage diversification was constant through time, we used the diversi.gof function in R
(ape package; Paradis and Schliep, 2019) to compute the Cramér-von Mises and Anderson-

Darling goodness-of-fit tests (Stephens, 1974; Paradis, 1998).
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317 To estimate the probability of all possible ancestral ranges at each ancestral node, we
318  utilized the BioGeoBEARS package (v. 1.1.2; Matzke, 2013a,b) and its dependencies, rexpokit
319  (Matzke et al., 2019) and c1adoRcpp (Matzke, 2018), in R. This package permits statistical
320  selection of six competing historical biogeographical models (DEC, DEC+J, DIVALIKE,

321 DIVALIKE+], BAYAREALIKE, and BAYAREALIKE+J) and includes an additional

322  cladogenetic event, founder-event speciation, represented by the +J notation in DEC+J,

323 DIVALIKE+], and BAYAREALIKE+] models (Matzke, 2014). While these six methods

324  similarly assume that anagenetic dispersal and extinction occur along branches, they allow for
325  different subsets of cladogenetic range-changing processes. The BioGeoBEARS supermodel

326 incorporates all of these different processes, treating them as free parameters which can be

327  excluded or estimated from the data.

328 Five operational geographic areas (A, western U.S.; B, central U.S.; C, eastern U.S.; D,
329  northern/central MX; E, southern MX; Fig. 5) were defined by both geopolitical and

330  ecologically-relevant boundaries (Level I Ecoregions of North America; see

331  https://www.epa.gov/eco-research/ecoregions). To determine the contemporary geographic range
332  of each species, we referenced U.S. tree species range maps when available (Little, 1971) and
333  juniper range maps otherwise (Adams, 2014) (Table S3). This matrix of distribution information
334  for each species, as well as the maximum clade credibility tree inferred with RevBayes, was
335  used as input for ancestral range estimation. We used plotting functions provided by

336 BioGeoBEARS to visualize estimates of ancestral range for the model with the lowest AIC.
337

338 3. RESULTS

339 3.1 Assembly of ddRADseq data for phylogenetic inference
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Two Illumina HiSeq lanes generated approximately 460 million reads, of which
373,596,722 remained after quality and contaminant filtering. Bowtie2 aligned 4,007,039 reads
(1.07%) to the J. squamata chloroplast genome, which we subsequently removed prior to read
assembly and SNP calling. Three samples were removed prior to assembly due to low read count
relative to other samples, providing 68 samples for i pyRAD input. The full data set of 68 samples
was initially assembled into 307,146 loci, of which 130,581 remained after filtering, providing
929,267 SNPs (344,189 parsimony informative) for phylogenetic inference with RAxML and
TETRAD. Each individual possessed, on average, approximately five million raw reads which
were assembled, on average, into 19,417 loci (14.9% of total loci). Similar to other RADseq
phylogenetic data sets (Cariou et al., 2013; Eaton et al., 2017), the resulting sequence alignments
provided as input for RAxML and TETRAD exhibited a large proportion of missing data (84.69%
and 83.51% of sites contained missing values, respectively). 10,461,968 invariant sites were
removed from the phy1lip formatted sequence alignment prior to analysis with RAxML. TETRAD

sampled 124,530 unlinked SNPs for its analysis.

For the Bayesian analysis, increasing the min_samples locus and clust_threshold
parameters for assembly of the 22 serrate juniper and 3 outgroup samples effectively diminished
the effect of allelic dropout and reduced the proportion of missing data at the expense of
incorporating fewer loci for phylogenetic inference. An initial set of 479,143 loci were reduced
to 2,390 after filtering steps, providing 18,436 SNPs (7,894 parsimony informative) for
phylogenetic inference. On average, each individual possessed 5.7 million raw reads which were
assembled into 2,078 loci (86.9% of total loci). Only 14.72% of sites contained missing values in

the resulting nexus sequence alignment.
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3.2 Phylogenetic analyses

