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Abstract 
 The advent of next-generation sequencing has significantly reduced the cost of obtaining 
large-scale genetic resources, opening the door for genomic studies of non-model but 
ecologically interesting species. The shift in mating system, from outcrossing to selfing, has 
occurred thousands of times in angiosperms and is accompanied by profound changes in the 
population genetics and ecology of a species. A large body of work has been devoted to 
understanding why the shift occurs and the impact of the shift on the genetics of the resulting 
selfing populations, however, the causes and consequences of the transition to selfing involve a 
complicated interaction of genetic and demographic factors which are difficult to untangle. 
Abronia umbellata is a Pacific coastal dune endemic which displays a striking shift in mating 
system across its geographic range, with large-flowered outcrossing populations south of San 
Francisco and small-flowered selfing populations to the north. Abronia umbellata is an attractive 
model system for the study of mating system transitions because the shift appears to be recent 
and therefore less obscured by post-shift processes, it has a near one-dimensional geographic 
range which simplifies analysis and interpretation, and demographic data has been collected for 
many of the populations. In this study, we generated transcriptome-level data for 12 plants 
including individuals from both subspecies, along with a resequencing study of 48 individuals 
from populations across the range. The genetic analysis revealed a recent transition to selfing 
involving a drastic reduction in genetic diversity in the selfing lineage, potentially indicative of a 
recent population bottleneck and a transition to selfing due to reproductive assurance. 
Interestingly, the genetic structure of the populations was not coincident with the current 
subspecies demarcation, and two large-flowered populations were classified with the selfing 
subspecies, suggesting a potential need for re-evaluation of the current subspecies classification. 



 iii 

Our finding of low diversity in selfing populations may also have implications for the 
conservation value of the threatened selfing subspecies.           
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Chapter 1 
 

General Introduction 
 

Genomic analyses have provided new opportunities for studying the genetic 
consequences of mating system variation. Plant species containing relatively recently diverged 
populations of selfers and outcrossers provide the best opportunities for investigating the 
consequences, and perhaps causes, of selfing because these are not confounded by changes in 
ecology and genetics unrelated to selfing that may commonly occur between more distantly 
diverged lineages. Despite this there is still only a handful of studies, and very few on species 
where population demography and geographic distribution of diverged populations are well 
known. 

The cost of next-generation sequencing has been reduced to a point where it is currently 
feasible to perform a genome level study of non-model species of ecological interest. In 
particular, Illumina sequencing has emerged as the dominant sequencing technology, producing 
millions of short reads at relatively low cost (Unamba et al., 2015). Algorithmic advances in 
bioinformatic tools, including assemblers, read aligners, and variant callers have also made the 
shift to genomic level studies a possibility. For a study species with no available genetic 
resources, a transcriptome level study is a good starting point, because transcriptomes are much 
smaller and contain fewer repetitive elements than entire genomes, thus simplifying the process 
of de novo assembly (Gibbons et al., 2009). Also, transcript sequences can be placed into reading 
frame to identify the possible selective consequences of polymorphisms, and determine if they 
represent neutral genetic diversity (i.e. synonymous changes) or produce amino acid changes (i.e. 
nonsynonymous changes).    



 2 

The angiosperms, or flowering plants, are the largest and most diverse plant phyla, 
encompassing an estimated 90% of all extant plant species (theplantlist.org, 2013). Most 
angiosperms produce hermaphroditic flowers, able to generate both male and female gametes, 
thus providing the opportunity for a range of mating strategies (Barrett, 2002). About 40-45% of 
angiosperms are predominantly outcrossing, 40-45% employ a mixed-mating strategy with some 
outcrossing and some selfing, and 10-15% are predominantly self-fertilizing (Goodwillie et al., 
2005).  

The transition from outcrossing to selfing is among the most frequent evolutionary 
transitions in angiosperms, and there are two major explanatory hypotheses (Stebbins, 1974). 
Selfing may be favoured either because mates and/or pollinators are limited ("reproductive 
assurance"; Darwin, 1876), or because an allele that causes selfing is passed to the next 
generation more frequently than an allele for outcrossing since selfers are both father and mother 
to their own seed whereas outcrossers are only mothers ("transmission advantage"; Fisher, 1941). 
Despite its benefits, the spread of an allele for selfing is counteracted by inbreeding depression, 
the reduction in fitness of inbred compared to outbred progeny that occurs when rare deleterious 
recessive alleles that are normally heterozygous in outcrossing populations are rendered 
homozygous via selfing (Lande and Schemske, 1985). Further, selfing leads to the loss of genetic 
variation from populations, which may reduce adaptive potential thereby making selfing 
populations more vulnerable to extinction. Also, the transition to selfing involves the breakdown 
of genetic self-incompatibility mechanisms accompanied by morphological and ecological 
changes, and thus a shift to selfing is essentially irreversible (Takebayashi and Morrell, 2001). 
As a result, selfing, as a mating strategy, is posited to be an “evolutionary dead-end” that 
provides short-term benefits but cannot persist in the long term, and cannot be reversed 
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(Stebbins, 1957; Takebayashi and Morrell, 2001). This is supported by the observed frequent 
transition to selfing but relative paucity of long-lived selfing lineages (Igic and Busch, 2013).  

The evolution of self-fertilization has been well-studied because it is associated with 
profound changes in genetics and ecology. Selfers experience a myriad of both genetic and 
demographic effects including higher homozygosity, increased linkage disequilibrium, reduced 
effective population sizes, reduced efficacy of selection, more frequent founder events, more 
frequent extinction events, and reduced gene flow (Charlesworth and Wright, 2001; Nordborg, 
2000). These factors are expected to have important consequences for the pattern of molecular 
variation in selfing taxa: lower neutral genetic diversity within populations, higher neutral 
genetic diversity between populations, and higher frequencies of deleterious variants (Hamrick 
and Godt, 1996; Glémin et al., 2006). The extent to which these patterns are observed depends 
on the relative influence of the many genetic and ecological factors associated with selfing, as 
well as the time since the shift occurred, the level of selfing, and the mechanism by which selfing 
evolved.  

Although many studies have considered the causes and consequences of selfing, there is 
still much to understand, particularly with regard to untangling the relative influences of genetic 
and demographic factors on the levels of genetic diversity (Barrett et al., 2014). The most useful 
studies addressing questions related to mating system transitions compared recently diverged 
species or populations of outcrossers and selfers at orthologous genetic loci, and more recently at 
the genomic level (Ness et al., 2011; Hazzouri et al., 2013). Given the diversity of factors which 
can impact the molecular variation following the transition to selfing, studies that integrate 
genetic and demographic analysis of a species with a simple distribution and a well-known 
ecology are required.  
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 In this study, we addressed the genetic consequences and evolutionary causes of a mating 
system transition using a Pacific coastal dune endemic plant, Abronia umbellata Lam. 
(Nyctaginaceae). This plant provides excellent opportunities for studying the evolution of selfing 
because it has a simple one-dimensional distribution along coastal dune habitat from Baja 
California to southern Oregon. Abronia umbellata has experienced a mating system shift and has 
been classified into two distinct subspecies; populations south of San Francisco are self-
incompatible, large-flowered and predominantly outcrossing (ssp. umbellata) and individuals to 
the north are self-compatible, small-flowered and mainly selfing (ssp. breviflora; Tillett, 1967). 
The demographic features of this species are also well-studied, which includes the location of 
every site where this plant occurs, every site where this plant could occur but does not, and the 
density of plants at each site (Samis and Eckert, 2007).  
  Our approach for this study was first to generate genetic resources for A. umbellata, 
which we could then analyze and integrate with demographic data, to shed light on the genomic 
consequences of selfing and possibly how the transition to selfing occurred. In Chapter 2, I 
describe how we used next-generation sequencing of RNA (RNA-seq) of 12 individual plants (a 
mix of ssp. umbellata and ssp. breviflora), to perform a de novo assembly of the bud 
transcriptome. We first pooled all of the samples to assemble a consensus bud transcriptome, 
which we then used for the alignment of each individual plant to obtain individual-level bud 
transcriptomes. In Chapter 3, we used the bud transcriptome to design primer sets for ten 
transcripts to perform a Sanger resequencing study of a larger sample of 48 individuals; this 
allowed us to obtain high quality sequence data for a larger number of individuals and 
populations. We used both the bud transcriptome data and the resequencing data to assess the 
partitioning of neutral genetic diversity in A. umbellata, how the populations cluster with one 
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another, the potential origin of selfing, and started to explore the interaction between the genetic 
and demographic factors.     
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Chapter 2 
De novo transcriptome assembly and genomic analysis of the selfing and 

outcrossing subspecies of Abronia umbellata 
 
Abstract 
 The cost of sequencing has been reduced to a point where it is now feasible to generate 
genomic level resources for non-model organisms to answer ecologically interesting questions. 
The transition from outcrossing to selfing has occurred thousands of times during the 
evolutionary history of the angiosperms, accompanied by profound shifts in both the genetics 
and demography of the species. To better understand the causes and consequences of a shift in 
mating system, we need large-scale genetic resources from a species with known demographic 
characteristics. Abronia umbellata is a Pacific coastal dune endemic with a simple geographic 
range, across which it exhibits a drastic shift in mating system, whereby plants south of San 
Francisco are large-flowered and presumed outcrossing and plants in populations to the north 
produce small flowers and are likely highly selfing. Demographic data has been collected for 
many populations across the species range, including population densities and accurate site 
coordinates. We used Illumina RNA-seq to sequence the RNA of bud tissue from 12 individual 
plants spanning the species’ geographic distribution and range of mating system differentiation. 
This generated ~38.1x106 100-base pair reads per sample which were de novo assembled to 
develop a ‘consensus’ transcriptome of 36,524 transcripts with a mean length of 1138 base pairs, 
94.1% of which have a significant BLAST hit in the plant non-redundant protein database. This 
bud transcriptome will be a valuable resource to address questions about the causes and genetic 
consequences of mating system differentiation. 
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Introduction 
The ability to make genomic comparisons between evolutionarily diverged populations 

can provide insight into the ecological and genetic processes involved in evolutionary change. 
The data needed for these comparisons are high quality orthologous segments of the genome, 
which enable large-scale analysis of sequence divergence, as well as RNA expression 
differences. Evolutionary transitions in the mating system, especially from outcrossing to self-
fertilization, are expected to have profound genomic consequences. These transitions have 
occurred hundreds of times in the angiosperms, and are accompanied by major changes to floral 
biology, life history, ecology and population genetic structure (Stebbins, 1957; Wright et al., 
2008). A large body of work investigates the causes and consequences of the shift (Goodwillie et 
al., 2005; Eckert et al., 2010; Wright et al., 2013), however much is still unknown particularly 
about the genomic consequences of increased selfing (Barrett et al., 2014).  

