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At a time when the biodiversity on Earth is being rapidly lost, new technologies 

and methods in genomic analysis are fortunately allowing scientists to catalog and 

explore the diversity that remains more efficiently and precisely. The studies in this 

dissertation investigate genomic diversity within the milkweed genus, Asclepias, at 

multiple scales, including diversity found within a single individual, diversity within and 

among populations in a species, and diversity across the entire genus. These 

investigations contribute to our understanding of the genomic content and architecture 

within Asclepias and the Gentianales, patterns of population diversification in the western 

United States, and the evolutionary history of select loci within Asclepias, with 

implications across flowering plants.

Chapter 2 investigates patterns of polymorphisms among paralogous copies of 

nuclear ribosomal DNA (nrDNA) within individual genomes, and presents a 

bioinformatic pipeline for characterizing polymorphisms among copies of a high-copy 

locus. Results are presented for intragenomic nrDNA polymorphisms across Asclepias. 

The 18S-26S portion of the nrDNA cistron of Asclepias syriaca served as a reference for 

assembly of the region from 124 samples representing 90 species of Asclepias. Reads 

were mapped back to each individual’s consensus and at each position reads differing 

from the consensus were tallied using a custom Perl script. Low frequency 

polymorphisms existed in all individuals (mean = 5.8%). Most nrDNA positions (91%) 

were polymorphic in at least one individual, with polymorphic sites being less frequent in 



subunit regions and loops. Highly polymorphic sites existed in each individual, with 

highest abundance in the “noncoding” ITS regions. Phylogenetic signal was present in 

the distribution of intragenomic polymorphisms across the genus. Intragenomic 

polymorphisms in nrDNA are common in Asclepias, being found at higher frequency 

than any other study to date. The high and variable frequency of polymorphisms across 

species highlights concerns that phylogenetic applications of nrDNA may be error-prone. 

The new analytical approach provided in this chapter is applicable to other taxa and other 

high-copy regions characterized by low coverage genome sequencing (genome 

skimming).

Chapter 3 presents Hyb-Seq, a new method combining target enrichment and 

genome skimming to allow simultaneous data collection for low-copy nuclear genes and 

high-copy genomic targets for plant systematics and evolution studies. A program is 

presented that takes genome and transcriptome assemblies and locates loci likely to be 

low copy and phylogenetically informative, to be used for probe development and 

enrichment in sequence libraries. A workflow is presented for processing data, from raw 

sequence reads to assembled exons and reconstructed trees.

 Genome and transcriptome assemblies for Asclepias syriaca were used to design 

enrichment probes for 3385 exons from 768 genes (>1.6 Mbp) followed by Illumina 

sequencing of enriched libraries. Hyb-Seq of 12 individuals (10 Asclepias species and 

two related genera) resulted in at least partial assembly of 92.6% of exons and 99.7% of 

genes and an average assembly length >2 Mbp. Importantly, complete plastomes and 

nrDNA cistrons were assembled using off-target reads. Phylogenomic analyses 

demonstrated signal conflict between genomes. The Hyb-Seq approach enables targeted 

sequencing of thousands of low-copy nuclear exons and flanking regions, as well as 

genome skimming of high-copy repeats and organellar genomes, to efficiently produce 

genome-scale data sets for phylogenomics.

Chapter 4 presents an assembly of the genome of the common milkweed, 

Asclepias syriaca. It uses principles from Chapter 3 to target SNPs and reconstruct 

linkage groups, enabling an analysis of chromosomal evolution within Gentianales, the 



order containing Asclepias. Asclepias syriaca is the first species in Apocynaceae with 

reconstructions of the nuclear, chloroplast, and mitochondrial genomes, and the first to 

have linkage group information incorporated into the nuclear assembly.

The final assembly of Asclepias syriaca contains 54,266 scaffolds ≥1 kbp, with 

N50 = 3415 bp, representing 37% (156.6 Mbp) of the estimated 420 Mbp genome. 

Scaffolds ≥200 bp sum to 229.7 Mbp, with N50 = 1904 bp. A total of 14,474 protein 

coding genes were identified based on transcript evidence, closely related proteins, and 

ab initio models, and 95% of genes were annotated based on genes from Coffea 

canephora and Catharanthus rosea. A large proportion of gene space is represented in the 

assembly, with 96.7% of Asclepias transcripts, 88.4% of transcripts from the related 

genus Calotropis, and 90.6% of proteins from Coffea mapping to the assembly. Analyses 

were performed for three gene families, involved in rubber production, light sensing, and 

cardenolide production, with the finding that the cardenolide related progesterone 5β-

reductase gene family is likely reduced in Asclepias relative to other Apocynaceae. 

Scaffolds covering 75 Mbp of the Asclepias assembly were grouped into eleven linkage 

groups. Comparisons of these groups with pseudochromosomes in Coffea found that six 

chromosome show consistent stability in gene content, while one may have a long history 

of fragmentation and rearrangement.

 Finally, in Chapter 5, diversity within a species across its entire range is 

investigated with a phylogeographic study of the jewel milkweed, Asclepias cryptoceras. 

This study applies the SNP targets developed from Chapter 4 to populations of A. 

cryptoceras, asking whether two recognized subspecies are genetically distinct, and 

searching for the origin of populations that are morphologically intermediate between the 

two. A total of 54,673 SNPs were found on 7372 contigs, across 96 individuals from ten 

populations. Principal component analysis and measures of allelic differentiation indicate 

a clear disjunction between subspecies cryptoceras and davisii (FST = 0.092 between 

geographic regions). For intermediate populations, estimates of hybrid index below 0.25 

and measures of allelic diversity and private alleles, argue against a hybrid origin due to 



secondary contact, and instead support their origin as stepping stone populations during 

expansion along a southern corridor from east to west.
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Chapter 1: Introduction
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As the Earth’s biodiversity is being lost at an ever increasing rate, the scientific 

community is under pressure to catalog and study the world’s organisms before they 

disappear (Ceballos et al., 2015). While the extinction crisis remains dire, recent 

advances in technology have greatly increased our ability to understand the diversity on 

our planet in ways that were prohibitive or impossible just a few years ago. The ability to 

perform genomic sequencing on a massive scale has produced a sea change in our 

understanding of the diversity present in our world at every level, from a single genetic 

locus within one individual, to the bewildering complexity of a genome; we now can 

assess the differences and similarities present among individuals within a population, 

between populations within a species, and between species across the tree of life.

The work presented in this dissertation explores the diversity in one small group 

of plants, the milkweed genus, Asclepias, at multiple scales. In Chapter 2, diversity within 

a single genome is investigated through study of the polymorphisms present among the 

many copies of a repeated locus, ribosomal DNA, and then this work is expanded to 

include patterns of intragenomic polymorphism across the whole genus. The efficient use 

of high-throughput sequencing often calls for techniques that use a reduced portion of the 

genome from several samples, rather than an entire genome from one sample. Chapter 3 

builds on an existing technology, targeted sequencing by hybrid capture, and develops a 

method of sequencing both targeted regions and untargeted high-copy regions, and 

includes a pipeline to use preliminary genomic and transcriptomic data to identify loci 

suitable for targeting. Chapter 4 presents an assembly of the genome of the common 

milkweed, Asclepias syriaca, adding to our understanding of genomic diversity among 

plants. It uses principles from Chapter 3 to target SNPs and reconstruct linkage groups, 

enabling an analysis of chromosomal evolution within Gentianales, the order containing 

Asclepias. Finally, in Chapter 5, diversity within a species across its entire range is 

investigated with a phylogeographic study of the jewel milkweed, Asclepias cryptoceras. 

This study applies the SNP targets developed from Chapter 4 to populations of A. 

cryptoceras, asking whether two recognized subspecies are genetically distinct, and 
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searching for the origin of populations that are morphologically intermediate between the 

two.

INTRODUCTION TO ASCLEPIAS

The milkweeds of the genus Asclepias are well known for the milky latex they 

exude when injured, showy clusters of flowers, and pods filled with seeds tufted with fine 

hairs. They are a group of plants used in wide-ranging studies including floral 

development, pollination biology, plant-insect interactions and co-evolution, secondary 

metabolite chemistry, and rapid diversification.

As members of the Apocynaceae, the milkweeds produce an array of potent 

secondary compounds, including cardiac glycosides and cardenolides. Some herbivores 

possess defenses to avoid or tolerate these compounds, including the Monarch butterfly, 

Danaus plexippus. The Monarch caterpillars are able to sequester Asclepias secondary 

compounds to us for their own defense, and as such members of Asclepias and close 

relatives serve as the only adequate host for Monarch caterpillars (Brower et al., 1967). 

The variation in types and concentrations of defensive secondary compounds within and 

among Asclepias species has led to numerous studies using Asclepias to investigate areas 

such as defensive trait evolution (Agrawal and Fishbein, 2006, 2008, Rasmann et al., 

2009, 2011; Agrawal et al., 2012), plant-herbivore ecological interactions (Brower et al., 

1967, 1972; Vaughan, 1979; Van Zandt and Agrawal, 2004), and plant-herbivore co-

evolution (Agrawal and Van Zandt, 2003; Labeyrie and Dobler, 2004; Agrawal, 2005).

Asclepias and its relatives possess floral architectures unique among plants, 

possessing large extra-stamenal coronas and a central column, the gynostegium, made up 

of the androecium adnate to the gynoecium. Most Asclepias species are nearly or entirely 

self incompatible (Kephart, 1981; Morse, 1994), and their pollen is packaged into 

clusters, pollinia, which are transferred as a unit from one flower to another. This allows a 

single successful pollination event to fertilize all of the ovules in an ovary, and means that 

seeds within a fruit are almost certainly full siblings (Sparrow and Pearson, 1948; Wyatt 

and Broyles, 1990). These features have led to the use of Asclepias as a model in studies 

related to pollination and reproductive biology (Broyles and Wyatt, 1990; Wyatt and 
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Broyles, 1990, 1994), floral development (Endress, 2006, 2015; Demarco, 2014; Straub 

et al., 2014), selection on floral characters and prezygotic reproductive isolation (Morgan 

and Schoen, 1997; Kephart and Theiss, 2004), and floral display evolution, (Willson and 

Rathcke, 1974; Bierzychudek, 1981; Chaplin and Walker, 1982).

The genus Asclepias sensu stricto is made up of about 130 species in North 

America, with an additional six derived species in South America (Fishbein et al., 2011). 

Asclepias in the Americas is found in a wide range of habitats, from deserts to swamps, 

plains to shaded forests, and may represent a rapid ecological expansion. A broader 

circumscription of Asclepias includes species from Africa, though generic delimitations 

are still in flux, with many unplaced taxa (Goyder, 2009; Fishbein et al., 2011). The 

American species form their own clade, within which the South American species are 

derived from North American ancestors (Fishbein et al., 2011). The disjunction between 

African and North American species is biogeographically odd, with intermediate species 

thought to have existed in either South America, Europe, or Asia, that then later 

disappeared; a less common hypothesis involves long distance dispersal from Africa to 

North America (Fishbein et al., 2011). Unfortunately, no verified milkweed fossils 

(Apocynaceae: Asclepiadoideae) exist, let alone those that would indicate regions 

formerly occupied by Asclepias (Fishbein et al., 2011).

SUMMARY OF CHAPTERS

Chapter 2: Intragenomic polymorphisms among high-copy loci: a genus-
wide study of nuclear ribosomal DNA in Asclepias (Apocynaceae)

Many genes exist as multiple copies in the genome due to recent or ancient 

duplication events. These paralogs often present difficulty to investigators attempting to 

reconstruct phylogenetic relationships among organisms. To adequately construct 

phylogenies using these loci, an investigator must isolate those copies that have diverged 

only due to speciation events, rather than a mix of copies that have separated due to a 

previous duplication. Some genetic regions, however, exist as multiple copies, but instead 

of diverging over time, mechanisms within the genome act to homogenize the copies so 

that they share nearly identical sequences.
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One of these genetic regions is the nuclear ribosomal DNA (nrDNA) that encodes 

RNA transcripts that become incorporated into ribosomes. Because they make up part of 

the ribosome, most of the length of nrDNA is highly conserved across species, though 

they also contain spacer regions (ITS, ETS) that mutate relatively rapidly. Soon after the 

advent of DNA sequencing, nrDNA became a popular choice to sequence because it 

offered several advantages over other loci: the combination of highly conserved and 

variable regions allowed phylogenetic inference across a broad range of evolutionary 

time scales; conserved regions allowed the use of “universal” PCR primers applicable to 

a wide range of taxa; the high copy number of nrDNA repeats allowed reliable 

amplification from lower quality DNA extractions; and the process of concerted 

evolution ensured that these copies were similar within individuals (Baldwin et al., 1995). 

The use of nrDNA, particularly the variable ITS regions, became widespread, to the 

extent that many studies were based exclusively on ITS data (Álvarez and Wendel, 2003). 

The process of concerted evolution, however, is imperfect, and sequence 

differences exist among the many copies of nrDNA in the genome. Despite this 

knowledge, studies that investigate the extent of intragenomic polymorphisms and 

comparisons across a large number of species are rarely made. This chapter presents a 

bioinformatic pipeline for characterizing the diversity within an individual among copies 

of a high-copy locus, presenting results here for intragenomic nrDNA polymorphisms 

across Asclepias.

The 18S-26S portion of the nrDNA cistron of Asclepias syriaca served as a 

reference for assembly of the region from 124 samples representing 90 species of 

Asclepias. Reads were mapped back to each individual’s consensus and at each position 

reads differing from the consensus were tallied using a custom Perl script. 

Polymorphisms were classified as either low frequency or high frequency, depending on 

what proportion of reads at a site differed from the consensus.

Low frequency polymorphisms existed in all individuals (mean = 5.8%). Most 

nrDNA positions (91%) were polymorphic in at least one individual, with polymorphic 

sites being less frequent in the conserved subunit regions and functionally important 
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loops. Highly polymorphic sites existed in each individual, with highest abundance in the 

“noncoding” ITS regions.

Character observations among species can be mapped onto a phylogeny to 

determine if species that are more closely related tend to be more similar in that character. 

If phylogenetic history does have an effect on a character, then that character is said to 

exhibit phylogenetic signal. Counts of nrDNA polymorphisms within individuals were 

mapped onto the phylogeny of Asclepias, and phylogenetic signal was found to be present 

in the distribution of intragenomic polymorphisms across the genus. This indicates that 

intragenomic polymorphism rates can persist for phylogenetically relevant periods of 

time, and are not random among individuals or species.

This chapter demonstrates that intragenomic polymorphisms in nrDNA are 

common in Asclepias, being found at higher frequency than any other study to date. The 

high and variable frequency of polymorphisms across species highlights concerns that 

phylogenetic applications of nrDNA may be error-prone. While providing important 

implications for the behavior of nrDNA in general, and in Asclepias in particular, the new 

analytical approach provided here is applicable to other taxa and other high-copy regions 

characterized by low coverage genome sequencing.

Chapter 3: Hyb-Seq: combining target enrichment and genome skimming 
for plant phylogenomics

In order to assess the genetic diversity among species, its necessary to isolate and 

sequence orthologous loci among them. One possible way to do this would be to fully 

sequence the genome of each sample and select appropriate loci to analyze. While the 

cost of sequencing has dropped precipitously, this is still not feasible for both economic 

and bioinformatic reasons. Fortunately, during the preparation of genomic libraries for 

sequencing, it is possible to include chemical barcodes, allowing samples to be sequenced 

together and then deconvoluted during read processing (Binladen et al., 2007; Cronn et 

al., 2008; Kircher et al., 2011, 2012). This efficiently takes advantage of the capacity 

offered by many sequencers by obtaining just enough sequence data per sample to answer 

the question of interest. If the investigation is focused on loci found at high copies within 
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the cell (e.g., chloroplast, mitochondria, nrDNA) then this strategy is generally effective, 

because a relatively small amount of sequence data will allow reconstruction of each of 

these regions. This is known as genome skimming (Straub et al., 2012).

Loci that occur as only one or a few copies in the genome will not be 

amenable to genome skimming, because the low amount of sequence data is unlikely to 

adequately cover any single locus. In this case, a strategy is needed that allows select 

regions of the genome to be sequenced within multiple samples (Cronn et al., 2012). One 

of these strategies, targeted enrichment by solution hybrid capture (Porreca et al., 2007; 

Gnirke et al., 2009), binds sequences of interest to complementary RNA fragments, 

which are then bound to magnetic beads via a biotin-streptavidin pairing. Non-targeted 

DNA is then washed away, leaving a library of genomic DNA that is enriched for the 

targets of interest. The target enrichment is not perfectly efficient, and a portion of non-

targeted DNA remains in the final library, and may represent a substantial portion.

Chapter 3 demonstrates how targeted capture and genome skimming can be 

combined, incorporating loci that have been targeted, together with high-copy loci 

recovered from the off-target portion of an enrichment reaction. This combination, 

termed Hyb-Seq, is especially relevant for studying plant diversity, allowing low-copy 

nuclear loci to be sequenced for phylogenetic reconstruction of the nuclear genome, and 

allowing reconstruction of complete chloroplasts for each sample for phylogenetic 

inference and comparative genomics. 

Prior to combination of targeted sequencing and genome skimming, loci suitable 

for enrichment need to be selected. Chapter 3 introduces a workflow, as well as a 

software implementation, for selecting loci and developing targeted sequencing probes. 

This pipeline takes as input a genome assembly and transcriptome assembly from the 

target organism, and returns loci that are likely low-copy and of adequate length for 

phylogenetic inference. Chapter 3 also presents a workflow for handling data after 

sequencing, describing the steps and primary considerations when taking data from raw 

sequences, to reassembled exons, through tree inference. Hyb-Seq, the software 
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implementation, and the workflow are demonstrated across a selection of Asclepias 

species.

Genome and transcriptome assemblies for milkweed (Asclepias syriaca) were 

used to design enrichment probes for 3385 exons from 768 genes (>1.6 Mbp) followed 

by Illumina sequencing of enriched libraries. Hyb-Seq of 12 individuals (10 Asclepias 

species and two related genera) resulted in at least partial assembly of 92.6% of exons 

and 99.7% of genes and an average assembly length >2 Mbp. Importantly, complete 

plastomes and nrDNA cistrons were also able to be assembled using off-target reads. 

Phylogenomic analyses demonstrated signal conflict between genomes. 

The Hyb-Seq approach enables targeted sequencing of thousands of low-copy 

nuclear exons and flanking regions, as well as genome skimming of high-copy repeats 

and organellar genomes, to efficiently produce genome-scale data sets for 

phylogenomics.

Chapter 4: The genome of Asclepias syriaca as a resource for 
evolutionary, ecological, and molecular studies in milkweeds and 
Apocynaceae

The effective use of targeted enrichment requires some prior knowledge of the 

genomes of interest in order to select appropriate targets for sequencing. Because there 

can be some divergence between the probes used for targeting and the targets themselves, 

it’s possible to use genomic data from a related organism for probe development. 

However, in the absence of genomic resources from a closely related taxon, it is also 

possible for a single lab or group of collaborators to develop those resources for the 

organism of interest.

Chapter 4 presents an assembly of the nuclear genome of the common milkweed, 

Asclepias syriaca. Sequencing technology is still at a point where highly contiguous 

genome assemblies require integration from several sequencing methods and molecular 

techniques, though this is beginning to change with increased availability of “long-read” 

technologies. Nevertheless, great utility can be obtained from even very fragmented 

assemblies, as demonstrated by the successful development of the target loci presented in 
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Chapter 3. Beyond locus selection, a genome assembly enables recovery of the sequence 

and genomic context for nearly every gene, and the presence of additional paralogs and 

pseudogenes can also be tested.

The genomic assembly of A. syriaca presented here includes a nearly complete 

representation of gene space, supported by transcriptome evidence. A demonstration of 

the analyses this enables is provided through investigation of three sets of genes involved 

in rubber production, light sensing, and cardenolide production. Genes involved in rubber 

production, from the rubber tree Hevea brasiliensis, were used to locate similar genes in 

Asclepias. Producing a less desirable low molecular weight natural rubber, Asclepias was 

found to contain a gene with high identity to the small rubber particle proteins of Hevea. 

This gene could become a target of breeding or engineering in efforts to produce crops 

from temperate regions capable of producing high molecular weight rubber.

A recent survey of Rhazya stricta, a member of the Apocynaceae subfamily 

Rauvolfioideae, found that it was lacking a key light sensing protein common to most 

other plants, phytochrome B (Sabir et al., 2013). This pigment helps plants sense shifts in 

red and far-red light, and is thought to be important in sensing shade caused by other 

leaves. Sabir et al. (2013) hypothesize that this protein was lost in Rhazya because as an 

inhabitant of desert regions it rarely experience shading. The presence of phytochromes 

in Asclepias is investigated here, and it is found to contain all expected forms of 

phytochromes: A, B, C, and E. A subsequent search of genomic data from Catharanthus, 

another member of Rauvolfioideae, also found phytochrome B. These data support the 

hypothesis of Sabir et al. (2013), that the loss of phytochrome B is isolated to Rhazya or 

its close relatives.

One class of the medicinally important chemicals produced by Asclepias is the 

cardenolides, chemicals that interfere with the sodium-potassium pumps of animal cells, 

and can particularly affect the mammalian heart (Dalla et al., 2013). While the full 

enzymatic pathway to cardenolide production is not known, one of the key enzymes early 

in the process is progesterone 5β-reductase (P5βR), which catalyzes the conversion of the 

steroid progesterone to the chemical 5β-pregnane-3,20-dione (Gärtner et al., 1990, 1994). 
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This reaction is stereo specific, leading eventually to β-cardenolides. However P5βR has 

been found in many plants that don’t produce β-cardenolides (Bauer et al., 2010), 

including Asclepias which produces only α-cardenolides.

Many plants containing P5βR also contain multiple P5βR paralogs. Catharanthus, 

for example, contains at least six paralogs and produces β-cardenolides. The presence of 

P5βR genes in Asclepias is presented in Chapter 4, finding that only one P5βR gene 

shows evidence of expression, but that a tandem duplication has produced a P5βR 

pseudogene. An open reading frame elsewhere in the Asclepias genome matches most 

closely to the most divergent P5βR in Catharanthus, but transcript evidence doesn’t 

support its expression in Asclepias. These findings suggest a contraction in the P5βR 

family in Asclepias relative to other clades within Apocynaceae.

As an obligately outcrossing species, the genome of Asclepias syriaca is highly 

heterozygous. This heterozygosity, while leading to a fragmented assembly, is used here 

to develop a panel of SNPs that can be captured via targeted enrichment. A set of 

offspring from the sequenced individual is then used to cluster assembled scaffolds into 

linkage groups using this SNP information, the first such resource in Apocynaceae.

Chapter 4 presents a comparison of linkage groups between Asclepias and the 

mapped pseudochromosomes of coffee, Coffea canephora, providing insights into 

chromosomal evolution within Gentianales, the order containing both these species. Six 

linkage group/pseudochromosome pairs are shown to contain highly similar gene content, 

which when combined with analyses from the coffee genome imply that these 

chromosomes have remained conserved since a genomic triplication event at the base of 

the eudicots (Denoeud et al., 2014). Another pseudochromosome, however, appears 

highly fragmented, with scaffolds from several Asclepias linkage groups mapping to it. 

This is the same chromosome that has been shown to have undergone fragmentation since 

the divergence of the eudicots (Denoeud et al., 2014), implying that the fragmentation 

either occurred only within Rubiaceae, the family containing coffee, or that the 

fragmentation occurred prior to the origin of the Gentianales, but then continued after the 

divergence of Rubiaceae and Apocynaceae.
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Chapter 5: Genome-enabled phylogeography in Asclepias cryptoceras

Where Chapters 2 and 4 focus on descriptions of genomic diversity within the 

genome, Chapter 5 turns to diversity among individuals and populations of a species. The 

jewel milkweed, Asclepias cryptoceras, is found in Oregon, through the Great Basin in 

Nevada and Utah, and across the Colorado Plateau into Wyoming. The species contains 

two subspecies, ssp. cryptoceras and ssp. davisii, that have morphologically distinct 

flowers. The two subspecies are also geographically separated, with ssp. cryptoceras 

occurring from Utah eastward, and ssp. davisii in the western portion of the range 

including Nevada, Idaho, and Oregon. Populations of intermediate morphology also 

occur along the western edge of Nevada (Fig. 5.2).

The objectives of the study presented in Chapter 5 are to determine if the two 

subspecies of A. cryptoceras are genetically distinct, determine the relationship of the 

intermediate populations to the rest of the species, and to elucidate any other 

phylogeographic patterns that may be present within the species. These objectives are 

approached through targeted sequencing of the SNPs identified in A. syriaca in Chapter 4 

across populations from the whole range of A. cryptoceras, including the intermediate 

populations. Beyond the species and subspecies descriptions, no studies have specifically 

focused on A. cryptoceras or the relationships among the subspecies.

The origin of the intermediate populations is emphasized, examining several 

alternative hypotheses. These include the intermediate populations being hybrids created 

by secondary contact between the two subspecies, the intermediates representing an 

ancestral condition from which the subspecies are derived, the intermediates being 

derived from one or the other subspecies, and the intermediates representing a stepping 

stone during range expansion from one half of the range to the other.

Probes targeting heterozygous loci in the congener A. syriaca effectively 

amplified SNP-containing loci in A. cryptoceras, allowing thousands of SNPs to be 

scored. In the first phylogeographic examination of Asclepias cryptoceras, Chapter 5 

shows that recognized subspecies are genetically distinct, and that populations with 
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intermediate morphology are most likely not hybrids but instead represent stepping stone 

populations in a range expansion from an eastern sub-range to the west. 

Phylogeographic patterns in A. cryptoceras reflect patterns seen in other plants, 

notably a disjunction between the Colorado Plateau and Great Basin, but the results here 

expand this pattern to include a plant species inhabiting lower elevations as opposed to 

sky islands. Finally, genetic differentiation among western populations may be the result 

of warming and aridification in the region, providing a warning that dramatic climate 

shifts may have little effect on total species range, but lead to cryptic habitat and 

population fragmentation than remains unobserved unless specifically investigated.

CONCLUSION

Taken together, the chapters of this work describe and analyze genomic diversity 

with Asclepias at multiple levels: diversity within an individual genome, diversity among 

individuals and among populations, and diversity across the entire genus. This work also 

serves as a demonstration of the variety of analyses possible, even within non-model 

organisms, when a relatively small amount of genomic data is gathered and used to 

inform later targeted analyses. While the contribution of this work to our overall 

understanding of biodiversity on this planet is small, it is hoped that the techniques and 

analyses demonstrated within will guide and inspire others investigating other poorly 

understood portions of the diversity of life on Earth.
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INTRODUCTION

With the advent of DNA sequencing technology to infer phylogenetic 

relationships, investigators began searching for genetic loci that were both 

phylogenetically informative and readily sequenced in most organisms. The use of 

nuclear ribosomal DNA (nrDNA) soon became a popular choice for phylogenetic 

inference (Hamby and Zimmer, 1988; Hillis and Dixon, 1991; Baldwin, 1992; Baldwin et 

al., 1995; Álvarez and Wendel, 2003). Nuclear ribosomal DNA offered several 

advantages over other loci: the combination of highly conserved and variable regions 

allowed phylogenetic inference across a broad range of evolutionary time scales, 

conserved regions allowed the use of “universal” PCR primers applicable to a wide range 

of taxa, the high copy number of nrDNA repeats allowed reliable amplification from 

lower quality DNA extractions, and the process of concerted evolution ensured that these 

copies were similar within individuals (Baldwin et al., 1995). The use of nrDNA, 

particularly the variable internal transcribed spacer (ITS) regions, became widespread, to 

the extent that many studies were based exclusively on ITS data (Álvarez and Wendel, 

2003).

However, nrDNA loci have been shown to harbor limitations in their phylogenetic 

utility. Nuclear ribosomal DNA copies are assembled as tandem repeats at one or more 

loci in the genome, with each locus being known as an array. The number of repeats 

present within an array is labile, as is the number and location of arrays (Álvarez and 

Wendel, 2003). The process of nrDNA copy homogenization from homologous 

recombination or unequal crossing over is thought to occur much more frequently within 

than among arrays (Schlötterer and Tautz, 1994). Thus, differing nrDNA alleles may 

become fixed in different arrays within a genome, creating paralogy that, if unrecognized, 

may confound phylogenetic inference (Álvarez and Wendel, 2003; Song et al., 2012). 

Moreover, these events can create pseudogenes which, freed from selective pressures, 

may evolve through processes quite different from the functional loci and provide 

misleading evidence for between-individual genetic divergences if compared to 

functional copies (Buckler et al., 1997). These events may occur at a greater rate than 
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inter-array homogenization via concerted evolution (Karvonen and Savolainen, 1993; 

Gernandt and Liston, 1999).

Due to the technical difficulty of systematically sequencing individual nrDNA 

loci because of their high copy number, studies characterizing the abundance and patterns 

of intragenomic nrDNA polymorphisms have been rare. Recently, studies utilizing whole-

genome shotgun sequencing have begun to reveal levels of intragenomic polymorphism 

in Drosophila (Stage and Eickbush, 2007), nematodes (Bik et al., 2013), and fungi 

(Ganley and Kobayashi, 2007). However, these studies included a small number of 

species (12, 6, and 5, respectively) and did not attempt to place patterns of polymorphism 

in a phylogenetic context. Song et al. (2012) examined the ITS2 region of 178 plant 

species via pyrosequencing, finding nearly ubiquitous intragenomic variation, with most 

ITS2 copies within a genome represented by a few major variants. Other studies have 

used intragenomic nrDNA polymorphisms to identify populations of Arabidopsis (Simon 

et al., 2012) and infer intraspecific phylogenies of Saccharomyces (West et al., 2014). 

Studies of intragenomic nrDNA polymorphism patterns across many species within the 

same genus have not been performed in plants (but see Straub et al., 2012).

This study utilizes high throughput technology to survey many species and 

individuals in the angiosperm genus Asclepias (Apocynaceae) in order to characterize 

levels of intragenomic nrDNA polymorphism and place these within a phylogenetic 

context. The methods presented here are expanded from those we have previously 

developed as part of the Milkweed Genome Project (Straub et al., 2011, 2012), and 

generalized for use with a large number of taxa and any high-copy locus, such as those 

that may be obtained from a genome-skimming or Hyb-Seq study (Straub et al., 2012; 

Weitemier et al., 2014). 

METHODS

Sampling and sequencing

One hundred twenty-five individuals representing 90 Asclepias species and 

subspecies were sampled (Table 2.1) and sequencing libraries were produced as described 

in Straub et al. (2012). Two individuals of putatively hybrid origin were included: A. 
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albicans × subulata and A. speciosa × syriaca. These individuals were collected from 

wild populations and identified as hybrids through expression of intermediate 

morphological characteristics (M. Fishbein, unpubl. data; see also Fishbein et al., 2011). 

Samples were multiplexed in approximately equimolar ratios, with up to 21 individuals 

per lane, and sequenced with 80 bp single-end reads on an Illumina GAIIx instrument 

(Illumina, San Diego California, USA). Asclepias subverticillata was multiplexed in a 

lane with 32 samples and sequenced with 101 bp paired-end reads on an Illumina HiSeq 

2000 instrument, with reads analyzed as though they were single-end. One individual of 

A. syriaca was sequenced at higher coverage: this individual was sequenced in a single 

lane on an Illumina GAIIx with 40 bp single-end reads (Straub et al., 2011). To allow 

more efficient assembly downstream, read pools were filtered to remove plastid reads 

(using the custom script sort_fastq_v1.pl modified to retain Ns; Knaus, 2010).

An A. syriaca haploid genome size estimate of 420 Mbp and a nrDNA copy 

number estimate of 960 were used for estimates of sequencing depth and for comparisons 

with other organisms. These estimates are modified from Straub et al. (2011), where an 

incorrect estimate of the average A. syriaca 2C value led to a haploid genome size 

estimate of 820 Mbp and a nrDNA copy number estimate of 1,845. The current values are 

based on 2C estimates from Bai et al. (2012) and Bainard et al. (2012).