The maximum likelihood and SVDquartets analyses of ddRADseq data (hereafter
referred to as the ddRADseq phylogenies) recovered high support (>95%) for most nodes in the
phylogeny, with few exceptions (Fig. 2). The maximum likelihood phylogeny identified nine
monophyletic clades within the serrate junipers (Fig. 2 left), which are colored accordingly in
Figs. 2-4. The SVDquartets phylogeny resolved the same nine clades (Fig. 2 right), although two
were less supported: 1) the Cerro Petosi clade (J. zanonii and J. saltillensis, which are sympatric
on Cerro Petosi, MX) and 2) the subalpine-alpine clade (J. jaliscana, J. standleyi, and J.
monticola, which are collectively found in subalpine/alpine environments). The ddRADseq
phylogenies consistently recovered deeper relationships among three main monophyletic clades:
1) the western U.S. clade (J. californica, J. osteosperma, J. occidentalis, and J. grandis); 2) the
ashei clade (J. comitana, J. ovata, and J. ashei), the J. deppeana species complex, the one-
seeded serrate junipers (J. arizonica, J. monosperma, J. coahuilensis, J. pinchotii, and J.
angosturana, which largely exhibit 1 seed per cone); and 3) the Cerro Petosi clade, the J.
durangensis clade (J. martinezii and J. durangensis subspp.), the subalpine-alpine clade, J.

flaccida, and the J. poblana species complex. The ddRADseq phylogenies were consistent in
their relationships among the three high-level clades, including the placement of the western U.S.
clade as basal to the other serrate juniper clades (Fig. 2). Although nearly all relationships were
strongly supported and consistent across both phylogenies (Fig. 2), three were inconsistently
resolved. In the maximum likelihood phylogeny, the outgroup taxa J. drupacea and J. communis
are in distinct clades, whereas they are sister to one another in the SVDquartets phylogeny (Fig.
2). In the maximum likelihood phylogeny, the ashei clade is basal to the J. deppeana species

complex and the one-seeded group with high support; whereas, in the SVDquartets phylogeny,
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the J. deppeana species complex is basal, with high support (Fig. 2). Finally, although both
placements had low support, the maximum likelihood phylogeny placed J. flaccida as sister to
the J. poblana complex, whereas the SVDquartets phylogeny placed J. flaccida as basal to the

subalpine-alpine clade (Fig. 2).

Aside from the few conflicts above, the topologies inferred across multiple approaches
(maximum likelihood, SVDquartets, and Bayesian) were consistent, highly supported, and
congruent with established taxonomy based on morphological and chemical characters (Figs. 2,
4A). Whereas Adams and Schwarzbach (2013b) inferred a paraphyletic relationship for J. sabina
in which J. virginiana was sister to J. sabina var. sabina (Fig. 1 from Adams and Schwarzbach,
2013b), the ddRADseq phylogenies recovered a monophyletic relationship for the two J. sabina
varieties (Fig. 2). In addition, three of the nine monophyletic clades recovered with generally
high support in the ddRADseq phylogenies (Fig. 2) were paraphyletic in the nr-cpDNA
phylogeny of Adams and Schwarzbach (2013b): 1) the western U.S. clade; 2) the J. ashei clade;
and 3) the subalpine-alpine clade. First, the western U.S. clade was paraphyletic in the nr-
cpDNA tree of Adams and Schwarzbach (2013b) and is not basal to the other serrate juniper
clades, except for J. californica. Second, the J. ashei clade was paraphyletic in the nr-cpDNA
tree, with J. comitana basal to the western U.S. clade, J. ovata basal to the Cerro Petosi clade,
and J. ashei sister to J. deppeana (Fig. 1 from Adams and Schwarzbach, 2013b). Third, the nr-
cpDNA tree of Adams and Schwarzbach (2013b) placed J. flaccida and J. poblana in the

subalpine-alpine clade, causing the subalpine-alpine clade to be paraphyletic.

Sanger-sequenced data spanning four cpDNA regions (petN-psbM, trnS-trnG, trnL-trnF,
trnD-trnT), originally generated by Adams and Schwarzbach (2013b), was reanalyzed here with

additional samples to produce a phylogeny for detection of cyto-nuclear discordance when
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compared with ddRADseq phylogenies (both analyses were largely based on the same sets of
individuals, or individuals from the same populations). The cpDNA phylogeny inferred here had
less resolution and a distinctly different topology than that of the combined nr-cpDNA analysis
of Adams and Schwarzbach (2013b). Figure 3 illustrates five areas of discordance between the
maximum likelihood ddRADseq and Bayesian cpDNA phylogenies. First, the cpDNA phylogeny
inferred a sister relationship between J. sabina var. balkinensis and J. virginiana (Fig. 3 right),
whereas the maximum likelihood phylogeny inferred a sister relationship between J. sabina var.
balkinensis and J. sabina var. sabina (Fig. 3 left), consistent with taxonomic expectations.
Second, the western U.S. clade is paraphyletic in the cpDNA tree, and J. californica is sister to J.
comitana rather than grouped with the other western U.S. serrate junipers (Fig. 3 right). Third,
the cpDNA tree placed J. zanonii sister to J. ovata and nested within a clade with J. ashei (Fig. 3
right), rather than sister to J. saltillensis as it is in the maximum likelihood tree (Fig. 3). Fourth,
the cpDNA tree also included J. arizonica in this highly supported clade, making the one-seeded
group (J. arizonica, J. monosperma, J. coahuilensis, J. pinchotii, and J. angosturana)
paraphyletic (Fig. 3 right). Finally, in the cpDNA tree, J. flaccida is nested within J. poblana,