Theory predicts that selfing reduces effective population size and gene flow, thus a shift 
to selfing should have predictable effects on population genetic structure by decreasing neutral 
genetic diversity and increasing population differentiation. Other predicted consequences of 
increased selfing include increased linkage disequilibrium as a result of reduced crossing over 
between heterozygous sites, and a higher ratio of substitutions at nonsynonymous sites to 
substitutions at synonymous sites (dN/dS) in selfers due to a reduced efficacy of selection 
(Wright et al., 2008). These predictions have found some support from comparisons of genome-
wide sequence data between related outcrossing and selfing species (Arabidopsis Slotte et al., 
2013; Collinsia Hazzouri et al., 2013; Capsella Slotte et al., 2013). However, the genetic 
consequences of a transition to selfing may be confounded by the concomitant demographic 
consequences such as the increased propensity for selfers to colonize new habitats, persist during 
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population bottlenecks (Baker, 1955) and exhibit population growth at low densities (Barrett et 
al., 2009). Thus, it has previously been difficult to untangle the relative influences of genetics 
and demography on the patterns of genetic diversity in selfing lineages. Studies of intraspecific 
variation are particularly valuable because the divergence in question (e.g. the mating system) is 
less likely to be confounded with all sorts of other genetic changes that have accrued since 
divergence. Deeper insight into the genomic consequences of mating system evolution requires 
the development of large-scale genetic resources in plant species with recent divergence and 
well-known geographic distributions and patterns of variation in population demography, such 
that the relative contributions of genetic and ecological changes that accompany the shift to 
selfing can be untangled. However, such studies remain scarce (Ness et al., 2010). 

Abronia umbellata Lam. (Nyctaginaceae) is an annual plant endemic to the Pacific 
coastal dunes of North America, from northern Baja California Mexico to southern Oregon USA 
(Tillett, 1967). Across its continuous and near one-dimensional geographic range the species 
exhibits striking geographic differentiation in floral traits related to the mating system (Fig. 2.1). 
Plants in populations south of San Francisco CA are strongly self-incompatible (SI) and produce 
relatively large tubular flowers within which receptive stigmas and dehiscing anthers are well 
separated (Tillett, 1967; Darling et al., 2008). Flowers are pollinated primarily by nocturnal 
moths that are attracted by floral volatiles (Doubleday et al., 2013). In contrast, plants in 
populations from San Francisco to the northern range limit produce flowers that are self-
compatible (SC; Darling et al., 2008), 50% smaller with anthers and stigmas in close proximity, 
and negligible volatile production (Doubleday et al., 2013). Based on these floral differences, 
large-flowered SI populations are probably highly outcrossing and have been classified as 
subspecies umbellata, whereas small-flowered SC populations are likely very highly selfing and 
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are classified as ssp. breviflora. These closely related subspecies of A. umbellata that differ 
dramatically in mating system but are indistinguishable based on vegetative morphology or 
ecology (Samis and Eckert, 2007), offer a valuable opportunity to study the genomic 
consequences of a mating system shift. In addition, geographical variation in habitat occupancy, 
population size and reproductive output has been well characterized (Samis and Eckert 2007; 
Doubleday et al., 2013).   

Advances in DNA sequencing technology have recently made genomic studies of non-
model organisms feasible (Ekblom and Galindo, 2011). Illuminatm is currently the most widely 
used sequencing platform because it produces a high volume of sequence reads, and uses paired-
end sequencing technology to compensate for its comparatively short read lengths (Appendix A; 
Shendure and Ji, 2008). Handling and processing the large amount of data generated can be a 
computational challenge, especially in non-model organisms when a reference genome is 
unavailable so that de novo assembly is required. In particular, Illumina sequencing yields 
random samples of millions or billions of short sequence reads, requiring extensive computation 
to be assembled into contigs (Gayral et al., 2013). However, high sequencing depth, paired-end 
data, and sophisticated algorithms facilitate de novo assembly (Zhou et al., 2014), and hundreds 
to thousands of high quality genomes and transcriptomes have been successfully assembled from 
Illumina short read data. The comparatively high error rate (2%) of Illumina sequencing 
compared with other platforms (Roche 454, Sanger) may hamper the ability to distinguish true 
nucleotide polymorphisms from sequencing errors. Again, high sequencing depth and the 
availability of sophisticated SNP calling algorithms, for example the GATK variant calling 
pipeline (McKenna et al., 2010) and samtools mpileup (Li et al., 2009), have facilitated 
determination of  SNPs from short read data (Nielsen et al., 2011).  
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Transcriptome analysis is a practical approach for developing large-scale genetic 
resources for non-model species, because it can be used to generate in-frame sequences of 
coding regions such that the effect of SNPs on the amino acid sequence is known (Wang et al., 
2009). The transcriptome is smaller than a full genome, and contains fewer repetitive regions 
thereby simplifying de novo assembly and SNP detection. There are many empirical examples of 
successful de novo transcriptome assemblies from short read sequence data including non-model 
plant species in Eichhornia (Ness et al., 2011), Cicer (Garg et al., 2011), Daucus (Iorizzo et al., 
2011), Agave (Gross et al., 2013), Citrus grandis (Liang et al., 2015), and Bougainvillea glabra 
(Xu et al., 2016). RNA-seq of specific tissues can also be used to enrich for gene transcripts of 
particular interest, and read abundance data can estimate gene expression levels.  

Here, we use RNA-seq to produce high quality de novo bud transcriptome assemblies for 
both subspecies of A. umbellata that will be used in studies on the evolution of selfing. Assembly 
quality is indicated by high mean transcript lengths, high similarity to sequences in public 
databases, and whether they enable the design of usable primers for amplification of individual 
genes from genomic DNA. By assembling the transcriptome of both subspecies individually, we 
can identify transcripts that are orthologous between the subspecies, and also identify 
differentially expressed genes. Also, by sequencing several individuals of each subspecies, we 
can identify SNPs informative in population genetic studies (Morin et al., 2004). 
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Materials and methods 

RNA preparation 
For each of five populations of selfing A. umbellata ssp. breviflora and seven populations 

of outcrossing ssp. umbellata distributed across each subspecies’ geographic range, we sampled 
flash frozen flower buds from one plant grown from field-collected seed in the glasshouse at 
Queen’s University (Fig. 2.1; Appendix B). Using buds standardized the developmental stage 
from which RNA transcripts would be assayed, and potentially enriched for genes involved in 
reproduction. Total RNA was extracted using the Sigma RNA extraction kit (Catalog No. 
STRN50, Sigma-Aldrich, St. Louis, Missouri USA), visualized on an agarose gel to confirm 
quality, and quantified using a nanodrop (NanoDrop 1000).  

Sequencing 
From 5 ug of total RNA per sample, paired-end cDNA libraries were generated for each 

individual sample by Genome Quebec (Montreal QC) and the RNA was sequenced using one 
lane of Illumina mRNA-seq paired-end protocol (San Diego CA, USA) on a Genome Analyzer 
GAII, for 100 cycles. This yielded 45.8 billion base pairs in 458 million sequence reads, 
averaging  ~ 38 million reads and 3.8 billion base pairs per individual (Table 2.1; Appendix C).  

To improve raw read quality, we used the FASTX-toolkit (Hannon Lab, Cold Spring 
Harbor Laboratory) to trim off adapter sequences and bases with Phred scores < 20 (i.e. 0.01 
probability error). Reads subsequently < 40 bp were not analyzed further. Figure 2.2 provides an 
overview of the bioinformatics pipeline used in this study. After quality control, ~ 29 million 
reads per individual remained, with mean length ~ 94 bp (Table 2.1; Appendix C).  
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De novo transcriptome assembly 
The de novo assembly program Velvet-Oases v 1.2.07 (Schulz et al., 2012) assembled the 

transcriptomes from ssp. umbellata and ssp. breviflora sequences separately. The perl script 
VelvetOptimiser.pl v 2.2.0 (Gladman and Seeman) ran the program while optimizing k-mer 
length (55) and coverage cutoff (1.267).  

