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ABSTRACT

Historical climate fluctuations have left genetic signatures on species and populations across North America. Here, we used phylogenetic and population genetic analyses from 1,402 orthologous sequences of 75 individuals obtained through sequencing of Ultraconserved Elements (UCEs) to identify population genetic structure and historical demographic patterns across the range of a widespread, cold-adapted ant, the winter ant, Prenolepis imparis. We relate the genomic patterns to those expected as a result of in situ diversification, maintained connectivity, or recent migration. We recovered five well-supported, genetically isolated clades across the distribution: 1) a basal lineage located in Florida, 2) populations across the southern United States, 3) populations that span the midwestern and northeastern United States, 4) populations from the western United States, and 5) populations in southwestern Arizona and Mexico. Using Bayesian clustering analysis in STRUCTURE and k-means clustering in ADEGENET, we investigated gene flow between these major genetic clades and did not find evidence of gene flow between clades. We did find evidence of localized structure with migration in the western United States clade. High support for five major geographic lineages and lack of evidence of contemporary gene flow indicate in situ diversification across the species’ range, probably influenced by glacial cycles of the late Quaternary. 
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INTRODUCTION

Charles Darwin used islands as a lens through which to study evolution. In the years since the Origin of Species (Darwin 1859), it has become clear that the unfolding evolutionary stories of taxa are also observable at the scale of continents, particularly in light of historical climate change. An understanding of the influence of climate change on taxa provides opportunities to understand individual histories of species, but also general rules of divergence. Although the influence of climate change on taxa has been documented for parts of North America in particular lineages, studies of widespread species across the entirety of North America are very rare. Here, we take advantage of focused collection and a nationwide citizen science project to study an iconic North American ant, the winter ant, Prenolepis imparis.
In North America, two kinds of cryptic divergence may be expected in geographically widespread species. First, species might show ancient divergence associated with topographic gradients in the southern parts of their ranges, associated with episodes of isolation and, to a lesser extent, range expansion during periods of glaciation (Galbreath et al. 2009; Hope et al. 2016; Hope et al. 2014). Conversely, we might expect to see northern lineages or species that expanded after being confined to refugia during cold periods, or that retreated south during cold periods (e.g. Alberdi et al. 2015; Beatty & Provan 2010; Davis & Shaw 2001; Shapiro et al. 2004; Stewart et al. 2010). 
Past climate change has left signatures on the population structure and species boundaries of many taxa. The Quaternary (2.4 mya to the present) glacial cycles are often cited as important in shaping the biodiversity throughout the Northern temperate regions. During this time, there was a series of major ice ages (Hewitt 1996). The Pleistocene epoch (1.8 – 0.01 mya), in particular, is characterized by numerous climatic fluctuations between glacial and interglacial periods (Clark & Mix 2002). During the last glacial maximum (LGM) in North America (~22-18 kya), ice sheets extended from southern Alaska throughout most of Canada and into what is now the northeastern and northwestern United States (Mann & Hamilton 1995). These changes in climate and environment caused large scale migration of both plants and animals and in some cases caused extinction. 
[bookmark: move69575250][bookmark: move695752501]Broadly, species are thought to fall into two groups with regard to their response to glacial cycles. Some species (“range shifters”), experienced contractions of northern populations or retreated to warmer refugia as glaciers expanded (Alberdi et al. 2015; Davis & Shaw 2001). For “range shifters,” postglacial expansion into previously uninhabitable regions has likely been important in shaping these populations and species (Guiher & Burbrink 2008; Hewitt 1996). These leading populations, in some cases, show reduced genomic variation because founding events associated with northward expansion led to loss of alleles and increased homozygosity (Lait & Hebert 2018). In contrast, other species, especially cold-tolerant ones, were able to survive in northern regions during interglacial periods (e.g. Beatty & Provan 2010; Shapiro et al. 2004; Stewart et al. 2010). These “persistent” species are characterized by deeper structure and/or distinct genetic lineages (Lee-Yaw et al. 2008; Loehr et al. 2006). Species-specific traits appear to have been important in determining the extent to which any single species was a range shifter or a persistent species, and to what extent (Davis & Shaw 2001; Soltis et al. 2006; Stewart et al. 2010).  