Polymorphism quantification

The method for determining polymorphisms present among nrDNA copies within 

an individual while retaining information about position homology across a group of 

distantly related individuals included four general steps, detailed below: 1) A sequence 

was selected to serve as a reference for the whole group. 2) A consensus sequence was 

obtained for each individual taxon and aligned against the group reference, allowing 

tailored read-mapping for each individual while associating positions along the individual 

consensus with their homologous positions in the group reference. 3) Reads for each 

individual were mapped onto that individual's consensus sequence. 4) At each position 

the reads differing from the individual consensus were tallied.
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Group reference

The nrDNA cistron of the high-coverage A. syriaca individual was previously 

assembled (Straub et al., 2011; GenBank JF312046). The nontranscribed spacer and 

external transcribed spacers from each end were removed due to the presence of internal 

repeats, and the more conserved 18S and 26S subunits used as the boundaries of the 

alignment. The resulting reference sequence contained 5839 bp.

Individual consensus sequences

Read pools were examined prior to consensus assembly and reads that were exact 

duplicates were reduced to a single representative, retaining the highest average quality 

score (using the custom script fastq_collapse.py, available at 

https://github.com/listonlab). Sequences for each individual were constructed via 

reference-guided assembly, with A. syriaca as the reference, using Alignreads ver. 2.25 

(Straub et al., 2011). Alignreads is a pipeline that includes the short-read assembler 

YASRA (Ratan, 2009), utilities from the MUMmer ver. 3.0 suite (Delcher et al., 2002; 

Kurtz et al., 2004), and custom scripts. Parameters were selected to ensure high identity 

of reads mapping to the nrDNA reference (95%), but allow the reconstructed sequence to 

differ from the reference. In addition to assembling the individual consensus sequence, 

Alignreads outputs a file associating each position in the group reference with those in 

the individual consensus.

Read mapping

Prior to mapping reads from an individual onto its consensus, reads with an 

average quality (Phred) score below 20 were removed, and bases in the remaining reads 

with a score below 20 were converted to Ns using FASTX-Toolkit ver. 0.0.13 (Gordon, 

2008). Read mapping was performed with the program BWA ver. 0.5.7 (Li and Durbin, 

2009), and output files processed with the SAMtools ver. 0.1.13 utilities (Li et al., 2009).

Reads were mapped onto the consensus sequence using the default mapping 

parameters in BWA. These allow up to 3 mismatches against the consensus in an 80 bp 

read and 4 mismatches in a 100 bp read, with long insertions or deletions excluded. In 

order to test the effect of relaxed mapping parameters on the abundance of 
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polymorphisms detected, reads were mapped allowing 4 or 5 mismatches in an 80 or 100 

bp read, respectively (the -n flag in bwa aln set to 0.015). The abundance of 

intragenomic indels was found by mapping reads using the default mismatch parameters, 

but allowing indels up to 5 bp long (bwa aln -e 4).

Polymorphism counting

A perl script was developed to tally the number of reads differing from the 

consensus at each position (polymorphic_read_counter_bwaPileup.pl ver. 3.03b, 

available at https://github.com/listonlab). For example, a base covered by 10 reads might 

have 7 reads with a G in that position and 3 with a C. In this case the consensus would 

have called a G at that position, with 30% of the reads differing. See Appendix 2.1 for 

exact parameters and a pipeline of commands used.

Positions with 2% or more of reads differing from the consensus base were 

considered polymorphic. This cutoff is the same used by Straub et al. (2011) and 

comparable to that used by Nguyen et al. (2011) under a similar quality-filtering scheme. 

The control PhiX lane of the higher coverage A. syriaca individual was examined by 

Straub et al. (2011, Additional file 1 from that study) and found to have an error rate 

much less than 2%, indicating that the cutoff used here may be somewhat conservative. 

In addition to counting positions that were polymorphic, positions were recorded as 

“highly polymorphic” if 10% or more of the reads differed from the consensus.

In order to keep homologous bases aligned across individuals, only those 

positions that were present in the A. syriaca (group) reference were kept in the analysis 

(i.e., insertions relative to the reference were discarded). Note that deletions (relative to 

the reference) fixed within an individual are also not considered because zero reads called 

a base at that position.

RNA structure determination

 The secondary structure of each subunit and spacer region was predicted for the 

A. syriaca reference from the minimum free energy structure found by the program 

RNAfold for the 18S, ITS1, and ITS2 regions and RNAcofold for the 5.8S+26S regions 

(Lorenz et al., 2011). Program default model parameters were used (37° C, unpaired 
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bases can participate in up to one dangling end). Positions along the cistron were then 

categorized as either paired (stems) or unpaired (loops). Predicted structures are provided 

in Appendix 2.2.

Polymorphisms within the cistron

The effects of cistron position (subunit or spacer) and secondary structure position 

(stem or loop) on the likelihood of a position being polymorphic or highly polymorphic 

were assessed in two ways. Differences in the likelihood that at least one individual was 

polymorphic at a position (e.g. positions coded as either polymorphic or invariant) were 

assessed via a two factor multiple logistic regression, as implemented in R ver. 3.1.0 

using the MASS ver. 7.3.33 package (Venables and Ripley, 2002; R Core Team, 2014). 

Differences in the abundance of polymorphic individuals at a position were assessed 

using square-root transformed data with a two-way ANOVA and type III sum of squares 

for unbalanced design, as implemented using the car ver. 2.0.20 package (Fox and 

Weisberg, 2011). The ANOVA analysis is not reported for the highly polymorphic 

individuals because the data diverge substantially from assumptions of a normal 

distribution.

Phylogenetic context

A maximum likelihood estimate of phylogenetic relationships within Asclepias 

was produced by Fishbein et al. (2011, Figure 2, TreeBase #27576). This tree was pruned 

to match the sampling in this study, and counts of polymorphic positions were recorded 

for each taxon. Taxa sampled in this study, but not present in Fishbein et al. (2011), were 

omitted from further analyses. Counts were averaged for taxa with multiple individuals in 

this study, but sampled only once in Fishbein et al. (2011). Ancestral states for the 

number of polymorphic positions in the rDNA cistron were reconstructed using squared-

change parsimony in the Mesquite phylogenetic suite ver. 2.75+ build 573 (Maddison and 

Maddison, 2011; Maddison et al., 2011).

Phylogenetic signal in the distribution of the number polymorphic positions was 

tested in two ways. In the first method, the total length of the tree (parsimony steps) in 

terms of changes in number of polymorphic positions was compared to a distribution of 
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tree lengths created by 10,000 permutations of polymorphic positions across tips. In the 

second method, a likelihood ratio test (LRT) was performed between models where 

character evolution followed a Brownian motion model across the tree. In the first model, 

the parameter lambda (describing how well the phylogeny correctly predicts the 

covariance among taxa for a trait) was found that maximized the model's likelihood 

(Pagel, 1999). This was compared to the likelihood found when lambda was held at zero, 

representing phylogenetic independence among species for that trait. Parsimony 

permutations were performed in Mesquite (Maddison and Maddison, 2011; Maddison et 

al., 2011), and likelihood ratio tests were performed in R with the phytools ver. 0.4.05 

and ape ver. 3.1.2 packages (Paradis et al., 2004; Revell, 2012; R Core Team, 2014). 

To determine if any clades held intragenomic polymorphism frequencies that were 

significantly high or low relative to the rest of the phylogeny, polymorphism rates were 

simulated along the tree and the true polymorphism counts compared to the distribution 

of simulated counts (Garland et al., 1993). Two tips in the tree separated by zero branch 

length (A. asperula ssp. asperula and ssp. capricornu) were collapsed, and the average of 

the polymorphism counts for the four sampled individuals of the species used for the new 

tip. A model of trait evolution under Brownian motion, using the lambda parameter 

estimated from the LRT above, was found from 10,000 random starting points using the 

fitContinuous function from the geiger ver. 2.0.3 R package (Harmon et al., 2008). This 

model was used to simulate polymorphism counts across the phylogeny 10,000 times, 

with lower and upper bounds of 0 and infinity, respectively, using the fastBM function in 

phytools ver. 0.4.31 (Revell, 2012). For each node, the ancestral state was estimated for 

the true data and the simulated data using squared change parsimony as implemented in 

Mesquite (Maddison and Maddison, 2011; Maddison et al., 2011).

RESULTS

Average coverage of the nrDNA region was ~97x for all individuals (median = 

88x; Sequence Read Archive PRJNA261980). Despite high overall coverage of the 

nrDNA region, not all positions of the cistron were assembled for all individuals; 

therefore results for polymorphic positions are presented both as counts and as 
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percentages of sequenced bases. The A. syriaca reference had total genome coverage of 

~0.8x (Sequence Read Archive SRP005621).

The length of the reference A. syriaca nrDNA cistron was 5839 bp. The consensus 

sequences for the nrDNA cistrons of other samples ranged from 5815-5865 bp, with over 

half of samples having lengths between 5836 and 5842 bp. Relative to A. syriaca, 87 

samples include at least one inserted position in their consensus sequence, and 117 

samples have at least one deleted position. However, because in general more positions 

were inserted than deleted, 71 samples have lengths greater than 5839, and 41 samples 

have shorter lengths (Appendix Fig. 2.1).

Intragenomic polymorphism

All individuals were polymorphic at several positions homologous with the A. 

syriaca reference (Table 2.1). Number of polymorphic positions ranged from 23 (A. 

verticillata, 0.41% of sequenced bases) to 882 (A. solanoana, 15.13%), with a mean of 

333 (5.77%, Fig. 2.1). A very high percentage (91%) of positions in the A. syriaca 

reference were polymorphic in at least one individual (Fig. 2.2A).

Positions were significantly more likely to be polymorphic if they were in a 

spacer region (ITS1, ITS2; Fig. 2.2A) or stem (Fig. 2.3A). This is true both when 

considering the number of individuals polymorphic at a position (Table 2.2), and whether 

any sample was polymorphic at that position (Table 2.3A).

The number of highly polymorphic positions ranged from 2 (A. arenaria, 0.03%) 

to 111 (A. boliviensis, 1.91%) with a mean of 28 (0.50%). Positions highly polymorphic 

in more than 10 individuals were found in the 18S, ITS1, ITS2, and 26S regions (Fig. 

2.2B). The most polymorphic position was 4172 (using the A. syriaca reference), in the 

26S region, which was highly polymorphic in 29 individuals. Highly polymorphic 

positions were dramatically less frequent in the subunit regions (18S=19%, 5.8S=26%, 

26S=31%) than in the spacer regions (ITS1=61%, ITS2=57%; Table 2.3B, Fig. 2.2B). 

Positions in secondary structure stems were moderately more likely to be highly 

polymorphic in at least one individual than loop positions (Table 2.3B, Fig. 2.3B).
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Relaxed read mapping

Allowing more mismatches when mapping reads to their consensus nrDNA 

sequence increased the polymorphic sites counted within individuals by an average of 

15.5% (Appendix Fig. 2.2). Two samples had no change in their polymorphism 

abundance, and two had a decrease (i.e., newly mapped reads at a previously 

polymorphic position matched the consensus, thereby dropping the polymorphic reads 

below 2%). The increase in polymorphism abundance under relaxed read mapping may 

indicate that the standard read mapping parameters are too conservative and that some 

truly polymorphic sites are excluded. However, because standard read mapping is more 

likely to exclude reads containing sequencing errors, and because there is a strong linear 

correlation (R2 = 0.97) between polymorphism abundance under the two mapping 

schemes, remaining analyses will only consider results from the standard read mapping.

Samples contained a mean of 7.6 and a median of 5 polymorphic indels when 

mapped reads were allowed to contain insertions or deletions of up to 5 bp relative to the 

individual consensus sequence. Eight individuals exhibited no polymorphic indels, 

including a sample of A. tuberosa ssp. rolfsii (Lynch 12526 [OKLA]). However, a sample 

of A. tuberosa ssp. interior (Fishbein 2816 [OKLA]) contained the most polymorphic 

indels at 51. Intragenomic indel abundance was positively correlated with SNP 

abundance (R2 = 0.35, Appendix Fig. 2.3). Due to the generally low level of intragenomic 

indel polymorphisms (78% of samples contained 10 or fewer) remaining analyses only 

consider results from intragenomic polymorphic SNPs. Polymorphic indels and SNP 

counts under relaxed mapping for each sample are available at 

https://doi.org/10.7717/peerj.718/supp-6.

Phylogenetic signal

The number of polymorphic base pair positions exhibited strong phylogenetic 

signal across Asclepias under both the permutation test (P<0.0012) and the likelihood 

ratio test (estimated lambda=0.51, P=0.0067; Table 2.4; Fig. 2.4). This signal remained 

even after the ITS regions were removed from the dataset (permutation test P<0.0200, 
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lambda=0.45, LRT P=0.0112). Highly polymorphic base pair abundance, however, was 

not significantly influenced by phylogenetic history (Table 2.4; Fig. 2.5), even when 

considering only the subunit regions.

Of the 53 resolved clades in the phylogeny, none showed polymorphism values 

more extreme than expected under a Brownian motion model after correcting for multiple 

comparisons. The most extreme clade was that formed by A. hypoleuca and A. otarioides, 

which had an ancestral number of polymorphic positions exceeded by 79 of the 10,000 

simulations (when excluding the spacer regions this node was exceeded by 60 

simulations). The following most extreme nodes were those ancestral to A. rosea and A. 

lemmonii with more polymorphic positions than all but 130 (79) simulations, and 

ancestral to A. boliviensis and A. mellodora with more polymorphic positions than all but 

246 (150) simulations. Under a Bonferroni correction a clade would require 9 or fewer 

simulations more extreme than the observed value (α=0.05) to reject a hypothesis of no 

divergence from Brownian motion.

Despite the strong phylogenetic signal of polymorphism abundance across 

Asclepias, counts among samples within species (for those species with multiple samples) 

exhibited variability. Some samples of the same species had very similar polymorphism 

counts (e.g., the two A. jaliscana individuals contained 140 and 165 intragenomic 

polymorphisms), while others differed dramatically (e.g., A. macrosperma individuals 

contained 76 and 391).

Identification of mixed ancestry

The number of polymorphic sites for hybrid individuals, 299 for A. albicans × 

subulata and 161 for A. speciosa × syriaca, are less than the mean number of 333 

polymorphic sites; and the number of highly polymorphic sites, 12 and 37, are less than 

or greater than the mean of 28. Of those positions that are highly polymorphic, 4 of 37 in 

A. speciosa × syriaca have a minor allele frequency of 0.3 or higher, while none of the 

positions in A. albicans × subulata have a minor allele frequency above 0.2.
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DISCUSSION

Absolute counts of intragenomic polymorphisms among the copies of nrDNA in 

Asclepias (mean=333 positions) were found to be much higher than levels reported for 

nematodes (<250; Bik et al., 2013), fungi (3-37; Ganley and Kobayashi, 2007), and 

Drosophila (2-18; Stage and Eickbush, 2007) when including all polymorphic positions. 

When considering only positions that are highly polymorphic, Asclepias exhibits slightly 

higher rates (mean=28.4 positions) than fungi and Drosophila, but much lower rates than 

nematodes. However, these comparisons may be misleading: First, the number of nrDNA 

copies varies greatly between these taxa, estimated to range from about 50-180 in the 

fungal species, 200-250 in Drosophila melanogaster, 56-323 in the nematodes, and about 

960 in Asclepias (Ganley and Kobayashi, 2007; Stage and Eickbush, 2007; Straub et al., 

2011; Bik et al., 2013). Second, polymorphic base pair counts are confounded by 

differing criteria for scoring polymorphism (i.e., methods for excluding sequencing 

errors). The levels listed for the fungal species include both “high-confidence” and “low-

confidence” polymorphisms, based primarily on sequence quality (Ganley and 

Kobayashi, 2007). The levels listed for Drosophila are polymorphisms present in ≥ 3% of 

loci (Stage and Eickbush, 2007). Bik et al. (2013) tallied read counts using a method 

similar to the method presented here, but called positions polymorphic when the count of 

differing reads exceeded what would be expected for a single copy locus. Third, 

sequencing depths of the fungal and Drosophila studies were much lower than those used 

here and with the nematodes (Ganley and Kobayashi, 2007; Stage and Eickbush, 2007; 

Bik et al., 2013). Nevertheless, given that Asclepias has absolute counts of polymorphic 

positions at least 33% higher than the other organisms studied, and that the sequencing 

depth was nearly two orders of magnitude greater in the nematodes than in Asclepias 

(6.3-10x per nrDNA copy in nematodes, vs. ~0.1x in Asclepias; Bik et al., 2013), it is 

likely that Asclepias harbors greater rates of intragenomic polymorphism within the 

nrDNA cistron than the organisms studied to date.
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Polymorphism patterns across the nrDNA cistron

Spacer regions (ITS1, ITS2) had higher frequencies of polymorphic positions than 

subunit regions (18S, 5.8S, 26S; Fig. 2.2). However, positions with low polymorphism 

frequencies are distributed much more evenly across the nrDNA cistron (Fig. 2.2A) than 

highly polymorphic positions, which show strong differentiation between the subunit and 

spacer regions (Fig. 2.2B). The lower frequency of highly polymorphic positions within 

the subunit regions suggests that these regions are under selection to remain homogenous 

within individual genomes. The lower difference in low polymorphism frequency 

between subunit and spacer regions suggests that this selection pressure is positively 

correlated with the proportion of nrDNA copies that differ from the majority. These 

findings contrast with those reported for nematodes (Bik et al., 2013), where the subunit 

regions had much higher levels of polymorphism abundance than the spacer regions.

Positions in stem regions were more likely to be polymorphic than loop positions 

(Fig. 2.3). This was strongly significant for all polymorphic positions (Tables 2.2, 2.3A) 

and moderately significant for highly polymorphic positions (Table 2.3B). This would 

seem to contradict the hypothesis that stem sites in general should be more highly 

conserved in order to maintain a functional RNA secondary structure. Indeed, this finding 

agrees with those from Rzhetsky (1995), who not only found that trees estimated from 

stem regions contained longer branch lengths than those from loop regions, but that those 

stem sites least likely to affect secondary structure tended to be less conserved. Loop 

sites, on the other hand, contain a large proportion of the sites critical to ribosomal 

function (Rzhetsky, 1995), and may be under stronger stabilizing selection than stem 

sites.

Among the subunit regions, the 26S region harbored the highest frequency of 

highly polymorphic positions. This agrees with Stage & Eickbush (2007) who showed 

the Drosophila 28S region to have a higher mutation rate than the other subunit regions. 

However, in that study the 28S region also had a lower frequency of polymorphic base 

pairs. Stage & Eickbush (2007) hypothesize that this is due to the action of two 

retrotransposable elements found in many Drosophila 28S copies, with instances of 
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aborted insertions causing the cell to repair the region using a nearby template and 

thereby homogenize the copies. They predict that levels of polymorphism will be higher 

in the 28S region of organisms lacking the retrotransposable elements, as seen here in the 

homologous angiosperm 26S region.

Within the subunit regions, highly polymorphic positions may be more common 

within expansion regions of the RNA gene (less conserved regions that tend to 

incorporate sequence insertions without affecting functionality; Clark et al., 1984). This 

is strongly implied by the recovery of clusters of highly polymorphic sites near A. syriaca 

positions 4440 and 5020, which are directly within the 26S expansion regions seven and 

eight, respectively (Kolosha and Fodor, 1990 Fig. 1). This agrees with results found in 

Drosophila (Stage and Eickbush, 2007). However, this may not be true for all highly 

polymorphic sites, as the high peak at position 4172 is not within an expansion region.

Phylogenetic context

Mapping the number of polymorphic positions onto the phylogeny of Asclepias 

demonstrates strong and significant phylogenetic signal when counting all 

polymorphisms (Fig. 2.4), but this signal is not significant when only counting highly 

polymorphic positions (Fig. 2.5). While this study demonstrates phylogenetic signal in 

polymorphism abundance, it remains unknown whether abundance within a lineage is 

influenced by selection or purely neutral causes. Different demographic histories across 

clades could create this effect via neutral causes, while selection against organisms that 

retain too many variant nrDNA copies could be variable across the genus. 

Polymorphisms present in a high proportion of nrDNA copies may be uniformly selected 

against, while low polymorphism sites are tolerated at varying levels. This could explain 

the lack of phylogenetic signal at the highly polymorphic sites, and its presence when 

including all polymorphic sites.

These results have implications for phylogenetic inference based on nrDNA data. 

As previously cautioned, it cannot be assumed that all copies of nrDNA are identical 

within a genome. This is especially true for the spacer regions, but also for the subunit 

regions (Álvarez and Wendel, 2003). The discovery of phylogenetic signal in 
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intragenomic polymorphism abundance demonstrates that those positions likely to lead to 

ambiguities are not distributed evenly across the phylogeny (Fig. 2.4). In addition to 

topology, variable polymorphism rates among lineages may affect the estimation of 

branch lengths on a tree. This may become especially problematic when nrDNA is used 

to date phylogenies. Recently developed methods of phylogenetic inference incorporating 

information about polymorphic positions may be able to alleviate difficulties in tree 

building caused by uneven levels of polymorphism abundance (Potts et al., 2014).

Identification of mixed ancestry

Characterization of intragenomic nrDNA polymorphisms may allow for the 

identification of hybrid offspring between parents with differing nrDNA sequences 

(Zimmer et al., 1988), and may be able to provide an estimate of the number of 

generations since hybridization. This is especially true for early generation hybrids, as 

nrDNA homogenization can occur in a small number of generations (Kovarik et al., 

2005), and mosaic Saccharomyces genomes have been identified based on intragenomic 

polymorphism abundance (West et al., 2014). Neither of the polymorphism profiles for 

the two wild-collected putative hybrid individuals in this study strongly indicate that they 

are early generation hybrids. This is in contrast to evidence from nuclear gene sequences 

that show heterozygosity consistent with inheritance of divergent alleles from the putative 

parents in the A. albicans × A. subulata hybrid (B. Haack and M. Fishbein, unpupl. data). 

Detection of mixed ancestry may be hampered in this case by a lack of fixed differences 

between parental haplotypes. Consensus sequences for the A. albicans and A. subulata 

individuals in this study show no fixed differences, while one difference is found between 

the A. syriaca and A. speciosa consensus sequences. Unexpectedly, this position is 

monomorphic in the hybrid, while the positions with minor allele frequencies >0.3 are in 

positions not shown to differ between A. syriaca and A. speciosa. This likely indicates 

ancestry from an unsampled nrDNA haplotype.

Individuals of the same species with dramatically different polymorphism profiles 

may indicate the presence of cryptic diversity. Differing demographic histories between 

populations within a species may lead to individuals from those populations possessing 
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different levels of intragenomic polymorphisms. As with the interspecific hybrids 

discussed above, early generation hybrids between populations within a species could 

also possess inflated levels of intragenomic polymorphisms.

Conclusions

Nuclear ribosomal DNA copies within individuals of Asclepias are not identical, 

with intragenomic polymorphisms present at a higher rate than reported for other 

organisms. Polymorphism frequencies across the genus vary by more than an order of 

magnitude and demonstrate strong phylogenetic signal. Stem positions of ribosomal 

subunits are more likely to be polymorphic than loop positions. Distribution of 

polymorphic sites across the nrDNA cistron are consistent with strong selection on 

nrDNA subunits, with polymorphic sites being more frequent in the spacer regions, and 

this difference being amplified for sites that are highly polymorphic. These results 

reinforce the need for caution when using nrDNA for phylogenetic inference, especially 

when using the spacer regions or for applications requiring the precise estimates of 

branch lengths or divergence times.
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DATA DEPOSITION

Custom scripts are available from GitHub: 

www.github.com/listonlab/polymorphic_read_counter_bwaPileup 

www.github.com/listonlab/fastq_collapse

Illumina reads for each sample have been placed in the NCBI Sequence Read 

Archive, and accession numbers are provided in Table 2.1.
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Figure 2.1: Polymorphic site frequency among species of Asclepias.

Histogram of polymorphic site frequency among species of Asclepias. Individuals 

contained from 0.4% to 15.1% polymorphic sites. 
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Figure 2.2: Polymorphic sites across the nrDNA cistron of Asclepias.

Number of individuals that are (A) polymorphic and (B) highly polymorphic at each 

position. Polymorphic positions are those with ≥2% of reads differing from the 

consensus; highly polymorphic positions are those with ≥10% differing reads. Subunit 

regions, white background; spacer regions, shaded background. Numbers in each region 

are the percentage of sites polymorphic or highly polymorphic in at least one individual. 
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Figure 2.3:  Polymorphism probability by region and structure.

Probability that at least one individual is (A) polymorphic or (B) highly polymorphic at a 

position that is either within a spacer (ITS1, ITS2) or subunit region (18S, 5.8S, 26S), and 

either paired (stems) or unpaired (loops). Error bars indicate 95% confidence intervals. 

Values derived from two-factor multiple logistic regressions (Table 2.3). 
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Figure 2.4: Ancestral state reconstruction of polymorphic site abundance.

Ancestral state reconstruction of the number of polymorphic positions in nrDNA in 

Asclepias obtained with squared-change parsimony. The tree topology is that pruned from 

Fig. 2 of Fishbein et al. (2011) with clades indicated by letters, following that study. 
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Figure 2.5: Ancestral state reconstruction of highly polymorphic site abundance.

Ancestral state reconstruction of the number of highly polymorphic positions in nrDNA 

in Asclepias obtained with squared-change parsimony. The tree topology is that pruned 

from Fig. 2 of Fishbein et al. (2011) with clades indicated by letters, following that study. 
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Table 2.1: Polymorphic site abundance in Asclepias taxa.

Voucher: Collector, collection #, [herbarium]; Poly #: Number of polymorphic positions; 

Poly %: Percentage of assembled positions that are polymorphic; High #, High %: 

Number and percentage of highly polymorphic positions; SRA: NCBI Sequence Read 

Archive accession number

Asclepias taxon Voucher
Poly 

#
Poly 

%
High 

#
High 

% SRA
A. albicans S. Watson Fishbein 3146 [WS] 174 3.12 16 0.29 SRS721451
A. albicans Fishbein 6463 [OKLA] 273 4.7 11 0.19 SRS721452
A. alticola E. Fourn. Steinmetz 5243 [IEB] 668 11.45 31 0.53 SRS721453
A. amplexicaulis Sm. Lynch 12652 [OKLA] 248 4.25 25 0.43 SRS721454
A. angustifolia 
Schweigg. Reina 2004-1315 [ARIZ] 55 1.04 36 0.68 SRS721455
A. angustifolia Reina 2008-203 [OKLA] 169 2.99 26 0.46 SRS721456
A. arenaria Torr. Lynch 11495 [OKLA] 174 2.98 2 0.03 SRS721457
A. asperula (Decne.) 
Woodson ssp. asperula Lynch 12037 [OKLA] 342 5.87 7 0.12 SRS721458
A. asperula ssp. 
asperula Fishbein 6536 [OKLA] 391 6.73 24 0.41 SRS721459
A. asperula ssp. 
capricornu (Woodson) 
Woodson Lynch 13314 [OKLA] 474 8.15 38 0.65 SRS721460
A. asperula ssp. 
capricornu Fishbein 6486 [OKLA] 347 5.95 6 0.1 SRS721461
A. atroviolacea 
Woodson Fishbein 3612 [ARIZ] 451 7.73 26 0.45 SRS721462
A. auriculata Kunth Lynch 1694 [OKLA] 513 8.85 33 0.57 SRS721463
A. auriculata Fishbein 5833 [OKLA] 378 6.54 39 0.68 SRS721464
A. boliviensis E. Fourn. Fishbein 6072 [OKLA] 875 15.08 111 1.91 SRS721465
A. brachystephana 
Engelm. ex Torr. Lynch 10642 [OKLA] 309 5.32 22 0.38 SRS721466
A. californica Greene Lynch 10779 [OKLA] 472 8.09 24 0.41 SRS721467
A. aff. candida Vell. Fishbein 6347 [OKLA] 245 4.2 14 0.24 SRS721448
A. cinerea Walter Fishbein 4793 [OKLA] 297 5.1 27 0.46 SRS721468
A. circinalis (Decne.) 
Woodson Webster 17186 [OKLA] 464 7.95 59 1.01 SRS721469
A. connivens Baldwin 
ex Elliott Lynch 12336 [OKLA] 394 6.75 16 0.27 SRS721470
A. cordifolia (Benth.) 
Jeps. Lynch 10942 [OKLA] 344 5.96 30 0.52 SRS721471
A. cordifolia Fishbein 5772 [OKLA] 308 5.35 13 0.23 SRS721472
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Table 2.1 (Continued)

Asclepias taxon Voucher
Poly 

#
Poly 

%
High 

#
High 

% SRA

A. coulteri A. Gray
Ventura & Lopez 7986 
[TEX] 471 8.09 27 0.46 SRS721473

A. cryptoceras S. 
Watson ssp. 
cryptoceras Fishbein 6504 [OKLA] 230 4 35 0.61 SRS721474
A. cryptoceras ssp. 
davisii (Woodson) 
Woodson Fishbein 5723 [OKLA] 350 6 13 0.22 SRS721475

A. curassavica L.
Zuloaga & Morrone 7087 
[OKLA] 258 4.42 24 0.41 SRS721476

A. cutleri Woodson Fishbein 6511 [OKLA] 167 2.9 18 0.31 SRS721477
A. cutleri Fishbein 6500 [OKLA] 157 2.69 8 0.14 SRS721478
A. emoryi (Greene) 
Vail ex Small Carr 12032 [TEX] 124 2.29 44 0.81 SRS721479
A. engelmanniana 
Woodson Lynch 11224 [OKLA] 141 2.54 33 0.59 SRS721480
A. engelmanniana Lynch 11029 [OKLA] 192 3.3 7 0.12 SRS721482
A. eriocarpa Benth. Lynch 10923 [OKLA] 610 10.49 32 0.55 SRS721483
A. eriocarpa Lynch 10799 [OKLA] 492 8.43 17 0.29 SRS721481
A. feayi Chapm. ex A. 
Gray Fishbein 5586 [OKLA] 329 5.71 42 0.73 SRS721484
A. fournieri Woodson Fishbein 3660 [ARIZ] 556 9.58 47 0.81 SRS721485
A. fournieri Lynch 1655 [OKLA] 711 12.25 49 0.84 SRS721486
A. glaucescens Kunth Lynch 14142 [OKLA] 190 3.33 19 0.33 SRS721487
A. glaucescens Lynch 1623 [OKLA] 90 1.69 85 1.6 SRS721488
A. glaucescens Fishbein 5097 [OKLA] 215 3.72 18 0.31 SRS721490
A. sp. nov. aff. 
glaucescens Fishbein 3671 [ARIZ] 225 3.87 25 0.43 SRS721449
A. hallii A. Gray Lynch 11299 [OKLA] 600 10.36 54 0.93 SRS721489
A. humistrata Walter Fishbein 5596 [OKLA] 331 5.67 13 0.22 SRS721491
A. hypoleuca (A. Gray) 
Woodson Lynch 11374 [OKLA] 670 11.51 44 0.76 SRS721492
A. incarnata L. Lynch 12567 [OKLA] 434 7.45 28 0.48 SRS721494
A. involucrata Engelm. 
ex Torr. Lynch 12050 [OKLA] 326 5.65 35 0.61 SRS721493
A. involucrata Fishbein 6531 [OKLA] 217 3.72 13 0.22 SRS721495
A. jaliscana B.L. Rob. Fishbein 2493 [ARIZ] 140 2.97 74 1.57 SRS721496
A. jaliscana Fishbein 3657 [WS] 165 3 65 1.18 SRS721497
A. jorgeana Fishbein & 
S.P. Lynch

Vásquez & Alvarez 4905 
[IEB] 160 2.76 12 0.21 SRS721498
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Table 2.1 (Continued)

Asclepias taxon Voucher
Poly 

#
Poly 

%
High 

#
High 

% SRA
A. lanceolata Walter Fishbein 5605 [MISSA] 249 4.27 8 0.14 SRS721499
A. lanuginosa Nutt. Lynch 12661 [OKLA] 343 5.92 11 0.19 SRS721500
A. latifolia (Torr.) Raf. Lynch 11018 [OKLA] 236 4.05 11 0.19 SRS721501
A. lemmonii A. Gray Lynch 11453 [OKLA] 620 10.7 23 0.4 SRS721502
A. leptopus I.M. 
Johnst. Fishbein 6263 [OKLA] 282 4.84 9 0.15 SRS721503
A. longifolia Michx. Lynch 12447 [OKLA] 427 7.34 24 0.41 SRS721504

A. lynchiana Fishbein
Venable & Becerra s.n. 
[ARIZ] 129 2.39 31 0.57 SRS721505

A. macrosperma Eastw. Gierisch 4191 [ARIZ] 76 1.42 30 0.56 SRS721506
A. macrosperma Fishbein 6518 [OKLA] 391 6.72 21 0.36 SRS721507
A. macrotis Torr. Lynch 11260 [OKLA] 364 6.27 11 0.19 SRS721508
A. macrotis Lynch 11263 [OKLA] 260 4.46 5 0.09 SRS721509
A. masonii Woodson Fishbein 3101 [OKLA] 151 2.59 7 0.12 SRS721510
A. meadii Torr. ex A. 
Gray Freeman 9106 [KANU] 208 3.62 20 0.35 SRS721511
A. mellodora A. St.-
Hil.