Further processing of the sequences for each subspecies was performed to identify and 
retain longer, more complete transcripts. First to minimize redundancy in the assemblies, only 
the longest transcript predicted for each locus was retained (i.e. Velvet-Oases predicts many 
transcripts for each locus, which may represent putative splice isoforms). Further, each 
transcriptome (ssp. umbellata and ssp. breviflora) was compared to itself using BLASTn and any 
pair of transcripts more than 99% identical over 95% of the length of the shorter transcript were 
collapsed into one transcript. For each subspecies, consensus sequences were generated for 
nearly identical sequences by selecting the most common base at any variant position. The 
remaining transcripts were then placed into reading frame using a custom perl script (Wei Wang, 
University of Toronto), which identified open reading frames based on BLAST comparisons to 
known sequences in the NCBI plant non-redundant protein database. For transcripts without 
BLAST hits, the script invoked the getorf program to predict open reading frames based on the 
positions of start and stop codons in the nucleotide sequences (Rice et al., 2000). To validate the 
consensus transcriptomes, we performed a BLASTx sequence similarity analysis of each post-
processed de novo assembly to known proteins in the non-redundant plant protein database. The 
assembly for selfing ssp. breviflora was selected as the reference because it is expected to be less 
polymorphic, which should facilitate read mapping and subsequent SNP detection.   
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Identification of orthologous transcripts 
With a consensus bud transcriptome for each subspecies we identified orthologous 

sequences using a reciprocal BLAST analysis (Altschul et al., 1990) implemented by a 
biopython script (Rob Ness, University of Toronto). This allowed transcript validation without 
extensive sequence for any close relative of A. umbellata. Transcripts that were reciprocal best 
BLAST hits of one another were considered orthologous if they met three additional criteria to 
avoid pairing paralogous transcripts in the two assemblies (Ness et al. 2011): alignment length ≥ 
200 bp, sequence identity ≥ 90%, and alignment proportion ≥ 80% of the shorter sequence 
length. 

Gene ontology analysis 
Assembled transcripts were characterized by assigning gene ontology (GO) terms where 

possible. GO terms are standardized categories that reflect the functions, locations, and 
associated processes of a gene, and fall into 3 main categories: Molecular Function, Cellular 
Component, and Biological Process. First, we performed a BLASTx analysis of the longest of 
each orthologous transcript against the NCBI NR protein database, and GO terms were assigned 
based on the resulting hits using BLAST2GO (Conesa et al., 2005) with an annotation cutoff of 
55 and a GO weight of 5. The distribution of assigned GO terms was visualized using WEGO 
(Ye et al., 2006). The GO distribution for the A. umbellata ortholog transcriptome was compared 
with that for the Arabidopsis thaliana transcriptome (data available from: The Arabidopsis 
Information Resource (arabidopsis.org, 2010)). Similarity should indicate good representation of 
genes across GO classes in the A. umbellata transcriptomes.  
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Read mapping 
For individual-level sequence analysis, we mapped the reads from each of the 12 

individuals using the selfing ssp. breviflora transcriptome assembly as the reference. We also 
quantified the number of reads that mapped to each transcript, which should reflect the relative 
abundance of that transcript in the original bud tissue. We mapped raw reads to the reference 
using the Burrows Wheeler Aligner (BWA) v 0.6.2 (Li and Durbin, 2009) with default parameter 
settings. This generated twelve Binary Alignment/Map (BAM) files, one for each sequenced 
individual. Duplicate reads were removed from each BAM file using the MarkDuplicates tool in 
PICARDtools v 1.119 (broadinstitute.github.io/picard/). To further improve the accuracy of the 
alignment, another read mapping program, Stampy v 1.0.20 (Lunter and Goodson, 2011), with a 
fundamentally different algorithm from BWA, was run on each BAM file from BWA, using the 
default settings. The twelve resulting SAM files were then converted to BAM format, sorted, and 
indexed, using SAMtools v 0.1.16 (Li et al., 2009; alignment metrics: Appendix D; coverage 
metrics: Appendix E). 

Differential expression analysis 
We compared the relative expression of orthologous transcripts between subspecies by 

using the number of reads mapped to each transcript as an index of its expression. Only reads 
with a mapping quality score (assigned by BWA indicating the probability that the read is 
mapped to the reference correctly) of at least 30 and with properly mapped read pairs (i.e. both 
read pairs were mapped to the reference transcriptome and the insert size was within the 
expected distribution calculated by the BWA aligner) were included. Following Robinson et al. 
(2010), the transcripts were only retained if they were expressed in at least one subspecies, 
considered as transcripts with at least one read per million mapped reads, in at least five 
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individuals. Using the edgeR package v 3.12.0 (Robinson et al., 2010) in the R statistical 
computing environment v 3.2.0 (R Core Team, 2016), we modeled the variance of the number of 
reads mapping to a particular transcript between subspecies using a generalized linear model 
with quasi negative binomial errors, and then used an exact test to compare subspecies, to 
identify transcripts with relative differences in expression between subspecies.  

For transcripts that were differentially expressed between subspecies, we used 
BLAST2GO to test whether they were disproportionately assigned to particular GO terms 
compared with the entire transcriptome, using a Fisher’s exact test with a false discovery rate 
cutoff of 0.05.   

Variant analysis 
In preparation for variant detection, we used SAMtools to add read group tags (unique 

identifiers for each sample in the file) and merge the 12 BAM files, one for each individual. 
Insertion/deletion events (indels) can cause inaccurate read mapping and thereby produce false 
SNPs, so before variant detection, we used the RealignerTargetCreator and IndelRealigner tools 
from GATK v 2.7-4 (McKenna et al., 2010) to identify regions containing indels and then to 
perform local realignment of reads mapped in those regions, respectively. 

We used the GATK UnifiedGenotyper to detect heterozygous sites within individuals and 
sites that varied between individual transcriptome sequences. To ensure reliability, the following 
criteria were applied to the detected variants: the GATK Phred-scaled confidence threshold for 
the alternate allele (-10log10prob(alternate allele call is wrong)) > 40, > 20 reads overlapping that 
site, and GATK genotype quality (-10log10p(genotype call is wrong)) > 40. Only sites that had 
passed these filters for all 12 individuals were included in the analysis. Transcripts with positions 
that were heterozygous for all individuals, indicating a read mapping error caused by mapping of 
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duplicate genes, were not included in analysis. Finally, only those transcripts with at least 100 
sites in their coding sequence region were retained for analysis (Appendix F).   

From the final VCF file, custom biopython scripts were used to determine the number of 
SNPs per locus, the distribution of the minor (least common) allele frequencies, and to classify 
SNPs as transitions or transversions. 

Primer design and amplification of transcript sequences 
Based on sequences from the bud transcriptome assembly, primer sets for 500–700 bp 

coding regions within 10 genes were designed using PrimerQuest (idtdna.com/primerquest/, 
2016). BLAST analysis of the transcript sequences ensured that the target regions were within 
single-copy exons.  

We tested the efficacy of the primers using the genomic DNA of six of the individuals 
used for the RNA-seq analysis. Genomic DNA was extracted from fresh leaf tissue using a 
modified CTAB protocol (Porebski et al., 1997). PCR amplification was carried out on a 
GeneAmp PCR System 9700 (Applied Biosystems), with the following reaction protocol: initial 
denaturation at 95°C for 2 min; followed by 30 cycles of: denaturation at 95°C for 30 sec, 
annealing at a primer-optimized temperature for 40 sec, and extension at 72°C for 60 sec; and a 
final extension of 10 min at 72°C. To verify the size of the resulting amplicons, the products 
were run on an agarose gel containing RedSafe and the bands were visualized on a UV 
transilluminator. 

Literature review of plant de novo transcriptome assemblies 
To assess the quality of our transcriptomes compared with published studies, we 

reviewed papers that used short-read sequence data for de novo transcriptome assembly for non-
model plant taxa. From the 140 published studies that met our search criteria (“plant 
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transcriptome de novo assembly Illumina” in PubMed accessed 20150503), we selected a 
random subset of 30 papers. An additional paper on Bougainvillea glabra, also in the 
Nyctaginaceae, was included  (Xu et al., 2016). For each paper, we extracted general 
transcriptome metrics, including the number of transcripts assembled and the mean transcript 
length, for comparison with the results of our study.      
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Results 
De novo assembly and assembly post-processing 

De novo assembly produced 250,955 and 138,858 transcripts for ssp. umbellata and ssp. 
breviflora, respectively, with the difference in transcript number attributable to the larger sample 
size for ssp. umbellata. The respective N50 values (N50 is a statistic that indicates the transcript 
length [TL] at which 50% of all bases in the transcriptome are in transcripts smaller than length 
TL) were 1,471 and 1,482 and the mean transcript lengths were 877 and 919 bp (Table 2.2).  

The removal of similar sequences from within each transcriptome assembly reduced the 
number of unique transcripts by 55% in ssp. umbellata and by 40% in ssp. breviflora, with only a 
slight reduction in N50 values and mean transcript lengths, indicating that the assembled 
transcriptomes contained high redundancy (Table 2.2) likely due to Velvet-Oases assembling a 
large number of splice isoforms per locus (Schulz et al., 2012).  

We included only protein-coding transcripts in our analysis because we were interested in 
identifying variants that could be classified as synonymous or nonsynonymous. Coding frame 
presence was determined for 42,077 ssp. umbellata and 36,524 ssp. breviflora transcripts. In 
comparison to the entire transcriptome assembly, protein-coding transcripts correspond to ~ 25% 
of all assembled unique transcripts, with substantially higher N50 and mean transcript lengths 
(Table 2.2). We considered these in-frame transcripts as consensus bud transcriptomes for each 
subspecies.  