Independent of the response of populations north of the southernmost ice sheets, low-latitude populations south of ice sheets had the potential to retain high genetic diversity. In practice, such diversity has often been accentuated by topographic features such as mountains and rivers, which created barriers to gene flow or refugia. Where they have been studied, these low-latitude populations are often characterized by deeper evolutionary histories. For example, populations of American Pika (Ochotona princeps), red squirrels (genus: Tamiasciurus), and North American water shrews (genus: Sorex) were isolated on the sky-islands of the US Southwest (west Texas, southern New Mexico, southern Arizona, and southern California) (Galbreath et al. 2009; Hope et al. 2016; Hope et al. 2014). T To summarize, northern populations in North America are likely to have undergone divergence associated with glacial isolation if they persisted in situ or show evidence of recent expansion if they did not (range shifters). Southern populations, on the other hand, are expected to show divergence associated with regional factors that favor isolation. That divergence is predicted to be particularly pronounced in Southwestern Sky Islands. Yet, while we understand the broad sweep of these dynamics from studies of diverse taxa, from North American shrubs to caterpillars (Lait & Hebert 2018; Park & Donoghue 2019), in few cases is the same taxon considered across the expanse of the North American geography (Mila et al. 2006). Widespread taxa have the potential to illustrate the diverse genetic effects of climate cycles on population diversification and fragmentation in these regions (Spellman & Klicka 2007) and the extent to which apparent rules about such diversification are generally true. Widespread taxa are particularly useful in this regard if they disperse well enough to be widespread, but not so well as to foil local adaptation (Hewitt 1996; Kisel & Barraclough 2010). 
In general, ants are excellent models for phylogeographic analyses because many ant species have low vagility (Peeters & Ito 2001) and some ant species are extraordinarily widespread. The winter ant, Prenolepis imparis, is distributed across North America where it is often associated with relatively cool mesic oak and pine forests (Cuautle et al. 2016; Frye & Frye 2012; Wheeler 1930). Its current range extends from Mexico to Canada, and thus includes regions that were glaciated as well as unglaciated lower latitude sites from North Carolina to California. It is not known whether northern populations of Prenolepis imparis were ranger shifters or persisters. However, the biology of the species seems well suited to survive unfavorable conditions; they have constitutive mechanism in place which allow them to shrug off cool temperatures with few changes in gene regulation (Tonione et al. 2020a) and phenotypic plasticity and variability in thermal tolerance among populations could have allowed populations to persist during glacial cycles (Bujan et al. 2020; Tonione et al. 2020b). On the other hand, there were large range shifts in oaks during the LGM (Gugger et al. 2013) that could have strongly influenced the distribution of P. imparis. 
Prenolepis imparis is the only species of its genus in North America, and its closest sister taxon (P. nitens) is found throughout southeastern Europe.  (LaPolla, Brady, & Shattuck, 2010; Williams & LaPolla, 2016)⁠ MMMolecular evidence suggests P. imparis and P. nitens diverged in the Miocene approximately 12–5 Mya (Matos-Maravi et al. 2018). The preference for cool temperatures and oak trees is shared by the putative common ancestor of both species (P. heschei) (Perkovsky 2011). The relative ancientness of P. imparis suggests the possibility that in the low latitudes of North America it has diverged in response to geographic isolation. Indeed, morphological data from one or a few specimens suggest there are several subspecies (Fig. 1): P. i. minuta (United States, District of Columbia), P. i. pumila (United States, North Carolina), P. i. testacea (United States, District of Columbia), P. i. californica (United States, California), P. i. arizonica (Arizona), P. i. colimana (Mexico, Volcan de Colima), P. i. coloradensis (United States, Colorado), P. i. veracruzensis (Mexico, Veracruz) (Williams & LaPolla 2016).
Two common challenges exist to the study of divergence and speciation in widespread species. The first is a mundane but important one, namely, the reality that such species, if they are to be studied well, require widespread sampling. We overcame this problem through targeted sampling, but also with the help of a nation-wide citizen science project (The School of Ants; https://andrealucky.com/school-of-ants/) in which children and adults used cookie baits to sample ants (Lucky et al. 2014). The second problem relates to reconciling genetic and evolutionary processes at different levels of biological organization. Because the divergence that might occur in widespread species includes both relatively ancient divergence among species and more recent divergence within species, it requires a mix of phylogenetic and population genetic approaches. In this study, we solved this problem by sequencing Ultraconserved Elements (UCEs) (Branstetter et al. 2017; Faircloth et al. 2012) and performing phylogenetic and population genetic analyses.
Some patterns between biogeographic regions we might see include 1) range shifters which would have low genetic diversity and signatures of expansion or 2) range persisters which will have populations that evolved in situ among separate regions, in which case we should see deep divergence between populations that have been isolated, and 3) high migration rates, in which migration among regions has been frequent enough to homogenize regional divergence, potentially creating polytomies and unresolved nodes across the phylogeny. 

MATERIALS AND METHODS
[bookmark: move486078474]Prenolepis imparis and outgroup samples were generously donated to this project from natural history collections and collaborators including the School of Ants collection (See Supporting Table 1)(Lucky et al. 2014). We sequenced 73 individual ants that were collected from sites across the United States and Mexico (Fig. 1). Samples that were collected by hand for this project were typically discovered by visual searching and foraging workers were collected by aspirator and preserved in 95% EtOH. We also included an unusual specimen of particular interest: an individual from a colony with apparent microgyne queens, collected by A. L. Wild in 2001 in the Sierra Nevada mountains of California (AW1195). The unusually small size of the queens in this colony, as well as the unusual reproductive phenology (fall dispersal of reproductives, rather than the typical early spring) suggest that these ants may be a different species, perhaps a social parasite (Williams & LaPolla 2016). We also included two outgroup species: P. nitens and P. naoroji. 