which causes this complex to be paraphyletic (Fig. 3 right).

3.3 Diversification history of the serrate junipers

The GTR+ I model of nucleotide substitution provided the best fit to the sequence
alignment generated for the subset of serrate juniper samples, including three outgroup samples
(J. virginiana, J. sabina var. sabina, and J. sabina var. balkanensis). The Bayesian topology was
largely consistent with the maximum likelihood and SVDquartets phylogenies, with an exception

being the paraphyletic relationship among the one-seeded junipers (Fig. 4A). The other eight of
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the nine monophyletic clades and all three high-level clades recovered by the ddRADseq
phylogenies (Fig. 2) were likewise recovered by the Bayesian phylogeny (Fig. 4A) with high
support (>99% posterior support for all nodes; Figure 4A). Our Bayesian calibration suggests
that the serrate juniper clade arose during the late Oligocene (crown age 23.73 Mya, 95% highest
posterior density [HPD]: 23 — 25.15 Mya), which is slightly younger but not inconsistent with
previous estimates of 25.82 (23.00 — 31.20) and 29.43 Mya (23.25 — 41.72) inferred from
cpDNA data with BEAST and MULTIDIVTIME, respectively (Mao et al. 2010). According to
our analysis, the western U.S. clade (J. californica, J. osteosperma, J. occidentalis, and J.
grandis) arose in the early Miocene (crown age 17.20 Mya, HPD: 16.00 — 19.32 Mya), which is
slightly younger but not inconsistent with previous estimates of 19.16 (16.00 — 25.44) and 24.39
(15.88 — 36.64) Mya inferred from cpDNA with BEAST and MULTIDIVTIME, respectively

(Mao et al., 2010).

The Bayesian phylogenetic model estimated a mean speciation rate for the serrate juniper
and closely related smooth leaf juniper clades of 0.14 sp/Ma (HPD: 2.46E-5 — 0.21 sp/Ma), and
an extinction rate of 0.03 sp/Ma (HPD: 7.18E-8 — 0.11 sp/Ma), resulting in a mean net
diversification rate (speciation rate — extinction rate) of 0.11 sp/Ma (HPD: -0.07 — 0.20 sp/Ma).
A lineage through time plot (Fig. 4B) suggests deviations from a constant rate of diversification
over time, which was confirmed quantitatively with the Cramér-von Mises and Anderson-
Darling goodness-of-fit tests, both of which rejected the null model of constant diversification
rate and exponentially distributed branching times (Cramér-von Mises: W2 = 2.326, p < 0.01;
Anderson-Darling GOF: A2 =3.189, p <0.01). Comparing lineage origination over time with a
constant rate of diversification reveals a period of notably elevated diversification from ~12-5

Mya (Fig. 4B).
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Comparison of AIC and AICc values for each of the six historical biogeographical
models with BioGeoBEARS suggested that the DIVALIKE model provided the best fit to the
data (AICc weight = 0.62). According to this model, the most probable ancestral range for the
serrate juniper clade is a combined range of the Western U.S. and northern/central MX (Fig. 5).
The ancestral range of the western U.S. serrate junipers was estimated as the western U.S., but

the ancestral range of the remaining serrate junipers was estimated as northern/central MX (Fig.

5).

4. Discussion

Junipers are considered foundational plants throughout arid regions of North America,
where they provide habitat and food resources for numerous animal species (Poddar and Lederer,
1982; Gottfried, 1992; Adams, 2014). The serrate juniper clade is endemic and adapted to arid
environments of North America, yet lack of phylogenetic resolution has precluded thorough
understanding of how geography and climate may have influenced diversification in this
relatively young group. Compared with previous work on limited numbers of serrate juniper taxa
and Sanger-sequenced cp and nr loci (Mao et al., 2010; Adams and Schwarzbach, 2013b), the
phylogenies inferred here with ddRADseq data offer greater resolution and support, and are
largely consistent with longstanding taxonomy. Our results provide insight into the evolutionary
history of the serrate junipers, including variation in the tempo of diversification, and reveal
notable instances of discordance among phylogenies inferred from nuclear and chloroplast

variation.