92% of the ssp. umbellata assembled transcripts and 94% of the ssp. breviflora assembled 
transcripts produced significant (e-value <1e-10) hits to the NCBI viridiplantae protein database. 
For ssp. umbellata, 8910 transcripts produced alignments covering more than 80% of the length 
of their top protein hit and 16,100 of the query sequences were at least 80% covered by their best 
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protein hit. The respective values for the ssp. breviflora transcriptome were 9,259 and 12,571 
(Fig. 2.3a,b).  

19,017 transcripts orthologous between ssp. umbellata and ssp. breviflora were 
recovered, with high N50 values and mean transcript lengths (Table 2.2). As the sequences were 
processed through the pipeline, the distribution of transcript length shifted to the right, indicating 
a greater proportion of longer sequences (Fig. 2.4).   

Functional annotation 
BLASTx analysis of the longest of each orthologous transcript against the NCBI NR 

protein database produced significant (e-value < 1-3) hits for 18,936 of the 19,017 transcripts. 
11,859 transcripts were annotated by BLAST2GO with 48,275 GO term assignments, as one 
transcript can be annotated with more than one term. Within the broad GO category ‘Molecular 
Function’, a large proportion of transcripts were annotated as ‘binding’ (56.7%) and ‘catalytic’ 
(47.9%; Fig. 2.5). Within the ‘Biological Process’ category, the most common GO annotations 
were ‘cellular process’ (53.7%) and ‘metabolic process’ (52.9%). Also, 485 (4.1%) of the 
transcripts were annotated with the GO term ‘reproduction’ and 102 (0.9%) with ‘pollination’. 
The GO terms of the A. umbellata bud transcriptome showed a similar distribution to those of the 
Arabidopsis thaliana transcriptome (Fig. 2.5; arabidopsis.org, 2010). 

Differential expression analysis 
Of 19,017 orthologous transcripts, 18,146 met read count requirements for inclusion in 

the differential expression analysis. 260 transcripts (1.4%) exhibited statistically significant 
difference in expression between subspecies; 116 with lower expression in ssp. umbellata and 
144 with higher expression in ssp. umbellata). Neither the upregulated or downregulated 
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transcripts were enriched for any specific GO categories, according to a Fisher’s exact test (FDR 
0.05).   

Polymorphism analysis 
We identified 123,924 high-quality SNPs in 5808 orthologous transcripts. Quantification 

of the number of alleles per SNP revealed 120,492 bi-allelic, 1695 tri-allelic, and 14 tetra-allelic 
polymorphic positions (Table 2.3). The number of SNPs in a transcript correlated positively with 
its length (Pearson correlation coefficient r = 0.29, P < 0.001). Most transcripts were in the 
length range of 1300 – 2000 bp, with 20 to 50 SNPs per transcript (Fig. 2.6).  The minor allele 
frequency of most SNPs was low (mean: 0.17), with fewer SNPs having minor alleles at greater 
frequencies (Table 2.4). Transitions occurred 1.93-times more frequently than transversions. 
Among transitions, CT was most frequent variation in both subspecies, while AT was most 
frequent among transversions (Table 2.5). The TiTv ratio was slightly lower in ssp. breviflora 
(1.86:1) than in ssp. umbellata (1.93:1). Further, we were able to classify the polymorphisms 
according to the subspecies where they occurred. There were ~ 80x more polymorphisms unique 
to ssp. umbellata (107,431) than unique to ssp. breviflora (1373), an intermediate number of 
polymorphisms were shared between the subspecies (11,396), and very few were fixed between 
subspecies (292).  
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Discussion 
We reviewed 31 de novo assemblies of plant transcriptomes published since 2011 to 

compare with our results from A. umbellata (Table 2.6). The number of transcripts generated 
here fell within the range achieved by previous studies (18,894 – 220,117 bp). The 1.15-times 
more transcripts generated for the ssp. umbellata transcriptome (42,077 transcripts) compared 
with ssp. breviflora (36,524 transcripts) is less than the 1.4-times expected based on the larger 
sample size for the ssp. umbellata assembly (n = 7 vs. 5). To account for differing yields in 
assembled transcripts between ssp. umbellata and ssp. breviflora, we observed that taking 50 
million reads from pooled transcriptome data of each subspecies yielded similar assembly 
metrics (67k versus 64k, respectively). Therefore sequencing more individuals in ssp. umbellata 
enabled more transcripts to be confidently assembled, but with diminishing returns.  

We achieved greater mean transcript lengths and N50’s than most previous studies (Table 
2.6), likely because we retained only those transcripts reliably placed into reading frame. 
Accordingly, transcripts had to be long enough to produce a reliable BLAST hit or contain a 
detectable open reading frame. The long transcripts generated may indicate that the transcripts 
we assembled for A. umbellata are relatively complete and thus many of our transcripts represent 
entire transcripts. 

Because there are no genetic resources available for A. umbellata, validation of our de 
novo assembly relied on similarity to proteins in public databases. BLAST comparison to the NR 
database produced significant (e-value<10-10) hits for > 90% of the sequences in each of the 
subspecies’ assemblies. 10,282 (26.4%) ssp. umbellata and 10,556 (30.7%) ssp. breviflora 
transcripts covered at least 75% of their top NR hits, representing large numbers of completely 
assembled transcripts. The remaining transcripts are likely fragments of complete proteins, 
common in de novo assemblies (e.g. Ness et al., 2011) due to repetitive sequence elements (e.g. 
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alternative splice variants, gene duplicates, and allelic variants) that are difficult to resolve, 
especially with short sequence reads.  

19,017 transcripts were determined to be orthologous between ssp. umbellata and ssp. 
breviflora; this represents 45% of the high quality umbellata transcripts and 52% of the high 
quality breviflora transcripts. A similar result was observed in the comparison of Collinsia 
linearis and Collinsia rattanii, where 47% and 57% of each subspecies’ transcripts were 
orthologous (Hazzouri et al., 2013). The identification of a high number of orthologous 
transcripts between the subspecies represents an additional validation of assembly quality that 
does not rely on the transcripts of distantly related taxa in public databases.  

Successful amplification of transcript sequences using primers designed from our 
assembly also indicates successful assembly. We were able to design several sets of forward and 
reverse primers that annealed to the A. umbellata genome and subsequently generated amplicons 
of the predicted size, suggesting that our assembly is an accurate representation of the true bud 
transcriptome and thus a reliable resource for the development of molecular markers.   

Gene ontology terms were successfully assigned to 62% of orthologous transcripts, a 
larger proportion than the average 40% achieved by previous studies (Table 2.6). Also, the 
presence of transcripts with GO annotations in all but two of the major GO categories as plotted 
by WEGO suggests that our assembly offers an adequate overview of the transcriptome, with 
good representation in all three major GO categories and across various subcategories.  

For population genetic and evolutionary analyses, detected SNPs must be reliable and 
confidently applied to assess differences between these subspecies. The relatively high rate of 
base miscalls associated with Illumina sequencing (~2%; Shendure and Ji, 2008), requires care in 
distinguishing SNPs from sequencing errors. GATK, a popular SNP calling tool used by the 
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1000 Genomes Project, considers the sequencing depth and base pair call quality in evaluating 
potential SNPs. The application of GATK to our A. umbellata transcriptome data, using default 
program parameters, identified 1,373,532 putative SNPs. Despite the sophisticated algorithm of 
the GATK SNP calling program, more stringent filtering was applied to verify putative SNPs, 
which yielded 123,924 SNPs, only 9.0% of those originally called by GATK. This drastic 
reduction in SNP number is not unusual (e.g. De Wit and Palumbi, 2013; retained only 1.85%).  

Our set of filtered SNPs was further validated by comparing our SNP metrics to the 
metrics of previous studies that used transcript sequences to identify SNPs. The frequency of 
SNPs in the A. umbellata bud transcriptome was approximately 1 SNP per 368 base pairs of 
transcript sequence. When each subspecies was considered individually, as expected, the 
frequency of SNPs was much higher in umbellata (1 SNP per 122 bp) than in breviflora (1 SNP 
per 713 bp). The frequency of SNPs in umbellata is similar to the frequency observed in 
Panicum maximum (1 SNP per 87 bp; Toledo-Silva et al., 2013) and in Hevea brasiliensis (1 
SNP per 125 bp; Mantello et al., 2014), but much higher than the frequency in Citrus grandis (1 
SNP per 892 bp; Liang et al., 2015), which is closer to the frequency of SNPs in breviflora. Our 
SNP frequency calculation should be unaffected by sampling scheme as it was averaged across 
individuals. Nonetheless, varying frequencies of SNPs between studies could be attributed to 
many factors, including such biological factors as the mutation rate and life history of the study 
species, and technical factors like the choice of parameter settings for SNP calling and filtering. 
For example, although Citrus grandis is self-incompatible, its relatively low SNP frequency 
could be explained by the selection of a popular cultivar for genome analysis. 

Most polymorphic positions in A. umbellata consisted of two alleles (98.6%), consistent 
with the expectation that SNPs are generally biallelic genetic markers (Rafalski, 2002). The 



 26

papers in our review did not specify the allelic content of their SNPs, however a study which 
identified SNPs across 6 varieties of rubber tree (Hevea brasiliensis) also reported a very low 
frequency of SNPs with more than 2 alleles (0.36%; Shearman et al., 2015). Matching our 
expectation of higher levels of polymorphism in the outcrossing subspecies, umbellata had a 
higher percentage SNPs with three or four alleles than breviflora, at 1.4% and 0.1% respectively 
(χ2 = 151.11, P < 0.001). 