Samples and DNA extraction
For ants that were destructively sampled, genomic DNA was extracted from whole ants using a Qiagen DNeasy Blood & Tissue kit (Valencia, CA). The kit protocol was followed as specified, with the following modifications: samples were first ground in 1.5mL tubes with a stainless-steel grinding ball, 50g RNase A and 10L DTT were added to the lysis step, and finally, samples were eluted in 300L RNase- and DNase-free water and then put in a vacuum-heater and evaporated down to 100L. For samples that were non-destructively sampled, the same modifications were used, except ants were not ground but, instead, placed whole in the lysis buffer and put in a rotating oven for 48 hours, with additional 20L ProK added after the first 24 hours. These samples were then soaked in 70% ethanol solution before being re-mounted.  
Following extraction, DNA was sheared using a Bioruptor sonicator (Diagenode) with 1 or 4 rounds of sonication (1 min per round on low, 90s on, and 90s off). If the sample was collected before the year 2000 or if the sample was pinned prior to DNA extraction, we assumed the samples were partially degraded and they were only sonicated for a 1 minute shear time total. All others were sheared for 4 minutes. Because of low starting concentrations (often less than 100ng total DNA), the sheared DNA was not visualized on a gel. As the majority of the sequence variation is usually found farther away from the target sites for the UCE probes, we wanted longer size fragments (approximately 400-1000bp). However, without being able to visualize this, we did not know the size fragments of our extractions, so we purified the reaction following shearing using 0.7x low ratio Solid Phase Reversible Immobilization (SPRI) beads in order to remove smaller fragments. 

Library preparation and array capture

Following sonication and purification, the DNA library preparation and array capture protocols were used as described in Meyer and Kircher (2010), with minor modifications. Most of those modifications were only introduced during the reaction clean-up. For all the purifications, we used 80% ethanol instead of 70% ethanol as stated in Meyer and Kircher (2010). In addition, 0.7x low ratio SPRI beads were used for purification after blunt-end repair and after indexing reactions in order to remove DNA fragments that were too sheared. Blunt-ends were repaired as in Meyer and Kircher (2010), except our mix had a final concentration of 0.05 U/µL of T4 DNA polymerase and 0.25U/ µL of T4 polynucleotide kinase in 20µL of master mix. In addition, we combined three separate indexing PCRs (12 cycles) where every sample had a unique index number and combined identical samples to one final indexed library eluted in 22 µL water (instead of EB) before enrichment. We assessed the success of library preparation by measuring DNA concentrations with the Qubit fluorometer and visualizing the libraries on an agarose gel. 
For UCE enrichment, we made pools at equimolar concentrations containing eight uniquely labeled samples that were pooled together to contain 500ng total DNA. We performed enrichments using a custom UCE bait set developed for Hymenoptera (‘hym-v2’). This set has custom-designed probes targeting 2590 UCE loci in Hymenoptera (Branstetter et al. 2017). We followed library enrichment procedures for MYcroarray MYBaits kit (Mycroarray, Inc), except we used 0.1X concentration of the standard MYBaits concentration, and added 5µL of the Roche Developer Reagent, and 1.0 µL of 10mM custom blocking oligos designed for our custom tags Meyer and Kircher (2010). The enrichment was performed at 65°C for 22 hours. We then used 10µL of the library and cycled this 18 times during the amplification. Following post-enrichment PCR, we purified this reaction in 1.2X SPRI beads and eluted in 22 µL EB. 
[bookmark: docs-internal-guid-e7b7ad66-7fff-c45a-6b]	In order to verify enrichment, we performed qPCR on both our post-enrichment and unenriched libraries using a DyNAmo™ Flash SYBR® Green qPCR kit (Thermo Fisher Scientific). We checked that in our post-enrichment libraries, we saw a greater fold enrichment in our positive controls, UCE82, UCE591, and UCE1481, than the unenriched libraries (Faircloth et al. 2015). We quantified each enriched pool using a Qubit fluorometer, checked peak quality and peak library size using a Bioanalyzer. We then diluted each to less than 100nM and pooled them all at equimolar concentrations into a single sequencing lane. Sequencing was performed on an Illumina HiSeq4000 (Illumina, Inc., San Diego, CA, USA; Vincent J. Coates Genomic Sequencing Laboratory at UC Berkeley). 