4.1 Diversification history of the serrate leaf margin junipers
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Our results are consistent with the hypothesis (Mao et al. 2010) that the ancestral serrate
juniper lineage originated during the Oligocene epoch in North America (Fig. 4). During the
Eocene-Oligocene transition (~33.9 Mya), decreasing temperatures and increasing seasonality
occurred in many regions globally, potentially favoring the expansion of arid-adapted juniper
populations (Kennett, 1977; Buchardt, 1978; Wolfe, 1978). As suggested by Mao et al. (2010),
the serrate juniper ancestor may have first reached North America via the North Atlantic Land
Bridge (NALB) or the Bering Land Bridge (BLB). The NALB, which provided an Atlantic
connection through Greenland, was beginning to fragment during the Eocene, but fossil evidence
suggests that it continued to facilitate the transatlantic migration of tree species well into the
Miocene (Donoghue et al., 2001; Grimsson and Denk, 2005; Denk et al., 2010; Helmstetter et al.,
2019). The BLB, which provided a Pacific connection across the Bering Strait, likely facilitated
numerous transcontinental migrations during the Cenozoic (Hopkins, 1959, 1967; Donoghue et
al., 2001; Wang and Ran, 2014), including other North American tree genera (e.g., Fagus and
Quercus, Manos and Stanford, 2001; Hesperocyparis + Callitropsis, Terry et al., 2016; Pinus,

Badik et al., 2018; Picea, Shao et al., 2019).

We inferred a combined ancestral range for the serrate juniper clade which included the
western U.S. and northern/central MX (Fig. 5). Two lines of evidence suggest that the common
ancestor of the serrate junipers established in the western United States after migrating from
Eurasia and potentially before expanding into northern and central Mexico. First, our results
generally suggest that the western U.S. clade is basal to all other serrate juniper clades (Figs. 2).
Second, the earliest appearances of serrate junipers in the fossil record date to the late Oligocene
and early Miocene in the western United States, and feature characteristics similar to extant

western U.S. junipers (Axelrod, 1956, 1987, 1991; Wolfe, 1964). During the Oligocene, the
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western United States was characterized by drier climates, expanding sclerophyll vegetation, and
the origin of many contemporary tree species (Axelrod, 1976; Reveal, 1980). Moderate
temperatures during this time shifted mixed conifer and subalpine forests coastward (Axelrod,
1976), which, alongside increasingly xeric conditions throughout the region, may have provided

ecological opportunity for serrate juniper establishment.

Divergence time estimates suggest that approximately one-third of all divergence events
occurred relatively recently in the serrate juniper clade. Elevated diversification rates occurred
from approximately 12 to 5 Mya during the late Miocene and early Pliocene (Fig. 4B). Notably,
this period coincided with enhanced diversification rates across juniper generally, which was
attributed by Mao et al. (2010) to global cooling and uplift of the Qinghai-Tibetan plateau,
though the latter is not relevant for North America. In western North America, uplift of the
American Cordillera during the late Miocene (~12-5 Mya) induced a rain shadow effect and the
expansion of arid habitats (Axelrod, 1950, 1985; Leopold and Denton, 1987; Wilson and Pitts,
2010), causing population extirpation and the evolution of drought adapted flora (Reveal, 1980).
The serrate junipers are particularly tolerant to water stress (Willson et al., 2008) and may have
persisted or expanded into newly vacant habitats during this period. Furthermore, increased fire
and the expansion of grassland habitat at lower elevations may have restricted junipers to higher
elevations, causing range disjunctions between mountain chains and allopatric divergence across
altitudinal zones (Retallack, 1997; Wilson and Pitts, 2010). Indeed, some extant sister species
exhibit geographical associations with adjacent mountain ranges, with one example being J.
occidentalis and J. grandis, which diverged around the Miocene-Pliocene boundary: Juniperus
occidentalis inhabits low to intermediate elevations associated with the Cascade range and J.

grandis occupies mid to high elevation alpine environments associated with the Sierra Nevada
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range (Terry et al., 2000). Miocene diversification has also been observed in other temperate
trees (Pinus; Willyard et al., 2007; Cupressus; Xu et al., 2010; Abies; Aguirre-Planter et al.,
2012; Quercus section Lobatae, series Agrifoliae; Hauser et al., 2017) and has been similarly

attributed to falling global temperatures and mountain uplift.