Zuloaga & Morrone 7168 
[OKLA] 377 6.47 18 0.31 SRS721513

A. mexicana Cav. Fishbein 3009 [ARIZ] 186 3.22 18 0.31 SRS721512
A. michauxii Decne. Lynch 12316 [OKLA] 458 7.87 39 0.67 SRS721515
A. notha W.D. Stevens Lynch 14113 [OKLA] 375 6.45 44 0.76 SRS721514
A. notha Fishbein 5389 [OKLA] 249 4.31 41 0.71 SRS721516
A. notha Nee 32966 [NY] 432 7.47 17 0.29 SRS721517
A. sp. nov. cf. notha Fishbein 5816 [OKLA] 376 6.45 16 0.27 SRS721550
A. nyctaginifolia A. 
Gray Fishbein 6268 [OKLA] 109 1.92 23 0.4 SRS721518
A. obovata Elliott Lynch 11543 [OKLA] 708 12.75 87 1.57 SRS721519
A. oenotheriodes 
Schltdl. & Cham. Fishbein 5819 [OKLA] 230 3.95 15 0.26 SRS721521
A. oenotheroides Lynch 13339 [OKLA] 100 1.74 16 0.28 SRS721523
A. oenotheroides Lynch 11477 [OKLA] 134 2.3 7 0.12 SRS721520
A. otarioides E. Fourn. Bellsey 97-5 [ARIZ] 745 12.8 35 0.6 SRS721522
A. otarioides Lynch 1533 [OKLA] 659 11.32 20 0.34 SRS721524
A. otarioides Fishbein 5857 [OKLA] 697 11.95 48 0.82 SRS721525
A. ovalifolia Decne. Lynch 13546 [OKLA] 333 5.91 42 0.75 SRS721526
A. ovata M. Martens & 
Galeotti Laferrière 1478 [MO] 324 5.59 39 0.67 SRS721527
A. pellucida E. Fourn. Fishbein 5136 [OKLA] 439 7.53 9 0.15 SRS721529
A. perennis Walter Lynch 12408 [OKLA] 356 6.11 15 0.26 SRS721528
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Table 2.1 (Continued)

Asclepias taxon Voucher
Poly 

#
Poly 

%
High 

#
High 

% SRA
A. pilgeriana Schltr. 
(“flava” in Fishbein et 
al., 2011)

Zuloaga & Morrone 7069 
[OKLA] 458 7.85 23 0.39 SRS721530

A. pratensis Benth. Fishbein 5143 [OKLA] 410 7.11 29 0.5 SRS721531
A. pratensis Pérez 1850 [MO] 609 10.49 34 0.59 SRS721532
A. prostrata W.H. 
Blackw. Fishbein 2432 [ARIZ] 465 7.99 41 0.7 SRS721533
A. purpurascens L. Lynch 12847 [OKLA] 233 4.05 22 0.38 SRS721534
A. purpurascens Fishbein 5654 [MISSA] 216 3.73 7 0.12 SRS721535
A. quadrifolia Jacq. Webb s.n. [ARIZ] 116 2.33 41 0.82 SRS721536
A. quadrifolia Fishbein 6545 [OKLA] 204 3.55 31 0.54 SRS721537
A. rosea Kunth Lynch 1656 [OKLA] 747 12.86 33 0.57 SRS721538
A. ruthiae Maguire Riser 329 [WS] 31 0.61 23 0.45 SRS721539
A. sanjuanensis K.D. 
Heil, J.M. Porter & 
S.L. Welsh Ellison s.n. [HPSU] 158 2.96 33 0.62 SRS721541
A. sanjuanensis Fishbein 6525 [OKLA] 237 4.11 38 0.66 SRS721540
A. sanjuanensis Riser 335 [WS] 68 1.18 26 0.45 SRS721542
A. scaposa Vail Fishbein 2951 [ARIZ] 500 8.61 35 0.6 SRS721543
A. schaffneri A. Gray Fishbein 5846 [OKLA] 327 5.65 36 0.62 SRS721545
A. scheryi Woodson Fishbein 5137 [OKLA] 586 10.05 15 0.26 SRS721549
A. scheryi Zamudio 5234 [MEXU] 272 4.88 35 0.63 SRS721544
A. similis Hemsl. Fishbein 3000 [ARIZ] 294 5.05 8 0.14 SRS721546
A. similis Fishbein 5148 [MISSA] 386 6.71 45 0.78 SRS721547
A. solanoana Woodson Lynch 10884 [OKLA] 882 15.13 35 0.6 SRS721548
A. speciosa Torr. Lynch 10981 [OKLA] 242 4.19 23 0.4 SRS721551
A. aff. standleyi 
Woodson Reina 98-579 [WS] 150 2.57 19 0.33 SRS721450
A. subaphylla Woodson Fishbein 3518 [WS] 182 3.31 23 0.42 SRS721552
A. subaphylla Lynch 1008 [OKLA] 383 6.86 77 1.38 SRS721566
A. subulata Decne. Fishbein 6434 [OKLA] 269 4.64 7 0.12 SRS721553
A. subulata Fishbein 6446 [OKLA] 370 6.36 18 0.31 SRS721554
A. subulata × albicans Fishbein 3142 [WS] 299 5.14 12 0.21 SRS721555
A. subverticillata (A. 
Gray) Vail Fishbein 2948 [ARIZ] 160 3.09 92 1.77 SRS721556
A. syriaca L. Lynch 11138 [OKLA] 204 3.51 11 0.19 SRS721557
A. syriaca Fishbein 4885 [OKLA] 298 5.1 7 0.12 SRP005621
A. syriaca × speciosa Fishbein 2810 [ARIZ] 161 2.89 37 0.66 SRS721559
A. tomentosa Elliott Fishbein 5608 [MISSA] 198 3.39 11 0.19 SRS721558



39

Table 2.1 (Continued)

Asclepias taxon Voucher
Poly 

#
Poly 

%
High 

#
High 

% SRA
A. tuberosa L. ssp. 
interior Woodson Fishbein 2816 [ARIZ] 685 11.84 29 0.5 SRS721561
A. tuberosa ssp. 
interior Fishbein 4825 [MISSA] 297 5.1 31 0.53 SRS721560
A. tuberosa ssp. rolfsii 
(Britton ex Vail) 
Woodson Lynch 12526 [OKLA] 251 4.33 11 0.19 SRS721562
A. uncialis Greene Fishbein 6494 [OKLA] 282 4.86 19 0.33 SRS736934
A. variegata L. Lynch 12787 [OKLA] 375 6.5 29 0.5 SRS721563
A. verticillata L. Lynch 11102 [OKLA] 23 0.41 21 0.37 SRS721564
A. vestita Hook. & Arn. 
ssp. parishii (Jeps.) 
Woodson Lynch 10735 [OKLA] 506 8.68 14 0.24 SRS721565
A. viridis Walter Lynch 12955 [OKLA] 261 4.55 40 0.7 SRS721567
A. viridula Chapm. Fishbein 4806 [MISSA] 425 7.37 46 0.8 SRS721568
A. welshii N.H. 
Holmgren & P.K. 
Holmgren Lynch 11369 [OKLA] 364 6.53 73 1.31 SRS721570
A. woodsoniana 
Standl. & Steyerm. D. A. Neil 242 [MO] 122 2.28 30 0.56 SRS721569
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Table 2.2: ANOVA of the number of polymorphic individuals at nrDNA positions, by 

position type.

Two-way ANOVA of the number of polymorphic individuals at nrDNA positions 

categorized as either subunit (18S, 5.8S, 26S) or spacer regions (ITS1, ITS2), and as 

either paired (stems) or unpaired (loops). More individuals are likely to be polymorphic 

at sites that are in spacer regions over subunit regions, and that are paired over unpaired. 

Bold values indicate categories that significantly affect polymorphism abundance (P < 

0.05).

df: degrees of freedom

Source of variation Sum of Squares df P
(Intercept) 8310.6 1
Paired 109.1 1 53.5887 <0.0001
Subunit 16.4 1 8.0664 0.0045
Paired*Subunit 0.4 1 0.1859 0.6663
Residuals 11878.9 5835

F value



41

Table 2.3: Multiple logistic regression of the likelihood of nrDNA position 

polymorphism, by position type.

Two-factor multiple logistic regression of the likelihood of nrDNA positions being (A) 

polymorphic or (B) highly polymorphic in at least one individual. Positions are 

categorized as either within a subunit (18S, 5.8S, 26S) or spacer region (ITS1, ITS2), 

and as either paired (stem) or unpaired (loop). Odds ratios indicate whether a category 

decreases (<1) or increases (>1) the likelihood a position is polymorphic or highly 

polymorphic. The intercept represents paired, spacer positions. Categories that 

significantly affect polymorphism likelihood are indicated by italics (P < 0.1) or 

boldface (P < 0.05). Polymorphism probabilities for each category are presented in 

Fig. 2.3.

CI: confidence interval; Std. Error: standard error

A: Polymorphic
Source Odds Ratio 95% CI Coefficient estimate Std. Error P

(Intercept) 3.7136 0.3825
Subunit 0.320 0.150 - 0.686 -1.1382 0.3881 -2.933 0.0034

Unpaired 0.220 0.090 - 0.537 -1.5163 0.4561 -3.324 0.0009
Subunit*Unpaired 2.488 0.998 - 6.206 0.9115 0.4663 1.955 0.0506

B: Highly polymorphic
Source Odds Ratio 95% CI Coefficient estimate Std. Error P

(Intercept) 0.48551 0.1201
Subunit 0.257 0.201 - 0.329 -1.35881 0.12564 -10.815 <0.0001

Unpaired 0.719 0.494 - 1.047 -0.32964 0.19178 -1.719 0.0856
Subunit*Unpaired 0.970 0.651 - 1.444 -0.03061 0.20315 -0.151 0.8802

Z-value

Z-value
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Table 2.4: Phylogenetic signal tests across Asclepias for the number of polymorphic or 

highly polymorphic sites.

Tests for phylogenetic signal across Asclepias for the number of polymorphic or highly 

polymorphic positions across the entire nrDNA cistron (Subunits + spacers) or just the 

subunits (Subunits only).

Parsimony permutations: the proportion of permutations with a shorter tree length than 

the true data; Lambda: the maximum likelihood estimate of lambda; logL: the log-

likelihood ratio of the unconstrained model including the estimated lambda over the 

constrained model with lambda = 0; P: the probability of obtaining a likelihood ratio this 

small or smaller by chance alone

Parsimony 
permutations

Lambda logL P

Polymorphic 
sites

Subunits + 
spacers

<0.0012 0.51
−594.192
−597.863 0.0067

Subunits only <0.0200 0.45
−587.547
−590.765 0.0112

Highly 
polymorphic 

sites

Subunits + 
spacers

>0.6050 <0.0001
−387.226
−387.225 1

Subunits only >0.5300 <0.0001
−376.150
−376.149 1
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INTRODUCTION

The importance of incorporating low-copy nuclear genes in phylogenetic 

reconstruction is well-recognized, but has largely been constrained by technical 

limitations (Zimmer and Wen, 2012). These data are essential for reconstructing the 

evolutionary history of plants, including understanding the causes of observed 

incongruities among gene tress that arise from incomplete lineage sorting and 

introgressive hybridization. The combination of solution hybridization for target 

enrichment of specific genomic regions and the high sequencing throughput of current 

platforms (e.g., Illumina), provides the opportunity to sequence hundreds or thousands of 

low-copy nuclear loci appropriate for phylogenetic analyses in an efficient and cost-

effective manner (Cronn et al., 2012; Lemmon and Lemmon, 2013). Most efforts to date 

for targeted sequencing of plant genomes for phylogenetics have been directed at the 

plastome (e.g., Parks et al., 2012; Stull et al., 2013). Recently, conserved orthologous 

sequences in Asteraceae (Chapman et al., 2007) were obtained via target enrichment for 

phylogenomics (Mandel et al., 2014).

Methods have been developed to target highly- or ultra-conserved elements 

(UCEs) in animal genomes (Faircloth et al., 2012; Lemmon and Lemmon, 2013; 

McCormack et al., 2013). However, UCEs in plants are nonsyntenic, and are 

hypothesized to have originated via horizontal transfer from organelles or de novo 

evolution (Reneker et al., 2012). Whatever their origin, their potential for non-orthology 

among species makes them unsuitable as phylogenetic markers in plants. The frequency 

of polyploidy throughout angiosperm evolution (Jiao et al., 2011) also impedes obtaining 

a large set of conserved orthologous single-copy loci transferable across plant lineages, 

which in combination with the lack of orthologous UCEs, means that design of targeted 

sequencing strategies for plant nuclear genomes will necessarily be lineage-specific. 

Here we present Hyb-Seq, a protocol that combines target enrichment of low-

copy nuclear genes and genome skimming (Straub et al., 2012), the use of low coverage 

shotgun sequencing to assemble high-copy genomic targets. Our protocol improves upon 

the methods of Mandel et al. (2014) by 1) utilizing the genome and transcriptome of a 
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single species for probe design, which makes our approach more generally applicable to 

any plant lineage, 2) obtaining additional data from the procedure through combination 

with genome skimming, and 3) developing a data analysis pipeline that maximizes the 

data usable for phylogenomic analyses. Furthermore, we assemble sequences from the 

flanking regions (the “splash zone”) of targeted exons, yielding non-coding sequence 

from introns or sequence 5ʹ or 3ʹ to genes, which are potentially useful for resolving 

relationships at low taxonomic levels. We demonstrate the feasibility and utility of Hyb-

Seq in a recent, rapid evolutionary radiation: Asclepias L. (Apocynaceae). Target 

enrichment probes were designed using the Asclepias syriaca L. draft genome and 

transcriptome sequences in concert to identify nuclear loci of sufficient length (>960 bp) 

for robust gene tree reconstruction with a high probability of being single copy (>10% 

divergence from all other loci in the target genome). We also demonstrate the utility of 

the Asclepias data for phylogenomic analysis and explore the utility of the probes for 

Hyb-Seq in another genus of the same subtribe, Calotropis R. Br. (Asclepiadineae), and a 

more distantly related genus, Matelea Aubl. (Gonolobineae). The Hyb-Seq approach 

presented here efficiently obtains genome-scale data appropriate for phylogenomic 

analyses in plants, and highlights the utility of extending genomic tools developed from a 

single individual for use at deeper phylogenetic levels.

METHODS AND RESULTS

Targeted enrichment probe design

An approach was developed for Hyb-Seq probe design (Table 3.1) in Asclepias 

utilizing a draft assembly of the A. syriaca nuclear genome (Weitemier et al., unpublished 

data), which was assembled using Illumina paired-end data from libraries with insert 

sizes of 200 and 450 bp and a k-mer size of 79 in ABySS v. 1.3.2 (Simpson et al., 2009) 

with reads of plastid or mitochondrial origin removed prior to assembly. A transcriptome 

of A. syriaca leaf and bud tissue (Straub et al., unpublished data) was assembled de novo 

using Trinity version Trinityrnaseq_r20131110 (Grabherr et al., 2011) and refined using 

transcripts_to_best_scoring_ORFs.pl (included with Trinity). Probe design was based on 

data from the draft genome, which was combined with transcriptome assembly data in 



46

order to target the exons of hundreds of low copy loci. Contigs from the draft nuclear 

genome were matched against those sharing 99% sequence identity from the 

transcriptome using the program BLAT v. 32x1 (Kent, 2002). BLAT accommodates large 

gaps in matches between target and query sequences, and is suitable for matching the 

exon-only sequence of transcripts with the intron-containing genomic sequence, allowing 

the locations of potential intron/exon boundaries to be identified. Additionally, in an 

effort to prevent loci present in multiple copies within the genome from being targeted, 

only those transcripts with a single match against the genome were retained. To prevent 

probes from enriching multiple similar loci, any targets sharing ≥90% sequence similarity 

were removed using CD-HIT-EST v. 4.5.4 (Li and Godzik, 2006). The remaining 

transcriptome contigs were filtered to retain only those containing exons ≥120 bp totaling 

at least 960 bp. The lower cutoff was necessary to provide sufficiently long sequences for 

probe design (=120 bp), and the upper cutoff was chosen to exclude short loci less likely 

to include phylogenetically informative sites. Of the loci that passed filtering, all of those 

matching (70% sequence identity over 30% of its length) a previously characterized 

putative ortholog from Apocynaceae (expressed sequence tags [ESTs] from Catharanthus 

roseus (L.) G. Don; Murata et al., 2006), the asterids (COSII; Wu et al., 2006), or four 

non-asterid angiosperms (Duarte et al., 2010) were retained (1335 exons in 350 loci). 

Additional loci that passed filtering were added to the set of targeted loci until the total 

length of the target probes approached the minimum required for oligo synthesis (2050 

exons in 418 loci). The final probe set also contained probes intended to generate data for 

other projects [157 defense-related and floral development genes and 4000 single 

nucleotide polymorphisms (SNPs)], which were only included here where necessary for 

calculations of hybridization efficiency and assembly length. Note that care should be 

taken during the probe design process to avoid targeting organellar sequences together 

with nuclear sequences, because enrichment of organellar targets will be proportional to 

their presence in the genomic DNA extractions used to prepare sequencing libraries and 

may greatly exceed nuclear targets (See Appendix 3.1).
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Illumina library preparation and Hyb-Seq

DNA was extracted from ten species of Asclepias, Calotropis procera (Aiton) W. 

T. Aiton, and Matelea cynanchoides (Engelm. & A. Gray) Woodson (Table 3.2) using 

either a modified CTAB protocol (Doyle and Doyle, 1987), DNeasy (Qiagen, Valencia, 

California, USA), FASTDNA (MP Bio, Santa Ana, California, USA), or Wizard kits 

(Promega, Madison, Wisconsin, USA). Most indexed Illumina libraries were prepared as 

described by Straub et al. (2012). Two exceptions were A. cryptoceras S. Watson 

(prepared with a NEXTflex DNA barcode; Bioo Scientific, Austin, Texas, USA) and M. 

cynanchoides (TruSeq library preparation kit; Illumina, San Diego, California, USA). 

Libraries were then pooled in 11- or 12-plexes with approximately equimolar ratios 

(some samples included in the pools were not included in the present study). Solution 

hybridization with MyBaits biotinylated RNA baits (Mycroarray, Ann Arbor, Michigan, 

USA) and enrichment followed Tennessen et al. (2013) with approximately 350 - 480 ng 

of input DNA per pool and 12 rather than 15 cycles of polymerase chain reaction (PCR) 

enrichment to decrease the production of PCR duplicates. These target-enriched libraries 

were then sequenced on an Illumina MiSeq at either Oregon Health Science University 

(v. 2 chemistry) to obtain 2 x 251 bp reads or Oregon State University (v. 3 chemistry) to 

obtain 2 x 76 bp reads. Raw Illumina data were submitted to the NCBI Sequence Read 

Archive (SRP043058).

Data analysis pipelines

Raw data were filtered for adapter sequences either by the sequencing centers, 

using Trimmomatic v. 0.20 or 0.30 (Bolger et al., 2014), or using custom scripts. Internal 

sequence barcodes were deconvoluted using bc_sort_pe.pl (Knaus, 2012). Reads were 

quality filtered using Trimmomatic to remove bases at read ends with qualities lower than 

Q20, trim the rest of the read when average quality in a 5 bp window was <Q20, and to 

remove reads shorter than 36 bp following trimming. For A. cryptoceras, only read ends 

were trimmed to Q20. Duplicate reads were removed using the FASTX-Toolkit (Gordon, 

2010). For target assembly, a reference-guided approach utilizing a pseudo-reference 

consisting of targeted exons separated by 200 Ns was implemented in Alignreads v. 2.25 
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(Straub et al., 2011). BLAT was used to identify contigs in the final assembly with 

sequence similarity to targeted exons. A custom script extracted the longest assembled 

sequence corresponding to each exon and constructed matrices for multiple sequence 

alignment, while adding Ns to the matrix if an exon was missing for a particular species. 

Exons were aligned using default settings in MAFFT v. 6.864b (Katoh and Toh, 2008). 

Following alignment, exons of the same gene were joined using catfasta2phyml.pl. 

Splash-zone sequences were not included in this analysis. The same read pools were then 

used for reference-guided assembly of high-copy sequences, the plastome and nuclear 

ribosomal DNA (nrDNA) cistrons (18S-5.8S-26S), using Alignreads. The references used 

for each species were generated through analysis of previously-collected genome skim 

data of the same libraries used for this study (Straub et al., 2012; Straub et al., 

unpublished data). References from a different A. cryptoceras individual were used for 

that species and reads were retrimmed using the Trimmomatic setting described above. 

The M. biflora (Raf.) Woodson plastome (GenBank: KF539850.1) and the C. procera 

nrDNA sequence served as references for M. cynanchoides. MAFFT was used for 

alignment. Appendix 3.2 provides additional details on bioinformatic analyses.

Analyses of assembled sequences

The total length of assembled sequence, numbers of targeted exons and genes 

assembled, amount of flanking sequence assembled from the splash zone, percentage of 

plastome and nrDNA cistron sequence assembled from the off-target reads based on the 

lengths of the reference sequences, and percent divergence from the A. syriaca exon 

sequences were calculated for each species. The Hyb-Seq data were also analyzed using 

the phyluce v. 1.4 pipeline (Faircloth et al., 2012; Faircloth, 2016) utilized by Mandel et 

al. (2014), using both the native de novo assembly option and using the contigs produced 

by the reference-guided assembly in Alignreads as input data (See Appendix 3.3 for 

detailed methods). To demonstrate the utility of the data for phylogenomics, analyses of 

Asclepias and outgroup Calotropis were conducted for nuclear genes individually 

(excluding seven genes with terminals with all missing data), a concatenation of all 

nuclear genes, and whole plastomes using RAxML v. 7.3.0 (Stamatakis, 2006) with a 
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GTR + Γ model of nucleotide substitution. One hundred and 1000 rapid bootstrap 

replicates were conducted for nuclear and plastid analyses, respectively. Prior to analysis, 

the plastome matrix was edited following Straub et al. (2012). RAxML nuclear gene trees 

were then used for phylogenomic analyses of all targeted loci with complete taxon 

sampling (n=761) using the MP-EST species tree approach with bootstrap evaluation of 

clade support implemented through the STRAW webserver (Shaw et al., 2013). Targeted 

nuclear exon sequences, data matrices, and trees were submitted to Figshare 

(http://dx.doi.org/10.6084/m9.figshare.1024614). See Appendices 3.1 and 3.2 for detailed 

discussion of the protocol from probe design to data analysis.

Hyb-Seq results

We identified 768 putatively single-copy genes (3385 exons, ca. 1.6 Mbp) 

meeting the criteria of sufficient length and divergence from all other genes in the 

genome. Of these genes, 139 genes were among asterid COSII sequences and 47 were 

among genes conserved across four angiosperm genomes; only 15 out of 155 possible 

overlapping genes were shared by both conserved sets. Enrichment, sequencing, and 

assembly of the targeted putatively single-copy genes was successful in Asclepias and 

related Apocynaceae with at least partial assembly of an average of 92.6% of exons and 

99.7% of genes and a total average assembly length for all genes in the probe set of ca. 

2.2 Mbp from 1.7 Mbp of targeted exons (including the defense and floral development 

genes; Table 3.3). Lower read numbers (due to unequal library pooling) resulted in 

reduced target capture and assembly efficiency in A. eriocarpa Benth. and A. involucrata 

Engelm. Ex Torr. (Table 3.3), while a combination of lower read number and sequence 

divergence (average 4.5%) between Matelea and the probes is likely responsible for its 

somewhat lower success (Fig. 3.1; Table 3.3). In contrast, target capture in Calotropis 

(average 3.2% divergence from A. syriaca) was similar to Asclepias (Table 3.3). Given 

that the probes should work well up to 10% sequence divergence, this probe set is likely 

useful for enrichment of the targeted genes across Asclepiadoideae (Fig. 3.1). Extending 

the comparison to the more distantly-related Catharanthus roseus (Góngora-Castillo et 

al., 2012), BLAT analysis reveals an average 12% divergence between A. syriaca exons 
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and orthologous transcripts (Fig. 3.1). This result predicts that a smaller, but not 

insignificant, amount of sequence data could be obtained from the rest of Apocynaceae. 

Modification of hybridization conditions could further increase success for more 

divergent species (Li et al., 2013). In addition to the targeted nuclear loci, reference-

guided assembly of the off-target reads yielded complete or nearly-complete plastome 

and nrDNA cistron sequences (Table 3.3). 

The data analysis pipeline presented here resulted in a data set with few missing 

genes for each species. In contrast, the phyluce pipeline recovered comparatively few loci 

for phylogenomic analysis (Table 3.4). Phyluce was designed for the analysis of UCE 

data and its adoption for analysis of single-copy genes where multiple exons have been 

targeted is inappropriate because exons are often assembled on separate contigs and 

phyluce views multiple contigs matching a targeted locus as an indication of paralogy 

(see Appendix 3.3 for further discussion). The use of reference-guided assembly in the 

pipeline presented here, rather than the de novo approach of phyluce, also results in a 

greater amount of data recovery for use in phylogenomic analyses (Table 3.4).

Phylogenomics

Percentage of variable sites within 768 sequence alignments ranged from 1.8% to 

12.5%, with a mean of 5.9% (Appendix Fig. 3.1). The concatenated data matrix was 

1,604,805 bp, with 104,717 variable sites, 10,210 of which were parsimony informative. 

Phylogenomic analysis of the maximum likelihood gene trees for the 761 putatively 

single-copy genes containing information for all 12 taxa resulted in a species tree 

topology in which most nodes received high bootstrap support, and which differed from 

the concatenation species tree in the placement of A. eriocarpa (Fig. 3.2, left). This result 

highlights the importance of utilizing species tree methods and approaches for assessing 

clade support that take into account discordance among gene trees, since concatenation 

approaches can result in strongly supported, but misleading inferences of evolutionary 

relationships (Kubatko and Degnan, 2007; Salichos and Rokas, 2013). Maximum 

likelihood analysis of plastomes resulted in a resolved and well-supported phylogeny 

with a topology in conflict with that of the species tree, especially among temperate 
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North American species (Fig. 3.2, right). Relationships in this clade estimated from non-

coding plastid sequences have been shown to be at odds with expectations based on 

morphology (Fishbein et al., 2011).

CONCLUSIONS

Hyb-Seq, the combined target enrichment and genome skimming approach 

presented here, efficiently generates copious data from both the low-copy nuclear 

genome and high-copy elements (e.g., organellar genomes) appropriate for phylogenomic 

analyses in plants. With a small investment to generate a genome and transcriptome for 

an exemplar or the utilization of quickly-growing resources from the many publicly-

available genome and transcriptome projects, a probe set can be designed that will target 

conserved regions that are phylogenetically informative across plant genera or families. 

Because this approach recovers sequences that are hundreds of base pairs in length from 

hundreds to thousands of loci, even with modest levels of variation the data are 

appropriate for addressing questions at low taxonomic levels. Furthermore, sequences 

flanking the conserved target regions will generally evolve more rapidly, providing 

additional potentially informative variation. 

The Hyb-Seq protocol based on taxon-specific genome and transcriptome data has 

advantages over alternative approaches, such as transcriptome sequencing or genome 

reduction via restriction digest. Transcriptome sequencing results in thousands of 

orthologous nuclear loci, but requires living, flash frozen, or specially preserved tissue 

for RNA extraction, is subject to large amounts of missing loci across samples, and does 

not as effectively sample rapidly-evolving non-coding regions. In contrast, target capture 

and genome skimming can utilize small amounts of relatively degraded DNA, such as 

extractions from herbarium specimens (Cronn et al., 2012; Straub et al., 2012), and 

consistently yield intron and 5ʹ and 3ʹ untranslated region sequence. Genome reduction 

methods utilizing restriction digests (e.g., RAD-Seq, genotyping-by-sequencing; Davey 

et al., 2011) also produce thousands of loci, and have been effective in resolving 

phylogenetic relationships and patterns of introgression (e.g., Eaton and Ree, 2013). 

However, the effectiveness of these approaches with poor quality or degraded DNA has 
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not been demonstrated and the anonymous nature of these loci makes it more challenging 

to determine orthology. Most importantly, the data obtained (SNPs or 30-200 bp 

sequences) are not appropriate for applying phylogenetic approaches that estimate species 

trees from a large number of gene trees. Focusing on orthologous targets through Hyb-

Seq also reduces the amount of missing data relative to both transcriptome and RAD-Seq 

studies. Until the sequencing of whole genomes for every species of interest becomes 

practical and affordable, the protocol presented here is poised to become the standard for 

quickly and efficiently producing genome-scale datasets to best advance our 

understanding of the evolutionary history of plants.
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Figure 3.1: Sequence divergence between Asclepias syriaca and other members of 

Apocynaceae.

Histogram of exon sequence divergence between the species used for probe design, 

Asclepias syriaca, and four other species: the most divergent species of Asclepias, A. 

flava; another member of Asclepiadinae (Asclepiadeae: Asclepiadoideae), Calotropis 

procera; a member of Gonolobinae (Asclepiadeae: Asclepiadoideae), Matelea 

cynanchoides; and a member of a different subfamily, Catharanthus roseus 

(Rauvolfioideae). Note that a maximum sequence divergence of 75% was allowed for 

BLAT and that exons with >10% divergence were less likely to be observed in Calotropis 

and Matelea because they were less likely to be enriched by the probes, while the 

Catharanthus data were from transcriptome sequences of multiple tissues and not subject 

to target enrichment bias.
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Figure 3.2: Comparison of the species tree of Asclepias based on 761 putatively single-

copy loci and the whole plastome phylogeny.

The MP-EST tree is shown at left, and the difference between this topology and that 

recovered through an analysis of the concatenated nuclear gene data set is indicated by 

the red arrow. Solid lines connect each species to its placement in the plastome 

phylogeny (right). Values near the branches are bootstrap support values (* = 100%). 

Colors reflect the plastid clades of Fishbein et al. (2011): temperate North America 

(green), unplaced (orange), highland Mexico (purple), series Incarnatae sensu Fishbein 

(pink) Sonoran Desert (blue), and outgroup (black).
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Table 3.1: Hyb-Seq target enrichment probe design and bioinformatics pipeline.