Bioinformatic processing

We used a custom Perl workflow to process UCE sequence capture data from published methods described in (Bi et al. 2012; Portik et al. 2016). The pipeline for processing de novo target capture data is available in github  (https://github.com/CGRL-QB3-UCBerkeley/denovoTargetCapturePhylogenomics). Briefly, raw fastq reads were filtered using Cutadapt (Martin 2011) and Trimmomatic (Bolger et al. 2014) to remove low quality reads and adapter sequences. Exact duplicates were eliminated using Super Deduper (https://github.com/dstreett/Super-Deduper). We used FLASH (Magoc & Salzberg 2011) to merge overlapping paired-end reads. We then used SPAdes (Bankevich et al. 2012) to assemble cleaned reads via a multi-kmer approach, to generate raw assemblies for each sample. We used BLASTn (Altschul et al. 1990)(evalue cutoff = 1e-10, similarity cutoff = 75) to compare SPAdes raw assemblies of each individual to the UCE baits to identify assembled contigs that stemmed from UCE loci. The resulting non-redundant UCE assemblies from each individual sample were used as a raw reference that included the targeted UCE and the flanking sequences (+/-500bp to targeted UCE region). Paired-end and merged cleaned reads from each individual were then aligned to the individual-specific assemblies using Novoalign (Li & Durbin 2009) and we only retained reads that mapped uniquely to the reference. We used Picard (http://broadinstitute.github.io/picard/) to add read groups and GATK (McKenna et al. 2010) to perform re-alignment around insertions/deletions. We used SAMtools/BCFtools (Li et al. 2009) to generate individual consensus sequences by calling genotypes and incorporating ambiguous sites in the individual-specific assemblies. Sites were masked as ‘N’s if the read depth was lower than 5x or if they were within 5bp of an indel. RepeatMasker (Smit et al. 2015) was implemented to mask (by using Ns) putatively repetitive elements and short repeats, using the “ants” database. For each individual, we retained a resulting consensus contig if no more than 20% of the nucleotides were Ns after the above masking. Multi-sample alignments of each locus were generated with MAFFT (Katoh & Standley 2013) and ambiguously aligned regions in alignments were then trimmed using Trimal (Capella-Gutierrez et al. 2009). We retained alignment where at least 30% of the samples contained less than 40% missing data (Ns or gaps). We also calculated average read depth and trimmed off alignments that fell outside of the 2nd and 98th percentile of the distribution. To further control for potential paralogs, we also removed entire alignment in which any site where the maximum proportion of shared heterozygosity was above 0.3. Capture efficiency was evaluated by average per site depth for the target, flanking regions for each locus (at least 500bp upstream and downstream), sensitivity (the percentage of bases within a target sequence that are recovered in one or more reads), and specificity (which determines the percentage of cleaned reads mapped to target and +/- 500bp flanking sequences). 
	Several museum samples had extremely low sensitivity, specificity, and coverage, and were eliminated from the following analyses. 

Phylogenetic analyses

We combined all filtered individual alignments in phylip format and made a partitioned file ready for RAXML analysis. We ran RAXML using several different datasets and analysis methods to account for the effects of missing data and data partitioning (Branstetter et al. 2017). We created one alignment that contained all the UCE loci recovered in our analyses. We also filtered the individual UCE alignments for 100% and 90% taxa present. We then created RAxML formatted alignments of the remaining concatenated loci. For each of the concatenated alignments, we created two files: partitioned by gene and unpartitioned. We analyzed each dataset with RAXML v8.1.17 (Stamatakis 2014) with a rapid bootstrap analysis (100 replicates) plus best tree search (option “-f a”) using GTR+Γ as the model of sequence evolution. 
	
Population admixture

To infer the number and composition of our populations, we used both a model-based clustering method and a multivariate method. We used the program STRUCTURE v2.3.4 (Pritchard et al. 2000) to investigate the number of population clusters and potential admixture between populations in our dataset. This software uses a Bayesian algorithm that creates clusters that maximize Hardy-Weinberg equilibrium and gametic phase equilibrium within clusters and disequilibrium between clusters. Our dataset included one random informative SNP per locus. Ten iterations were run for each value of K from 1 (no population structure) to 10 (three more than the number of major clades we detected with RAXML), with a burn-in of 10,000 steps followed by 100,000 MCMC steps, under an admixture model. We summarized the results using CLUMPAK (Kopelman et al. 2015) and visualized the results using the program DISTRUCT (ROSENBERG 2004). We evaluated populations using highest ∆K method (Evanno et al. 2005) After initial runs suggested two main populations (see below), we further split the dataset into those two groups and ran STRUCTURE again on those groups independently using the same inputs as before. We also investigated the genetic split of populations using a discriminant analysis of principal components (DAPC) with ADEGENET 2.0 (Jombart 2008; Jombart & Ahmed 2011) in the program R using the function dapc. This multivariate analysis combines Principal component analysis (PCA) and discriminant analysis to determine the number of genetic clusters. We initially investigated the number of clusters by using the k-means algorithm. The preferred number of clusters was evaluated using the Bayesian information criterion (BIC) scores. 

Summary statistics

We calculated the number of polymorphic loci both within and between populations. We used alignments for each UCE locus to calculate diversity within (Watterson’s θ, π, Tajima's D) and between (corrected Dxy) populations using PopGenome (Pfeifer et al. 2014). Because the levels of diversity within each locus were so variable, we calculated the diversity for each locus individually and then calculated the mean value of all loci. Standard deviation was calculated as the square root of the sample mean/sample size. For the CA lineage, we calculated Nei's genetic distance (Nei 1972) between CAI, CAII, and CAIII groups using our STRUCTURE dataset in Adgenet (Jombart 2008; Jombart & Ahmed 2011). 