4.2 Utilizing ddRADseq data to resolve relationships among the serrate junipers

Our analyses were highly consistent across different inference approaches and
recapitulated many of the general patterns suggested by previous analyses, including the
monophyly of the “one-seeded”, “Cerro Petosi”, and “durangensis” clades (Adams and
Schwarzbach, 2013b) and recognition of two J. deppeana varieties, var. gamboana and var.
deppeana (Mao et al., 2010; Adams and Schwarzbach, 2013b). However, ddRADseq analyses,
based on more extensive genomic sampling, provided enhanced resolution of early divergences
in the serrate juniper clade by consistently recovering three major groups with high support: 1)
the western U.S. clade; 2) the J. ashei clade, J. deppeana species complex, and one-seeded clade
[also suggested by Mao et al. (2010)]; and 3) the Cerro Potosi clade, J. durangensis clade, the
subalpine-alpine clade, J. flaccida, and J. poblana species complex. Our analyses additionally
recovered some relationships which were previously unresolved due to incomplete sampling,
predominantly cpDNA-based inference, or analyses being based on limited genomic sampling
(e.g., Mao et al., 2010; Adams and Schwarzbach, 2013b). We highlight noteworthy examples of

these results below.

Members of the western U.S. clade (J. occidentalis, J. grandis, J. osteosperma, and J.
californica) are morphologically cohesive (see Vasek, 1966) and occur along a north-south

moisture gradient from the montane zone of the eastern Cascade and Sierra Nevada ranges (J.
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occidentalis and J. grandis, respectively), through the pinyon-juniper woodlands of the Great
Basin and Colorado Plateau (J. osteosperma), to the Mojave Desert (J. californica). Nonetheless,
both Mao et al. (2010) and Adams and Schwarzbach (2013b) inferred paraphyletic placements of
J. californica relative to other members of the group. In contrast, our analyses inferred J.
californica as the most basal member of a monophyletic western U.S. clade (Figs. 2, 4A),
consistent with previous taxonomic classification. Our analyses additionally resolved
relationships among J. osteosperma, J. occidentalis, and J. grandis, which hybridize in western
Nevada (Terry et al., 2000; Terry, 2010; Adams, 2013a,b). Juniperus grandis and J. occidentalis
were previously classified as J. occidentalis varieties based on morphological similarities which
exhibit clinal variation (Vasek, 1966); however, they were not sister to one another in the
analysis of Adams and Schwarzbach (2013b). Our analyses assigned them as sister taxa and
placed J. osteosperma basal to them (Figs. 2, 4A), consistent with expectations based on

morphology and geography.

Juniperus ashei and J. ovata (previously J. ashei var. ovata; Adams and Baker, 2007)
hybridize extensively where they occur parapatrically in the trans-Pecos region of Texas, and
were considered subspecies until recent phylogenetic analysis merited the recognition of J. ovata
at the specific level (Adams and Schwarzbach, 2013b). In contrast to Adams and Schwarzbach
(2013Db), our analyses indicate a sister relationship for J. ashei and J. ovata, which is supported
by morphology and the geographical proximity of these taxa (Figs. 2, 4A). The inference of J.
comitana as the basal member of this clade (Figs. 2, 4A), however, is not supported by

morphology and chemistry (Adams, 2000) and merits additional research.

We included new collections of J. durangensis from Sierra Gamon, Durango, in our

analyses due to their atypical morphology relative to type localities of J. durangensis (Socorro
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Gonzales, pers., comm.). Our analyses suggest phylogenetic distinctness of J. durangensis from
Sierra Gamon, despite growing only 150 km northeast of the type locality near El Salto, Durango
(Fig. 2). Ongoing morphological and phytochemical analyses may help determine whether J.
durangensis from Sierra Gamon merits recognition as a new variety. Similarly, new J. poblana
accessions were analyzed from Nayarit, Oaxaca, and Puebla, as potential cases of intraspecific
divergence. The only additional variety suggested by our analyses besides the previously
recognized J. poblana var. decurrens is represented by samples from Oaxaca, which formed a

monophyletic group in both the maximum likelihood and SVDquartet analyses (Fig. 2).