A script combining and detailing the steps of the probe design process, 

Building_exon_probes.sh, is provided in Appendix 3.1.
aKent (2002).
bNew scripts written for this protocol, an example dataset, and any future updates are 

available at https://github.com/listonlab/.
cLi and Godzik (2006).
dBolger et al. (2014).
eRatan (2009).
fStraub et al. (2011).
gKatoh and Toh (2008).
hNylander (2011).
iStamatakis (2006).
jLiu et al. (2010).

https://github.com/listonlab/
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Table 3.1: Hyb-Seq target enrichment probe design and bioinformatics pipeline.

Probe Design

Steps Comments

Match

Filter Retain single hits of substantial length

Cluster

Filter

Cluster Remove exons sharing >90% identity

Bioinformatics

Read processing Adapter trimming, quality filtering

Exon assembly

Concatenate Exons

Incorporate data from multiple gene trees

Primary program or 
custom commands

Find genome and transcriptome 
sequences with 99% identity BLATa

Part of Building_exon_probes.shb

Remove isoforms and loci sharing >90% 
identity

CD-HIT-ESTc, 
grab_singleton_clusters.pyb

Retain loci with long exons summing to 
desired length blat_block_analyzer.pyb

CD-HIT-ESTc, 
grab_singleton_clusters.pyb

Trimmomaticd

Reconstruct a sequence for each 
sample, for each exon YASRAe, Alignreadsf

Identify assembled 
contigs

This step may be necessary if 
assembled contigs are anonymous (e.g. 
de novo assembly or reference-guided 

assembly for all exons at once)

BLATa

Sequence alignment 
I: Collate exons

Bring together homologous exons for 
each sample assembled_exons_to_fasta.pyb

Sequence alignment 
II: Perform 
alignment

Align homologous bases within each 
exon MAFFTg

For each locus, concatenate the aligned 
exons catfasta2phyml.plh

Gene tree 
construction

For each locus, reconstruct a 
phylogenetic tree RAxMLi

Species tree 
construction

MP-ESTj



Table 3.2: Voucher information for species of Asclepias and related genera used in this study.
aGPS coordinates reported to the accuracy recorded or based on coarse geo-referencing based on the collection locality.
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Table 3.3: Success of Hyb-Seq for targeted sequencing and assembly of nuclear genes combined with genome skimming of high-

copy targets in Asclepias and related species of Apocynaceae.
aMost samples were sequenced in a single MiSeq run (11-plex 2 × 251-bp version 2 chemistry) except for A. cryptoceras and M. 

cynanchoides, which were each sequenced in different MiSeq runs (12-plex 2 × 251-bp version 2 chemistry and 15-plex 2 × 76-bp 

version 3 chemistry, respectively.
bThese values were calculated using the entire probe set, including single-copy gene, defense and floral development genes, and 

SNPs.
cThese estimates are lower than the true overall efficiency due to quality filtering and the removal of duplicate reads. Except for A. 

cryptoceras and M. cynanchoides, the libraries were made with internal barcodes, which apparently contributed to suboptimal base 

calling and lower-quality scores, leading to apparent suboptimal target capture efficiency.
dThese estimates are based on a minimum 90% sequence identity to the A. syriaca probes, and are therefore conservative; 

especially so for C. procera and M. cynanchoides, which are expected to have higher sequence divergence.
eThese estimates are based on a minimum 75% sequence identity to the A. syriaca probes.
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Table 3.4: Hyb-Seq single copy gene recovery.

Number of single copy genes recovered for phylogenomic analysis with 

different data pipelines.

Species Hyb-Seq phyluce
Asclepias cryptoceras 768 16 145
Asclepias engelmanniana 767 69 201
Asclepias eriocarpa 762 10 23
Asclepias flava 768 28 109
Asclepias humistrata 768 27 62
Asclepias invloucrata 768 3 24
Asclepias masonii 768 8 38
Asclepias nyctaginifolia 768 13 198
Asclepias scheryi 768 69 186
Asclepias tomentosa 768 21 54
Calotropis procera 768 84 203
Matelea cynanchoides 757 51 98

Average 767 33 112

phyluce with 
Alignreads contigs
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Chapter 4: The genome of Asclepias syriaca as a resource for 
evolutionary, ecological, and molecular studies in milkweeds and 

Apocynaceae
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INTRODUCTION

The development of genomic resources for an ever increasing portion of the 

diversity of life is benefiting nearly every field of biology in myriad ways. The 

decreasing cost of sequencing and the continual development of bioinformatic tools are 

allowing even single labs and small collaborations to produce genomic content that is 

beneficial and accessible to the wider research community. This study presents the first 

genome assembly of a milkweed, a group of plants used in wide-ranging studies 

including floral development, pollination biology, plant-insect interactions and co-

evolution, secondary metabolite chemistry, and rapid diversification.

The common milkweed, Asclepias syriaca L., inhabits wide swaths of eastern 

North America, from Maine to Virginia, westward to Kansas and into portions of 

southern Canada (Woodson, 1954). It is well known for the milky latex it exudes when 

injured, showy clusters of flowers, and pods filled with seeds tufted with fine hairs. A 

member of the Apocynaceae, the milkweeds produce an array of potent secondary 

compounds, including cardiac glycosides and cardenolides. Some herbivores possess 

defenses to avoid or tolerate these compounds, including the Monarch butterfly, Danaus 

plexippus. The Monarch caterpillars are able to sequester Asclepias secondary compounds 

to us for their own defense, and as such members of Asclepias and close relatives serve as 

the only adequate host for Monarch caterpillars (Brower et al., 1967). The variation in 

types and concentrations of defensive secondary compounds within and among Asclepias 

species has led to numerous studies using Asclepias to investigate areas such as defensive 

trait evolution (Agrawal and Fishbein, 2006, 2008, Rasmann et al., 2009, 2011; Agrawal 

et al., 2012), plant-herbivore ecological interactions (Brower et al., 1967, 1972; Vaughan, 

1979; Van Zandt and Agrawal, 2004), and plant-herbivore co-evolution (Agrawal and Van 

Zandt, 2003; Labeyrie and Dobler, 2004; Agrawal, 2005).

Asclepias and its relatives possess floral architectures unique among plants, 

possessing large extra-stamenal coronas and a central column, the gynostegium, made up 

of the androecium adnate to the gynoecium. Asclepias species are nearly or entirely self 

incompatible (Kephart, 1981; Morse, 1994), and their pollen is packaged into clusters, 
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pollinia, which are transferred as a unit from one flower to another. This allows a single 

successful pollination event to fertilize all of the ovules in an ovary, and means that seeds 

within a fruit are almost certainly full siblings (Sparrow and Pearson, 1948; Wyatt and 

Broyles, 1990). These features have led to the use of Asclepias as a model in studies 

related to pollination and reproductive biology (Broyles and Wyatt, 1990; Wyatt and 

Broyles, 1990, 1994), floral development (Endress, 2006, 2015; Demarco, 2014; Straub 

et al., 2014), selection on floral characters and prezygotic reproductive isolation (Morgan 

and Schoen, 1997; Kephart and Theiss, 2004), and floral display evolution, (Willson and 

Rathcke, 1974; Bierzychudek, 1981; Chaplin and Walker, 1982).

The genus Asclepias sensu stricto is made up of about 130 species in North 

America, with an additional six species in South America (Fishbein et al., 2011). 

Asclepias in the Americas is found in a wide range of habitats, from deserts to swamps, 

plains to shaded forests, and may represent a rapid ecological expansion.

While this is the first genomic assembly of Asclepias, it is not the genomic 

resource for the genus. The chloroplast genome of Asclepias has been sequenced (Straub 

et al., 2011), as has the mitochondrion (Straub et al., 2013), and flow cytometry estimates 

place the nuclear genome size at 420 Mbp (Bai et al., 2012; Bainard et al., 2012). 

Asclepias is not the first member of Apocynaceae to receive nuclear genome sequencing, 

though it is the first member within the subfamily Asclepiadoideae. Within the subfamily 

Rauvolfioideae, Sabir et al (2013) performed genomic assembly in the medicinally 

important plant Rhazya stricta to investigate the presence of phytochrome-like genes; 

however, assembled scaffolds from this work are not reported. The transcriptomes of 

several plants within Apocynaceae have been released as part of broader investigations 

into medicinally important plants, particularly those producing monoterpene indole 

alkaloids, including Hoodia gordonii, Rauvolfia serpintina, and Catharanthus rosea 

(Medicinal Plant Consortium, 2011; Góngora-Castillo et al., 2012). The transcriptome of 

Calotropis procera and its production of cysteine proteases has also been investigated 

(Kwon et al., 2015).
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Genomic sequencing and assembly of Catharanthus rosea, a member of the 

Apocynaceae subfamily Rauvolfioideae, was performed by Kellner et al. (2015) to 

investigate the production of medicinal compounds (Table 4.1), and includes nearly all of 

the Catharanthus gene space on unlinked scaffolds. Outside of Apocynaceae the most 

closely related species to have been sequenced is the diploid ancestor of coffee, Coffea 

canephora (Denoeud et al., 2014). Coffee is in the same order as Asclepias, Gentianales, 

and C. canephora has the same number of chromosomes: x =  n = 11, 2n = 22. The coffee 

genome assembly is of relatively high quality, with large scaffolds ordered onto 

pseudochromosomes (Table 4.1). Additionally, both Catharanthus and coffee gene 

models contain functional annotations.

Sequencing technology is still at a point where highly contiguous genome 

assemblies require integration from several sequencing methods and molecular 

techniques (Chapman et al., 2015), though this is beginning to change with increased 

availability of “long-read” technologies (VanBuren et al., 2015). Nevertheless, great 

utility can be obtained from even very fragmented assemblies. As demonstrated with 

Catharanthus, nearly all of the gene space within a genome can be assembled, enabling 

the recovery of the sequence and genomic context for those genes, and the presence of 

additional paralogs and pseudogenes can also be tested.

The genomic assembly of Asclepias syriaca presented here includes a nearly 

complete representation of gene space, supported by transcriptome evidence. A 

demonstration of the analyses this enables is provided through investigation of three sets 

of genes involved in rubber production, light sensing, and cardenolide production. The 

heterozygosity present in this obligate outcrossing species is used to develop a panel of 

SNPs that can be captured via targeted enrichment. A set of offspring from the sequenced 

individual is used to cluster assembled scaffolds into linkage groups, the first such 

resource in Apocynaceae. A comparison of linkage groups between Asclepias and coffee 

is presented, providing insights into chromosomal evolution within Gentianales.
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METHODS

Tissue preparation and library construction

Leaf tissue of Asclepias syriaca was sampled from a single individual at the 

Western Illinois University research farm, raised from seed from a wild population in 

McDonough county, Illinois (Winthrop B. Phippen s.n., OSC 226164, 226165). DNA was 

extracted from frozen tissue using the FastDNA Spin Kit from MPBiomedicals (Santa 

Ana, CA, USA) following manufacturer's protocols, modified by the addition of 40 μL 

1% polyvinylpyrrolidone and 10 μL β-mercaptoethanol to the lysis solution prior to 

grinding.

Aliquots of isolated DNA were sheared with a BioRuptor sonicator (Diagenode 

Inc., Denville, NJ, USA). Two libraries were prepared following the Illumina protocol for 

paired-end libraries (Solexa, Inc, 2006). Ligated fragments were cut from agarose gels 

centered around 225 bp and 450 bp, and were amplified through 15 and 14 cycles, 

respectively, of polymerase chain reaction using Phusion High-Fidelity PCR Master Mix 

(New England BioLabs, Ipswich, MA, USA) and standard Illumina primers. Cleaned 

product was submitted for sequencing on an Illumina GAII Sequencer (Illumina Inc., San 

Diego, CA, USA) at the Center for Genome Research and Biocomputing (CGRB) at 

Oregon State University (Corvallis, OR, USA). One lane of the 450 bp library was 

sequenced with 80 bp paired-end reads, and 5 lanes of the 225 bp library were sequenced 

with 120 bp paired-end reads.

Frozen tissue was sent to GlobalBiologics, LLC (Columbia, MO, USA) for DNA 

extraction and production of mate-pair libraries using the Illumina Mate Pair Library v2 

protocol with average insert sizes of 2750 bp and 3500 bp, and indexed with unique 

barcode sequences (Bioo Scientific, Austin, TX, USA). Purified DNA was provided to 

the CGRB for production of a mate-pair library using the Illumina Nextera protocol with 

an average insert size of 2000 bp. The 2000 bp library was sequenced on an Illumina 

MiSeq at the CGRB, one of 15 samples pooled on a lane, and sequenced with 76 bp 

paired-end reads. The 2750 bp library was sequenced on an Illumina HiSeq 2000 

sequencer at the CGRB, one of three samples pooled on a lane, and sequenced with 101 
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bp paired-end reads. The 3500 bp library was sequenced on an Illumina MiSeq at Oregon 

Health and Science University (Portland, OR, USA) with 33 bp paired-end reads (Table 

4.2).

Genomic read processing

Pairs of reads properly mapping to the Asclepias chloroplast or mitochondria, with 

three or fewer mismatches between the target and query, were filtered out using Bowtie 2 

v. 2.1.0 (scoring parameter “--score-min L,-6,0”), samtools v. 0.1.18, and bamtools v. 

2.3.0 (Li et al., 2009; Langmead and Salzberg, 2012; Barnett et al., 2013). Portions of 

reads matching the Illumina adapter sequences were removed with Trimmomatic v. 0.30 

and the “ILLUMINACLIP” option (Bolger et al., 2014). Duplicate read pairs from the 

same library were removed using the custom script fastq_collapse.py (Weitemier, 2014). 

Paired-end read pairs with sequences that overlapped by ≥7 bp sharing ≥90% identity 

were merged using the program FLASH v. 1.2.6 (parameters “-m 7 -M 80 -x 0.10”) 

(Magoč and Salzberg, 2011). The 3' and 5' ends of reads were then trimmed of any bases 

with a Phred quality score below 30, and any remaining reads less than 30 bp were 

removed using Trimmomatic.

Summary statistics were calculated using a k-mer distribution plot of reads from 

the 225 bp insert library after removing chloroplast and mitochondrial reads, but prior to 

joining with FLASH. K-mers of 17 bp were counted using BBTools script 

kmercountexact.sh, and estimates of genome size and heterozygosity were calculated 

using the program gce (Liu et al., 2013; Bushnell and Rood, 2015).

RNA-seq library preparation, sequencing, and assembly

Total RNA was extracted from the individual used for genome sequencing from 

leaves and buds separately, by homogenizing approximately 200 mg of fresh frozen 

tissue on dry ice in a Fast-Prep-24 bead mill. Cold extraction buffer (1.5 mL of 3M 

LiCl/8M urea; 1% PVP K-60; 0.1M dithiothreitol; Tai et al., 2004) was added to the 

ground tissue. Tissue was then homogenized and cellular debris pelleted at 200×g for 10 

minutes at 4°C. Supernatant was incubated at 4°C overnight. RNA was pelleted by 

centrifugation (20,000×g for 30 minutes at 4°C) and cleaned using a ZR Plant RNA 
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MiniPrep kit (Zymo Research, Irvine, CA, USA). For each tissue type, an RNA-seq 

library was prepared using the Illumina RNA-Seq TruSeq kit v. 2.0 with the 

modifications of Parkhomchuk et al. (2009) to allow strand-specific sequencing by dUTP 

incorporation. 

Libraries were sequenced on an Illumina HiSeq 2000 at the CGRB to yield 101 bp 

single-end reads. Before further analysis, reads that did not pass the Illumina chastity and 

purity filters were removed. Trimmomatic 0.20 (Bolger et al., 2014) was used to trim the 

final base of each read, leading and trailing bases with quality scores below Q20, and all 

following bases if a sliding window of 5 bp did not have an average quality of at least 

Q30. Reads shorter than 36 bp after trimming were excluded.

Transcripts were assembled de novo using Trinity (Release 2013-08-14) 

(Grabherr et al., 2011) for bud and leaf reads separately, as well as combined into a single 

data set using default settings, except for using a minimum contig length of 101 bp. The 

same settings were also used to assemble RNA-seq data from leaf tissue of the same A. 

syriaca individual from a library made using ribosomal RNA subtraction (Straub et al., 

2013). Best scoring open reading frames (ORFs) were determined for each library using 

the TransDecoder utility provided with Trinity (Haas et al., 2013). 

Genomic sequence assembly

Processed read-pairs were assembled into contigs using Platanus v. 1.2.1 (Kajitani 

et al., 2014). Platanus is designed to assemble highly heterozygous diploid genomes, and 

initially uses several k-mer sizes during assembly. Asclepias reads were assembled with 

an initial k-mer size of 25 bp with a k-mer step increase of 10 bp up to a maximum k-mer 

of 110 bp. As part of the expectation for heterozygous assembly, Platanus can merge 

contigs sharing high identity. We allowed contigs sharing 85% identity to be merged 

(assembly parameters “-k 25 -u 0.15”).

Scaffolding was performed with Platanus, setting the paired-end reads as “inward 

pointing” reads and the mate-pair reads as “outward pointing” reads. Reads were mapped 

to scaffolds using an initial seed size of 21 bp, one link between contigs was sufficient to 
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align them into a scaffold, and scaffolds sharing 85% identity could be merged 

(scaffolding parameters “-s 21 -l 1 -u 0.15”).

Gaps between scaffolds were closed via local alignment and assembly of reads 

around the gaps using Platanus. An initial seed size of 21 bp was used to include reads in 

the mapping around a gap, and a minimum overlap of 21 bp between the newly 

assembled filler contig and the edges of the scaffold was required to use that contig to fill 

the gap (gap close parameters “-s 21 -k 21 -vd 21 -vo 21”).

Transcripts were mapped to Asclepias scaffolds ≥1 kbp using BLAT v. 32x1, and 

those scaffolds were merged where they were linked by one or more transcripts (Kent, 

2002). This was performed with the program Scubat 

(<https://github.com/elswob/SCUBAT> accessed 12/17/2015) modified so that scaffolds 

would not be clipped when joined by cap3 v. 02/10/15 (Huang and Madan, 1999; Tange, 

2011; Elsworth, 2012).

Contaminant removal

Merged scaffolds were compared against a genomic database of potentially 

contaminating organisms with the program DeconSeq standalone v. 0.4.3 (Schmieder and 

Edwards, 2011). Contaminant databases were downloaded from the DeconSeq website 

representing bacteria, archaea, viruses, 18S rRNA, zebrafish, mouse, and several human 

genomes (<http://deconseq.sourceforge.net> accessed January 20, 2016). Fungal 

genomes were obtained from the National Center for Biotechnology Information (NCBI) 

including Alternaria arborescens accession AIIC01, Aspergillus fumigatus AAHF01, 

Bipolaris maydis AIHU01, Botrytis cinerea assembly GCA_000832945.1, Cladosprium 

sphaerospermum AIIA02, Fomitopsis pinicola AEHC02, Fusarium oxysporum AAXH01, 

Galerina marginata AYUM01, Hypoxylon sp. JYCQ01, Penicillium expansum AYHP01, 

Rhodotorula graminis JTAO01, Saccharomyces cerevisiae assembly GCA_000146045.2, 

and Trichoderma reesei AAIL02  (Goffeau et al., 1997; Nierman et al., 2005; Martinez et 

al., 2008; Ma et al., 2010; Amselem et al., 2011; Floudas et al., 2012; Hu et al., 2012; Ng 

et al., 2012; Ohm et al., 2012; Riley et al., 2014; Firrincieli et al., 2015; Li et al., 2015; 

Shaw et al., 2015). The genome of Solanum lycopersicum (ITAG 2.4) was downloaded 
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from the Sol Genomics Network (The Tomato Genome Consortium, 2012). The fungal 

and tomato genomes were prepared as DeconSeq databases following the DeconSeq 

website, including filtering of repeated Ns, removal of duplicate sequences, and indexing 

with a custom version of BWA released with DeconSeq (Li and Durbin, 2010; 

<http://deconseq.sourceforge.net> accessed January 20, 2016).

Genomes obtained from the DeconSeq website and the fungal genomes were used 

as contaminant databases, the tomato genome was used as a retain database. Scaffolds 

matching one of the contaminant genomes with ≥80% identity along ≥80% of the 

scaffold length were excluded as contaminants. Those scaffolds matching both a 

contaminating genome and the tomato genome were retained.

Gene prediction and annotation

A library of Asclepias repetitive elements was created following guidelines in the 

MAKER Genome Annotation Pipeline online documentation (Jiang, 2015). The program 

RepeatModeler v. open-1.0.8 was used to integrate the programs RepeatMasker v. open-

4.0.5, rmblastn v. 2.2.28, RECON v. 1.08, Tandem Repeats Finder v. 4.07b, and 

RepeatScout v. 1.0.5 (Benson, 1999; Bao and Eddy, 2002; Price et al., 2005; Smit et al., 

2015). Repeat models initially missing a repeat annotation were compared, using BLAT, 

against a library of class I and class II transposable elements acquired from the TESeeker 

website (Kennedy et al., 2010, 2011), and matching sequences provided an annotation. 

Remaining unannotated models were submitted to the online repeat analysis tool, 

CENSOR, and provided annotations with a score ≥400 and ≥50% sequence similarity 

(Kohany et al., 2006). A set of proteins from Arabidopsis thaliana was filtered to remove 

proteins from transposable elements, then compared using BLASTX against the 

Asclepias repeat models. The program ProtExcluder.pl v. 1.1 then used the BLASTX 

output to remove repeat models and flanking regions matching Arabidopsis proteins 

(Altschul et al., 1990; Jiang, 2015).

The set of scaffolds ≥1 kbp were annotated via the online annotation and curation 

tool GenSAS v. 4.0 (Lee et al., 2011; Humann et al., 2016), which was used to implement 

the following tools. Repeats in the assembled sequence were masked via RepeatMasker v. 
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open-4.0.1 using the Asclepias repeat models and using models developed from dicots 

more broadly (Smit et al., 2015). 

Multiple datasets were mapped onto Asclepias scaffolds in order to assist with 

gene prediction. The best ORFs from assembled Asclepias transcripts were mapped using 

both BLAT and BLAST (expect < 1e-50, 99% identity). Assembled transcripts from 

Calotropis procera, a member of the same subtribe, Asclepiadinae, were mapped with 

BLAT (Kwon et al., 2015). Proteins from coffee (Coffea canephora), a member of the 

same order, Gentianales, were mapped with BLASTX (expect < 0.0001; Denoeud et al., 

2014).

Genes were predicted using the ab initio tools Augustus v. 3.1.0, SNAP, and 

PASA (Haas et al., 2003; Korf, 2004; Stanke et al., 2008). Augustus was run using gene 

models from Solanum, finding genes on both strands, and allowing partial models; SNAP 

was run using models from Arabidopsis thaliana. PASA was informed by the best ORFs 

from assembled Asclepias transcripts.

Multiple lines of evidence were integrated into a gene consensus using 

EVidenceModeler (Haas et al., 2008) with the following weights: Augustus, 1; SNAP, 1; 

coffee proteins, 5; Asclepias transcripts (BLAST), 7; Asclepias transcripts (BLAT), 7; 

Calotropis transcripts, 5; PASA, 7. Consensus gene models were then refined using 

PASA, again informed by Asclepias transcripts.

Predicted proteins were compared to the NCBI plant RefSeq database using 

BLASTP (expect < 1e-50, BLOSUM62 matrix; Pruitt et al., 2002), as well as being 

mapped against protein sequences from coffee and Catharanthus rosea, a member of a 

different subfamily within Apocynaceae (expect < 1e-4; Denoeud et al., 2014; Kellner et 

al., 2015). Protein families were classified using the InterPro database and InterProScan 

v. 5.8-49.0 (Jones et al., 2014; Mitchell et al., 2015). Transfer RNAs were identified using 

tRNAscan-SE v. 1.3.1 (Lowe and Eddy, 1997). Additional open reading frames were 

found using the getorf tool from the EMBOSS suite, accepting a minimum of 30 bp (Rice 

et al., 2000).
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Some predicted proteins were missing one or more exons, either because they 

were fragmented on the ends of scaffolds or, rarely, transcript evidence predicted exons 

with non-canonical splice sites. The predicted coding sequence produced by GenSas for 

some of these proteins was out of frame. In these cases the coding sequence was 

translated under all reading frames and a translation lacking internal stop codons was 

selected, if available.

An estimate of the completeness of the assembled gene space was calculated 

using the program BUSCO v. 1.22 and a set of 956 conserved single copy plant genes 

(Simão et al., 2015). BUSCO was run independently on the set of coding sequences 

returned following gene prediction as well as on the assembled scaffolds ≥1 kbp using 

Augustus gene prediction with Solanum models. Predicted genes from Asclepias, 

Catharanthus, Coffea, and Vitis vinifera (obtained from the PLAZA 3.0 database) were 

clustered into orthogroups using OrthoFinder v. 0.7.1 (The French-Italian Public 

Consortium for Grapevine Genome Characterization, 2007; Emms and Kelly, 2015; 

Proost et al., 2015).

Gene analyses

Three specific sets of genes were analyzed in the Asclepias assembly. Genes 

potentially involved in the production of latex were identified in Asclepias through the 

use of genes from the rubber tree, Hevea brasiliensis, including small rubber particle 

proteins (Genbank: O82803.1, AAO66432.1, AAO66433.2) and rubber elongation factor 

protein (P15252.2; Rahman et al., 2013). 

Peptide sequences of phytochromes A, B, C, D, and E were were obtained from 

Arabidopsis thaliana (GeneIDs 837483, 816394, 833570, 827319, and 827538, 

respectively), following a similar study in Rhazya stricta, a member of a different 

subfamily of Apocynaceae (Sabir et al., 2013). These were mapped to the Asclepias 

assembly using TBLASTN (expect < 0.1, BLOSSUM62 matrix). Peptide sequences of 

top-scoring hits in Asclepias were then compared against the NCBI database of eudicot 

proteins, and top-scoring hits used to assess homology.
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A gene involved early in the pathway of cardenolide synthesis, progesterone 5β-

reductase (P5βR), was identified in assembled scaffolds using the P5βR sequences from 

Asclepias curassavica (ADG56538; Bauer et al., 2010) and Catharanthus roseus 

(KJ873882-KJ873887; Munkert et al., 2015) as references. Both of these regions were 

identified by comparing the reference coding sequence against the Asclepias assembly 

using BLAT (Kent, 2002).

Peptide sequences from two A. syriaca regions with high identity to P5βR were 

aligned with six Catharanthus P5βR sequences and the A. curassavica sequence, 

sequences from Digitalis purpurea and Digitalis lantata (ACZ66261, AAS76634), 

representing P5βR and P5βR2 paralogs, respectively, and a sequence from Picea 

sitchensis (ABK24388). This sampling represents a subset of the analysis performed by 

Bauer et al. (2010), with the addition of Catharanthus sequences to test the orthology of 

Asclepias P5βR homologs. Alignments were performed using MUSCLE, as implemented 

in Geneious v. 9.1.5, with a maximum of 10 iterations (Edgar, 2004; Kearse et al., 2012). 

The optimal models of amino acid substitution, rate variation among sites, and 

equilibrium frequencies were inferred using the Akaike and Bayesian information 

criteria, as implemented in the online tool PhyML 3.0, which was also used to infer trees 

under those models and incorporating aBayes support values (Guindon and Gascuel, 

2003; Guindon et al., 2010; Anisimova et al., 2011).

SNP finding and targeted enrichment probe development

The Platanus genome assembler uses a de Bruijn graph approach for contig 

assembly (Kajitani et al., 2014). Certain types of branches in this graph, known as 

“bubbles,” may be caused by heterozygosity and are saved by the program for use in later 

assembly stages. Here, saved bubbles were filtered to identify those likely to represent 

heterozygous sites in low-copy regions of the genome.

The program CD-HIT-EST v. 4.5.4 was used to cluster any bubbles sharing ≥90% 

identity, which were removed, leaving only unique bubbles (Li and Godzik, 2006). 

Unique bubbles were mapped against the set of Asclepias scaffolds ≥1 kbp using BLAT at 

minimum identity thresholds of 90% and 95% (Kent, 2002). A set of 4000 SNP probes 
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developed from a preliminary study using a similar approach, but from a different 

genome assembly, were mapped against the assembly presented here with a 90% identity 

threshold (Weitemier et al., 2014). Custom scripts were written to select one appropriate 

bubble from each scaffold <10 kbp, and up to two bubbles from scaffolds ≥10 kbp, up to 

a total of 20,000 bubbles. Bubbles mapping only once within the ≥90% identity mapping 

analysis were selected first, progressively adding bubbles that either mapped to ≤4 

locations in the ≥90% identity mapping or mapped to ≤3 locations in the ≥95% identity 

mapping. Bubble sequences were trimmed to 80 bp, centered around the SNP site where 

possible. Potential SNP probes were further analyzed by MYcroarray (Ann Arbor, MI, 

USA) and excluded if they were predicted to anneal in a solution hybridization reaction 

to >10 locations within the Asclepias genome at 62.5-65°C or >2 locations above 65°C. 

Twenty thousand RNA oligos suitable for targeted enrichment, matching 17,684 

scaffolds, were produced by MYcroarray.

Linkage mapping population

Mature follicles were collected from the open pollinated plant that was the subject 

of genome sequencing. Approximately 100 seeds from six follicles collected from four 

stems of this plant (1, 3, 1, and 1 follicle per stem) were germinated and grown at 

Oklahoma State University. Due to the pollination system of Asclepias, seeds in a fruit 

are almost certainly fertilized by a single pollen donor (Sparrow and Pearson, 1948; 

Wyatt and Broyles, 1990), meaning up to six paternal parents are represented among the 

96 mapping offspring.

Seeds were surface sterilized in 5% bleach and soaked for 24 hr in distilled water.  

The testa was nicked opposite from the micropylar end and the seeds germinated on 

moist filter paper, in petri dishes, in the dark, at room temperature. Germination occurred 

within 4-7 days, and seedlings where planted into MetroMix 902 media in plug trays 

when radicles attained a length of 2-3 cm. Seedlings were again transplanted to deep 3-

inch pots following the expansion to two sets of true leaves. Seedlings were grown under 

high intensity fluorescent lights in a controlled environment chamber at 14 hr daylength 

at approximately 27˚C. Plants were grown for approximately 90 days, harvested, and 
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rinsed in distilled water, and frozen at -80˚C. DNA was extracted from roots, shoots, or a 

combination of roots and shoots using the FastDNA® kit (MP Biomedicals, Santa Ana, 

California) and Thermo Savant FastPrep® FP120 Cell Disrupter (Thermo Scientific, 

Waltham, MA, USA). DNA quantity and quality were visualized using agarose gel 

electrophoresis and quantified with a Qubit® fluoremeter (Invitrogen, Carlsbad, CA, 

USA) and Quant-iTTM DNA-BR Assay Kit.

Ninety-six Genomic DNA samples were diluted as necessary with ultrapure water 

to obtain approximately 3 μg in 100 ul and sheared on a Bioruptor UCD-200 (Diagenode) 

at low power for 12 cycles of 30 s on/30 s off. Several samples required sonication for 5-

10 additional cycles to achieve a high concentration of fragments at the target size of 300-

400 bp. Illumina-compatible, dual-indexed libraries were produced with the TruSeq® HT 

kit (Illumina), each with a unique barcode.

Barcoded libraries were pooled by equal DNA mass in three groups of 32 

samples. These were enriched for targeted SNP regions using RNA oligos and following 

MYcroarray MYbaits protocol v. 3.00. Enriched pools were then themselves evenly 

pooled and sequenced with 150 bp paired-end reads on an Illumina HiSeq 3000 at the 

CGRB.

Linkage analyses

Reads were processed using Trimmomatic v. 0.33 to remove adapter sequences, 

bases on the ends of reads with a Phred quality score below three, and clipping once a 

sliding window of 4 bp fell below an average quality score of 17 (Bolger et al., 2014). 