RESULTS

UCE Sequencing

The mean DNA sample concentration for our 75 samples was 0.87 ng/µL (0.22 – 2.1 ng/µL) post-extraction and 34.10 ng/µL (22.7 – 44 ng/µL) post-PCR libraries. The number of raw reads averaged 1322.4 Mb (range: 217.5 – 3610.8 Mb) for individual samples. After cleaning, the average amount of recovered data was 352.7 Mb (range: 19.9 – 1269.6 Mb). The proportion of bases that was covered by least one read in in-target assemblies (sensitivity) was highly conserved across all samples with an average of 98.9% (range: 94.1 – 99.8%). The proportion of cleaned reads that mapped to the targeted UCE baits and had +/- 500bp of flanking regions (specificity) had an average of 40.6% among samples with a considerably wide range (0.07 – 69.1%). Accordingly, coverage for both the target and flanking regions also varied widely among samples (2.7 – 231X) with the average of 85X. The coverage for 500bp flanking the UCE regions, where more variable sites are expected, was also high, with an average of 61.9X. 
After filtering, our sequence capture recovered a total of 1,402 loci with a concatenated length of 1,029,532 bp. Locus length averaged 734 bp (range: 87 – 1,106 bp) and contained an average of 4.6 informative polymorphisms per locus (range: 0 – 19 polymorphisms). Filtering the dataset to include only those loci that contained data from at least 90% of our samples (67/75 individuals) left us with 1,338 loci with a concatenated length of 1,001,687 bp. Further filtering to include only those loci that contained data from every sample left us with 772 loci with a concatenated length of 605,486 bp. 
	The UCE phylogeny using RAXML recovered strong geographical structuring of five main clades (Fig. 1 & 2a). Most nodes on the tree were recovered with strong support when using all the loci, both partitioned and unpartitioned by gene. The exception was the node between the AZ and CA clade, which was only moderately supported (Supplemental Fig. S1). The strongest support was found when analyzing the 100% filtered dataset partitioned by gene; this tree provided the values we report (Fig. 2a). The single individual from Florida (FL) is located at the base of the tree. After that, the P. imparis phylogeny is split into two clades: one from the east coast of the United States and another group that spans the Western US and Mexico. These two main groups are further divided. On the east coast, there are two main clades: New England and midwestern US (NE) and southern US (SO; excluding Florida). On the West Coast, there is a group that includes individuals from Oregon and California (CA) and another with deeply divergent individuals from the southwest and Mexico (AZ). Within the CA clade, there are three well-supported branches (CA I, CA II, CA III; Fig. 2 & 3). The deepest phylogenetic break occurs between one individual, a microgynous queen (CA I; AW1195)(Williams & LaPolla 2016) from the Sierra Nevada mountains in northern California and all the other individuals from California and Nevada. A second break in the CA clade divides the clade into roughly two parts: CA II found in southern California, and CA III, found across California and Nevada. Although all maximum likelihood analyses recovered the same main clades, the node separating the AZ and CA clades was only strongly supported with the 90% and 100% filtered dataset, partitioned by gene (Fig 2a, Supplemental Fig. S1). The splits between CA II and CA III were only recovered with the 100% filtered dataset, both partitioned and unpartitioned (Supporting Fig. 1).

Population admixture

[bookmark: _GoBack]The Bayesian clustering analysis based on 1,378 SNPs resulted in an initial detection of two main groups (∆K = 4336.97) (Fig. 2b; Supp. Table S2). One group contained all the samples from the FL, NE, SO, and AZ clades while the other group consisted of only those samples from Oregon and California (CA clade). After these two groups were further split into two separate runs, the clustering analysis based on 27 individuals from the FL, NE, SO, AZ clades and 1,291 SNPs revealed three groups (∆K = 23874.25, Supp. Table S3) consistent with main lineages found from the UCE phylogeny. One difference was that the one individual from the Florida clade was lumped either with the NE or SO clade (Fig 2c), though at K = 4, the FL clade is separated from the NE and SO clades. Within Oregon and California, the clustering analysis based on 46 individuals and 1,300 SNPs revealed the highest ∆K at three populations (∆K = 67.05, Supp. Table S4). The most widespread cluster occurs in northern California up to Oregon (corresponding to CA I and CA III) with admixed individuals in northern California. Another cluster occurs in southern California (corresponding to CA II) with admixed individuals on the central coast of California (Figs. 2d & 3). 
We used k-means clustering to confirm our five clusters of P. imparis and substructure within the CA clade. Using the entire dataset of P. imparis and SNPs (73 individuals and 36,582 SNPs), increasing the number of clusters from n = 3 to n = 4 yielded an improvement in BIC. BIC values at n = 4 to n = 5 were the same, suggesting both clusters are valid. At n = 4, with the exception of the FL and SO ants, each cluster roughly corresponds to those clades found with the phylogeography and the clusters detected in STRUCTURE (NE, AZ, CA). The FL and SO clades are grouped together. At n = 5, the FL and SO individuals are split into two groups that correspond to the original clade designations (Fig. 4a & c) Within the CA clade, the k-means clustering did not identify any distinct subpopulations (46 individuals, 19,105 SNPs) (Fig. 4b & d). 