In contrast to Adams and Schwarzbach (2013b), the ddRADseq maximum likelihood
analysis placed J. jaliscana, J. monticola, and J. standleyi in a highly-supported monophyletic
clade, and J. flaccida and J. poblana in a distinct sister clade with low support (Fig. 2 left). The
SVDquartets and Bayesian trees likewise indicate monophyly of J. jaliscana, J. monticola, and J.
standleyi, but with lower support (Figs. 2 right, 4A). We refer to this group as the “subalpine-
alpine clade” because they occur at mid-high elevations. Juniperus monticola is widespread in
Mexico and occupies subalpine and alpine habitats at elevations of 2400-4500 m (Adams, 2014),
while J. jaliscana occupies pine-oak forests at elevations of 1335-2670 in southern Durango and
northwest Jalisco (Zanoni and Adams, 1979). Juniperus standleyi is found in extreme southeast
Mexico and Guatemala at elevations of 3000-4250 m (Adams, 2014). Phylogenetically adjacent
taxa, J. flaccida and J. poblana, likewise occur in subalpine habitats but are distinguished
morphologically from the subalpine-alpine clade by branches which are flaccid at the tips so that

their foliage appears to be drooping (Adams, 2014).

The relationship between J. flaccida and J. poblana (previously J. flaccida var. poblana)

has been taxonomically challenging due to the paucity of distinguishing morphological features
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and their ability to hybridize (Zanoni and Adams, 1976; Adams et al., 2018c). Our analyses
suggest a distinct taxonomic status for J. poblana, but disagree on the relationship between J.
poblana and J. flaccida. Consistent with taxonomic expectations, maximum likelihood and
Bayesian phylogenies support a sister relationship between J. flaccida and J. poblana (although
poorly supported in the former) (Figs. 2 left, 4A); however, the SVDquartets tree suggests a
more distant placement of J. flaccida basal to the subalpine-alpine clade (Fig. 2 right). An
affinity of J. flaccida towards the subalpine-alpine clade was suggested by the Adams and
Schwarzbach (2013b) phylogeny, which recovered a sister relationship between J. flaccida and
J. standleyi. A potential explanation for this, and for conflicting phylogenetic signal in the

ddRADseq data, could be introgression from J. standleyi into J. flaccida.

While the maximum likelihood and SVDquartets analyses produced predominantly
consistent results, there were three instances of discordance which highlight areas where gene
tree variation may have influenced inference (Maddison, 1997; Huang et al., 2010; Tonini et al.,
2015). As incomplete lineage sorting (ILS) is a major source of gene tree-species tree
discordance, phylogenetic inference under the multi-species coalescent (e.g., SVDquartets) may
perform more accurately under high ILS conditions compared with concatenation approaches
(e.g., RAXML) (Chou et al., 2015). Shallow divergences may be especially prone to ILS, which
may explain the discordance between the J. ashei clade, the J. deppeana complex, and the one-
seeded clade (Figs. 2, 4A). Alternatively, hybridization is widely reported throughout Juniperus
(e.g., Adams, 1994; Terry et al. 2000; Adams et al., 2020) and may have contributed to
topological discordance in areas of low support, e.g., the relationship of J. flaccida (Fig. 2).
Finally, allelic dropout in reduced-representation data may complicate the resolution of older

splits, and may have played a role in the discordance observed among two outgroup samples, J.
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communis and J. drupacea (Fig. 2). Overall, differences in model assumptions and conflicting
phylogenetic signal likely influenced the few points of discordance observed among our different

inference methods.

4.3 Discordance between phylogenies inferred with nuclear and chloroplast DNA
Discordance among nr and cpDNA is common, and can arise from processes including
incomplete lineage sorting (Degnan and Rosenburg, 2009), hybridization (Rieseberg and Soltis,
1991; Rieseberg et al., 1996), and lateral transfer of organellar genomes (Stegemann et al.,
2012). In angiosperms prone to hybridization, discordance among nr and cpDNA gene trees has
often been attributed to introgression and chloroplast capture (e.g., Acosta and Premoli, 2010;
Lee-Yaw et al., 2019; Liu et al., 2020). When maternally inherited in angiosperms, cpDNA
exhibits more intraspecific population divergence and higher introgression across species
boundaries than ntDNA (Petit and Excoffier, 2009; Du et al., 2009). However, conifer cpDNA is
usually paternally inherited through pollen (Neale and Sederoff, 1989; Mogensen, 1996),
typically exhibits weaker population differentiation than nr or mtDNA, and is expected to move
less readily across species boundaries (e.g., Petit et al., 2005; Gerardi et al., 2010; Godbout et al.,
2010). Thus, chloroplast introgression should generally be less likely in conifers, although
potential examples of chloroplast introgression and capture have been described (e.g., Liston et
al., 2007; Gernandt et al., 2018). Interestingly, theoretical work suggests cp capture may be
driven by mitochondrial based cytoplasmic male sterility (Frank, 1989) in hybridizing
angiosperms with maternal co-inheritance of mt and cp genomes (Tsitrone et al., 2003). This
mechanism couldn’t operate in most conifers (e.g., Picea and Pinus) which inherit mt (maternal)