Processed reads for each sample were mapped onto the assembled scaffolds using 

bowtie2 with “sensitive” settings and a maximum fragment length of 600 bp (Langmead 

and Salzberg, 2012). Reads from the 225 bp insert library of the sequenced individual 

were also mapped back onto assembled scaffolds using the same settings. Mappings for 

all individuals and the parent were combined using samtools v. 0.1.16 and SNPs called 

using the bcftools “view” command (Li et al., 2009). Six samples with low sequencing 

depth were removed from further analyses.
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The file containing all variants was converted to a format suitable for the R 

package OneMap, using a custom perl script (Tennessen, 2015), retaining only sites 

heterozygous in one parent, the maternal sequenced individual. In this filtering the minor 

genotype abundance (either heterozygote or homozygote) needed to be at least 24 across 

90 samples, loci could have up to 30% missing individuals, and potential genotypes 

within individuals were ignored if their Phred probability score was 15 or above (i.e., of 

the three possible genotypes AA, Aa, aa, one should be most probable with a low Phred 

score and the other two less probable with Phred scores above 15). This retained a subset 

of SNPs where the maternal parent was heterozygous and the paternal parents for all 

offspring were homozygous for the same allele.

A subset of 22 full siblings, those from the follicle producing the most offspring, 

were filtered in the same manner, thereby retaining SNPs heterozygous in only the 

maternal or the paternal parent. Filtering in this set required a minor genotype abundance 

of at least five, loci could have up to four missing individuals, and genotypes with Phred 

probabilities of 20 or above were ignored (i.e., the final genotype calls are more certain 

because alternative genotypes are less likely).

SNP sets were clustered into linkage groups in R v. 3.2.2 using the package 

OneMap v. 2.0-4 (Margarido et al., 2007; R Core Team, 2014). One SNP from each 

scaffold was selected from SNPs among the full set of individuals, and were grouped 

using a logarithm of odds (LOD) threshold of 8.4. This clustered SNP loci into eleven 

clear groups, referred to here as the core linkage groups.

From the full sibling set of SNPs, those held on the same scaffold and with 

identical genotypes across individuals (i.e., in perfect linkage) were grouped, and SNPs 

on different scaffolds in perfect linkage with no missing data were grouped. This was 

performed separately for loci where either the maternal or paternal parent was 

heterozygous. These loci were clustered into groups using LOD scores 6.1, 6.0, and 5.5. 

Each of these groupings produced hundreds of groups, but each contained about 22 

groups that were substantially larger than the others. 
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A custom R script was used to combine the linkage group identity of scaffolds in 

the core linkage groups with scaffolds and groups in the sibling sets. For example, 

scaffold A could be assigned to a linkage group if it was in perfect linkage in the sibling 

set with scaffold B, and scaffold B was also present in the core linkage groups. If 

multiple scaffolds were perfectly linked, but associated with different core linkage 

groups, no unknown scaffolds would be assigned unless the most common core linkage 

group was three times as common as the next core group.

Linkage groupings in the sibling sets could be assigned to core linkage groups 

based on the membership of the scaffolds they contained. If the markers indicating that a 

sibling group should belong to a certain core linkage group were ten times as common as 

markers supporting a second most common assignment, then the sibling group was 

assigned to the core group, and all unknown scaffolds it contained also assigned to that 

group. (E.g., sibling group A contains ten scaffolds known to be on core linkage group 1, 

one scaffold known to be on core linkage group 2, and one unknown scaffold; sibling 

group A is assigned to core linkage group 1 and the unknown scaffold is similarly 

assigned.)

This process was performed iteratively, progressively assigning scaffolds to core 

linkage groups. It was performed first with the sibling set grouped with LOD 6.1, then the 

grouping with LOD 6.0, finally the grouping with LOD 5.5.

Synteny within Gentianales

Scaffolds found within the core linkage groups were mapped to coffee coding 

sequences (BLASTN, expect < 1, best hit chosen) and mapped their location on coffee 

pseudochromosomes. Six Asclepias linkage groups contained scaffolds that mapped 

preferentially to a single coffee pseudochromosome, which in turn had Asclepias 

scaffolds mapping preferentially from that linkage group. From these six linkage groups 

one marker was selected for every 1 Mbp segment of the coffee chromosome. 

Recombination fractions were measured among these loci using OneMap (retaining 

“safe” markers with THRES=5) and converted to cM using the Kosambi mapping 

function.
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RESULTS

Sequencing and read processing

Paired-end sequencing produced 215.6 million pairs of reads representing 50.0 

Gbp of sequence data, and mate-pair sequencing produced 52.8 million pairs of reads for 

9.9 Gbp of raw sequence data. After removal of reads matching the Asclepias chloroplast 

and mitochondria and Illumina adapter sequences, removing exact duplicate pairs of 

reads, merging overlapping portions of read-pairs, and removing low quality ends of 

reads, 30.7 Gbp of paired-end sequence data remained along with 3.0 Gbp of mate-pair 

data. This represents total average sequence coverage of 80.4× on the 420 Mbp Asclepias 

syriaca genome (Table 4.2).

The distribution of 17 bp k-mers from the largest set of paired-end data 

demonstrates a clear bi-modal distribution, with peaks at 43× and 84× depth (Fig. 4.1), 

corresponding to the sequencing depth of heterozygous and homozygous portions of the 

genome, respectively. This k-mer distribution provides a genome size estimate of 406 

Mbp, and a heterozygosity ratio estimate of 0.056.

Sequence assembly and gene annotation

The final assembly of Asclepias syriaca contains 54,266 scaffolds ≥1 kbp, with 

N50 = 3415 bp, representing 37% (156.6 Mbp) of the estimated genome (Table 4.3). 

When including scaffolds ≥200 bp the assembly sums to 229.7 Mbp, with N50 = 1904 

bp. The largest scaffold is 100 kbp, and 10% of the Asclepias genome, 42.82 Mbp, is held 

on 2343 scaffolds ≥10 kbp.

Within the 156.6 Mbp of scaffolds ≥1 kbp, 1.25 million open reading frames were 

identified, along with 193 transfer RNA loci. Assembled repeat elements made up about 

75.7 Mbp as identified from Asclepias repeat models. A total of 14,474 protein coding 

genes were identified based on transcript evidence, closely related proteins, and ab initio 

models. These are predicted to produce 15,628 unique mRNAs, and are made up of a 

total of 87,496 exons with an average length of 225.3 bp. The median length of predicted 

proteins is 303 amino acids (mean = 402), which is similar to lengths predicted in coffee 
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(median = 334, mean = 402), but longer than those predicted in Catharanthus (median = 

251, mean = 340; Fig. 4.2).

Of the 14,474 predicted genes, 13,749 (95.0%) mapped to either coffee or 

Catharanthus proteins (expect score < 1e-4), and 6521 mapped to RefSeq proteins 

(expect score < 1e-50).

Of 32,728 assembled Asclepias transcripts representing the best scoring ORFs, 

31,654 (96.7%) mapped onto scaffolds ≥1 kbp. Mapping of transcripts from a member of 

the same subtribe, Calotropis procera, matched 92,115 (88.4%) of 104,184 transcripts to 

Asclepias, while 23,182 (90.6%) proteins from coffee, a member of the same order, 

mapped to the assembly. BUSCO analysis of coding sequences identified 742 complete 

genes (302 of which were duplicated), and an additional 84 fragmented genes, from the 

set of 956 plant genes, representing 86.4%. When applied to the assembled genome 

sequence BUSCO identified 818 complete genes (209 duplicated) and 77 fragmented 

genes, representing 93.6% of the conserved plant gene set.

Among 100,114 predicted genes from Asclepias, Catharanthus, Coffea, and Vitis, 

69.9% were clustered into 13,906 orthogroups. Asclepias had the highest percentage of 

genes placed in orthogroups, 81.6%, but those genes only represent 9837 orthogroups, the 

lowest of the four genomes. Asclepias had the lowest number of orthogroups shared with 

other species. Asclepias shared 9439, 9275, and 8753 orthogroups with Coffea, 

Catharanthus, and Vitis, respectively, while the next lowest overlap contained 11,072 

orthogroups between Catharanthus and Vitis.

Gene analyses

One region of linkage group 1 had hits to small rubber particle protein genes from 

the rubber tree (Table 4.4). This region is supported by transcript evidence from 

Asclepias, as well as transcripts from Calotropis and protein evidence from coffee.

Four regions in the assembly of ≥1 kbp scaffolds had high identity with one or 

more phytochrome genes. BLAST searches of these Asclepias peptides against eudicots 

unambiguously identified these as phytochromes A, B, C, and E on linkage groups 1, 8, 

1, and 3, respectively (Table 4.4). This contrasts results from Sabir et al. (2013), who did 
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not find phytochrome B within an assembly of Rhazya nuclear sequences, though 

Catharanthus genomic scaffolds do contain this gene (Kellner et al., 2015).

One region on a scaffold in linkage group 11 had high identity with peptide 

sequence from progesterone 5β-reductase from Asclepias curassavica (Table 4.4). This 

region was accompanied by A. syriaca transcriptome evidence, as well as mapped 

transcripts from Calotropis and proteins from coffee. Approximately 500 bp downstream 

from this gene, another region with lower identity to A. curassavica P5βR was identified. 

This second region shared 52% amino acid identity with the first A. syriaca region, for 

70% of it’s length. The second region lacks transcript evidence from A. syriaca, though 

portions of Calotropis transcripts and coffee peptides map to it. Gene predictions from 

Augustus and SNAP include potential exons within the region, and the region includes 

P5βR conserved motifs I, II, and III, and portions of motifs IV, V, and VI described by 

Thorn et al. (2008). It is identified here as a pseudogene of P5βR, ΨP5βR (Table 4.4).

A paralog of P5βR, termed P5βR2, has been described in other angiosperms 

including Arabidopsis, Populus, Vitis, and Digitalis, and occurs on a chromosome 

separate from that of P5βR in Arabidopsis, and Populus (Bauer et al., 2010; Pérez-

Bermúdez et al., 2010). Due to frame shifts and ambiguous exon boundaries in ΨP5βR, it 

is difficult to assess the correct peptide sequence it initially encoded, and therefore 

difficult to fully align with Digitalis P5βR and P5βR2 sequences. However, a few motifs, 

particularly a triple tryptophan at the N-terminal end of the sequence, suggest it’s origin 

from P5βR, a conclusion supported by its position adjacent to the coding P5βR in 

Asclepias.

A third region on an unlinked scaffold exhibited moderate (37%) identity with the 

peptide sequence from linkage group 11 (Table 4.4). This region includes an intact 

reading frame and is matched by transcripts from Calotropis, though a lack of Asclepias 

transcripts matching this region indicates that it may not be expressed within leaves or 

buds. From a peptide alignment of this sequence, the known coding P5βR in Asclepias, 

and P5βR sequences from A. curassavica, Digitalis, Catharanthus, and Picea, the 

LG+G+F model of peptide substitution, rate variation among sites, and estimation of 
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equilibrium frequencies was selected as optimal using AIC values (BIC values selected 

the LG+G model, but tree topologies were identical and are not shown). A maximum-

likelihood estimate of these P5βR relationships groups the unlinked Asclepias sequence 

on a very long branch with Catharanthus paralog P5βR6 (Fig. 4.3). The sequence from 

the unlinked scaffold and Catharanthus P5βR6 together are sister to all other angiosperm 

P5βR sequences included. The P5βR sequence from linkage group 11 groups strongly 

with the sequence from A. curassavica, within a clade including P5βR1 from both 

Digitalis and Catharanthus.

Linkage mapping

Sequencing of 96 offspring libraries enriched for 20,000 SNP-containing loci 

produced 120.3 Mbp of sequence data (reads deposited under accessions SRX2163716-

SRX2163811 in the NCBI short read archive). Filtering SNPs from the set of all 

individuals retained over 16,000 SNPs where the maternal parent was heterozygous and 

all the paternal parents were homozygous for the same allele. These were located on 8495 

scaffolds, covering 43.5 Mbp. Ninety of 96 individuals were sequenced at adequate depth 

to inform linkage group analyses. At a LOD score of 8.4, 7809 scaffolds were clustered 

into 11 groups, the core linkage groups, representing 41.9 Mbp.

Filtering for SNPs among just the largest group of full-siblings, where either 

parent could be heterozygous and the other homozygous, found 83,854 SNPs held on 

18,333 scaffolds. These SNPs were consolidated by perfect linkage and then clustered at 

at LOD scores of 6.1, 6.0, and 5.5. Combining scaffolds from the core linkage groups 

with those clustered among the siblings ultimately provided linkage group assignments to 

16,285 scaffolds, representing 75.0 Mbp.

Synteny within Gentianales

Mapping of scaffolds within the core linkage groups to coffee 

pseudochromosomes found several linkage group/pseudochromosome “best hit” pairs 

(e.g. most Asclepias scaffolds from a linkage group mapped to one pseudochromosome, 

and most of the scaffolds mapping to that pseudochromosome came from that linkage 

group). Asclepias linkage groups 2, 4, 6, 7, 8 and 9 mapped in this manner to coffee 
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pseudochromosomes 10, 8, 6, 11, 3, and 1, respectively (Figs. 4.4, 4.5). From these six 

linkage groups SNPs were chosen mapping to every 1 Mbp region (if available) of the 

corresponding coffee pseudochromosome. Recombination distances were measured 

among these markers and their relative positions within Asclepias plotted against their 

position in coffee (Figs. 4.6 - 4.11). Monotonically increasing or decreasing series of 

points in these plots represent loci in Asclepias and coffee that maintain their relative 

positions. Several such marker clusters are seen in these plots (e.g., Fig. 4.10), though 

they tend to cover only short chromosomal regions and are often interrupted by markers 

from outside the cluster.

DISCUSSION

The Asclepias syriaca nuclear genome assembly presented here represents a large 

fraction of the of the protein coding gene space of this organism, >93% based on BUSCO 

plant core genes and percentage of mapped transcripts, despite very high levels of 

heterozygosity and sequence data produced entirely from Illumina short reads. This gene 

space coverage is supported by high proportions of plant core genes found within the 

assembly (93.6%) as well as assembled transcripts from leaf and bud tissue mapping to 

the assembly (96.7%).  A substantial portion of genes from more distantly related 

organisms mapped to the assembly as well, including 88.4% of transcripts from a 

member of the same subtribe, and 90.6% of amino acid sequences from a member of the 

same order.

Overall, the Asclepias assembly is fragmented when compared to other plant 

genomes assembled using either long reads or deep sequencing of known contiguous 

fragments (e.g. BACs or fosmids). However, assembly results are typical for a 

sequencing project relying entirely on short reads, especially for organisms with high 

levels of heterozygosity. Assembly was also hindered by poor quality mate-pair libraries 

containing very low proportions of properly paired fragments. For example, the Asclepias 

N50 value of 3.4 kbp compares favorably to the assembly of the rubber tree, Hevea 

brasiliensis (N50 = 3.0 kbp; Rahman et al., 2013), though it is not as contiguous as the 

Betula nana genome (N50 = 18.6 kbp; Wang et al., 2012), which incorporated several 
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mate pair libraries. The assembly of the olive tree, Olea europaea, was also very similar 

to Asclepias, with N50 = 3.8 kbp prior to the inclusion of fosmid libraries (Cruz et al., 

2016). The effect of high heterozygosity is clearly seen in the comparison of Asclepias 

and Catharanthus assemblies (Kellner et al., 2015). While sequence data and genome 

assembly methods are similar between the two, Asclepias has a heterozygosity rate 

estimate of >1 SNP per 20 bp, and the heterozygosity rate in the sequenced inbred 

Catharanthus cultivar is estimated at <1 SNP per 1000 bp. This resulted in a N50 of 27.3 

kbp assembled from only a single Catharanthus Illumina library (Table 4.1).

Functional annotations were applied to a high proportion (95.0%) of the 14,474 

called genes, which were mapped to proteins from Catharanthus rosea, a member of 

Apocynaceae but within a different subfamily, and/or to coffee, Coffea canephora, a 

member of the same order. The number of called genes is well below the typical value for 

plant genomes: the genome of Catharanthus, the closest relative with an assembled 

genome, contains 33,829 called genes (Kellner et al., 2015). The genome of coffee 

contains 25,574 protein coding genes, and the genome of tomato, Solanum lycopersicum, 

from a sister order, contains 36,148 (The Tomato Genome Consortium, 2012; Denoeud et 

al., 2014).

It is likely that the gene count in Catharanthus is an overestimate, a possibility in 

fragmented genomes (Denton et al., 2014), as indicated by the excess of short predicted 

proteins relative to coffee (Fig. 4.2). While the size distribution of predicted Asclepias 

proteins is quite similar to that of coffee, Asclepias contains fewer proteins of all sizes. 

The fragmented nature of the Asclepias assembly makes it difficult to determine if the 

low number of called genes in Asclepias is a reflection of a true reduction of coding genes 

relative to coffee or Catharanthus, or whether called genes are an underestimate from a 

true number of genes closer to that in coffee. The dramatic reduction of orthogroups 

found in Asclepias relative to other species argues for deficiency in gene calling, unless 

Asclepias has experienced a loss of hundreds of genes of many different types. Another 

possibility is that similar genes were collapsed into a single contig during the assembly 

stage that was meant to only collapse alleles at a single locus. However, this would only 
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occur with genes isolated on small contigs and should not affect the number of 

orthogroups identified. Regardless of the reason, the high proportion of matches between 

the Asclepias genome assembly and transcripts, and with gene sets from related 

organisms, indicates that the assembly likely does contain sequence information for 

nearly the full complement of genes, despite whether its fragmented nature has hindered 

gene calling algorithms. 

Gene analyses

Asclepias gains its common name, milkweed, from the sticky white latex exuded 

when the plant is injured. Asclepias produces latex that contains natural rubber, as do 

many Apocynaceae and members from several other plant families (Swanson et al., 1979; 

Backhaus, 1985). Commercial rubber production is dominated by the rubber tree, Hevea 

brasiliensis, which produces high molecular weight rubber and has had several genes 

involved in rubber production characterized, including rubber elongation factor proteins 

(REF) and small rubber particle proteins (SRPP). Using these Hevea genes as a reference, 

an intact REF/SRPP protein was located in the Asclepias genome on linkage group 1 

(Table 4.4). Transcript evidence indicates this protein is expressed in leaf or bud tissue. 

Asclepias produces low molecular weight rubber, but if it can be bred or engineered to 

produce rubber of high molecular weight, it could become an important rubber source in 

temperate climates (Berkman, 1949).

Sabir et al. (2013), investigated the presence of phytochrome-like genes in the 

medicinally important plant Rhazya stricta. Phytochromes are important for plants in 

sensing shifts in red and far-red light, and phytochromes can be important in the light-

regulated synthesis of alkaloid compounds (Aerts and De Luca, 1992; Höft et al., 1996). 

Sabir et al. (2013) found evidence for phytochromes A, C, and E, but not phytochromes B 

or D. Phytochrome D is only known from Brassicaceae, but phytochrome B occurs across 

plants and is thought to be involved in shade sensing (Mathews, 2005). A search for 

phytochromes in Asclepias recovered all four phytochromes, A, B, C, and E, and a 

subsequent search in Catharanthus genomic scaffolds also recovered phytochrome B 

(Table 4.4). This evidence supports the hypothesis of Sabir et al. (2013) that loss of 
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phytochrome B occurred only in Rhazya or its close relatives, perhaps because in its 

desert habitat it rarely experiences shading.

The name Asclepias comes from the Greek god of medicine, Asclepius, whose 

name was applied to this genus for its potent secondary compounds. A large class of these 

compounds, used medicinally to treat cardiac insufficiency, are the cardiac glycosides, 

particularly a subset known as cardenolides. While the genetic pathway that produces 

cardenolides is largely unknown, one of the early steps involves the conversion of the 

steroid progesterone to 5β-pregnane-3,20-dione (Gärtner et al., 1990, 1994), catalyzed by 

the enzyme progesterone 5β-reductase (P5βR). Orthologs of P5βR occur broadly across 

seed plants, even in taxa that don’t produce β-cardenolides, including Asclepias, which 

only produces α-cardenolides (Bauer et al., 2010). The P5βR locus has been characterized 

in Asclepias curassavica, but information about its genomic context has remained 

unknown.

Using P5βR from A. curassavica as a reference, a coding ortholog in A. syriaca 

was located on a scaffold on linkage group 11, sharing 98.4% peptide identity. This gene 

is supported by transcripts from Asclepias, as well as mapped transcripts from Calotropis 

and proteins from coffee. The presence of a novel P5βR pseudogene was also identified 

shortly downstream from the expressed gene (Table 4.4). Sharing high identity with the 

expressed P5βR, including several conserved motifs, it clearly originated from a P5βR 

duplication at some point. However, it is assumed to be non-functional due to its 

degraded exons interrupted by multiple stop codons and lack of expression evidence from 

the transcriptome.

A third region in Asclepias, on an unlinked scaffold, was matched by multiple 

P5βR sequences from Catharanthus (Table 4.4). This region is made up of a single open 

reading frame that shares only moderate identity with the Asclepias coding P5βR, and is 

not supported by Asclepias transcript evidence. In a maximum-likelihood phylogeny of 

several P5βR sequences, the unlinked Asclepias region is sister to Catharanthus P5βR6, 

which also is made up of a single exon (Kellner et al., 2015). These two sequences 

together are sister to all other angiosperm P5βR sequences tested (Fig. 4.3).
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While at least two P5βR paralogs have been identified in a wide range of plants, 

and Catharanthus exhibits expression evidence of at least six paralogs, Asclepias is 

reduced for this group of genes. The relatively closely related plant Calotropis is known 

to produce β-cardenolides (Bauer et al., 2010), and different transcripts from Calotropis 

map to all P5βR regions in Asclepias. With evidence for expression in only one of these 

regions, it is possible that the reduction in this group of genes is responsible for the lack 

of actual β-cardenolide production in Asclepias, which instead only contains α-

cardenolides.

Synteny within Gentianales

Six of the eleven linkage groups in Asclepias show high synteny at a 

chromosomal scale with the pseudochromosomes of coffee, with nearly all of the 

scaffolds in a linkage group mapping to a single coffee pseudochromosome, and locations 

in that pseudochromosome mapping only (or almost only) to the same linkage group 

(Figs. 4.4, 4.5). This suggests that these chromosomes have remained largely stable and 

retained the same gene content for about 86 Myr, throughout the evolution of the 

Gentianales (Magallón et al., 2015), since the divergence between coffee (family 

Rubiaceae) and Asclepias (Apocynaceae) occurred at the base of the Gentianales 

(Backlund et al., 2000). These stable chromosomes may have remained largely intact for 

a much longer period as well. The stable coffee pseudochromosomes (1, 3, 6, 8, 10, and 

11) retain largely the same content as inferred ancestral core eudicot chromosomes, 

exhibiting little fractionation, even after an inferred genome triplication at the base of the 

eudicots, 117-125 Myr ago (see Fig. 1B in Denoeud et al., 2014; Jiao and Paterson, 

2014).

Despite the conservation of gene content, gene order within stable chromosomes 

may be more labile. Plots of recombination distance among markers in Asclepias against 

physical distance in coffee show several sets of makers in coffee that retain their relative 

order in Asclepias, but are frequently interrupted by loci found elsewhere on the same 

coffee pseudochromosome. For example, within Asclepias linkage group 2 there is a set 

of markers that retain their same relative ordering from positions 3 million to 8 million on 
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coffee pseudochromosome 10 (Fig. 4.6). However, these markers in Asclepias are 

interrupted by markers mapping to positions earlier on the same coffee 

pseudochromosome as well as a marker mapping to the far end. The most conserved 

synteny is between Asclepias linkage group 8 and coffee pseudochromosome 3, which 

show complete synteny except for an apparent transposition of markers at positions 2 

million and 7 million on coffee pseudochromosome 3 (Fig. 4.10).

Contrasting the stability in gene content of six coffee pseudochromosomes, 

pseudochromosome 2 is inferred to contain portions of at least five ancestral core eudicot 

chromosomes, suggesting significant fractionation in this chromosome since the eudicot 

triplication event (Denoeud et al., 2014). Even between coffee and Asclepias, 

pseudochromosome 2 contains portions of several Asclepias linkage groups (Figs. 4.4, 

4.5). Therefore, the fractionation within this chromosome appears to have either occurred 

only within the branch leading from the base of Gentianales to coffee, or occurred earlier 

and then continued along the branch leading to Asclepias. If the later is true, then a higher 

frequency of rearrangement may be a characteristic of this chromosome within the 

Gentianales, relative to other chromosomes. However, mapped genomic resources within 

other Asterids outside of Gentianales are scarce, and are only found in taxa that have 

undergone additional genome duplication events since the eudicot triplication, 

complicating synteny assessments that might resolve when fractionation occurred within 

this chromosome.

The production of physical maps of both Asclepias and coffee chromosomes will 

help resolve how much synteny has been interrupted between the two taxa. The ordered 

scaffolds maps presented here contain only a few dozen markers, and trends apparent 

now could be altered on maps with much greater resolution. The coffee 

pseudochromosomes, meanwhile, are still ultimately ordered by recombination 

frequency, and about half of the scaffolds are placed with unknown orientation (Denoeud 

et al., 2014), which could manifest here as apparent transpositions among adjacent 

markers.
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CONCLUSIONS

This study represents the first genome assembly with linkage information in 

Apocynaceae, and the second within Gentianales, assigning nearly half of assembled 

scaffolds to a linkage group. While the assembly remains fragmented, multiple lines of 

evidence indicate that nearly all of the gene space of Asclepias is represented within the 

assembly, and this is demonstrated through examination of three sets of genes involved in 

Asclepias physiology: the production of rubber, sensing of light, and production of 

cardenolides.

Linkage information allowed assessment of synteny across the order Gentianales. 

Six of eleven chromosomes retain similar gene content across the order, and these 

chromosomes have likely remained stable since the divergence of eudicots. One 

chromosome has either experienced dramatic fractionation since the divergence of 

Rubiaceae from other Gentianales, or experienced earlier fractionation that continued 

within Gentianales.

Asclepias syriaca and its relatives are important systems for a wide range of 

evolutionary and ecological studies, and are an important component of many 

ecosystems, serving as prolific nectar producers and as hosts to a range of specially 

adapted species. The availability of the Asclepias genome, coupled with genomic data 

from symbiotic organisms, particularly insects, promises to inform important 

mechanisms of co-evolution (Agrawal and Fishbein, 2008; Zhan et al., 2011; Edger et al., 

2015). We expect that the data presented here will advance these studies and aid the 

discovery of novel insights into the origin and evolution of a charismatic family, the 

production of important secondary compounds, and the ecological and evolutionary 

relationships between milkweeds and their communities.
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Figure 4.1: K-mer distribution of Asclepias syriaca genomic reads.

Depth is the number of times a certain 17 bp k-mer occurred in the genomic reads, and 

count is the number of different k-mers that occurred at that depth. K-mers with a depth 

below 15 and above 205 are not shown. Within the read set analyzed, 629 million k-mers 

were unique. Peaks occur at 43× and 84× depth.
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Figure 4.3: Maximum likelihood phylogeny of progesterone 5β-reductase paralogs.

Isolated P5βR sequences come from Picea sitchensis, Digitalis purpurea, Digitalis 

lanata, Catheranthus rosea, Asclepias curassavica, and A. syriaca. Numbers after labels 

represent numbered paralogs isolated from that species. A. syriaca labels indicate the 

linkage group from which that sequence originates. Numbers at nodes indicate aBayes 

support values. Branch lengths are in substitutions per site.
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Figure 4.4: Counts of Asclepias linkage group scaffolds mapping to coffee 

pseudochromosomes.

Each column includes scaffolds from a single Asclepias linkage group, each row includes 

scaffolds mapping to a Coffea canephora pseudochromosome. Coffee chromosome 0 

includes portions of the coffee genome that have not been assigned to a 

pseudochromosome. Dot size is proportional to the number of mapping scaffolds, which 

is also provided.
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Figure 4.5: Asclepias linkage group scaffolds mapped to coffee pseudochromosomes.

Coffea canephora pseudochromosomes are shown in rows; the x-axis shows distance 

(bp) along each pseudochromosome. Each vertical bar represents one scaffold from the 

Asclepias core linkage groups, colored by its linkage group membership.
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Figure 4.6: Synteny between Asclepias linkage group 2 and coffee pseudochromosome 

10.

A subset of scaffolds from Asclepias linkage group 2 mapped to their positions on Coffea 

canephora pseudochromosome 10, and ordered along the y-axis by recombination 

distance within Asclepias.
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Figure 4.7: Synteny between Asclepias linkage group 4 and coffee pseudochromosome 8.

A subset of scaffolds from Asclepias linkage group 4 mapped to their positions on Coffea 

canephora pseudochromosome 8, and ordered along the y-axis by recombination distance 

within Asclepias.
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Figure 4.8: Synteny between Asclepias linkage group 6 and coffee pseudochromosome 6.

A subset of scaffolds from Asclepias linkage group 6 mapped to their positions on Coffea 

canephora pseudochromosome 6, and ordered along the y-axis by recombination distance 

within Asclepias.
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Figure 4.9: Synteny between Asclepias linkage group 7 and coffee pseudochromosome 

11.

A subset of scaffolds from Asclepias linkage group 7 mapped to their positions on Coffea 

canephora pseudochromosome 11, and ordered along the y-axis by recombination 

distance within Asclepias.
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Figure 4.10: Synteny between Asclepias linkage group 8 and coffee pseudochromosome 

3.

A subset of scaffolds from Asclepias linkage group 8 mapped to their positions on Coffea 

canephora pseudochromosome 3, and ordered along the y-axis by recombination distance 

within Asclepias.

12500000
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Figure 4.11: Synteny between Asclepias linkage group 9 and coffee pseudochromosome 

1.

A subset of scaffolds from Asclepias linkage group 9 mapped to their positions on Coffea 

canephora pseudochromosome 1, and ordered along the y-axis by recombination distance 

within Asclepias.
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Table 4.1: Assembly comparison of Asclepias, Catharanthus, and coffee.

Sequencing method includes technologies and materials used in sequencing; SE = 

single-end, PE = paired-end.

Species # Scaffolds Sequencing method

Coffea canephora 710 568.6 1261 13,345

Catharanthus rosea 738 506 27.3 41,176

Asclepias syriaca 420 156.6 3.4 54,266 Illumina PE & mate-pair

Genome 
size (Mbp)

Assembly 
size (Mbp)

N50 
(kbp)

454 SE & mate-pair, 
Illumina SE & PE, BACs, 

haploid accession

Illumina PE, inbred 
accession



Table 4.2: Asclepias syriaca sequencing summary.

Machine: Illumina instrument that performed the sequencing; Raw yield, Processed yield: Total Mbp of 

sequence data before and after read processing. SRA: NCBI Short Read Archive accession number.

Library type Machine Lanes SRA

Paired-end 225 GA II 5 120 193,332,028 46400 29171 SRX2164079
Paired-end 450 GA II 1 80 22,244,539 3559 1530 SRX322144
Mate-pair 2000 MiSeq 1/15 76 257,750 39 34 SRX2164126
Mate-pair 2750 HiSeq 2000 1/3 101 46,704,483 9434 2819 SRX322145
Mate-pair 3500 MiSeq 1 33 5,815,961 384 195 SRX322148

Paired-end total 215,576,567 49959 30701
Mate-pair total 52,778,194 9857 3048

Total depth in 420 Mbp genome 142.4 80.4

Insert size 
(bp)

Read 
length (bp)

Pairs of 
reads

Raw yield 
(Mbp)

Processed 
yield (Mbp)

100
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Table 4.3: Asclepias syriaca assembly statistics.

Minimum scaffold: The minimum scaffold size (bp) used for calculations. Sum: The 

sum of the lengths of all included scaffolds (Mbp). N80, N50, N20: The length (bp) 

of the shortest scaffold in the set of largest scaffolds needed to equal or exceed 

(N/100)(Sum). # scaffolds: Total scaffolds ≥ the minimum size.