UCE summary statistics

Using the entire set of 1,402 loci, we estimated population levels of diversity using PopGenome (Table 1)(Pfeifer et al. 2014). Within the major populations, the percent of polymorphic loci ranged from 3.32% – 23.09%, while there was considerably more variation between populations (18.49% – 27.48%). The AZ clade exhibited highest UCE nucleotide diversity (π), followed by the CA clade, and finally the NE and SO clades exhibited the least amount of diversity. Values of Watterson’s theta (θW), reflecting contemporary effective population size, followed a similar pattern: the AZ clade was highest, followed by the CA clade, and finally the SO and NE clades (Table 1). Tajima’s D was lowest in the CA population, however, the standard deviation gives overlapping ranges for all clades. 
Mean pairwise sequence divergence between clades ranged from 0.65% – 3.32% (Table 2). The CA and NE and SO clades were less than 1% divergent on average from each other. The AZ clade exhibited intermediate levels of divergence (1.18% – 1.52%), while the largest divergence was seen between the FL clade and all other populations (2.53% – 3.32%). Nei's DA between the CA groups ranged from 0.019 - 0.037 (CAI - CAII: 0.037, CAI - CAIII: 0.031, CAIII - CAII: 0.019). 

DISCUSSION

The deep phylogeographic structure detected among five well-supported clades of P. imparis is consistent with long-term regional isolation of populations. These phylogenetic relationships among the clades indicate a high degree of geographic structure, as each of the major clades identified correspond to a group of geographically clustered populations. In addition, the populations from each region have separate histories that are reflected in their genomes. Previous morphological work suggests that there are several morphological types that roughly correspond to our clades, though more work will need to be done to understand the range limits of each morphological type and genomic clades found here. 
	The clades in the northeast (NE and SO) are consistent with what we expected to find in a cold-adapted species, and suggest that they were “persisters” during the Last Glacial Maximum (LGM). That is, the deep division between these two northern lineages suggests that they are two independently evolving populations that were isolated from each other in northern refugia during the LGM. These lineages could have survived in close proximity to the Laurentide Ice Sheets (Soltis et al. 2006). They currently occupy a broad area, which makes it difficult to determine exact refugia locations, but they roughly overlap with other northern refugial locations (e.g. interior plains, southern Highlands, Appalachians) (Austin et al. 2004; Lee-Yaw et al. 2008). 
Prenolepis imparis is commonly associated with oaks throughout its range, which suggests that historical range shifts in oaks, including North American white oak (Quercus alba), may have influenced the distribution of suitable habitat for P. imparis. Previous ecological niche modelling performed for eastern North American white oak found that they would have been widespread in eastern North America during the last interglacial period (LIG; ~120 – 140 kya)(Gugger et al. 2013). During the LGM, these oak trees experienced a range contraction to the south, but some populations appear to have persisted as far north as the edge of the ice sheet. Prenolepis populations associated with our two northern clades/lineages (SO and NE) could have persisted in those patches of oaks near the edge of the ice sheets and then expanded northward again when the oak trees expanded into their current range. The low genetic diversity in both the SO and NE clades of P. imparis seen here suggests recent expansion from these refugia. The location of the boundary between the SO and NE clades is unknown but, interestingly, there are two morphological types that overlap in the District of Columbia; we were unable to genotype the morphological specimens, so it is unknown which clade they might represent, but both the STRUCTURE and ADEGENET results suggest there are no hybrids between clades in this region. 
	The high levels of genetic diversity within the AZ clade suggest ancient and probably multiple vicariance events. Our AZ clade includes individuals from mountain ranges of the Madrean Archipelago of southeastern Arizona (Pinal and Chiricahua Mountains), the Bradshaw Mountains of central Arizona, the Davis Mountains of west Texas, and the Mexican states of Jalisco and Sonora. These sky-island mountains are characterized by dry, inhospitable low elevations and mesic habitats at high elevation (Bezy & Cole 2014; Gomez-Mendoza & Arriaga 2007; Jaggar & Palache 1905) may have acted as refugia during unfavorable climatic conditions (Mastretta-Yanes et al. 2018). Populations on different mountain ranges that rely on cooler conditions such as those found in the mesic habitats are isolated from each other by the dry, desert conditions experienced at low altitude (Atwood et al. 2011; Carleton et al. 2002; Kerhoulas & Arbogast 2010; Tennessen & Zamudio 2008). These mountain ranges were likely colonized when conditions allowed for migration among contiguous mesic habitat throughout the valleys (McVay et al. 2017; Tennessen & Zamudio 2008). Migration between isolated mountain ranges would have depended on mesic corridors (Atwood et al. 2011) but the timing of isolation and levels of gene flow among and between these mountain ranges remains unknown for most species. Periodic climate fluctuations during the Pleistocene would have resulted in cyclical contraction-expansion of suitable habitats (Provan & Bennett 2008). During the LGM, areas such as northern Mexico and southwestern United States would have experienced cooler temperature and increased precipitation (Bradbury 1997; Metcalfe et al. 2000; Perez-Alquicira et al. 2010). These conditions would have been favorable for cold-adapted species such as P. imparis, as well as the oak and pine woodlands with which they are commonly associated (Moreno-Letelier & Pinero 2009). Despite more recent favorable conditions, a broad range of taxa (e.g. jumping spiders (Masta 2000), beetles (Smith & Farrell 2005), birds (McCormack et al. 2008; Puebla-Olivares et al. 2008), lizards (Tennessen & Zamudio 2008), pines (Moreno-Letelier & Pinero 2009), flying squirrels (Kerhoulas & Arbogast 2010), rattlesnakes (Bryson et al. 2011), and Fouquieria (Arturo De-Nova et al. 2018)) that occupy sky-islands in North American deserts are characterized by limited gene flow among mountain ranges and ancient isolation among them, while gene flow within ranges and lineages has been influenced by more recent migration during the Pleistocene. The high genetic diversity we see here supports ancient diversification and isolation among ranges. Current conditions in the southwest mountains and Mexico have created isolated populations of flora and fauna restricted to high altitude mountain tops surrounded by uninhabitable dry desert in the lowlands (McVay et al. 2017). Given that there are at least four morphological types in this area, it seems likely that there are isolated cryptic lineages awaiting discovery. Further studies should increase sampling in these areas and investigate genetic diversity using a faster evolving marker in order to determine the amount of local migration among and within these mountain ranges.