and cp (paternal) genomes separately. However, Cupressaceae (including Juniperus) have
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paternal inheritance of both mt and cp genomes (Mogensen, 1996; Adams, 2019), which could
increase the probability of chloroplast capture via cytoplasmic interactions (Tsitrone et al.,
2003). Alternatively, lateral transfer of chloroplast through natural grafting during periods of
sympatry could lead to apparent chloroplast capture in the absence of hybridization (Stegeman et
al., 2012).

As in other conifers (Petit and Hampe, 2006), reproductive isolation is often weak among
Juniperus, and hybridization has been documented among serrate juniper species including J.
occidentalis and J. osteosperma (Terry et al. 2000; Terry 2010), J. ashei and J. ovata (Adams et
al., 2020), and J. angosturana and J. coahuilensis (Adams, 1994). Potential cases of
introgression or horizontal transfer of cpDNA have also been noted in the group (Adams, 2016;
Adams et al., 2016, 2017). For example, J. occidentalis and J. osteosperma hybridize extensively
in northwestern Nevada, and a cpDNA haplotype fixed in J. occidentalis appears to have
introgressed through the western range of J. osteosperma (Terry et al., 2000, Terry, 2010). A
potential case of chloroplast capture occurred in the closely related smooth leaf juniper clade
(Fig. 3 right) between J. thurifera (chloroplast donor, not shown) and J. sabina var. sabina
(chloroplast recipient), giving rise to the allotetrapoloid J. sabina var. balkanensis (Adams et al.,
2016, 2018a,b; Farhat et al., 2019). The cpDNA tree indicates notable discordance consistent
with this idea, placing J. sabina var. balkanensis in a clade with J. virginiana (Fig. 3 right),
while ddRADseq analyses inferred the expected monophyletic relationship for the J. sabina
varieties (Figs. 2, 3 left). As the ddRADseq phylogenies are congruent with taxonomic
expectations based on morphology and geography, several strong instances of discordance in the
cpDNA phylogeny suggest the potential for chloroplast introgression or transfer, although

incomplete lineage sorting remains plausible for several of these cases.
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Clear instances of discordance involve species from diverged lineages inferred with
nuclear data that unexpectedly share cpDNA variation (Fig. 3). ddRADseq data inferred a
western U.S. clade containing J. californica (Fig. 3 left), as expected based on morphology and
geography; however, the cpDNA tree placed J. californica in a well-supported clade with J.
comitana, which is restricted to southern Mexico/northern Guatemala (Fig. 3 right).
Introgression or transfer of a J. comitana-type chloroplast from an ancestral J. comitana lineage
into J. californica could underly such discordance (Fig. 3 right). Second, cpDNA placed J.
zanonii, a sub-alpine plant that grows at the 3550 m summit of Cerro Potosi, NL, Mexico, within
a clade with J. ashei and J. ovata, sibling species that grow on limestone in Central Texas
(Adams, 2008) (Fig. 3 right). The ashei clade is substantially diverged from J. zanonii in
ddRADseq analyses, which placed J. zanonii with J. saltillensis (Fig. 3 left), consistent with J.
zanonii and J. saltillensis exhibiting altitudinal zonation at Cerro Petosi, Mexico. This
discordance could have arisen from chloroplast introgression or transfer from an ancestral J.
ovatalJ. ashei into ancestral J. zanonii, as these lineages likely experienced sympatry during the
Pleistocene (Adams and Baker, 2007). Third, J. arizonica and J. coahuilensis occur
parapatrically, but the two taxa are highly similar morphologically and hybridize in the Trans-
Pecos, Texas region (Adams, 2014, 2017). ddRADseq analyses placed J. arizonica in the one-
seeded group with J. coahuilensis (Fig. 3 left), as expected, while cpDNA placed J. arizonica
within the J. ashei clade (Fig. 3 right). Chloroplast introgression or transfer from J. ashei to J.
arizonica could underly such discordance (Fig. 3 right), although incomplete lineage sorting is
also possible for these closely related clades. These discordances suggest that nr and cpDNA
histories can vary prominently in Juniperus, and while evidence for chloroplast capture or
horizontal transfer is scarce in conifers, these processes may deserve further study in