Minimum scaffold Sum (Mbp) N80 N50 N20 # scaffolds
77 (all) 265.9 317 1454 7080 508851

200 229.7 621 1904 8967 221940
1000 156.6 1633 3415 14019 54266
10000 42.82 12894 18998 30689 2343
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Table 4.4: Genomic coordinates of select genes.

Genomic coordinates of genes mentioned in the text. Under Scaffold ID the linkage 

group of the scaffold is preceded by “LG.” Called: Whether the gene prediction 

consensus accurately predicted the correct exons. All of the predictions that failed did 

predict a gene product, but included exons from adjacent genes, except Phytochrome 

B which failed due to a misassembly. Ψ-progesterone 5β-reductase was accurately 

predicted to not produce a product.

*This scaffold contains a misassembly, making the exons of this gene appear to be 

separated by a very large distance.

Gene Scaffold ID Start Stop Called

Small rubber particle protein LG01_scaffold_j2092 1416 2996 No

Phytochrome A LG01_scaffold410621 8539 4967 No

Phytochrome B LG08_scaffold_m2890 11811 66327* No

Phytochrome C LG01_scaffold33543 6454 10113 Yes

Phytochrome E LG03_scaffold_m7843 35067 29507 Yes

Progesterone 5β-reductase 1 LG11_scaffold_m502 31537 33459 No

Ψ-progesterone 5β-reductase LG11_scaffold_m502 33942 34876 NA

Progesterone 5β-reductase 6 LG00_scaffold217668 1305 136 Yes
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INTRODUCTION

The presence of variation among populations of a species is in many ways an 

unsurprising finding, given the forces of drift and divergent selection. While gene flow 

between populations acts to homogenize gene pools, this effect may be spatially limited 

when populations inhabit a wide geographic range. Taxonomists are often faced with 

scenarios where populations on opposite sides of a range show distinct morphologies, 

while populations in intervening areas show graded morphologies between the two 

extremes (reviewed in Stebbins, 1950; for Asclepias see Woodson, 1953).

The presence of graded morphologies may represent adaptation to an 

environmental gradient (Clausen et al., 1948; Woodson, 1953; Mullen and Hoekstra, 

2008; Hoban et al., 2016), but it also may be caused by hybridization between two 

populations with characters under selection for different alleles (Pinho and Hey, 2010; 

Andrew et al., 2012). Measurement of the genetic connectivity between morphologically 

distinct populations has significant taxonomic implications, with populations sharing only 

a tenuous connection being more likely to be recognized as distinct taxa. 

A primary goal in phylogeographic investigations is the understanding of how the 

landscape has influenced the origin and maintenance of biodiversity (Avise, 2000; Avise 

et al., 2016). In taxa in the incipient stages of diversification, there exist opportunities for 

studying the interactions of the diversifying lineages across the landscape (e.g., historical 

or ongoing gene flow, demographic histories). Despite the availability of sequence-based 

resources for an increasing number of taxa, and the application of phylogeographic 

analyses to organisms inhabiting a wide range of geographic locations, there remain both 

taxa and regions that are understudied.

This study analyzes the population structure of an under-studied, wide-ranging 

species, currently recognized as containing two morphologically distinct subspecies, 

including populations of morphologically intermediate individuals.

Asclepias cryptoceras

The jewel milkweed, Asclepias cryptoceras S. Watson (Fig. 5.1, A), is an 

herbaceous, perennial member of the Apocynaceae, ranging in the western United States 
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from eastern Oregon through the Great Basin and Colorado Plateau to Wyoming (Torrey 

and Frémont, 1845; Watson, 1871; Woodson, 1954). This geographic range is divided 

into eastern and western sub-ranges, with populations absent from areas in western Utah 

and far eastern Nevada (Fig. 5.2). Two subspecies have been recognized within A. 

cryptoceras: Sites in the eastern portion of the range, including a few sites in eastern 

Nevada, are recognized as A. cryptoceras ssp. cryptoceras (Fig. 5.2, red). This subspecies 

is distinguished by coronal hoods that overtop the central gynostegium, and a convex, 

rounded shape at the distal portion of the coronal hoods (Fig. 5.1, C). Plants in the 

western portion of the range are recognized as A. cryptoceras ssp. davisii (Woodson) 

Woodson (Fig. 5.2, blue). The coronal hoods of this subspecies end below the top of the 

gynostegium; the shape of the distal portion of the hoods tends to be concave, with a 

“scooped” appearance due to the more apiculate extensions of the hood appressed against 

the gynostegium, and the flowers of ssp. davisii tend to be smaller than those of ssp. 

cryptoceras (Fig. 5.1, B).

The geographic separation of the two subspecies, coupled with the distinct 

morphological differences, led Woodson to initially describe the western plants as a 

distinct species, Asclepias davisii Woodson (Woodson, 1939). However, the existence of 

populations with morphologies intermediate between the two species led him to later 

reduce the new species to a subspecies within A. cryptoceras, and other authors have 

recognized the two taxa as varieties (Baker, 1953; Woodson, 1954). Populations with 

intermediate morphologies are found primarily in western Nevada (Fig. 5.2, purple), 

though scattered populations in central Nevada display intermediate characters as well. 

As a member of the genus Asclepias, A. cryptoceras is almost certainly 

completely or almost completely self-incompatible (Kephart, 1981), though this hasn’t 

been studied in this species. It prefers sites with low densities of neighboring vegetation, 

such as shale, clay, or sandy hillsides and washes, and possesses relatively large flowers 

probably pollinated by larger insects such as bumblebees (Payson, 1916).
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Aside from the taxonomic descriptions, no studies have specifically focused on A. 

cryptoceras, though it has been included in a broader study of the Asclepias phylogeny, 

which confirms that the two subspecies are monophyletic (Fishbein et al., 2011).

Phylogeography in the Great Basin

The paleoclimate and biogeographic patterns of the Great Basin are relatively 

well understood, thanks to ample geologic evidence and an abundance of fossils 

including lake and wind deposits of pollen and preserved vegetative structures in packrat 

middens. These data indicate that a semi-arid environment existed as early as the Middle 

Pliocene (Axelrod, 1948). More recently, at the time of the last glacial maximum ~18,000 

years ago, the region was cooler and much wetter than today, with longer winters and 

shorter summers (Grayson, 1993; Petersen, 1994). In many cases species that currently 

occupy higher elevation montane or alpine regions previously existed at much lower 

elevations and covered great swaths of what is now arid desert (Hamrick et al., 1994; 

Petersen, 1994). Subsequent warming of the climate led to the aridification of the region 

that is seen today, though this may have been buffered somewhat during the long retreat 

of the Laurentide ice sheet (Petersen, 1994).

Despite the large number of studies regarding climate change in the region or 

inferring biogeographic patterns from presence/absence changes over time, there have 

been surprisingly few studies using molecular techniques to incorporate population 

genetic data and lineage relationships with distribution across the landscape. This is 

especially true for plant species at lower elevations in the Great Basin. Population genetic 

studies in the Great Basin have tended to focus on species distributed on the high 

elevation sky islands, e.g., conifers (Hamrick et al., 1994), mammals (Floyd et al., 2005; 

Galbreath et al., 2009), and insects (Britten et al., 1995). Hamrick et al. (1994), for 

example, used allozymes to investigate the genetic diversity within and among 

populations of several conifer species with disjunct distributions in the Great Basin and 

Rocky Mountains. Their work included both species with a Pleistocene presence in the 

Great Basin and those that recently immigrated during the Holocene, and found that 

Great Basin populations had greater among population differentiation than the Rocky 
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Mountain populations. However, eight of the nine species studied occur at montane 

elevations, with only Pinyon pine (Pinus monophylla) widespread at lower elevations.

Dispersal into or out of the Great Basin was considered recently in the genus of 

blazing stars, Mentzelia (Loasaceae). Schenk (2013) compared a phylogeny of the 51 

species in section Bartonia with their distributions across North America, inferring the 

geographic regions that their ancestors may have occupied. Dispersal into the Great 

Basin, primarily from the Colorado Plateau, Rocky Mountains, and Mojave Desert, 

greatly exceeded dispersal out of the Great Basin. This perhaps indicates an affinity of the 

mesic higher elevation taxa with the Rocky Mountains and Colorado Plateau, and an 

affinity of the lower arid taxa with the Mojave (Schenk, 2013). Studies of this kind 

greatly increase our understanding of biogeographic patterns at longer time scales across 

wider geographic distances, but are less informative about how populations are structured 

across regional landscapes. Furthermore, A. cryptoceras may serve as a counter example 

to the suggestion that low elevation arid species in the Great Basin share an affinity with 

species in the Mojave Desert, since the disjunction in A. cryptoceras is between the Great 

Basin and Colorado Plateau.

The application of DNA sequencing techniques to population genetic and 

phylogeographic questions is not completely missing from low elevations in the Great 

Basin. Analysis of mitochondrial haplotypes in the dark kangaroo mouse, Microdipodops 

megacephalus, revealed cryptic species across disjunct distributions in central and 

western Nevada, and found north-south axes of shared haplotypes in both regions (Hafner 

and Upham, 2011). However, studies with comparable population sampling have not 

been performed with plants.

The Great Basin is in need of precise phylogeographic estimates for plant species 

at lower elevations. Phylogeographic patterns for high elevation species may be very 

different from lower elevation species due to the sky island topography of the region and 

the steep environmental gradient between low and high altitudes.  It is especially 

important now to gain a broad understanding of phylogeographic responses to 

aridification in light of ongoing and predicted changes in the world's climate (IPCC, 
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2007), and observed shifts in plant ranges due to climate change (Kelly and Goulden, 

2008).

Objectives and hypotheses

Asclepias cryptoceras is not only a species in need of scrutiny for taxonomic 

purposes, it is ideally situated to offer unique insights into the phylogeographic history of 

the Great Basin. This study of A. cryptoceras asks the following questions:

1. Is there a genetic disjunction between the subspecies of A. cryptoceras?

2. If divergence is found, do the intermediate morphotypes show evidence of 

ancestry from both subspecies?

3. If introgression is found, is it distributed neutrally across the genome, or are some 

loci significant outliers for divergence?

4. If introgression is not found, what is the genetic relationship of the intermediate 

morphotypes to the rest of the species?

5. What phylogeographic patterns are evident across the range of A. cryptoceras, and 

what scenarios best explain the observed disjunction?

The existence of intermediate morphotypes, coupled with the geographic 

separation of the subspecies, suggest testable hypotheses regarding the history and 

relationships of the intermediate populations. The first hypothesis is that the intermediate 

populations are the result of secondary contact between ssp. cryptoceras and ssp. davisii. 

Under this scenario the intermediate populations are expected to contain alleles 

originating from each of the parent subspecies, but contain few private alleles relative to 

the parents (Hedrick, 2011; Gompert et al., 2012). A second hypothesis is that the 

intermediate populations represent an ancestral condition, from which the morphologies 

of each subspecies are derived. Under this scenario the intermediate populations would 

also contain alleles otherwise only found in one of the subspecies, but they would also be 

expected to contain private alleles that did not filter into either of the daughter 

subspecies.

A third scenario is that the intermediate populations independently 

originated from one or the other subspecies. Here the populations are expected to contain 
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alleles from only one of the subspecies, and have a lower genetic diversity relative to the 

parent subspecies (Mayr, 1942). A final scenario is that the intermediate populations 

represent stepping stone populations during a range expansion from one of the sub-ranges 

into the other. Under a scenario of geographic range expansion, populations farther from 

the ancestral range are expected to have lower genetic diversity, and may have allele 

frequencies dramatically different from the ancestral population, due to an enhanced 

effect of genetic drift as individuals inhabit new geographic areas (Excoffier and Ray, 

2008).

This study approaches these objectives using SNP data obtained via targeted 

enrichment, applied to individuals from populations across the range of Asclepias 

cryptoceras. Phylogeographic scenarios are evaluated through multiple analyses 

including summary statistics, distribution of genetic variation, genetic clustering 

methods, and analysis of hybrid index.

METHODS

Population sampling, library construction, and sequencing

Individuals of both subspecies and intermediate populations were sampled from 

across the range of A. cryptoceras. At each site, one individual was collected to serve as 

an herbarium voucher (Oregon State University Herbarium, OSC, see Table 5.1 for 

collection numbers), and leaf samples were taken from eight or nine additional 

individuals and dried in silica gel. Three populations of ssp. davisii, four populations of 

ssp. cryptoceras, and three intermediate populations were sampled (Fig. 5.2, Table 5.1).

DNA was extracted from dried tissue using the FastDNA Spin Kit from 

MPBiomedicals (Santa Ana, CA, USA) following manufacturer's protocols, modified by 

the addition of 40 μL 1% polyvinylpyrrolidone and 10 μL β-mercaptoethanol to the lysis 

solution prior to grinding. Aliquots of isolated DNA were sheared with a BioRuptor® 

Pico sonicator (Diagenode Inc., Denville, NJ, USA) for 30 or 60 cycles of 30 s on, 30 s 

off. Libraries for sequencing were prepared using the NEBNext® Ultra™ DNA Library 

Prep Kit for Illumina® (New England Biolabs, Ipswich, MA, USA) and selected for 300 

bp fragments using bead-based size selection. Most samples were dual indexed using 
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both the i5 and i7 primers from the NEBNext® Multiplex Oligos for Illumina® (Dual 

Index Primers Set 1), though samples DV01, SI01, BR01, and KR01 were indexed using 

index i503 from the Dual Index Primers Set 1 and indices 13, 14, 15, and 16, 

respectively, from the NEBNext® Multiplex Oligos for Illumina® (Index Primers Set 2) 

serving as the i7 index.

RNA-oligo probes targeting heterozygous sites within Asclepias syriaca L. were 

previously developed as part of a linkage mapping study in that species (see Chapter 4). 

A. cryptoceras samples were pooled into three equimolar groups of 32 samples and 

enriched for these targeted regions following the Mybaits version 3.01 protocol 

(MYcroarray, Ann Arbor, MI, USA). Equimolar amounts of the three enriched products 

were pooled and sequenced using 101 bp paired-end reads on an Illumina® HiSeq 3000 

(Illumina Inc., San Diego, CA, USA) at the Center for Genome Research and 

Biocomputing at Oregon State University.

Read processing and SNP calling

A de novo assembly of A. cryptoceras contigs was created to serve as a reference 

for mapping reads from each sample. The reads from the sample with the most reads 

(KU09) were trimmed to remove adapter sequences and any reads under 30 bp using 

Trimmomatic v. 0.33 (Bolger et al., 2014). These reads were mapped against chloroplast 

sequence from A. cryptoceras (Straub et al., unpublished data) and mitochondrial 

sequence from A. syriaca (GenBank NC_022796.1; Straub et al., 2013), using Bowtie2 v. 

2.2.3 (Options: --score-min L,-6,0 -X 5000; Langmead and Salzberg, 2012). Read pairs 

properly hitting either target were removed with bamtools v. 2.3.0 (Barnett et al., 2013). 

Remaining reads were assembled with SPAdes v. 3.6.0 using the “careful” setting 

(Bankevich et al., 2012). The resulting contigs were mapped to the A. cryptoceras 

chloroplast, A. syriaca mitochondria, and the A. cryptoceras ribosomal DNA cistron 

(Weitemier et al., 2015) using BLAT v. 32x1 and any matching contigs removed, along 

with any contigs <200 bp (Kent, 2002).

After creating a set of A. cryptoceras contigs, reads from each sample were 

processed with Trimmomatic by removing adapters (ILLUMINACLIP:TruSeq3-PE-
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2.fa:2:30:10), quality filtering the ends of reads above a threshold of 3 and a 4 bp sliding 

window with a threshold of 17 (LEADING:3 TRAILING:3 SLIDINGWINDOW:4:17), 

and discarding reads below 36 bp. Processed reads were mapped to the assembled contigs 

using BBMap v. 35.59 (Options: maxindel=500 minid=0.9 ambiguous=toss pairlen=2000 

maq=20; Bushnell and Rood, 2015), and these were consolidated into a single mapping 

using samtools v. 1.3, using a maximum per sample read depth of 1000x (Li et al., 2009). 

From the consolidated mapping, variant sites were extracted, and genotypes called using 

bcftools v. 1.3 with the multiallelic call option, then filtered to retain only genotypes 

informed by at least 20 reads, positions missing no more than 10% missing genotypes, 

and positions with a minor allele frequency of at least 2 (Li et al., 2009); the number of 

reads supporting each allele for every individual was also retained. From the set of SNPs 

present after filtering, one SNP from each contig was randomly selected to create a subset 

of SNPs used in the analysis of hybrid index.

Analyses

SNP data were used to calculate the genetic distance among all samples, and those 

distances summarized via a principal component analysis (PCA). PCA was performed in 

R v. 3.3.1 using packages vcfR v. 1.1.0 and the “dudi.pca” function in adegenet v. 2.0.1 

(Jombart, 2008; Jombart and Ahmed, 2011; Knaus and Grünwald, 2016; R Core Team, 

2016), with missing genotypes replaced with the mean value for allele frequency at that 

locus. Following PCA, the optimal number of clusters found within the distance data was 

determined using the Bayesian information criterion calculated with the “find.clusters” 

function of adegenet; one to ten clusters were analyzed and results were informed by all 

axes present in the PCA.

Measures of population differentiation, including FST and Jost’s D (Jost, 2008), 

were calculated treating all collection sites as populations, as well as by grouping sites by 

subspecies (ssp. davisii, intermediates, and ssp. cryptoceras), and by geography (ssp. 

davisii plus intermediates forming a western group, ssp. cryptoceras forming an eastern 

group). Weir and Cockrham (1984) estimates of FST were performed in R using packages 

vcfR, adegenet, and hierfstat v. 0.04-22 (Goudet, 2005). Estimates of Jost’s D, a measure 
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similar to FST but influenced primarily by the ratio of migration to mutation, were 

calculated for all populations and groupings of populations using hierfstat, and estimates 

of Jost’s D between all pairwise populations were calculated using the R package mmod 

v. 1.3.1 (Winter, 2012). The number of private alleles unique to subspecies and to 

geographic groupings were calculated in R using the package poppr v. 2.2.0 (Kamvar et 

al., 2014).

Genetic diversity (expected heterozygosity) for each locus within each population 

was calculated using hierfstat. Differences among populations were assessed using a 

Kruskal-Wallis rank sum test in R. Significance of differences among population gene 

diversity distributions were assessed using Dunn’s test for multiple comparisons of mean 

rank sums, with Bonferroni correction, using R package PMCMR v. 4.1 (Pohlert, 2014).

Individuals thought to be of hybrid origin can be measured for their hybrid index 

by comparing their genotypes with the allele frequencies in the parental populations 

(Anderson, 1936; Gompert and Buerkle, 2011). The hybrid index is the proportion of loci 

descended from one population (population B) versus another (population A). An 

individual from population A will have a hybrid index h=0, a member of population B 

will have h=1.0, and a F1 hybrid will have h=0.5. A F2 backcross to population A will on 

average have h=0.25, but this will vary among individuals. 

Individuals from the intermediate populations were measured for hybrid index in 

R using the package introgress v. 1.2.3 (Gompert and Buerkle, 2010). The subset of SNPs 

representing a single SNP per contig was used, and samples from ssp. davisii and ssp. 

cryptoceras, respectively, were treated as the parental populations.

RESULTS

The assembly of reads from the sample with the highest coverage produced 

78,617 scaffolds ranging from 200 – 8689 bp, covering 40.7 Mbp, with a N50 value of 

652 bp. After mapping reads from the other samples to this assembly and filtering, 7372 

contigs were found containing at least one SNP, with 54,673 SNPs being called in total. 

Within the whole set, 5.25% of genotype calls were missing, with samples having lower 

mean depth containing more missing data. The average number of reads informing each 
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SNP across all samples was 78.04, with the average depth per sample ranging from 21.92 

to 154.53 (Fig. 5.3).

Principal component analysis of genetic similarity among samples displays a 

strong separation along the first axis between samples from ssp. cryptoceras and those 

from ssp. davisii and the intermediate populations (Fig. 5.4). The first axis describes 

6.1% of the variability among samples, more than the second and third axes combined, 

describing 2.6% and 2.5%, respectively (Fig 5.4, inset). Samples within collection sites 

cluster tightly together. Populations of ssp. cryptoceras cluster strongly on the first and 

second axes, as do samples from intermediate populations together with one ssp. davisii 

population. Neither the ssp. cryptoceras populations nor the intermediate populations 

display variability along the second axis. The ssp. davisii populations, however, are 

strongly separated along the second axis (Fig. 5.4). Some points are positioned much 

closer to the origin than other points from the same population, these correspond to 

samples with the most missing genotypes, which were replaced in the analysis with the 

average of allele frequencies at that locus.

The discriminant analysis of principal components identified two clusters among 

samples as optimal, corresponding to those samples separated along the first principal 

component axis. This clustering provided a Bayesian information criterion (BIC) value of 

706.5 (Fig. 5.5). Clustering samples into three groups provided a BIC of 707.2, this 

retains the division along the first principal component, but additionally groups ssp. 

davisii populations TG and DV apart from ssp. davisii population DP and the 

intermediate populations.

A moderately high amount of the genetic variation among all samples was 

apportioned among populations, with a FST estimate of 0.103 (Table 5.2). The estimate 

when grouping populations by subspecies was 0.080, and when grouping geographically 

into eastern and western groups the estimate was 0.092. Estimates of Jost’s D were lower, 

with divergence among populations, among subspecies, and among geographic groups 

estimated at 0.019, 0.014, and 0.017, respectively (Table 5.2). Populations within the 

western region were differentiated more than those in the eastern region. Estimates of FST 
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among only western populations was 0.074, nearly twice the estimate among the eastern 

populations of 0.039. Jost’s D showed a similar pattern, with divergence among western 

populations estimated at 0.012, and among eastern populations at 0.007 (Table 5.2). 

Among all pairwise comparisons between populations, differentiation among 

eastern populations (Jost’s D ≤0.006) was less than differentiation among ssp. davisii 

populations (≥0.011) and differentiation between ssp. davisii and intermediate 

populations (≥0.006; Table 5.3). Differentiation between eastern and western populations 

was relatively high (≥0.017) for all comparisons (Table 5.3, lower left).

A Kruskal-Wallis rank sum test showed that populations significantly differed in 

mean genetic diversity (χ2 = 2440, p < 2.2×10-16). A post hoc Dunn’s test showed that 

average gene diversity within populations of ssp. cryptoceras was significantly higher 

than gene diversity within intermediate populations, and both were significantly higher 

than within ssp. davisii populations at p < 0.025 (Fig. 5.6). Alleles private to ssp. 

cryptoceras (14,853) were much more abundant than in private alleles across 

intermediate populations or in ssp. davisii (3369 and 3750, respectively). However, if ssp. 

davisii and the intermediate populations are combined, they together contain 12,058 

private alleles.

The proportion of ancestry from ssp. cryptoceras and ssp. davisii populations was 

estimated for all of the samples from intermediate populations, and ranged from 0.110 to 

0.218, with lower values indicating more ancestry from ssp. davisii (Fig. 5.7). 

Intermediate populations LC, HV, and BR are distributed roughly along a north to south 

axis (Fig. 5.2), and samples from LC tend to have lower hybrid index estimates than HV 

samples, which tend to be lower than BR samples.

DISCUSSION

Analysis of SNPs across Asclepias cryptoceras populations indicates a clear 

genetic disjunction between subspecies davisii and cryptoceras, with populations of 

intermediate morphology demonstrating little evidence of hybrid origin and close 

affiliation with ssp. davisii.
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Probes developed to target heterozygous sites in Asclepias syriaca effectively 

enriched SNP-containing regions in A. cryptoceras. This highlights the utility of target-

capture for population genomics and SNP genotyping. The overall low amount of missing 

data in the matrix (5.25%) compares favorably to restriction digest techniques using 

similar thresholds for the minimum percent of samples needed to inform a locus (90% in 

this study; Wagner et al., 2013; Huang and Knowles, 2016). Additionally, the target 

probes used here can be applied across the genus Asclepias with high confidence that they 

will enrich orthologous loci across species, allowing data from studies using the same 

probe libraries to be easily combined.

Disjunction among subspecies

A clear disjunction between A. cryptoceras subspecies is evident in the principal 

component analysis, discriminant analysis, and estimates of genetic differentiation. 

Principal component analysis shows a strong separation along the first axis between 

populations from western and eastern regions, with no intervening samples (though some 

samples are placed closer to the origin due to missing genotypes; Fig 5.4). This 

distinction is confirmed by discriminant analysis of principal components, which 

identifies two clusters corresponding to the separation along the first principal component 

(Fig. 5.5). Summary F-statistics show moderately high differentiation among populations 

(FST = 0.103), and differentiation remains high when grouping populations by subspecies 

or geographically (FST = 0.080, 0.092, respectively; Table 5.2). Similarly, estimates of 

Jost’s D decrease very little between estimates among all populations and estimates 

between geographic groups (Table 5.2), and the differentiation between eastern and 

western groups is especially clear when considering all pairwise comparisons among 

populations (Table 5.3).

Despite exhibiting similar patterns, estimates of FST are consistently about 5-6× 

higher than estimates of Jost’s D. A primary difference between FST and D is that, at 

equilibrium, FST is controlled solely by the migration rate among populations and 

population size,
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 F=
1

1+4 Nm

where N is the effective population size and m is the migration rate, while D is controlled 

by the ratio of mutation to migration,

D≈μ(n−1)/m

where μ is the mutation rate, and n is the number of demes (Jost, 2008). In situations 

where μ≪m, estimates of D can be lower than estimates of FST. In A. cryptoceras, it may 

be that migration among populations is low, causing the moderately high values of FST, 

while the mutation rate of SNPs is very low relative to migration. This is possible in A. 

cryptoceras, a deep-rooted perennial that probably lives for many years. The low 

mutation rate of SNPs relative to other markers such as microsatellites may also be 

depressing these measures, as seen by Haynes and Latch in deer populations (2012).

Whitlock (2011) states that “D indicates the proportion of allelic diversity that lies 

among populations, while FST is proportional to the variance of allele frequency among 

populations.” This distinction may be seen in A. cryptoceras, with many alleles being 

shared among populations (or groups of populations), but the frequencies of those alleles 

differing among populations. It should be noted that Whitlock (2011) criticized D as 

being applicable only to a specific locus under consideration, and not able to be 

generalized to population differentiation, since D will vary among loci as much as the 

mutation rate varies. This may be true when comparing differentiation among groups that 

have been analyzed using different sets of markers, especially if marker number is small 

or markers are of different types (e.g., SNPs vs. microsatellites). Here, however, the same 

set of markers is used for all comparisons among different sets of A. cryptoceras 

populations, so differences among those sets can appropriately be compared.

Relationships of intermediate populations

If the subspecies of A. cryptoceras are genetically distinct, what is the relationship 

of the intermediate populations to those subspecies? The hypothesis that the intermediate 

populations represent an ancestral group, from which the recognized subspecies have 

been derived, can be rejected. Hybrid index measures indicate that a low proportion of 
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alleles in the intermediate populations are shared with the ssp. cryptoceras populations, 

with most alleles being shared with ssp. davisii (Fig. 5.7). An ancestral population 

expanding into a new range would share alleles with the daughter population, but this 

should occur evenly across daughter populations, and be seen in a measure of hybrid 

index as a roughly equal proportion between the two groups.

An ancestral population would also be expected to retain alleles that did not filter 

into either of the daughter populations. This would be seen in the analyses performed 

here as a high number of private alleles in the intermediate population relative to either 

ssp. davisii or ssp. cryptoceras. Instead, we see a low number of alleles private to only 

the intermediate populations, with many more being shared between the intermediate 

populations and ssp. davisii.

The hypothesis that the intermediate populations are derived from one or the other 

subspecies can also be rejected. The intermediates share some alleles with ssp. 

cryptoceras, but this is fairly low relative to ssp. davisii (Fig. 5.7). If the intermediates 

were instead derived from ssp. davisii they should represent a sampling of the genetic 

diversity from ssp. davisii, demonstrated here by lower genetic diversity relative to ssp. 

davisii. Instead, we find the opposite is true, with intermediate populations having 

significantly higher genetic diversity than ssp. davisii populations (Fig. 5.6).

The hypothesis that intermediate populations are hybrids caused by secondary 

contact between ssp. cryptoceras and ssp. davisii is only weakly supported. The principal 

component analysis provides no indication that intermediate populations might actually 

be hybrids, with the intermediate populations clustering tightly with ssp. davisii 

population DP (Fig. 5.4). The estimates of hybrid index within the intermediate 

individuals only provide weak indication of ancestry from ssp. cryptoceras, with none of 

the estimates exceeding 0.25 (Fig. 5.7). If the geographic region of intermediate 

morphology (Fig. 5.2, purple) were a full zone of secondary contact between the two 

subspecies, estimates of hybrid index would be expected to span a wide range, from 

majority ssp. cryptoceras ancestry to majority ssp. davisii ancestry.
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However, the hypothesis of secondary contact cannot be entirely rejected due to 

missing samples from central Nevada. It is possible that the hybrid zone is wider than the 

region of intermediate morphology implies, and extends across the interior of Nevada, 

with the sampling in this study only representing an extreme edge. Unfortunately, 

populations between eastern and western Nevada are sparse, with most of those that are 

present found farther north, closer to populations that are consistently identified ssp. 

davisii.

The hypothesis that intermediate populations represent a stepping stone during 

range expansion from the eastern sub-range to the west fits well with all lines of 

evidence. Under this scenario plants originating from the eastern region colonized 

westward along a southern corridor, then the new southwestern populations (intermediate 

populations in this study) expanded northward to fill the range observed today (ssp. 

davisii populations). Range expansion via a southern corridor is most probable in this 

scenario because northern areas of the uninhabited region between Utah and Nevada are 

and likely were unsuitable habitat for A. cryptoceras. Today the region is dominated by 

salt flats, and may have been under the waters of Lake Bonneville or other ancient lakes 

during the hypothesized range expansion. A southern route of expansion additionally 

helps explain why the observed intermediate populations occur only in western Nevada, 

rather than throughout the state.

As a population rapidly colonizes a new region, the new populations may have 

reduced genetic diversity and dramatically different allele frequencies than the original 

population (Excoffier and Ray, 2008). This is because new populations represent a 

sample of diversity from the source population, and allele frequencies at the edge of a 

range expansion can rapidly shift due to smaller population sizes and repeated sampling 

to colonize edge populations. These effects are seen in the data.

Genetic diversity within populations steadily declines from ssp. cryptoceras 

populations, to intermediate populations, to ssp. davisii populations (Fig 5.6). Coupled 

with this, the FST values among geographic groups indicate a strong shift in allele 

frequencies from eastern to western populations (Table 5.2). The low hybrid index 
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estimates may reflect the original ancestry from eastern populations, but ultimately 

demonstrate a strong affinity toward the ssp. davisii populations that were derived from 

the intermediate populations.

A striking pattern within the data is the higher diversity within eastern populations 

(Fig. 5.6), coupled with the much lower divergence among eastern populations when 

compared to divergence among western populations (Table 5.2, subsets; Table 5.3). This 

observation is consistent with an ancient eastern population that has had time to 

accumulate unique alleles, but with sites that have been connected via migration for long 

enough to homogenize populations. The greater differentiation among western 

populations is partly an expectation of rapid range expansion (Excoffier and Ray, 2008), 

especially if that expansion occurred recently enough that populations haven’t reached 

equilibrium. However, it may also be that migration among the western populations is 

reduced relative to eastern populations, especially if a climate suitable for range 

expansion was only present for a relatively brief period.