	The higher genetic diversity and evidence for multiple populations of P. imparis within the CA clade suggest a very different evolutionary history than that of the eastern United States. The deepest phylogenetic break within the CA clade occurs between the microgynous queen (CA I; AW1195) and the remaining samples, with this CA I placed as a sister lineage to all other California populations. The phylogenetic separation between this individual and all other ants in the CA clade is well-supported, while STRUCTURE attributed most of the genetic makeup to the widespread genotype and not a unique genotype. This is not surprising given STRUCTURE is influenced by sample size  (Kalinowski 2011). Given the distinct phylogenomic makeup of this individual, within the current taxonomic organization of P. imparis, it would appear that this individual represents a lineage that has evolved intraspecific social parasitism. However, if future taxonomic revisions separate out the California lineage as a distinct species, then classification of this microgynous lineage as a separate species may also be warranted.   
A second phylogenetic break occurs between individuals in northern California/Oregon and southern California (CA II and CA III). According to populations inferred from the phylogeny, the northern limits of CA II include individuals from the Transverse Ranges (Northwest Transverse Range and the Tehachapi Mountains) and continues south to the Palomar Mountains. This suggests that the Transverse Ranges are important barriers in southern California for this species. Phylogeographic breaks associated with the Transverse Ranges are well documented in other taxa (Calsbeek et al. 2003; Gottscho 2016; Rissler et al. 2006; Schierenbeck 2014). In cases that estimate the timing of separation at these ranges, the genetic breaks seem to coincide with orogeny of the ranges and aridification in the region (Calsbeek et al. 2003). Genetic divergence between CA II and CA III is relatively low which could reflect a late Pleistocene divergence, which would be coincident with the uplift of the Transverse Ranges. It is unclear if the individuals with mixed ancestry along the Southern Coastal Ranges represent retention of ancestral alleles or recent migration. 
The results from STRUCTURE suggested a third genetic type (within CA III) in the Sierra Nevada and into the Northern Coastal Ranges. Most individuals with this third type are depicted as individuals with mixed ancestry; few individuals had this ancestry as a majority of their genotype (Fig. 2d & 3). An east/west split between populations in California has been noted many times before (Schierenbeck 2014); the warm, dry area of the Central Valley poses a strong environmental barrier (Rissler et al. 2006). As suitable habitat retreated and expanded during the Pleistocene climatic fluctuations, populations of P. imparis would have been isolated on either side of the Central Valley, creating distinct populations with corridors of suitable habitat allowing migration. 
  The population differentiation within California suggests incomplete lineage sorting and/or some level of recent dispersal of individuals around California. The spatially concordant distribution of individuals from different populations may reflect range contractions, expansions, and migrations during glacial and interglacial periods, local persistence and maintained gene flow. This pattern is consistent with other studies that have found the relatively stable climate and topographic features unique to California were relevant in creating differentiation (Calsbeek et al. 2003; Gharehaghaji et al. 2017; Gottscho 2016; Rissler et al. 2006; Schierenbeck 2017). Given that ADEGENET did not find evidence for subpopulations, more localized sampling of populations of P. imparis will be necessary to evaluate this discrepancy.
In studying a single species, P. imparis, using diverse approaches, we have been able to document the evidence of a varied history of diversification. The diversification we have observed is reconcilable with a mixture of processes. In the north, we see evidence of refugial lineages that later expanded. In Florida, we found a single individual of a divergent lineage that suggests the potential of ancient divergence. In the southwest, we see divergence like that shown in other taxa around the sky islands, divergence likely to have occurred in response to pulses of glaciation and dispersal. Finally, in California, we see complex divergence reflective of the details of  the climatic history and geology of the state, but also, potentially, an evolutionary transition to parasitism/inquilism. All of this is hidden in the context of what is currently regarded as a single widespread species. We suspect that similar stories of divergence across North America will be revealed when other widespread ant species are studied or, for that matter, other widespread lineages more generally.
All of that said, we would be remiss if we did not note that the phylogeographic pattern found in P. imparis is complex and will, undoubtedly, be revised as more samples are gathered. Despite the extensiveness of our collections, the most divergent lineage in our study was identified based on a single ant collected by a citizen science participant. In addition, two of the other major lineages (AZ and NE) were each represented by fewer than nine individuals. As more samples of P. imparis are collected, no doubt new lineages will be discovered. One might imagine that this species, given its commonness (Lucky et al. 2014), would be well represented in collections. However, that is not the case. We hypothesize that P. imparis seemed to myrmecologists to be too common to be worth collecting. This commonness, as we clearly demonstrate, hid mysteries.
Although we could not infer the absolute timing of the divergence events we document here, our inference from 1,402 UCE loci and combined analyses suggest that our phylogenetic results are due to in situ evolution and is supported by the fact that there are five well-supported clades, each of which experienced local effects to the fluctuating climate. Individuals from these clades are genetically isolated and morphologically distinct. This raises the possibility that each clade represents a unique species, though more work will need to be done to determine this. In the east coast of North America, extant clades probably represent the descendants of isolated populations during the LGM that have recently expanded into their current range. In the southwest, we see sky-islands of endemism and high diversity suggesting fragmented populations. Across California and into Oregon, we see a different pattern still. This area was characterized by more moderate disruptions in climate patterns and which allowed persistence and local migration. 
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FIGURES 