Of the SNPs generated in this study, almost 30.3% of the biallelic SNPs had a minor 
allele present as just one copy in one individual. None of the papers included in our literature 
review reported minor alleles frequencies for their SNPs, however a study of 5847 SNPs in 260 
Douglas-fir trees (Pseudotsuga menziesii) reported a mean minor allele frequency of 0.24, 
slightly higher than A. umbellata (0.17; Howe et al., 2013). This discrepancy could be a result of 
our small sample size.  

A much larger number of SNPs detected in A. umbellata were transitions (66%) rather 
than transversions (34%), producing a transition:transversion (TiTv) ratio of 1.93:1 (Table 2.5). 
This ratio is expected to be higher than 1:1 because transversions are more likely to lead to 
amino acid substitutions, and thus are more likely to be deleterious and be held at lower 
frequency by natural selection (Wakeley, 1996). The TiTv of A. umbellata is similar to ratios 
observed in other plant studies, such as 1.94:1 in Panicum maximum, 1.58:1 in Citrus grandis, 
and 1.50:1 in Hevea brasiliensis. The TiTv ratio is slightly lower in ssp. brevifora (1.86:1) than 
in ssp. umbellata (1.93:1), potentially a result of relaxed selection in the selfing species allowing 
more transversions which are more likely to cause amino acid substitutions.  

Our SNP results also reflect our expectations based on the mating system differentiation 
between the two subspecies of A. umbellata. Putatively outcrossing ssp. umbellata had many 
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more SNPs in many more loci than did ssp. breviflora, and more SNPs were triallelic and 
tetraallelic in ssp. umbellata. Further, we were able to classify the polymorphic positions 
according to subspecies. From this, we saw that most positions were polymorphic in ssp. 
umbellata only, whereas most of the positions that were polymorphic in ssp. breviflora were also 
polymorphic in ssp. umbellata (i.e. fell into the ‘shared’ category), suggesting that ssp. breviflora 
is extremely genetically depauperate. Also, very few polymorphic positions represented fixed 
differences between subspecies, indicating that the subspecies are not highly differentiated from 
one another.  

As well as sequence differences between the subspecies, differential expression of 
transcripts can be a major source of phenotypic variation. We identified 260 transcripts that were 
significantly differentially expressed between the subspecies, however these transcripts were not 
enriched for any GO categories. Since we were specifically comparing transcripts from the bud 
tissue of selfers and outcrossers, it is perhaps surprising that we did not observe enrichment of 
any categories associated with reproductive processes. This could potentially be explained by an 
inability to assign GO terms to all transcripts at this time due to lack of genetic resources for any 
closely related species.  

This study aimed to generate genetic resources for A. umbellata, a plant species which 
should be an excellent non-model system for the study of mating system evolution. The bud 
transcriptome of each subspecies was assembled and determined to be of high quality based on 
transcriptome metrics and blast comparison to public databases. The de novo transcriptome 
assembly provided a reference from which high quality SNPs could be obtained for each of the 
twelve individual plants included in the study. By leveraging the read abundance data of RNA-
seq, we were able to identify genes differentially expressed between the subspecies. The genetic 
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resources generated in this study will be invaluable for their ability to inform a study of how the 
transition from outcrossing to selfing occurred in this plant species.     
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Table 2.1 Results of Abronia umbellata bud transcriptome sequencing obtained from one lane of Illumina sequencing: the number of 
reads and bases for each subspecies before and after quality control (QC), and the total amount of RNA sequence.   
 
Sample Before QC              After QC 

Reads Bases  Reads Bases 
ssp. umbellata (n = 7) 271,863,400 27,186,340,000  208,880,756 19,546,433,094 
ssp. breviflora (n = 5) 185,921,432 18,592,143,200  143,298,158 13,412,852,811 
Total 457,784,832 45,778,483,200  352,178,914 32,959,285,905 
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Table 2.2 Assembly of RNA-seq data for the two subspecies of Abronia umbellata at various stages of the pipeline: the raw Oases 
output, the transcripts following redundancy reduction via selection of the longest transcript at each locus (as defined by Oases) and 
subsequent removal of highly similar sequences, the transcripts placed into reading frame, and finally the transcripts with at least 99% 
sequence similarity between the two assemblies (i.e. orthologs). From top to bottom, each number represents a subset of the number 
above it. 
 

 
 
 
 
 
 
 
 
 
 

  

Assembly stage ssp. umbellata (n = 7)    ssp. breviflora (n = 5) 

 
N50 
(bp)  

Mean 
transcript 

length (bp) 
Number of 
transcripts 

Total 
transcriptome 

length  
(bp) 

  
N50 
(bp) 

Mean 
transcript 

length (bp) 
Number of 
transcripts 

Total 
transcriptome 

length 
(bp) 

Oases transcripts 1,471 877 250,955 220,076,133   1,482 919 138,858 127,558,115 
Redundancy-reduced transcripts 1,026 630 113,275 71,380,650   1,203 732 83,835 61,334,157 
In-frame (Consensus) transcripts  1,508 1,027 42,077 43,228,167   1,562 1,138   36,524 41,566,912 
Orthologous transcripts 1,629 1,284 19,017 24,423,792   1,618 1,288 19,017 24,493,114 
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Table 2.3 Single nucleotide polymorphisms in the orthologous transcripts for all samples combined, for ssp. umbellata only and for 
breviflora only. For each grouping, we quantified the number of SNPs, the number of transcripts containing SNPs, and the total 
number of polymorphic positions, also broken down into the number of positions with two variants (biallelic), three variants 
(triallelic), or four variants (tetraallelic). 
 
 

 
Number 

polymorphic 
transcripts 

Number 
SNPs 

Total 
polymorphic 

positions 

Number bi-
allelic 

positions 

Number tri-
allelic 

positions 

Number 
tetra-allelic 
positions 

All individuals (n = 12) 5808 123,924 122,201 120,492 1695 14 
ssp. umbellata (n = 7) 5796 122,201 120,536 118,883 1641 12 
ssp. breviflora (n = 5) 1776 13,090 20,742 13,060 15 0 
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Table 2.4 The total number of SNPs with each minor allele count or minor allele frequency, across all individuals for all orthologous 
loci. The minor allele is the less common allele at a given position thus with our sample size of 12 diploid individuals (i.e. 24 
chromosomes), the minor allele count varied from 1-12. This analysis was restricted to the 160,597 biallelic positions for simplicity.  
 
Minor allele count Minor allele frequency SNP count % of total SNPs 
1 0.04  36,539  30.3 
2 0.08  19,385  16.1 
3 0.13  12,256  10.2 
4 0.17  9,919  8.2 
5 0.21  7,761  6.4 
6 0.25  6,451  5.4 
7 0.29  5,756  4.8 
8 0.33  5,978  5.0 
9 0.38  4,865  4.0 
10 0.42  5,069  4.2 
11 0.46  4,383  3.6 
12 0.50  2,130  1.8 

TOTAL 120,492 100.0 
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Table 2.5 The frequency of each base pair change across all individuals and also broken down by subspecies. The analysis is limited 
to biallelic SNPs, for simplicity.  
 
SNP category Base pair 

change 
Percent of total SNPs: 
All individuals 

Percent of total SNPs: 
umbellata individuals 

Percent of total SNPs: 
breviflora individuals 

Transition AG 30.4 30.4 29.6 
CT 35.5 35.5 35.4 

Transversion AC 8.2 8.2 8.4 
AT 10.7 10.7 10.8 
CG 7.1 7.1 7.0 
GT 8.2 8.2 8.8 
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Table 2.6 Summary of a literature review of 31 papers that performed de novo transcriptome assembly in non-model plant species. We report the 
species studied and key metrics of transcriptome quality and utility including number of transcripts, mean length, N50, percent annotated with a 
Gene Ontology (GO) term and the number of SNPs developed from the transcriptome, where available.  

First author Year Referemce 
(journal name,vol:first page) Common name Taxon # transcripts mean 