Phylogeography in the Great Basin

An expansion from the Colorado Plateau in the east to the Great Basin in the west 

fits well with phylogeographic scenarios that have been described in other species, 

notably in conifers and the genus Mentzelia (Hamrick et al., 1994; Schenk, 2013). Schenk 

(2013) observed that in Mentzelia, expansion from the Rocky Mountains and Colorado 

Plateau tended to occur in groups inhabiting higher elevations, with lower elevation 

species in the Great Basin being colonized primarily from the Mojave Desert. Asclepias 

cryptoceras represents a low elevation species that exhibits a Colorado Plateau-Great 

Basin disjunction.

As a lower elevation species in the Great Basin, A. cryptoceras can survive in 

warmer, drier conditions than higher elevation plants. However, the species still probably 

relies on winter and spring moisture that penetrates and is retained by the deep clay soils 

it prefers. This means that even though it is more arid adapted than its high elevation 

counterparts, A. cryptoceras probably benefited from the cooler, wetter climates that 
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emerged as the semi-arid Pliocene shifted to the Pleistocene glaciations (Axelrod, 1948; 

Grayson, 1993; Petersen, 1994).

Subsequent warming in the Pleistocene interglacial periods, and more recently 

since the last glacial maximum, may have fragmented A. cryptoceras habitats that had 

recently been colonized. While the effect of climate warming on high elevation species 

clearly leads to range shifts, habitat loss, and fragmentation (Kelly and Goulden, 2008), 

species of lower elevations feel the effects of warming, too, and may experience cryptic 

population fragmentation, even though the total species range may not appear to 

dramatically shift or contract. A rapid expansion of A. cryptoceras populations in the 

west, followed by a climate shift rendering intervening areas uninhabitable, could create a 

widespread but fragmented subspecies with strongly differentiated populations. This 

coincides with observations of high elevation tree species that exhibit stronger 

differentiation among recently colonized Great Basin populations relative to older 

populations in the Rocky Mountains (Hamrick et al., 1994).

Conclusion

In the first phylogeographic examination of Asclepias cryptoceras, we show that 

recognized subspecies are genetically distinct, and that populations with intermediate 

morphology are most likely not hybrids but instead represent stepping stone populations 

in a range expansion from an eastern sub-range to the west. Probes targeting 

heterozygous loci in the congener A. syriaca effectively amplify SNP-containing loci in 

A. cryptoceras, allowing thousands of SNPs to be scored. Phylogeographic patterns in A. 

cryptoceras reflect patterns seen in other plants, notably a disjunction between the 

Colorado Plateau and Great Basin, but the results here expand this pattern to include a 

plant species inhabiting lower elevations as opposed to sky islands. Finally, genetic 

differentiation among western populations may be the result of warming and aridification 

in the region, providing a warning that dramatic climate shifts may have little effect on 

total species range, but lead to cryptic habitat and population fragmentation than remains 

unobserved unless specifically investigated.
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Figure 5.1: Asclepias cryptoceras habit and flowers.

Asclepias cryptoceras (A) with flowers from subspecies davisii (B) and 

subspecies cryptoceras (C). Notice the length of the purple coronas relative to 

the central column.

A

B C
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Figure 5.2: Range of Asclepias cryptoceras.

Approximate ranges of A. cryptoceras subspecies 

cryptoceras (red), davisii (blue), and intermediate 

morphology (purple). Black dot is a historical record of ssp. 

cryptoceras. Letters indicate approximate collection site 

locations.
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Figure 5.3: Mean read depth per sample.

Mean number of reads informing SNPs within each sample, ranging from 21.92 to 

154.53.
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Figure 5.5: Bayesian information criterion values by number of clusters.

BIC values when grouping samples in the principal component analysis into 1-10 

clusters. The minimum value, at two clusters, is 706.5, and the value at three clusters is 

707.2.
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Figure 5.6: Average gene diversity within populations.

Populations colored by subspecies (ssp. davisii, blue; intermediates, purple; ssp. 

cryptoceras, red). Different letters indicate a significant difference between means 

(p<0.025).

a b c ddd e ffe
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Figure 5.7: Hybrid index of individuals from intermediate populations.

Proportion of ancestry from parental population ssp. cryptoceras, with lower points 

having greater ancestry from ssp. davisii. All samples from the intermediate populations 

are shown, with error bars representing 95% confidence intervals around the point 

estimates. Among the three populations, BR is the southernmost, and LC is the 

northernmost.
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Table 5.1: Asclepias cryptoceras sampling locations.

Abbreviation: Population identifier, colored by subspecies; Latitude, 

Longitude: Location based on WGS84 datum; Elev.: Elevation, meters; 

Voucher: K. Weitemier collection numbers, housed at OSC; N: Number of 

individuals sampled.

Abbreviation Subspecies County, State Latitude Longitude Elev. Voucher N

DV davisii Grant, OR 44.4796982 -119.5775833 772 12-23 9

TG davisii Twin Falls, ID 42.9026846 -114.9883533 958 12-12 9

DP davisii Malheur, OR 42.026805 -117.9273006 1518 12-09 10

LC intermediate Washoe, NV 41.0399382 -119.3541107 1450 12-07 10

HV intermediate Washoe, NV 39.4807837 -119.7073847 1447 11-07 10

BR intermediate Mono, CA 38.261424 -118.9558341 2349 12-03 10

KR cryptoceras Nye, NV 38.4241275 -115.0761491 1593 12-05 10

KU cryptoceras Kane, UT 37.0576336 -112.5287139 1548 11-13 10

DF cryptoceras Emery, UT 39.0703583 -111.0245438 1821 13-03 9

SI cryptoceras Carbon, WY 41.8824193 -107.0693937 1997 11-20 9
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Table 5.2: Genetic differentiation among populations.

Estimates of FST (Weir and Cockerham) and Jost’s D 

among all populations, populations grouped as 

subspecies, and populations grouped geographically. 

FST and D were also estimated for the eastern and 

western subsets of populations.

Grouping
Population 0.103 0.019
Subspecies 0.080 0.014
Geography 0.092 0.017

Subset
East 0.039 0.007
West 0.074 0.012

F
ST Jost’s D
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Table 5.3: Pairwise estimates of Jost’s D among all populations.

Populations are colored by subspecies (ssp. davisii, blue; intermediates, purple; 

ssp. cryptoceras, red). Heavy black lines separate western (blue, purple) from 

eastern (red) populations.

Pop DV TG DP LC HV BR KR DF KU

TG 0.011
Jost’s D

DP 0.017 0.013 0.030

LC 0.012 0.008 0.006 0.020

HV 0.013 0.008 0.008 0.003 0.010

BR 0.016 0.011 0.011 0.006 0.005 0.005

KR 0.025 0.019 0.022 0.017 0.017 0.019 0

DF 0.028 0.022 0.025 0.020 0.021 0.022 0.004

KU 0.029 0.023 0.026 0.021 0.022 0.023 0.004 0.004

SI 0.029 0.024 0.027 0.022 0.022 0.024 0.006 0.005 0.006
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Chapter 6: Conclusions
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The studies in this dissertation investigate genomic diversity within Asclepias at 

multiple scales, including diversity found within a single individual, diversity within and 

among populations in a species, and diversity across the entire genus. These 

investigations contribute to our understanding of the genomic content and architecture 

within Asclepias and the Gentianales, patterns of population diversification in the western 

United States, and the evolutionary history of select loci within Asclepias, with 

implications across flowering plants.

Chapter 2 investigates patterns of polymorphisms among paralogous copies of 

nrDNA within individual genomes. It’s shown that copies of nrDNA within individuals 

are not identical, despite the homogenizing influence of concerted evolution. Indeed, 

measurements of polymorphism abundance show that intragenomic polymorphism rates 

in Asclepias are higher than those found in other organisms to date. As shown in previous 

studies (Rzhetsky, 1995; Bik et al., 2013), intragenomic polymorphisms within Asclepias 

nrDNA are not evenly distributed across the cistron. Selection appears to tolerate 

polymorphisms in some regions more than others, particularly in the spacer regions 

between subunits and stem regions relative to loops. However, some level of 

polymorphism is tolerated across all regions.

A novel finding of Chapter 2 is that polymorphism abundance in the nrDNA 

exhibits phylogenetic signal across Asclepias. This finding was only possible by 

expanding the analysis of polymorphism abundance to include species from across the 

genus. This result implies that different species vary in their ability to tolerate low 

frequency polymorphisms. However, polymorphisms may be increasingly selected 

against as their frequency rises, as phylogenetic signal is lost when considering the 

abundance of high frequency polymorphisms. The phylogenetic signal present in low 

frequency polymorphism abundance holds important considerations for phylogenetic 

inference from nrDNA data. Specifically, those positions likely to lead to phylogenetic 

ambiguity are not distributed randomly across the phylogeny. This can influence the 

reconstruction of branch lengths, which is especially consequential if using nrDNA to 

build a dated phylogeny.
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Other than the work of Simon et al. (2012), who studied multiple accessions of 

Arabidopsis thaliana, observation of intragenomic nrDNA polymorphisms has not been 

performed in plants. With the findings presented here of phylogenetic signal in 

polymorphism abundance, future work should investigate intragenomic nrDNA 

polymorphisms across plants, to determine if the findings shown here can be generalized 

beyond Asclepias.

Chapter 3 presents a method combining the advantages of genome skimming and 

targeted sequencing. This chapter demonstrates how Hyb-Seq can be used to 

simultaneously sequence targeted low copy regions of the genome, while still retaining 

enough depth of untargeted sequences to reconstruct high-copy regions such as nrDNA 

and the chloroplast. This method has high utility for plant systematics, where low copy 

nuclear regions and the chloroplast are desirable for being independent samples of a 

species phylogeny while avoiding problems of paralogy.

Chapter 3 presents a software implementation of a pipeline used to develop 

probes for sequencing. Given a genome and transcriptome assembly, the software filters 

out regions that occur as multiple copies, selects exons that are large enough to be 

phylogenetically useful, and returns loci that are likely to be low copy within the genome. 

When combined with the relatively low specificity of the target enrichment process 

(generally loci sharing ≥90% identity to the probes will be captured) targets developed 

from a species with genomic resources are likely to be effective at enriching loci in taxa 

from the same genus, and perhaps the same plant family.

Additionally, Chapter 3 provides a workflow for processing and analyzing data 

that is returned from a sequencing facility. Due to the idiosyncratic nature of systematics 

research, data sources, and computer infrastructure, the workflow is not presented as a 

piece of software. However, it does explain the general steps and common considerations 

present when taking data from raw sequence reads, through exon assembly and 

alignment, and finally to tree building.

The methods outlined in Chapter 3 are demonstrated on a subset of Asclepias 

species. Probes were developed from genome and transcriptome assemblies targeting 768 
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low copy nuclear loci in Asclepias syriaca. These were applied to ten other members of 

Asclepias, a member of the same subtribe, and a member of a different subfamily within 

Apocynaceae. Over 98% of targeted loci were able to be reconstructed in all samples, as 

well as 90% of the chloroplast in all samples except one with very low sequencing 

output.

The Hyb-Seq method is broadly applicable across plants, and should help enable 

well-resolved phylogenies to be built for any group with a partial amount of genomic data 

available. The method as presented here is limited to the starting requirements of a 

(preliminary) genome assembly and transcriptome assembly from a closely related 

organism, and it returns probes targeted at exons rather than entire genes. However, other 

workers have already developed direct extensions from Hyb-Seq, including the use of 

genome skim data and a divergent transcriptome as starting data (Schmickl et al., 2016),  

and a software implementation of the workflow described for read processing (Johnson et 

al., 2016).

Chapter 4 presents an assembly and analysis of the nuclear genome of Asclepias 

syriaca. Genomic data is now available for all three of the genomic compartments in 

Asclepias, after the chloroplast and mitochondrion (Straub et al., 2011, 2013), 

representing a first in the Apocynaceae. This is also the first genomic assembly in 

Apocynaceae that includes linkage group information.

Due to the high level of heterozygosity in A. syriaca and the use of only short read 

technology for sequencing, the genomic assembly remains highly fragmented. Despite, 

this, a high proportion of the gene space in Asclepias has been assembled, based on 

comparisons with Asclepias transcripts, transcripts from a related genus, and protein 

evidence from coffee, a member of the same order.

The utility of the assembly for determining gene presence and genomic context is 

demonstrated with examples from three gene families. A gene likely involved in rubber 

production was located in Asclepias based on similarity to the small rubber particle 

proteins in the rubber tree, Hevea brasiliensis. Genes involved in sending red and far-red 

light, the phytochromes, were located in Asclepias, including phytochrome B. 
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Phytochrome B, though generally found in plants due to its role in sensing shading 

caused by other leaves, was found to be missing from Rhazya stricta, a member of a 

different subfamily win Apocynaceae (Sabir et al., 2013). This finding confirms that it is 

generally present in Apocynaceae, and supports the hypothesis of Sabir et al. (2013) that 

the gene has only been lost in Rhazya or close relatives. Finally, a gene involved in the 

production of the medicinally important cardenolides was located in Asclepias. One copy 

of progesterone 5β-reducatse (P5βR) was located, supported by transcript evidence. Two 

other copies, one a pseudogene and one with an intact reading frame but without 

Asclepias transcript evidence, were also found. Relative to Catharanthus roseus, a 

member of a different subfamily that contains at least six expressed P5βR genes, 

Asclepias shows a reduction in this family, which may account for the lack of β-

cardenolide production in Asclepias.

Building on principles from Chapter 3, a panel of low-copy SNPs was developed 

for Asclepias syriaca. These were applied to an array of offspring from the sequenced 

individual to cluster scaffolds into linkage groups. The production of linkage groups in 

Asclepias allowed comparisons with pseudochromosomes developed in coffee, 

demonstrating that at least six chromosomes have remained stable in terms of gene 

content since the diversification of Gentianales, and possibly since the origin of the 

eudicots, while one chromosome has seen extensive fragmentation in the Gentianales, 

which might be a continuation of earlier fragmentation in that chromosome.

Future work on the Asclepias genome should incorporate the use of long read 

technologies to develop a more contiguous assembly. This will expand the genomic 

context of assembled genes and should assemble those that are not present in this 

assembly. A more contiguous genome may also allow more accurate gene prediction, 

helping to determine if the low number of gene models in this assembly represents a true 

reduction of gene space in Asclepias, or whether it is an underestimate. Eventual physical 

mapping of the Asclepias genome will help confirm whether the patterns of chromosome 

evolution in the Gentianales presented here are accurate, and whether the Asclepias 
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chromosome homologous to coffee pseudochromosome 2 demonstrates the same 

fragmentation relative to the ancestral eudicot.

Chapter 5 uses the SNP probes developed for A. syriaca in Chapter 4 and applies 

them to Asclepias cryptoceras, a species with a disjunct distribution, morphologically 

distinct subspecies, and populations with intermediate morphology. Target enrichment 

using these probes successfully captured thousands of SNP loci in A. cryptoceras in 

individuals spanning the complete range of this species.

Population genomic analyses, including principal component analysis, FST, and 

Jost’s D, demonstrate a clear genetic disjunction between A. cryptoceras subspecies. 

These measures, coupled with measurements of hybrid index, allelic diversity, and 

private alleles, demonstrate that the intermediate populations are probably not hybrids 

created by secondary contact between separated subspecies. The hypotheses that they 

could instead represent an ancestral condition, or be derived from just one or the other 

subspecies were also rejected. Rather, the data support a hypothesis that intermediate 

populations represent a stepping stone population during a southern corridor expansion 

from the ancestral eastern population into the west.

These results inform not only processes of diversification in Asclepias, but fill a 

gap in the literature with respect to phylogeographic studies of lower elevation plants in 

the Great Basin. In particular, the genetic differentiation among western populations of A. 

cryptoceras, may represent a population fragmentation following aridification in the 

region, highlighting the possibility that a changing climate may first act to cryptically 

fragment a population prior to a shifting range or range contraction.

Future work in this system should focus collecting across the interior of Nevada, 

where populations are sparse, to determine if plants there represent a wide hybrid zone 

not sampled in this work. While the intermediate populations sampled here were thought 

to represent the range of any potential hybrid zone, it remains possible that they just 

represent the extreme edge of a zone that stretches across the state. Finally, recent 

methods for species delimitation are able to incorporate multiple types of data, including 

genetic data analyzed under a coalescent framework (reviewed in Leavitt et al., 2015), 
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and incorporation of phenotypic and geographic data (Guillot et al., 2012; Solís-Lemus et 

al., 2015). With the discovery of distinct genetic separation between A. cryptoceras 

subspecies, methods explicitly used for species delimitation can be applied to determine 

if A. cryptoceras ssp. davisii should be recognized at its original species rank as Asclepias  

davisii.
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Appendix 2.1: Command pipeline for tallying polymorphic positions
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This file contains the commands used to tally polymorphic positions for each 

sample. It is formatted as a script that can be executed in a UNIX-like environment, but it 

will require individual modifications for each project. 

#!/bin/tcsh

#Command pipeline for tallying polymorphic positions.

#These commands are assumed to be executed in a directory which contains
#subdirectories for each sample.
#In this example the path to this directory is ~/analysis
#Each subdirectory should have a name unique to each sample, which will be
#represented as $file
#Within each subdirectory are single-end reads to be processed for that sample
#(here "$file.miss.fq").
#The commands fastq_to_fasta, fastq_quality_filter, and fastq_masker are part of
#the FASTX-Toolkit suite.
#The program BWA (Li & Durbin, 2009) is available at
#http://bio-bwa.sourceforge.net
#Samtools (Li et al. 2009) is available at http://www.htslib.org
#fastq_collapse.py and polymorphic_read_counter_bwaPileup.pl are available at
#https://github.com/listonlab
#To personalize this analysis you will need to make changes on the following
#lines:
#Line 20: Change this range to match the range of the sequence you're interested
#in (in this example the reference sequence is 5839 bp).
#Line 21: Change the command within the parentheses to match all of your
#subdirectories (in this case all of the subdirectories began with 'Asclepias').
#Line 39: Change 2013 to the year the analysis is performed, this should match
#any directory that is created by alignreads.py
#Line 66: Change the inequalities (here 1 and 5839) to match the range of the
#sequence you're interested in

cd ~/analysis
seq 1 5839 | sort > base_proportions_concatenated.sort

foreach file ( `ls -1d --indicator-style=none Asclepias* ` )
  cd ~/analysis/$file

###### Removes duplicate reads
  fastq_collapse.py -i $file.miss.fq -o $file.miss.collapse.fq
  fastq_to_fasta -n -v -i $file.miss.collapse.fq -o $file.miss.collapse.fa

###### Alignreads
  python alignreads.py -w 5 -o linear -f alnrds.$file 

$file.miss.collapse.fa ../trim_syriaca5_cistron_ref.fsa

###### Quality filtering and masking
  mkdir bwa
  fastq_quality_filter -q 20 -p 01 -i $file.miss.collapse.fq -o 

$file.readqual_out.fq -v
  fastq_masker -q 20 -i $file.readqual_out.fq -o $file.basequal_out.fq -v
  mv $file.basequal_out.fq bwa/

###### Grabs the alignment between the group reference and the individual
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#consensus. Alignreads.py created a directory with a name that contains the date
#of the analysis, in this example the commands were run in 2013, so all of these
#directories end in 2013.
  cd *2013
  awk '/>Consensus/,/>Masked Consensus/' *.delta.qual.fsa | sed s/\>Masked\ 

Consensus// | sed s/\>Consensus/\>$file/ | sed s/-//g > 
$file.cistron_ref.fa

  awk 'BEGIN {x=0} "'$5'"~/^[A-Z a-z]"'$'"/ {print "'$1'",++x,"'$4'","'$5'"}' 
*.delta.qual > $file.position2ref

  mv $file.cistron_ref.fa ~/analysis/$file/bwa/
  mv $file.position2ref ~/analysis/$file/bwa/

###### Read mapping with BWA and SAMtools
  cd ~/analysis/$file/bwa
  bwa index $file.cistron_ref.fa
  bwa aln -f $file.sai $file.cistron_ref.fa $file.basequal_out.fq
  bwa samse -f $file.sam $file.cistron_ref.fa $file.sai $file.basequal_out.fq
  samtools view -bS $file.sam > $file.bam
  samtools sort $file.bam $file.sort
  samtools index $file.sort.bam
  samtools mpileup -f $file.cistron_ref.fa  $file.sort.bam > $file.pileup.txt

###### Counting and parsing mapped reads with
#polymorphic_read_counter_bwaPileup.pl
  polymorphic_read_counter_bwaPileup.pl $file.pileup.txt > $file.props
  mkdir proportions
  cd proportions
  cut -f2,4 ../$file.props | sort -k1,1 > $file.props.sort
  sort -k2,2 ../$file.position2ref > $file.position2ref.sort
  join -1 2 -2 1 -o 1.2,1.3,1.4,2.2,1.1 --check-order $file.position2ref.sort 

$file.props.sort > $file.merged
  sort -k5,5 $file.merged > $file.merged.sort
  uniq -f4 $file.merged.sort > $file.merged.uniq
  awk '{print $5"\t"$4}' $file.merged.uniq > $file.tojoin
#In this example we are interested in reference positions 1-5839. Change the
#ranges in the next command to match your range.
  awk '{if (($1 >= 1) && ($1 <= 5839)) print $0}' $file.tojoin > 

$file.cistron.sort
  sort -k1,1 -n $file.cistron.sort > $file.cistron

###### Adding the proportions at each position to a table containing information
#for each sample
  cd ~/analysis
  join -j1 --check-order -a1 base_proportions_concatenated.sort ./

$file/bwa/proportions/$file.cistron.sort > props.temp
  rm -f base_proportions_concatenated.sort
  mv props.temp base_proportions_concatenated.sort

###### Closes the foreach loop
end
#End of file.
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Appendix 2.2: Asclepias syriaca nrDNA cistron predicted secondary 

structures
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These are the minimum free energy structures estimated from RNAfold (18S, 

ITS1, ITS2) or RNAcofold (5.8S + 26S). The first line of each entry gives the region 

name, the second line is the region’s sequence, the third line provides the region’s 

structure in dot-bracket notation followed by its minimum free energy (in kcal/mol). The 

5.8S and 26S regions were analyzed together using RNAcofold. The sequences of each 

are separated from each other, in both the sequence and structure lines, by the ampersand 

(&) symbol. 

>18S
UACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAAAGAUUAAGCCAUGCAUGUGUAAGUAUGAACUAAUUCAGAC

GGUGAAACUGCGAAUGGCUCAUUAAAUCAGUUAUAGUUUGUUUGAUGGUAUCUACUACUCGGAUAACCGUAGU
AAUUCUAGAGCUAAUACGUGCAACAAACCCCGACUUCUGGAAGGGAUGCAUUUAUUAGAUAAAAGGUCGACGC
GGGCUCUGCCCGUUGUUUCGAUGAUUCAUGAUAACUCGACGGAUCGCACGGCCCUCGUGCCGGCGACGCAUCA
UUCAAAUUUCUGCCCUAUCAACUUUCGAUGGUAGGAUAGGGGCCUACCAUGGUGGUGACGGGUGACGGAGAAU
UAGGGUUCGAUUCCGGAGAGGGAGCCUGAGAAACGGCUACCACAUCCAAGGAAGGCAGCAGGCGCGCAAAUUA
CCCAAUCCUGACACGGGGAGGUAGUGACAAUAAAUAACAAUACCGGGCUCACAGAGUCUGGUAAUUGGAAUGA
GUACAAUCUAAAUCCCUUAACGAGGAUCCAUUGGAGGGCAAGUCUGGUGCCAGCAGCCGCGGUAAUUCCAGCU
CCAAUAGCGUAUAUUUAAGUUGUUGCAGUUAAAAAGCUCGUAGUUGGACUUUGGGAUUGGUCGGCCGGUCCGC
CUUCAGGUGUGCACCGGUCGUCUCGUCCCUUCUGUCGGCGAUACGCUCCUGGCCUUAAUUGGCCGGGUCGUGC
CUCCGGCGCUGUUACUUUGAAGAAAUUAGAGUGUUCAAAGCAAGCCUACGCUCUGGAUACAUUAGCAUGGGAU
AACAACAUAGGAUUUCGGUCCUAUUCUGUUGGCCUUCGGGAUCGGAGUAAUGAUUAACAGGGACAGUCGGGGG
CAUUCGUAUUUCAUAGUCAGAGGUGAAAUUCUUGGAUUUAUGAAAGACGAACAACUGCGAAAGCAUUUGCCAA
GGAUGUUUUCAUUAAUCAAGAACGAAAGUUGGGGGCUCGAAGACGAUCAGAUACCGUCCUAGUCUCAACCAUA
AACGAUGCCGACCAGGGAUCGGCGGAUGUUGCUUUAAGGACUCCGCCGGCACCUUAUGAGAAAUCAAAGUUUU
UGGGUUCCGGGGGGAGUAUGGUCGCAAGGCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACCAGGAGUGGA
GCCUGCGGCUUAAUUUGACUCAACACGGGGAAACUUACCAGGUCCAGACAUAGUAAGGAUUGACAGACUGAGA
GCUCUUUCUUGAUUCUAUGGGUGGUGGUGCAUGGCCGUUCUUAGUUGGUGGAGCGAUUUGUCUGGUUAAUUCC
GUUAACGAACGAGACCUCAGCCUGCUAACUAGCUAUGCGGAGGAUCCCUCCGCAGCUAGCUUCUUAGAGGGAC
UACGGCCUUUUAGGCCGCGGAAGUUUGAGGCAAUAACAGGUCUGUGAUGCCCUUAGAUGUUCUGGGCCGCACG
CGCGCUACACUGAUGUAUUCAAUGAGUCUUUAUCCUUGGCCGACAGGCACGGGUAAUCUUUGAAAUUUCAUCG
UGAUGGGGAUAGAUCAUUGCAAUUCUUGGUCUUCAACGAGGAAUUCCUAGUAAGCGCGAGUCAUCAGCUCGCG
UUGACUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCUCCUACCGAUUGAAUGGUCCGGUGAAGUGUUCGG
AUGGCGGCGACGUGAGCGGUCCGCUGCCCGCGACGUCGCGAGAAGUCCACUGAACCUUAUCAUUUAGAGGAAG
GAGAAGUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUUG

((((((((((..(((.((((.((((....((((((((...))).)))))..(((((((((.(((....((((..
((((((((...(((((..((((...))))....))))).....)))))))))))).((((.
(((((((....))).))))....))))))).))))))))).........)))).)))).)))(((((..
((((((((......(((((.((((((...))))))....)))))...)).)))))).((....))((((.
((((......)))))))).)))))((((((.((((((((((.(((.((..(.
((((((((.......)))))))).).))))).))).).)))))).)).))))....(((((((...
((((((........)))).))...)))..))))((((.(((((..((..........(((((.....
(((((..(((.........((..
(((((((((((((...))))))))).))))..)).........)))..))))).....)))))..........
))..))))).))))..)))))).))))..(((((((.
(((((((..........))))))).)))).........((((((((((...(((((.((.
(((((((((((((....)))).).)))))))).)).)))))....)))((((...))))
(((((((......)))))))..(((((((((..(((((..(((((((.(........).)))))))....
((((.(((.((....))..))).)))).(((((..(((((((....)))))))..))))).((((...
(((((......)))))...))))))))))))))))))((((.((((((((((.
((((......)))).)).)))))))).)))).)))))))((((((((((.....))))))))))...
(((((((((.........(((((((..((.(..((((...((...(((((((..(((.....((((.
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((.....)).)))).((((.(((........)))))))((((.((((....
((((((....)))))))))).))))(..((((..(((((((.((((...((((...((...((.
(......)))...))..))))..))))))))))).......))))..)...
((........)).)))..)))).)))...)).))))..).))..))))))))))))))))..
(((((((((((((((.(((.....(((((.(((.(((.(.(((((.(.
((((((...)))))).)))))).)))).))).)))))((((((..
(((((((...)))))))))))))........((((((..((((((...))))))(((((((((((((((...
(((....)))..)).)))))))).)))))(((.((....))))).(((.((((..(((((.((....
((((((...(((....)))..)))))))).)))))....))))))).((..((.
((((((..........))))))))..)).((....))((((.
(((((((((.....))))))))).)))).)))))))))...))))).))))))))))..(((((.((..
(((((((((..(((..((((..(...(.((((((.((((.
((((....)))).)))).)))))).)...)..))))..)))..))))))))).)).)))))............
...(((((((((....))))))))))))...... (-637.70)

>ITS1
UCAAAUCCUCGUACCGAAUGACCCGCGAACGCGUUCCGAAAAUAAAGAAGCGCUGCUGCGCCCUCGCUCGGUCGGCCGGC

GACAAAAUUACUUGCUGCCGGACGCGCCGAGCGGCGAAAACAAAAUCCGGCGCGGGAAGCGCCAAGGACCACA
GCGAAACAGAGAAGGGACGGCCCUUCCCGCGGUGUCCUCGCCGCGGGGACUAAAAAGGGGUCUCCGAACGAUA
AAAAAACAU

........((((.(.((..(((((.(......((((..............(((((.((((((...(((((((((.
((((((.(((......))).)))))).)).))))))))))).........
((((((((.....)))))..))).))))))).......((((((....))))))
((((((((....))))))))))))......)))))))).).))))........... (-91.50)

>ITS2
ACUGCGUCGGCCCCCCUCACCCGUGUCCCGAAAGGGGUCGCGGGCCGCAGGGGGCCGGAAGUUGGCUUCCCGUGCAGUGU

UCGCGGCUAGCCCGAAACACGGUUCCCUCGCCGCGGAUGUCGCGACAAGUGGUGGUCGUCGAGAUUGUACGCG
AGUUGCCGGCAAAGCUGCGUCGAGGAGAGCGUUUCUGGACCCCGUGCGAGAUGAGUCCUUCGGCGAGAGGGGC
AAUUCCGUGGAUU

.(((((...(((((.(((.((((((.(((.....))).)))))).((((.(((((((((((..((((..
(((((.......)))))..)))).........(((((((((.(((((.(((((((((..(((..
((((.....))))...)))..)))).)))))...))))).))))).)))).))))))).)))).)))).....
.(((....)))))).))))).....)))))... (-112.50)