Figure 1 Map of United States and Mexico showing locations of samples used. Triangles denote morphologically designated varieties of P. imparis. Circles represent samples used in this study and colors refer to major lineage as determined by maximum likelihood phylogeny. 
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Figure 2 Phylogenetic and population clustering of P. imparis individuals. a) RAxML maximum likelihood tree created using 772 UCE loci, partitioned by gene, with support values on nodes. b) Population assignment results for all P. imparis clades based on K = 2 from STRUCTURE. c) population assignment results for the FL, NE, SO, and AZ groups (K = 3). d) Population assignments of the California clade (CA) at K = 3.
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Figure 3 Locations and assignment probabilities of California samples. The color of each sample locality corresponds to the probability that the individual is assigned to one of the three genetic clusters. The three major phylogenetic clades are also shown: CA I includes only the single the microgynous queen (#28; AW1195), CA II is circled, and the remaining individuals fall within the CA III clade. 
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Figure 4 Nonparametric k-means clustering of total genetic diversity across all samples of P. imparis. a) Across all samples, increasing the number of clusters from n = 3 to n = 4 yielded improvement in Bayesian information criterion (BIC). Increasing the number of clusters from n = 4 to n = 5 did not change BIC scores. b) Within the CA clade, clustering suggests that all ants are drawn from the same population. c) Principal component analysis (PCA) for all samples. Clades are depicted by different colors and inertia ellipses, dots represent individuals. d) PCA of just the CA clade with major groups (CA I, CA II, CA III) shown.
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TABLES

Table 1 Demographic statistics for UCEs of P. imparis. Number of individuals sequenced for each population as well as the number of polymorphic loci within population. Mean values (± SD) of number of polymorphic loci between clades and mean values (± SD) of population genetic summary statistics (Watterson’s θ, nucleotide diversity (π; expressed as %), and Tajima’s D from the entire UCE dataset. 

	clade
	n
	% polymorphic loci within clade
	% polymorphic loci between clades
	θW
	π
	Tajima's D

	CA
	46
	20.97
	26.36 (4.75)
	0.077 (0.200)
	0.0025 (0.010)
	-1.29 (0.35)

	AZ
	7
	23.09
	27.18 (3.95)
	0.161 (0.398)
	0.0160 (0.047)
	-0.88 (0.67)

	NE
	8
	3.32
	18.49 (4.92)
	0.023 (0.139)
	0.0018 (0.012)
	-0.84 (1.22)

	SO
	11
	5.57
	18.65 (4.96)
	0.028 (0.128)
	0.0020 (0.011)
	-1.08 (0.44)

	FL
	1
	-
	23.95 (5.37)
	-
	-
	-





Table 2 Mean values (maximum) of corrected sequence divergence (Dxy) between populations. 

	
	CA
	AZ
	NE
	SO

	AZ
	1.22 (38.88)
	
	
	

	NE
	0.66 (69.51)
	1.52 (77.74)
	
	

	SO
	0.35 (23.03)
	1.18 (34.58)
	0.65 (68.03)
	

	FL
	2.57 (66.23)
	3.32 (79.47)
	2.91 (68.03)
	2.53 (66.23)
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