length N50 % with GO 
term 

# SNPs 
developed 

Mizrachi 2010 BMC GENOMICS,11:681 eucalyptus Eucalyptus grandis x E. urophylla hybrid  18,894  1170 1640 na  na  
Ness 2011 BMC GENOMICS,12:298 water hyacinth Eichhornia paniculata  26,994  884.3 1129 80.7  30,119  
Li 2012 BMC GENOMICS,13:192 rubber plant Hevea brasiliensis  22,756  485 592 30.2  na  
Ong 2012 PLOS ONE,7:e46937 pineapple Ananas comosus var. comosus  28,728  200 223 50.5  na  
Sun 2012 PLANT CELL REP,31:1823 garlic Allium sativum  127,933  na na 8.5  na  
Tao 2012 PLOS ONE,7:e36234 sweet potato Ipomoea batatas   128,052  321.17 509 31.0  na  
Annadurai  2013 PLOS ONE,8:e56217 turmeric Curcuma longa   61,538  910.22 1515 na  423,701  
Fan 2013 PLOS ONE,8:e59997 coconut Cocus nucifera  57,304  752 1219 26.5  na  
Han 2013 PLOS ONE,8:e76890 mountain pepper Litsea cubeba  68,648  573.9 834 36.9  na  
Hazzouri 2013 EVOLUTION,67:1263 narrowleaf blue eyed Mary Collinsia linearis, C. rattanii  27,241  1222 1666 na  111,000  
Jiang 2013 PLOS ONE,8:e71054 wax gourd Benicasa hispida  65,059  709 1132 23.0  na  
Li 2012 BMC GENOMICS,13:568 alfalfa Medicago sativa  25,183  1065 na 44.6  872,384  
Paritosh 2013 BMC GENOMICS,14:463 rape Brassica rapa  48,313  na 839.5 na  na  
Toledo-Silva 2013 PLOS ONE,8:e70781 guinea grass Panicum maximum.  38,192  758 981 49.7  346,456  
Verma 2013 PLANT BIOTECHNOL J,11:894 lentil Lens culinaris  42,196  810 1432 42.8  na  
Diao 2014 PLOS ONE,9:e95428 konjac Amorphophallus konjac, A. bulbifer  132,625  523 635 20.4  na  
Gao 2014 BMC RES NOTES,7:490 moss Syntrichia caninervis  92,240  493 662 26.2  na  
Ge 2014 PLOS ONE,9:e87693 tropical sage Salvia splendens  49,310  773 1304 50.5  na  
Hyun 2014 PLANT CELL REP,33:1617 red raspberry Rubus idaeus cv. Nova  42,604  812 1320 26.8  na  
Kim 2014 PLOS ONE,9:e92087 cabbage Brassica oleracea var. Capitata  53,562  1434 na 61.7  na  
Long 2014 BMC GENOMICS,15:1111 saxaul Haloxylon ammodendron  79,918  728 1345 28.3  na  
Mantello 2014 PLOS ONE,9:e102665 rubber tree Hevea brasiliensis  152,416  536 720 14.3  404,114  
Rastogi 2014 BMC GENOMICS,15:588 basil Ocimum sanctum, O. basilicum  99,580  1505 2064 82.5  na  
Wei 2014 PLOS ONE,9:e84105 fish mint Houttuynia cordata Thunb.  63,954  679 1051 47.1  na  
Liang 2015 PLOS ONE,10:e120615 pummelo Citrus grandis  57,212  1010 1630 55.1  64,720  
Long 2015 PLOS ONE,10:e115805 peashrub Caragana korshinskii   86,265  709 1231 30.4  na  
Ma 2015 PLOS ONE,10:e119153 red pineapple Ananas comosus var. bracteatus  41,052  838 1520 43.2  na  
Sreedhar 2015 PLOS ONE,10:e123580 chia Salvia hispanica L.  76,014  881 1338 na  na  
Wei 2015 MOL GENET GENOMICS,290:1873 Japanese morning glory  Ipomoea nil  220,117  920 1617 40.8  na  
Zhang 2015 BMC GENOMICS,16:298 tea tree Camellia taliensis  67,923  685 995 36.8  na  
Xu 2016 FUNCT PLANT BIOL,43:278 red and white bougainvillea Bougainvillea glabra cv. Chois &, Alba 65,210 697 1277 na na 
CURRENT STUDY  pink sand verbena Abronia umbellata  39,301  1083 1535 62.4  166,496  

 MEAN (current study excluded)  69,904  796 1158 39.5  321,785  
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Fig. 2.1 Geographic range of Abronia umbellata and location of sampled populations. The range 
of the species is demarcated by thick horizontal dashed lines and the division between subspecies 
is denoted by the horizontal dashed line. The circles indicate the 12 sampling locations for the 
plants included in the RNA-seq study, with ssp. breviflora individuals in red and ssp. umbellata 
individuals in blue. Abbreviations: OR=Oregon, CA=California, MX=Mexico 
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Fig. 2.2 Bioinformatic pipeline for the bud transcriptome analysis of Abronia umbellata, 
indicating the process performed and the software used. 
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Fig. 2.3 The proportion of the assembled transcript (query) sequence that covers its best BLAST hit versus the proportion of the best 
BLAST hit sequence covered by the assembled transcript sequence, for ssp. umbellata (a) and ssp. breviflora (b). Points in the top 
right corners of the plots are transcripts that map directly on to and entirely cover proteins in the database. The accumulation of points 
along the top left are transcripts that mapped entirely to a known protein but only covered a portion (usually < 50%) of the protein 
sequence. 

ssp. umbellata ssp. breviflora a. b. 



 42

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4 Percentage of transcripts in different size classes for ssp. umbellata (top) and ssp. 
breviflora (bottom) at various stages of transcriptome assembly. The stages represented 
are the raw Oases transcripts, the transcripts following refinement (i.e. the consensus 
transcripts for each subspecies), and the orthologous transcripts shared by subspecies. All 
transcripts ≥ 4000 bp were binned into one size category.  

ssp. umbellata 

ssp. breviflora 
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Fig. 2.5 Functional annotation of the orthologous transcriptome sequences, placed into three broad ontology categories using 
BLAST2GO: cellular component, molecular function, and biological process. Note that each transcript can be assigned more than one 
GO term. 
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Fig. 2.6 Heatmap of the number of transcripts of given sizes that contain given numbers of 
SNPs. For example, the most frequent class of transcripts (count ~100) are ~1600 bp 
(log10(1600)=3.2) and contain ~30 SNPs (log10(30)=1.5) 
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Chapter 3 
The causes and consequences of a transition to selfing in the Pacific coastal 

dune endemic, Abronia umbellata 
 
Abstract 
 A shift in mating system, from outcrossing to selfing, is among the most frequent 
evolutionary transitions in flowering plants and is accompanied by profound changes in 
population genetics and demography. The shift to selfing has important consequences for the 
evolutionary potential of a species, however the factors which cause the shift, and then which 
affect subsequent changes in genetics and ecology, are not well understood. To shed light on this, 
we need a comprehensive genetic analysis of related outcrossing and selfing lineages in a plant 
species with known demographic characteristics. Advances in sequencing technology now allow 
for genomic level analyses of non-model species. Abronia umbellata is a coastal dune endemic 
that exhibits a striking geographic shift in mating system across its range such that plants in 
populations north of San Francisco produce large flowers and are probably highly outcrossing 
and plants in populations to the south are small-flowered and likely highly selfing. We 
performed a genetic analysis of selfers and outcrossers in this plant species at both the 
transcriptome level and using resequencing loci, across a geographically broad sample of 
populations. We found that the shift to selfing in Abronia umbellata appeared to be very recent 
and was accompanied by a drastic reduction in genetic diversity, most likely as a result of an 
extreme population bottleneck, but potentially a result of linked selection following the shift to 
selfing. Our study also uncovered cryptic variation in the species range, potentially indicating a 
need for a reevaluation of the subspecies definition in Abronia umbellata.  
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Introduction 
The transition in mating system from outcrossing to selfing has occurred many times 

during the history of the angiosperms, and is accompanied by potentially profound changes to 
patterns of genetic diversity and differentiation of populations (Stebbins, 1957; Wright et al., 
2008). However understanding the mechanisms responsible has proven difficult because, in 
addition to influencing a variety of population genetic parameters directly, self-fertilization can 
alter the demography and ecology of populations in ways that also affect population diversity 
and differentiation (Appendix G; Charlesworth and Wright, 2001; Barrett et al., 2014). 

Because ovules are fertilized with self-pollen, complete self-fertilization drastically 
reduces the number of independent gametes sampled for reproduction leading to a predicted 50% 
reduction in effective population size (Ne; Charlesworth and Wright, 2001). Further, since selfers 
are highly homozygous, crossing over rarely occurs among heterozygous sites, greatly slowing 
the decay of linkage disequilibrium (LD) and further reducing Ne (Nordborg, 2000). Together 
these effects will hasten the loss of genetic diversity within populations and expedite the 
differentiation in allele frequencies among populations via genetic drift. Opportunities for gene 
flow via pollen moving between individuals, which would oppose the effects of drift, are also 
reduced by self-fertilization. 

Selfing also alters the effect of natural selection on the genetic structure of populations. 
With increased LD, selection for or against an allele at any given locus will tend to reduce 
genetic diversity at linked sites. Linked selection (“selective sweeps”, “genetic hitchhiking”, 
“background selection”) can, in theory, cause dramatic and rapid reductions in genetic diversity 
but only if the proportion of progeny produced via selfing (s) is quite high (s > 0.9; Barrett et al., 
2014). Selfing can also alter the efficacy of selection. For instance, beneficial or deleterious 
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mutations will tend to be expressed as homozygotes in selfing populations even if they are at low 
frequency and their phenotypic manifestations will allow them to be more rapidly fixed or 
expunged, respectively. On the other hand, selfers are expected to have lower Ne than 
outcrossers, so selection may be less efficient in the face of strong drift, leading to the fixation of 
alleles regardless of their phenotypic effects. Thus, we expect that there will be more deleterious 
mutations fixed in selfing than in outcrossing populations, evident as an elevated ratio of 
nonsynonymous to synonymous polymorphisms in selfers (Glémin, 2007). 