>5.8S+26S
UAUACGACUCUCGGCAACGGAUAUCUAGGCUCUCGCAUCGAUGAAGAACGUAGCAAACUGCGAUAGUUGGUGUGAAUUGC

AGAAUCCCGUGAACCAUGGAGUCUUUGAACGCAAGUUGCGCCCGAAGCCAUUAGGCCGAGGGCACGUCUGCCU
GGGCGUCACGC&GCGACCCCAGGUCAGGCGGGGCUACCCGCUGAGUUUAAGCAUAUCAAUAAGCGGAGGAAAA
GAAACUAACGAGGAUUCCCCUAGUAACGGCGAGCGAACCGGGAACAGCCCAAGCUUAGAAUCGGGCGGCUCUG
CCGUCCGAAUUGUAGCCUGGAGAAGCGUCCUCAGUGGCGGACCGAGCACAAGUCCUCUGGAAUGGGGCACCGG
AGAGGGUGACAGUCCCGUCGUGCUCGGACCCUGUCGCACCACGAGGCGCUGUCGGCGAGUCGGGUUGUUUGGG
AAUGCAGCCCUAAUCGGGCGGUAAAUUCCGUCCAAGGCUAAAUACGGGCGAGAGACCGAUAGCGAACAAGUAC
CGCGAGGGAAAGAUGAAAAGGACUUUGAAAAGAGAGUCAAAGAGUGCUUGAAAUUGUCGGGAGGGAAGCGAAU
GGGGGCCGGCGAUGCGCCCCGGUCGGAUGUGGAACGGCGACAAGCUGGUCCGCCAAUCGACUCGGGGUGUGGA
CCAGCGCGGAUUGGGACGGCGGCCAAAGCCCGGGCUGAAGAGACGCCCACGGAGACGCCGUCGCCCCGAUCGU
GGCGAGACAGCGCGCGCCCUCUGGCGUGCUCCGGCAUCCGCGCGCUCUCGGUGCUGGCCUGCGGGCUCCCCAU
UCGACCCGUCUUGAAACACGGACCAAGGAGUCUGACAUGUGUGCGAGUCAACGGGCGAGUAAACCCGUAAGGC
GCAAGGAAGCUGAUUGGCGGGAUCCCCCGGGCGGGGUGCACCGUCGACCGACCUUGAUCUUUUGAGAAGGGUU
CGAGUGAGAGCAUACCUGUCGGGACCCGAAAGAUGGUGAACUAUGCCUGAGCGGGGCGAAGCCAGAGGAAACU
CUGGUGGAGGCCCGCAGCGAUACUGACGUGCAAAUCGUUCGUCUGACUUGGGUAUAGGGGCGAAAGACUAAUC
GAACCAUCUAGUAGCUGGUUCCCUCCGAAGUUUCCCUCAGGAUAGCUGGAGCUCGCGUGCGAGUUCUAUCGGG
UAAAGCCAAUGAUUAGAGGCAUCGGGGGCGCAACGCCCUCGACCUAUUCUCAAACUUUAAAUAGGUAGGACGG
GGCGGCUGCUCCGGUGAGCCGUCCCACGGAAUCGAGAGCUCCAAGUGGGCCAUUUUUGGUAAGCAGAACUGGC
GAUGCGGGAUGAACCGGAAGCCGGGUUACGGUGCCCAACUGCGCGCUAACCUAGAUACCACAAAGGGUGUUGG
UCGAUUAAGACAGCAGGACGGUGGUCAUGGAAGUCGAAAUCCGCUAAGGAGUGUGUAACAACUCACCUGCCGA
AUCAACUAGCCCCGAAAAUGGAUGGCGCUCAAGCGCGCGACCUACACCCGGCCGUCGGGGCAAGUGCUAGGCC
CCGAUGAGUAGGAGGGCGCGGCGGUCGCUGCAAAACUCAGGGCGCGAGCCCGGGCGGAGCGUCCGUCGGUGCA
GAUCUUGGUGGUAGUAGCAAAUAUUCAAAUGAGAACUUUGAAGGCCGAAGAGGGGAAAGGUUCCAUGUGAACG
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GCACUUGCACAUGGGUUAGUCGAUCCUAAGGGUCGGGGGAAGCCUGACAGAUGGCGCGUUCCGCGCGUGCUCC
GAAAGGGAAUCGGGUUAAAAUUCCUGAACCGGGACGUGGCGGCUGACGGCAACGUUAGGGAGUCCGGAGACGU
CGGCGGGGGCCUCGGGAAGAGUUAUCUUUUCUGUUUAACAGCCUGCCCACCCUGGAAACGGCUCAGCCGGAGG
UAGGGUCCAGCGGCUGGAAGAGCACCGCACGUCGCGCGGUGUCCGGUGCGCCCCCGGCGGCCCUUGAAAAUCC
GGAGGACCGAGUGCCGUCCACGCCCGGUCGUACUCAUAACCGCAUCAGGUCUCCAAGGUGAACAGCCUCUGGU
CGAUGGAACAAUGUAGGCAAGGGAAGUCGGCAAAAUGGAUCCGUAACCUCGGGAAAAGGAUUGGCUCUGAGGG
CUGGGCACGGGGGUCCCAGUCCCGAACCCGUCAGCUGUCGGCGGACUGCUCGAGCUGCUCCCGCGGCGAGAGC
GGGUCGCCGCGUGCUGGCCGGGGGACGGAUUGGGAACGGCUCCCUCGGGGGCCUUCCCCGGGCGUCGAACAGU
CGACUCAGAACUGGUACGGACAAGGGGAAUCCGACUGUUUAAUUAAAACAAAGCAUUGCGAUGGUCCCUGCGG
AUGCUAACGCAAUGUGAUUUCUGCCCAGUGCUCUGAAUGUCAAAGUGAAGAAAUUCAACCAAGCGCGGGUAAA
CGGCGGGAGUAACUAUGACUCUCUUAAGGUAGCCAAAUGCCUCGUCAUCUAAUUAGUGACGCGCAUGAAUGGA
UUAACGAGAUUCCCACUGUCCCUGUCUACUAUCCAGCGAAACCACAGCCAAGGGAACGGGCUUGGCAGAAUCA
GCGGGGAAAGAAGACCCUGUUGAGCUUGACUCUAGUCCGACUUUGUGAAAUGACUUGAGAGGUGUAGGAUAAG
UGGGAGCCCUCGGGCGAAAGUGAAAUACCACUACUUUUAACGUUAUUUUACUUAUUCCGUGAAUCGGAGGCGG
GGCUCUGCCCCUCUUUUUGGACCCAAGGUUGCUUCGGCAGCCGAUCCGGGCGGAAGACAUUGUCAGGUGGGGA
GUUUGGCUGGGGCGGCACAUCUGUUAAAAGAUAACGCAGGUGUCCUAAGAUGAGCUCAACGAGAACAGAAAUC
UCGUGUGGAACAGAAGGGUAAAAGCUCGUUUGAUUUUGAUUUCCAGUACGAAUACGAACCGUGAAAGCGUGGC
CUAACGAUCCUUUAGACCUUCGGAAUUUGAAGCUAGAGGUGUCAGAAAAGUUACCACAGGGAUAACUGGCUUG
UGGCAGCCAAGCGUUCAUAGCGACGUUGCUUUUUGAUCCUUCGAUGUCGGCUCUUCCUAUCAUUGUGAAGCAG
AAUUCACCAAGUGUUGGAUUGUUCACCCACCAAUAGGGAACGUGAGCUGGGUUUAGACCGUCGUGAGACAGGU
UAGUUUUACCCUACUGAUGCCGGCGCCGCAAUAGUAAUUCAACCUAGUACGAGAGGAACCGUUGAUUCGCACA
AUUGGUCAUCGCGCUUGGUUGAAAAGCCAGUGGCGCGAAGCUACCGUGCGUUGGAUUAUGACUGAACGCCUCU
AAGUCAGAAUCCGGGCUAGAAGCUGCGCGUGUGCCUGCCGUACGUUUGCCGACCCGCAGUAGGGGCCUUGGCC
CCCAAGGGCACGUGUCAUUGGCCGAGCCGUCGGGGCGAAAGAGCCUCGCCGGCUGCCUUGAAGUUCAAUUCCC
AUCGAGCGGCGGGUAGAAUCCUUUGCAGACGACUUAAAUACGCGACGGGGUAUUGUAAGGGGCAGAGUGGCCU
UGCUGCCACGAUCCUCUGAGAUUCAGCCCUUUGUCGACUCGAUUCGU

...((((((((.((..((((...(((..((..((((((((((......
(((((....)))))...))))))))))...)))))...))))...))..)))).(((((..
((((...))))..)))))......((((((.((((((((((((((((.(((.(..&).))))))))).)))
(((((....)))))..(((((.......((........)).......)))))..(((((...((((((((..
(((((((((....(((.....)))..(((..((.(((((((((...))))))))).))..))).......
((((.((((.(((((((.((((((((...(((...)))
((((((((((......)))....))))))).))))))))...))))))).....))))))))..((((((...
(((((((........)))))))...))((((((......)))))).((((...(((((.((....
(((((((......((((((((...................
((((((......))))))...).)))))))......(((((((((...((((((((((((.(((..
(((((((((((((..(((((.((((.....)))).)))))...))))).))))))))((.(((((((.
(((((((.(((((((.....((.((((.........))))..))....))))))).)))))))....
(((((..(((((((....
((((......))))....)))))))))))))))))))))))).))).))))))))).))).))))))....
(((((......))))).....((((((((((((((((((........))).(((((..((...((((.((..
((((.((((...((((((((((.(((((((...(((((..
((....))..))))))))).)).).)))).))))))))))))))..)).))))...)).)))))..(((((.
(...(((((((....)))))))...).))))).......(.((((.((.....)).)))).).(((..((((.
(((..(((..((((......((((((.((....((((.(((((((.....((((.(((((.((((((((((.
((..((.((((((((...(((((....(((....(((..
(((((((((...))))))))))))....)))..)))))....))))))))
(((((((((((....)).))))))))).))....)).)))))))).(((((((((((((((...((((....
(((..(.(((......))).).)))((((((..((((......))))..)))))).
((((((......)))))).(((......))).(((((..(((((...(.(....).)...)))))...
((((........)))).)))))........)).)).)))))))))).(.((((......)))).))))))..
((.(((((((((((.........))))))))).)).))...(((((((((.((((.(....(((.
((((....))))))).).)))).))))).)))).(((((..(((..(((.((.....((((.(((.
(((((((.....
((......))..)))))))))).))))..)))))..)))..))))).))..))))).))))))))))).))))
..))))))))(((((((((.......(((.....))).(((((........)))))..)))))))))
(((((...(((((.((.(((((..((((((...((((.((((((((((((((((((....))))))..(((..
(((((.((..((((((....((((...))))....))))))...)))))))..)))
(((((((.......))))))))))).).))))))).)))).........))))))((((.....
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((((((((((..(((((..(((((.....((.(((.((.(((..(((((((((((..((((.((((..
((((((((((.(((...((((((((....(((((((......))).....((((((((((((((((((((((.
(((((((((((((((....(((((((((((.(((((..((((((..
(((((....)))))..))))))..))))))).))))).))))....)))))))))..
((((((....)))))).)))))).))(((((....))))).......(((((.(((((..(((((((((..
(((((.....)))))..((((((((.((((((....))..)))).))))))))......(((((.(((((.
(((((.((........)).)))))....))))))))))......((((((.......))))))...
(((((......)))))
((((((.......))))))................)).)))))))..))))).)).)))....))))).....
..(((((..(((..((((((.(((((..
(((((((((........)))))))))..))).))..)))))).....(((((((((((((((((..((.
((..........(((....)))............))))..))))))).))))))))))....
((((.....))))((.(((((...))))).)).......)))..))))))))))).)))))))))...
((((((.((.((((.(.(((((.(((((((((((((((.
((((((((...........))))))))))........)))).((((((.......)))))).(((((((((.
((((....)))).))))........))))).((((..((((...))))....)))).......
((((((((((..(((((.....)))))))))))).)))..........
(((((((.........)))))))))))))))).))).)).))))).)).)))))))))).....)))))))))
)))))).))))))....))....))))))......)).))))))))).........))))).)))))))))).
..))))).)))).))).)))..))))..))))).)).)))))..)))))..))))..)))..))).))))..)
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Appendix 3.1: Shell code for Building_exon_probes.sh
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#!/usr/bin/env tcsh

#                                 Appendix 3.1
#                           Building_exon_probes.sh
#         Workflow and script for development of Hyb-Seq target probes

################################################################################
#                                                                              #
#                       *** PLEASE CONTINUE READING ***                        #
#                                                                              #
#THIS FILE IS BOTH A DETAILED DESCRIPTION OF THE HYB-SEQ PROBE DESIGN PROCESS, #
#AND A PROGRAM THAT CAN BE RUN IN A LINUX ENVIRONMENT.                         #
#                                                                              #
#COMMENTS ARE CONTAINED ON LINES BEGINNING WITH A # SYMBOL.                    #
#                                                                              #
################################################################################

#Disclaimer:
#Although these commands should function with just the input of two fasta
#files, genome.fasta and transcriptome.fasta, their proper execution is not
#guaranteed. Given the idiosyncrasies in file formats and operating
#environments, these commands are meant more as a starting point, to be
#modified as needed by the user. For example, the presence of spaces or tabs in
#the ID line of the fasta files may cause problems downstream.

#Copyright (c) 2014
#K. Weitemier, S.C.K. Straub, R. Cronn, M. Fishbein, R. Schmickl, A. McDonnell,
#and A. Liston.
#This script is free software: you can redistribute it and/or modify it under
#the terms of the GNU General Public License as published by the Free Software
#Foundation, either version 3 of the License, or (at your option) any later
#version. A copy of this license is available at <http://www.gnu.org/licenses/>.
#Great effort has been taken to make this software perform its said
#task, however, this software comes with ABSOLUTELY NO WARRANTY,
#not even for MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.

#TO RUN THIS SCRIPT (in a Linux environment):
#Copy this script into a new directory along with:
#1) A fasta file of genomic contigs, named "genome.fasta"
#2) A fasta file of transcriptome contigs, named "transcriptome.fasta"
#3) the file provided with this script named "grab_singleton_clusters.py" and
#4) the file provided with this script named "blat_block_analyzer.py"
#You may need to make this script and the other two programs executable, or able
#to be recognized as programs. To do this, run the following command:
#
#  chmod +x Building_exon_probes.sh grab_singleton_clusters.py
# blat_block_analyzer.py
#
#Finally, to run the script, type the following command:
#
#  ./Building_exon_probes.sh
#
#Additional notes: This script calls two third-party programs, BLAT and
#CD-HIT-EST. These need to be installed on your system so that they can be
#called simply from the commands "blat" and "cd-hit-est", respectively. It is
#also necessary to have Python 2.x installed to run grab_singleton_clusters.py
#and blat_block_analyzer.py.
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#If you find this program useful, please cite:
#K. Weitemier, S.C.K. Straub, R. Cronn, M. Fishbein, R. Schmickl, A. McDonnell,
#and A. Liston. 2014. Hyb-Seq: Combining target enrichment and genome skimming
#for plant phylogenomics. Applications in Plant Sciences 2(9): 1400042.

################################################################################
#Match genome and transcriptome sequences
################################################################################
#Here we use BLAT to identify transcripts that have high identity to genomic
#contigs. An important consideration when preparing the input genome and
#transcriptome assemblies is to first remove those contigs that match the
#chloroplast or mitochondrial genomes, so that they are not targeted in the same
#pool as nuclear loci. The presence of multiple copies of these genomes in
#prepared libraries, relative to the nuclear genome, will skew the ratio of
#captured fragments by an equal proportion (e.g., if 100 copies of a targeted
#chloroplast locus are present relative to a targeted nuclear locus, the pool of
#enriched fragments, and sequenced reads, will over-represent the chloroplast
#locus by about 100:1). High copy loci such as the chloroplast will represent a
#large fraction of off-target sequenced reads and can likely be assembled
#without enrichment. If enrichment of organellar or other high copy regions is
#desirable (as might be required for very high multiplexing), target enrichment
#should be done in a separate reaction using a separate set of probes. After
#enrichment, the individual pools representing different targeted fractions
#(e.g., nuclear and chloroplast targets) can be re-mixed at desired ratios for
#multiplex sequencing.

#As a default in this step the matching identity is set very high (99%) because
#the transcripts and genomic contigs are expected to come from the same
#individual. If this is not the case, particularly if the transcriptome and
#genome originate from different taxa, you should reduce the stringency by
#modifying the "-minIdentity" flag.

#The fasta files should be formatted so that each sequence takes up exactly two
#lines: the ID line and the sequence line.

#This step may take a very long time.

echo """Comparing genome and transcriptome. This may take a very long time."""
date
blat genome.fasta transcriptome.fasta -tileSize=8 -minIdentity=99 -noHead 

-out=pslx genome_v_transcriptome.pslx

################################################################################
#Find and extract transcriptome sequences with only one match against the genome
################################################################################
#This step removes transcripts that have matches against more than one genomic
#contig, based on the assumption that multiple hits may indicate loci with
#several copies in the genome. However, this step may exclude loci that are
#truly single copy in cases where a locus is split across more than one genomic
#contig in a fragmented genome assembly.

echo """Finding and extracting matches with a single hit."""
date
cut -f10 genome_v_transcriptome.pslx | sort | uniq -u | sed -e 's/^/\\\</' -e 

's/$/\\\>/' > single_hits_vs_genome.txt
grep -f single_hits_vs_genome.txt genome_v_transcriptome.pslx > 

single_hit_genome_v_transcriptome.pslx

################################################################################
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#Keep only matches hitting at least 95% of the transcript.
################################################################################

echo """Finding and extracting transcripts with single, substantial hits."""
date
awk '{if (($13-$12) >= ($11 * 0.95)) print $0}' 

single_hit_genome_v_transcriptome.pslx > 
whole_gene_single_hit_genome_v_transcriptome.pslx

#Extract these transcripts from the transcriptome assembly
cut -f10 whole_gene_single_hit_genome_v_transcriptome.pslx | sed -e 's/^/^>/' -e 

's/$/\\\>/' > single_whole_hits_vs_genome.txt
grep -A1 -f single_whole_hits_vs_genome.txt transcriptome.fasta | sed '/^--$/d' 

> single_transcript_hits.fasta

################################################################################
#Cluster any nested transcripts
################################################################################
#In some cases, one transcript may exactly match, but be nested within, another
#transcript. This program finds such transcripts and retains only the largest
#sequence.

echo """Clustering transcripts with 100% identity."""
date
cd-hit-est -i single_transcript_hits.fasta -o 

single_transcript_hits_cluster_100.fasta -d 0 -c 1.0 -p 1 > 
cluster_100_single_transcript_hits_log.txt

################################################################################
#Remove transcripts with 90% or greater similarity
################################################################################
#This step removes transcripts that share high identity. This should help reduce
#the number of targeted loci with multiple copies within the genome, and reduce
#the chance of capturing similar, but off-target, loci.

echo """Clustering and removing transcripts with 90% identity."""
date
cd-hit-est -i single_transcript_hits_cluster_100.fasta -o 

single_transcript_hits_cluster_90.fasta -d 0 -c 0.9 -p 1 -g 1 > 
cluster_90_single_transcript_hits_log.txt

python grab_singleton_clusters.py -i 
single_transcript_hits_cluster_90.fasta.clstr -o 
unique_single_transcript_hits_cluster_90.fasta.clstr

grep -v '>Cluster' unique_single_transcript_hits_cluster_90.fasta.clstr | cut 
-d' ' -f2 | sed -e 's/\.\.\./\\\>/' -e 's/^/^/' > 
unique_single_transcript_hits

grep -A1 -f unique_single_transcript_hits 
single_transcript_hits_cluster_100.fasta | sed '/^--$/d' > 
unique_single_transcript_hits.fasta

sed -e 's/\^>/\\\</' unique_single_transcript_hits > 
unique_single_transcript_hits_for_pslx

grep -f unique_single_transcript_hits_for_pslx 
whole_gene_single_hit_genome_v_transcriptome.pslx > 
unique_single_hits.pslx

################################################################################
#Find loci and exons that meet length requirements
################################################################################
#This step finds every remaining locus and all the remaining exons that make up
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#that locus. If an exon is above a specified length, the program adds it to the
#total length for that locus. It outputs the sequences of all the large exons
#for each locus that exceeds a specified minimum length. The default minimum
#length for exons is 120 bp, which matches the length of the probe oligos used
#in the target capture reaction. It can be modified by altering the "-s" flag.
#The default minimum length for loci is 960 bp. This was chosen because it is a
#multiple of 120 and was considered a large enough length for reliable gene tree
#estimation. It can be modified by altering the "-l" flag.

echo """Finding loci and exons that meet length requirements."""
date
python blat_block_analyzer.py -i unique_single_hits.pslx -o 

large_enough_unique_single_hits.fasta -l 960 -s 120

################################################################################
#Remove exons with 90% or greater similarity
################################################################################
#Finally, any remaining individual exons that share >=90% identity are removed.
#This is to prevent any problems caused by the cross-enrichment of similar
#exons across different loci.

echo """Removing individual exons with high identity."""
date
cd-hit-est -i large_enough_unique_single_hits.fasta -o 

large_enough_unique_single_hits_cluster90.fasta -d 0 -c 0.9 -p 1 -g 1 > 
cluster_90_large_enough_unique_single_hits_log.txt

python grab_singleton_clusters.py -i 
large_enough_unique_single_hits_cluster90.fasta.clstr -o 
unique_blocks_large_single_hits_cluster90.fasta.clstr

grep -v '>Cluster' unique_blocks_large_single_hits_cluster90.fasta.clstr | cut 
-d' ' -f2 | sed -e 's/\.\.\./\\\>/' -e 's/^/^/' > 
unique_blocks_large_single_hits

grep -A1 -f unique_blocks_large_single_hits 
large_enough_unique_single_hits.fasta | sed '/^--$/d' > 
blocks_for_probe_design.fasta

echo """Process complete."""
date
echo """\nIf you find this program useful, please cite:\n\nK. Weitemier, S.C.K. 

Straub, R. Cronn, M. Fishbein, R. Schmickl, A. McDonnell,\
and A. Liston. 2014. Hyb-Seq: Combining target enrichment and genome skimming\
for plant phylogenomics. Applications in Plant Sciences 2(9): 1400042.\n"""

#The final output file, blocks_for_probe_design.fasta, contains sequences of
#each exon for each locus that are thought to be low-copy within the genome and
#meet the minimum length standards. The sequences that are output are ultimately
#derived from the original genome assembly (as opposed to the transcriptome
#assembly, if there are differences between the two).
#The ID line of each sequence is comma delimited and contains the name of the
#locus it originates from (from the transcriptome ID), the name of the genomic
#contig it matches followed by an underscore and a number indicating the exon
#within the locus (exon numbering within a locus is arbitrary), and the length
#of the exon. As an example, the following ID line identifies the second exon
#found within transciptome locus m.33568 and genome contig 5193133, which has a
#length of 186 bp:
#
#  >m.33568,5193133_2,186
#  ctca...

#End of File.
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Appendix 3.2: Hyb-Seq workflow from raw reads to species tree.



178

This appendix describes the generalized process for analyzing raw data from a 

Hyb-Seq library targeting hundreds or thousands of loci and exons, beginning with raw 

sequenced reads and ending with estimation of a species tree. This description includes 

the methods used in this study. However, due to idiosyncrasies in data sets, analysis 

preferences, bioinformatic expertise, operating environments, and software availability, 

and the rapidly changing nature of trends and methods in sequencing technologies and 

analyses, we realize that applying these exact methods to other studies may not be 

feasible. Therefore, instead of providing a strict set of commands or a stand-alone 

program to perform all of these steps, we describe the motivation and reasoning behind 

our choices at each step. The reader is encouraged to consider their own needs, 

preferences, and resources when performing each step for their own analyses. 

This document assumes that the enrichment probes will be targeting several 

hundred genes or loci, each of which may be constructed of multiple exons. It describes a 

strategy of assembling sequence for each exon, then combining exons into loci, then 

analyzing loci under a coalescent framework. This matches the framework that was 

adopted for this study, and we expect it will be a typical strategy for studying samples 

across several genera. However, the smallest units of contiguous targeted sequence do not 

necessarily need to be exons, but could be any low-copy region of the genome. In such a 

case, the protocols described here would remain largely unchanged.

Throughout this document, wherever there is a reference to the “probe sequences” 

it is referring to the sequence of each exon used as a template for the probe design, not to 

the actual 80–120 bp oligonucleotide probes.

Read processing

Decisions about how raw reads with quality scores are processed prior to analysis 

can have a dramatic influence on final results. Typical manipulations include, but are not 

limited to, trimming reads that include adapter sequence, trimming portions of reads 

where the base quality is below a certain threshold, and removing reads that are exact 

duplicates of another read. We often find that a stricter filtering scheme results in more 

complete assemblies, even though a substantial portion of the raw data may be discarded. 
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The removal of exact duplicate reads is intended to mitigate the effect of PCR bias 

preferentially amplifying some genome fragments over others. 

We used the program Trimmomatic (Bolger et al., 2014) to perform adapter 

trimming and quality filtering. This program can perform several read-processing steps 

simultaneously, and is available in Java .jar format for availability across platforms. 

Duplicate removal was performed with the fastx_collapser program in the FASTX-

Toolkit (available at http://hannonlab.cshl.edu/fastx_toolkit/), a suite of tools for 

performing several read-processing actions.

Exon assembly

In this step, the processed reads are assembled into the targeted exons and non-

targeted high-copy loci for each sample. Many programs are available for assembling 

Illumina sequence data. We used an iterative reference-guided assembly approach, where 

the probe sequences were used as a pseudo-reference to guide the assembly of the 

targeted exons from each sample. We performed this analysis with the program YASRA 

(Ratan, 2009), as implemented in the Alignreads pipeline (Straub et al., 2011), but other 

iterative assemblers, such as that included in the proprietary Geneious bioinformatics 

suite (Biomatters Ltd., Auckland, New Zealand), would also be suitable. YASRA 

tolerates divergence from the reference and, therefore, allows the assembled sequence to 

have indels and substitutions relative to the reference. This feature also makes it useful 

for assembly of non-targeted loci by using sequences from related taxa as a reference 

(e.g., for plastome or nrDNA assembly; Straub et al., 2012). YASRA will continue to 

assemble sequence beyond the edges of the reference, which is useful in this application 

for assembly of the “splash zone.” Assembly of the “splash zone” could also be 

accomplished by using a reference that contains introns of the expected size, such as the 

original genomic contigs from which the probes were designed. We performed the 

reference-guided assembly using a single YASRA run for each sample (as opposed to one 

run per exon per sample) by constructing a single reference sequence containing each 

exon separated by a string of 200 Ns. 
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De novo assembly can be used as an alternative to a reference-guided approach. 

This may be useful for locating novel intron-exon boundaries among samples, and may 

be able to simultaneously assemble both the targeted loci and non-targeted high-copy 

loci. However, a de novo approach may also be more computationally expensive, and 

some programs may have difficulty with the differences in read coverage between 

targeted and non-targeted regions.

Identify assembled contigs (i.e., assign orthology)

Regardless of the method used for exon assembly, the resulting assembled 

sequence will exist as a set of contigs that correspond to the set of targeted exons. These 

contigs may not be labeled with which exon they correspond to, as in the case of de novo 

assembly or in the present case of reference-guided assembly from concatenated exons, 

and they will contain sequence from the non-targeted “splash zone” beyond the 

boundaries of the targeted exons. To identify the exon that served as the reference for 

each contig, we matched the set of contigs against the set of exons using the program 

BLAT (Kent, 2002). This program allows indels between the database and query 

sequences, and can output the nucleotide sequence of the matching portion by outputting 

the results in the .pslx format (i.e., using the option “-out=pslx”).

Sequence alignment: collate exons and perform alignment

This first step in constructing a sequence alignment for each exon simply entails 

gathering together for each exon the sequence of each sample. We have written a 

program, assembled_exons_to_fasta.py, that performs this sorting if the previous step of 

matching exons to contigs was performed using BLAT. The BLAT output needs to be in 

the .pslx format and needs to have the exon probe sequences input as the database (or 

targets), and the contigs to be labeled as the query. The user provides a fasta file of the 

probe sequences and a file containing a list of the .pslx files to be analyzed. The program 

outputs a fasta file for each targeted exon. Each fasta file contains the sequence for each 

sample that had the largest match to the exon. If a sample has no match to that exon, it is 

still included but given a sequence consisting of Ns equal to the length of the exon. Note 

that this program was designed for studies of taxa across several genera, so it includes 
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only exon sequence and excludes introns or untranslated regions that may be present in 

the “splash zone.” In applications where the “splash zone” is desired, BLAT could still be 

used to identify contigs, but other tools would be needed to extract the desired sequence. 

For each exon file, we then performed a standard sequence alignment using the program 

MAFFT (Katoh and Toh, 2008).

Concatenate exons

At this point, a sequence alignment is constructed for each locus. This can be 

done by simply concatenating the sequences for each exon of that locus. We performed 

this step using the program catfasta2phyml.pl (Nylander, 2011), which simultaneously 

concatenates the sequences and transforms them into phyml format for downstream 

analysis. For each locus, we concatenated the exons in an arbitrary order. This should 

have no effect on phylogenetic analyses under the assumption of independently evolving 

sites. However, some partitioning schemes, such as those that use codon position, may be 

more accurate if applied at the exon level rather than the locus level, and should be 

performed prior to exon concatenation. It is important to recall that the concatenated 

exons are not the equivalent to complete genes or cDNA sequences: in addition to the 

arbitrary ordering of exons, many exons will be missing either because they were 

excluded from the original probe set due to their short size or were simply not sufficiently 

enriched to be assembled in a particular sample.

Tree estimation

A rich literature exists on methods of gene tree estimation, and a rapidly 

expanding literature is being developed on species tree estimation. We favored a strategy 

of estimating gene trees, including bootstrap replicates, individually for each locus, and 

then using those sets of gene trees to estimate a species tree. Gene trees were estimated 

with RAxML (Stamatakis, 2006), with a species tree being estimated using MP-EST via 

the STRAW webserver, which incorporates a coalescent framework (Liu et al., 2010; 

Shaw et al., 2013).



182

Appendix 3.3: Comparison of post-sequencing analyses
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Tools designed for the analysis of ultra-conserved elements (UCEs) have been 

used to analyze sequences resulting from the enrichment of genes containing multiple 

exons (Mandel et al., 2014). We compared one such analysis pipeline, phyluce version 

1.4 (Faircloth et al., 2012; Faircloth, 2016), with the bioinformatics pipeline presented 

here (Hyb-Seq pipeline). Major differences between the Hyb-Seq pipeline and phyluce 

include the method of sequence assembly (reference-guided or de novo, respectively) and 

the method of removing high-copy loci. The Hyb-Seq pipeline does much of the 

screening against high-copy loci during the probe design process, and after reference-

guided assembly chooses the assembled contigs with the longest match against the 

targeted exon (if there are multiple hits). The phyluce pipeline filters out high-copy loci 

by removing those assembled contigs with matches against multiple targeted loci, and by 

removing targeted loci with matches against multiple assembled contigs. To better 

understand the effects of these differences we compared results from the Hyb-Seq 

pipeline against (1) the entire phyluce pipeline, and (2) the phyluce pipeline using the 

reference-guided assembled contigs used in the Hyb-Seq pipeline.

Assembly of adapter- and quality-trimmed reads was performed with Velvet (de 

novo assembly; Zerbino and Birney, 2008), as implemented in phyluce. Best k-mer 

length (k = 23) for de novo assembly was estimated with KmerGenie version 1.6663 

(Chikhi and Medvedev, 2014), which searches for the optimal trade-off between largest 

k-mer length and maximum number of genomic k-mers in the data set. Contigs from 

reference-guided and de novo assembly strategies were processed in phyluce with the 

following parameters: matching of contigs to probe sequences was performed with 90% 

minimum sequence identity, the “incomplete matrix” option allowed for missing data 

from taxa and genes, and genes with fewer than three taxa with sequence data were 

excluded.

Although the most liberal settings to allow for missing data were used, a large 

number of genes were dropped in both phyluce analyses compared to the Hyb-Seq 

pipeline (Table 3.4). This occurred primarily in the orthology assignment step, but also 

during the alignment step. The dramatic reduction in usable loci between the Hyb-Seq 
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pipeline and phyluce, as it is currently implemented, is due to the targeted loci consisting 

of genes containing multiple exons. This is inappropriate for the filtering against multiple 

target/contig matches performed by phyluce, which was designed for UCEs that are 

expected to be assembled as single contigs. The several exons contained within a targeted 

gene might very well be assembled on separate contigs, especially under de novo 

assembly, and subsequently be excluded from the phyluce pipeline when it finds multiple 

contigs matching a single locus. We conclude that the current implementation of phyluce 

is inappropriately conservative for analyses of data sets similar to the one collected here 

and that of Mandel et al. (2014). 
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Appendix Figures
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Appendix Figure 2.1: Total consensus sequence insertions and deletions relative to 

Asclepias syriaca.

Total number of inserted base pairs (Y-axis) and deleted base pairs (X-axis) of individual 

consensus sequences relative to A. syriaca. The size of the circle is relative to the number 

of individuals at that position. Points above the line are sequences longer than A. syriaca, 

points below the line are shorter. 
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Appendix Figure 2.2: Polymorphism abundance under relaxed vs. standard read 

mapping.

The slope of the trend line is 1.211.
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Appendix Figure 2.3: Intragenomic indels vs. SNPs.

The slope of the trend line is 0.027.
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Appendix Figure 3.1: Percentage of variable sites within sequence alignments of 12 taxa 

at 768 loci.
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