Cupressaceae.
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5. Conclusion

Our analyses of ddRADseq data produced highly resolved and largely consistent
phylogenies depicting the evolutionary history of the serrate junipers of western North America.
While these phylogenies were strongly consistent with taxonomic expectations based on
morphology and ecology, cpDNA phylogenies illustrated several pronounced cases of
discordance, suggesting the potential for processes to differentially influence the evolutionary
history of the chloroplast genome. An improved understanding of the timing and tempo of
diversification, including the age of origin of the serrate juniper clade and its elevated rate of
diversification during the late Miocene, illustrates how the interaction between geologic,
geographic, and climatic processes may have influenced patterns of diversification in this group.
This study contributes to a growing body of research demonstrating the effectiveness of reduced-
representation sequencing data for resolving the phylogenies of non-model organisms (e.g.,
Eaton and Ree, 2013; Herrera and Shank, 2016; Massatti et al., 2016; Eaton et al., 2017; Near et
al., 2018; Paetzold et al., 2019) and the complex evolutionary histories of western North

American taxa characterized by reticulate evolution and recent divergence.
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Figure Legends

Figure 1: The serrate leaf junipers are distributed across arid and semi-arid regions of the
western United States, Mexico, and Guatemala. Colors representing sampling localities
correspond with those designating serrate juniper clades in the phylogenies of Figures 2-4.
Outgroup specimens are not shown in map. Map created with ArcGIS Pro 2.4.0

(http://www.esri.com).

Figure 2: Phylogenetic analyses of ddRADseq data with maximum likelihood (left) and
SVDquartets (right) provide largely consistent topologies for the serrate juniper clade and its
relatives. Nine monophyletic clades resolved by both methods are indicated by colored boxes.
Bootstrap support values are reported for all nodes. Branch lengths are not meaningful for the

SVDquartets tree.

Figure 3: Comparison of the maximum likelihood ddRADseq tree (left) to a Bayesian cpDNA
tree (right) reveals five clear instances of discordance, indicated by dashed arrows. Nine low-

level clades resolved with ddRADseq data (Fig. 2) are indicated by colored boxes.

Figure 4: (A) Maximum clade credibility tree (MCC) from analyses in RevBayes of the serrate
leaf juniper clade calibrated with fossil evidence. Smooth leaf juniper outgroup taxa were
excluded from the figure for clarity. Asterisks identify two of the three calibration nodes (the
calibrated root node is not shown because it was pruned prior to visualization; see Methods and
Table S2 for details). All nodes received greater than 99% Bayesian posterior support. The nine

low-level clades resolved in RAXML and SVDquartets phylogenetic analyses of the full set of
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ddRADseq data (Fig. 2) are indicated by colored boxes. (B) Lineage through time plot for the
serrate juniper clade generated with the Bayesian MCC tree in panel A. Grey dashed line
represents linear diversification rate through time given the estimated crown age of the serrate

clade and the extant number of species.

Figure 5: Ancestral ranges for the serrate junipers based on a dated phylogeny produced with
RevBayes and the DIVALIKE model in Bi oGeoBEARS. The map inset shows the delineation
of five operational areas (A, western U.S.; B, central U.S.; C, eastern U.S.; D, northern/central
MX; E, southern MX), which, along with information of species distributions, informed the
geographic ranges assigned to each species and model-based estimates of ancestral ranges. Pie
charts at each node represent the marginal probabilities for each range estimated with maximum
likelihood, where the colors of the pie sectors either represent single ancestral ranges indicated
within the map inset or a possible combination of two ancestral ranges, in which case a novel

color was chosen.
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Serrate junipers are ecologically significant trees of western North America

(76 characters)

RADseq data produced strongly resolved phylogeny for North American serrate junipers
(84 characters)

Comparison of RADseq and cp phylogenies revealed cases of strong discordance (76)
Serrate junipers originated in Oligocene and diversified rapidly in the late Miocene
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