In addition to these “genetic” effects of self-fertilization, a shift in the mating system can 
alter the demography and ecology of populations in ways that affect population genetic diversity 
and differentiation. Probably the most widely recognized effect of selfing is captured by Baker’s 
Law (Baker, 1955), which recognizes that populations may be founded by one or a few selfing 
individuals, and avoid the resulting Allee effect owing to their ability to reproduce without 
pollinators or conspecific mates. Amelioration of Allee effects may also allow selfing 
populations to persist through dramatic population bottlenecks that would otherwise cause the 
extinction of outcrossing populations, which similarly reduces long-term Ne and hence genetic 
variation within populations. Reduced long-term Ne and range disjunctions caused by long-
distance dispersal may also reduce gene flow among populations, causing greater genetic 
differentiation among selfing than outcrossing populations. Although ecology and demography 
has rarely been explicitly compared between outcrossing and selfing lineages (Fausto et al., 
2001; Barrett and Husband, 1990), the disproportionate occurrence of selfing populations at the 
edge of species’ geographic distributions or in ecologically marginal habitats (Jain, 1976; Busch, 
2005) and at expanding range margins during biological invasion (Rambuda and Johnson, 2004; 
van Kleunen et al., 2008) is consistent with these effects. 
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Given the manifold genetic and ecological effects of a change in the mating system, 
inferring process from pattern in genetic comparisons of selfing and outcrossing lineages has 
been problematic. Reduced neutral diversity within selfing compared to outcrossing populations 
has been well-supported by studies of DNA sequence variation in Collinsia (Hazzouri et al., 
2013), Capsella (Foxe et al., 2009), Mimulus (Sweigart and Willis, 2003), Lycopersicum (Baudry 
et al., 2001), and Clarkia (Pettengill and Moeller, 2012; Appendix H) as well as a large literature 
of older studies based on allozymes (Hamrick and Godt, 1996). However, the extent to which 
within-population diversity is reduced by selfing varies considerably among studies and often the 
reduction is greater than the 50% decrease expected from the effect of selfing on Ne alone 
(Charlesworth and Wright, 2001). There is also a large amount of empirical support for increased 
differentiation among selfing populations from allozyme studies by Hamrick and Godt (1990), 
and more recently, this has been supported in Clarkia (Pettengill and Moeller, 2012) and 
Collinsia (Hazzouri et al., 2013) where genetic differentiation among populations, as measured 
by FST, was at least two times greater in selfing than related outcrossing taxa (Appendix H). 
Again, the role of genetic vs. demographic effects remains largely unclear. As a result of greater 
diversity among populations, the loss of within-population diversity experienced by selfers may 
be less drastic at the taxon level than at the population level. In contrast to the general support for 
predictions concerning genetic diversity and differentiation, empirical studies have generally 
failed to detect evidence of reduced selection efficacy in selfers (Wright et al., 2002; Foxe et al., 
2008; Haudry et al., 2008; Escobar et al., 2010), until recent genome-wide analyses provided 
supporting evidence, including dN/dS ratios twice as high in selfers as in outcrossers (Hazzouri 
et al., 2013; Slotte et al., 2013). 
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Whether genetic comparisons between selfing and outcrossing lineages can be used to 
infer how selfing evolved has been particularly contentious. The major hypotheses for the 
transition to selfing posit that selfing is favoured either due to reproductive assurance when 
mates and/or pollinators are limited (Darwin, 1876), or because alleles that cause selfing 
experience a transmission advantage because they are passed on via fertilization of their own 
ovules as well as the ovules of conspecifics (automatic transmission; Fisher, 1941). Schoen et al. 
(1996) suggested that reproductive assurance would be most valuable under low density 
conditions, or after a population bottleneck or founder event, and thus would be associated with 
genome-wide reductions in diversity. In contrast, the selection of selfing through inherent 
transmission advantage should operate best in large populations with adequate pollinator service 
resulting in reduced genetic diversity only at the locus that causes selfing. As an example, Foxe 
et al. (2009) compared DNA sequence variation at 35 loci between the outcrossing Capsella 
grandiflora and its selfing sister taxon Capsella rubella. Compared with the outcrosser, the selfer 
displayed greatly reduced genetic diversity and increased within-locus linkage disequilibrium 
and possessed very few private polymorphisms suggesting that the genetic variation of the selfer 
was a restricted subsample of that occurring in C. grandiflora. This is consistent with a 
population bottleneck associated with a recent transition to selfing, and is therefore suggestive of 
reproductive assurance as the principal selective mechanism (Foxe et al., 2009). Broader 
application of this simple test of the reproductive assurance hypothesis has yielded less 
consistent results (Busch and Delph, 2012).  

More recently, Barrett et al. (2014) used simulation models to show that reduced 
diversity in selfing lineages can also arise due to linked selection (if selfing is high), which may 
be common if selfing, regardless of how it is initially selected, allows colonization of new habitat 
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or ecological conditions with concomitant local adaptation. Moreover, the genetic signature of a 
bottleneck coincident with the selection of selfing via reproductive assurance may be erased by 
subsequent gene flow between selfing and progenitor outcrossing populations. Distinguishing 
hypotheses for the origin of selfing may be aided to some extent by using information on how 
much the level of selfing and population demography differs between selfing and outcrossing 
populations, especially if the transition to selfing is relatively recent.  
 Here, we investigate the genetic consequences and evolutionary origin of self-fertilization 
in Abronia umbellata (Nyctaginaceae), an annual plant endemic to the Pacific coastal dunes of 
western North America, from northern Baja California Mexico to southern Oregon USA. Across 
its continuous and near one-dimensional geographic range the species exhibits striking 
geographic differentiation in floral traits that affect the mating system (Tillett, 1967); plants in 
populations south of San Francisco CA are strongly self-incompatible (SI), and produce tubular 
flowers within which receptive stigmas and dehiscing anthers are well separated and are 
probably strongly outcrossing. Plants in populations north of San Francisco produce self-
compatible (SC) flowers only half the size, with anthers and stigmas in very close proximity that 
are likely very highly selfing. Based on these floral differences, large-flowered SI populations 
have been classified as subspecies umbellata, while small-flowered SC populations are classified 
as ssp. breviflora. The closely related subspecies of A. umbellata offer a valuable opportunity to 
study a mating system shift because the genetic consequences of the transition should be 
unobscured by ecological and genetic changes that would accrue due to processes unrelated to 
the mating system in more distantly related taxa. In addition, this species has a simple one-
dimensional geographic range, and previous studies have provided data on geographic variation 
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in floral biology, site occupancy and population density (Samis and Eckert, 2007; Doubleday et 
al., 2013). 
 Here we use a de novo bud transcriptome assembly for Abronia umbellata (Chapter 2) to 
assess the effect of a mating system transition at the genomic level. The assembled transcriptome 
was also used to design primers for Sanger sequencing of 10 randomly selected loci in two 
individuals from each of 15 populations of ssp. umbellata (hereafter “umbellata”) and nine 
populations of ssp. breviflora (hereafter “breviflora”). We test the following predictions: 
compared to outcrossing umbellata, breviflora should exhibit (1) much higher individual 
homozygosity due to chronic self-fertilization; (2) a 50% reduction in genetic diversity; (3) 
higher linkage disequilibrium (LD); (4) a heightened dN/dS ratio. Within-population diversity 
should (5) correlate positively with contemporary population size and be (6) lower in breviflora 
than umbellata. Breviflora populations should be (7) more differentiated from one another than 
those of umbellata and (8) the positive correlation between genetic differentiation and the 
distance between populations (isolation by distance) while evident in outcrossing umbellata 
should be weaker in breviflora due to restrictions on gene flow owing to self-fertilization. 
Finally, we used demographic model fitting to estimate parameters, including the time since 
subspecies divergence, the levels of gene flow between subspecies, and long-term effective 
population sizes to test for a population bottleneck associated with the evolution of selfing and 
attempt to infer whether such a bottleneck is suggestive of reproductive assurance as a selective 
mechanism.  
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Materials and methods 
Transcriptome assembly and analysis 

The bud transcriptomes of both umbellata (1 individual from each of 7 sites) and 
breviflora (1 from each of 5 sites) were assembled from the sequenced RNA of bud tissue, 
orthologs between the subspecies were identified, and sequence variants were detected (see 
Chapter 2).      

Sampling strategy and Sanger sequencing 
Two individuals from each of 24 populations (15 umbellata, 9 breviflora; Table 3.1; Fig. 

3.1) were randomly selected for resequencing, representing a geographically broad sample of the 
species. Here we define a population as a group of plants, often restricted to a discrete dune 
system, separated from other such groups by 1 km, usually much more. DNA was extracted from 
silica-dried leaf material collected during the reproductive seasons of 2002, 2003, 2010 and 2011 
using a modified CTAB protocol. Six of the individuals were plants used in the RNA-seq 
analysis (Table 3.1) in which case DNA was extracted from fresh leaf tissue of the specimens 
maintained in the glasshouse. Based on transcript sequences, 10 primer sets were designed using 
PrimerQuest (idtdna.com/primerquest/, 2016; Appendix I) to amplify 500–700 bp regions that 
BLAST analysis indicated were within single-copy exons.  

PCR amplification was performed by a GeneAmp PCR System 9700 (Applied 
Biosystems), with initial denaturation at 95°C for 2 min; followed by 30 cycles of: denaturation 
at 95°C for 30 sec, annealing at a primer-optimized temperature for 40 sec, and extension at 
72°C for 60 sec; and a final extension of 10 min at 72°C. The resulting amplicons were 
submitted to GenomeQuebec (Montreal, QC) for Sanger sequencing of the forward and reverse 
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strands, using the same primers as for amplification. Chromatograms were visualized with 
FinchTV (v 1.4.0, Geospiza Inc.) and manually edited to identify heterozygous positions (double 
peaks) and remove low quality ends (peaks of poor integrity). The forward and reverse strands 
were aligned using BioEdit (v 7.2.5; Hall, 1999) and then collapsed to one consensus sequence 
per individual. For each individual, we sequenced an average of 530 bp of DNA from each of 10 
loci. Haplotypes for each individual were estimated from consensus sequences using PHASE (v 
2.1.1; Stephens et al., 2001). 

Subspecies-level analyses 
Genetic polymorphism was estimated for each subspecies using transcriptome data from 

6095 loci from 12 individuals as well as data from 10 resequenced loci assayed for 48 
individuals. We used a modified version of Polymorphorama (Bachtrog and Andolfatto, 2006) to 
quantify sequence polymorphism at synonymous vs. nonsynonymous sites and to calculate the 
nucleotide diversity statistic, π. We tested for differences in π between subspecies using t-tests, 
performed separately for both synonymous and nonsynonymous sites. One breviflora individual 
from population CGB displayed unusually high heterozygosity plus unique single nucleotide 
polymorphsisms (SNPs) and heterozygous indels at several loci (Appendix J), which made 
sequence phasing potentially unreliable. This individual was likely a hybrid with A. latifolia 
(Tillett, 1967) and was removed from analysis, thus CGB was not included in any analyses of 
within-population variation. To determine how genetically diverged the subspecies are from one 
another, we calculated the genetic differentiation statistic, G’ST, between the subspecies using the 
mmod (v 1.3.1; Winter, 2012) package in the R statistical computing environment (R Core 
Team, 2016).  
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We tested the prediction that LD would be more pronounced within selfing than 
outcrossing lineages by determining the extent of LD in each subspecies using data from the 10 
resequenced loci, which we assumed were unlinked. For each subspecies and at each locus, the 
recombination parameter ρ was estimated using DnaSP (v 5.10.1; Rozas and Rozas, 1995). ρ is 
an estimate of 4Ner, where Ne is the effective population size and r is the recombination rate per 
generation per base pair between the most distant sites (Hudson, 1987). To confirm 
quantifications of LD as predicted by ρ, we also used the rsq package of libsequence (v 1.8.3; 
Thornton, 2003) to estimate LD via the squared allele-frequency correlation (r2) for pairs of 
SNPs. We performed a least squares nonlinear regression to estimate the decay of LD as a 
function of base pair distance, using equation (1) as previously described (Remington et al., 
2001), and implemented in the LDit.r script (github.com/rossibarra/r_buffet/blob/master/LDit.r).  

To test the prediction that the efficacy of selection is lower in selfing than outcrossing 
populations, we estimated the dN/dS ratio for each subspecies, calculated as: the number of 
polymorphisms per nonsynonymous site/the number of polymorphisms per synonymous site. 
The dN/dS ratio was averaged across all polymorphic transcripts and a t-test was used to 
compare the value between subspecies.  

To test the prediction that breviflora is highly selfing compared to umbellata, we 
determined whether breviflora individuals were more homozygous than umbellata individuals. 
For each genotype we recorded the number of heterozygous sites and the total number of 
polymorphic sites (SNPs) for all genotypes in the subspecies. We compared the proportion of 
heterozygous SNPs between subspecies using a generalized linear mixed model with population 
as a random effect (nested within subspecies) and a binomial error distribution implemented by 
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the glmer command in the R package lme4 (v 1.1-12; github.com/lme4/lme4/). Differences 
among subspecies were evaluated using likelihood ratio tests. 

Population-level analysis 
To evaluate the joint influence of mating system and demography on θπ within 

populations, we used data on reproductive plant density collected by Samis and Eckert (2007) for 
12 of 15 umbellata and seven of nine breviflora populations in 2003. Plant density was measured 
in two ways: as the number of reproductive plants within a 1-m radius around 20 focal plants 
chosen randomly throughout each population (“radial density”), and as the number of plants 
within the total area of the population or along transects within each population (“average 
density”). Because A. umbellata is patchily distributed within populations, radial density was 
always much higher than average density (paired t-test: t = 5.92, P < 0.0001) and the two 
measures correlated only moderately across populations (Pearson correlation between radial 
density and log10-transformed average density: r = +0.49, P = 0.034). However, analysis with 
either measure yielded very similar overall results, so we present those based on radial density 
below. Among the populations we sampled, radial density was higher for umbellata (mean ± 1 
SE = 0.609 ± 0.103 plants/m2) than breviflora (0.327 ± 0.123 plants/m2) but the difference was 
not significant (t = 1.72, df = 17, P = 0.10).  First we used a t-test to evaluate the overall 
difference in within-site θπ between all 15 umbellata populations and eight breviflora populations 
(population CGB excluded). We then fit a linear model with subspecies, radial density and their 
interaction as predictors to variation in within-population θπ among the 19 populations for which 
density data were available. The significance of each predictor was determined using likelihood 
ratio tests implemented by the Anova command in the car R package (v 2.1-2; Fox and 
Weisberg, 2011). Nonsynonymous and synonymous θπ were analyzed separately, though the two 
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components of nucleotide diversity correlated strongly among populations (r = +0.92, P < 
0.00001).   

To test the prediction that selfing populations are more differentiated from one another 
than outcrossing populations, genetic differentiation among sample sites was estimated as G’ST 
using the R package mmod (v 1.3.1; Winter, 2012). To test the predictions that (i) genetic 
differentiation among populations is greater for selfing breviflora than outcrossing umbellata, 
and (ii) the pattern of isolation by distance should be weaker among selfing than among 
outcrossing populations, we fit variation in G’ST between pairs of populations to a linear model 
including subspecies, pairwise geographic distance and their interaction as potential predictors. 
Because pairwise G’ST values were not statistically independent, we tested for significance of 
each predictor using randomization with 100 000 permutations of the data (Manly, 2006). We 
report P-values (Psim) as approximate because they varied slightly among replicate runs. The 
range of pairwise geographic distances was larger for umbellata than breviflora so we only 
included pairwise comparisons between umbellata populations within the same range as pairwise 
comparisons between breviflora populations (≤ 575 km). 

Population structure analysis 
Population structure was inferred from the phased sequences with singletons (nucleotide 

variants which appear once among the sequences) removed and haplotypes inferred using DnaSP 
(v 1.0; Rozas and Rozas, 1995). We assigned individuals to genetically differentiated clusters 
using the Bayesian method implemented in InStruct (v 1.0; Gao et al., 2007) which uses a model 
similar to Structure (Pritchard et al., 2000) but relaxes the assumption of Hardy-Weinberg 
equilibrium which is likely violated in highly selfing populations of breviflora. The following 
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parameters were used to run InStruct: 500,000 burn-in steps followed by 750,000 retained 
MCMC steps, with 20 iterations at each step. The number of clusters (K) was varied from 1 to 10 
and the optimal K was determined both by the lowest Deviance Information Criterion (DIC) 
value (Gao et al., 2011) and also by the highest ΔK value (Evanno et al., 2005), as implemented 
in the R package CorrSieve (v 1.6-8; Campana et al., 2011). The results of all iterations at each 
value of K were summarized using CLUMPP with the Greedy algorithm and testing 10 000 input 
orders of runs. Plots for the reported K values (2–4) were generated using DISTRUCT (v 1.1; 
Rosenberg, 2004). 

To determine the extent of shared polymorphism between subspecies, we used custom 
python scripts to count the number of polymorphisms unique to each subspecies, shared by both 
subspecies, and fixed between subspecies. 

Coalescent analysis 
To infer whether the transition to selfing was associated with reduced effective 

population size (Ne), how long ago it might have occurred and whether there has been 
subsequent gene flow between subspecies, several parameters of a series of isolation-migration 
models were estimated using Bayesian analysis implemented using MIMAR (v 1.0; Becquet and 
Przeworski, 2007). MIMAR is similar to the Isolation with Migration (IM) program (Hey and 
Nielsen, 2004) but accounts for within-locus recombination, a situation likely to be occurring in 
the outcrossing umbellata. We considered a model where an ancestral population splits into two 
descendant populations at a particular time, and subsequent gene flow between the populations 
may or may not occur. The parameters estimated for the model were: the population mutation 
rates per base pair of the ancestral population (θA) and the two descendent populations, umbellata 
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(θu) and breviflora (θb). These rates could then be used to estimate effective population sizes 
(Ne(A), Ne(umb), Ne(brev)) using the formula: θ = 4Neμ. We also estimated time (in generations) since 
the subspecies split (Tgen) and the migration rates: Mub for the number of individuals migrating 
from umbellata to breviflora and Mbu for the number of individuals migrating in the opposite 
direction.  
 The input data for MIMAR was: (i) the number of unique polymorphisms in umbellata, 
(ii) the number of unique polymorphisms in breviflora, (iii) the number of polymorphisms shared 
by both subspecies, and (iv) the number of polymorphisms fixed between the subspecies; each 
estimated from the 10 resequenced loci (Appendix K). We ran the simulations using a version of 
MIMAR that does not rely on an outgroup to infer derived polymorphisms (MIMAR_noanc; 
Becquet and Przeworski, 2007) because no reliable ancestral sequence was available for A. 
umbellata.  
 We compared four models that varied depending on whether gene flow occurred after the 
divergence, and whether the present-day Ne of umbellata was constrained to equal the ancestral 
Ne. Each model was run twice with different seeds, and each run involved 110 000 MCMC steps, 
including 10 000 burn-ins. MIMAR was initially run with wide priors to select the appropriate 
narrowed priors for the final analysis: uniform 0–0.02 for θu, uniform 0–0.0005 for θb, uniform 
0–0.02 for θA, log uniform 0–200,000 for Tgen, and uniform -5–5 for both Mub and Mbu. We 
determined the mode for each parameter, and the 90% highest posterior density intervals were 
calculated using the boa R package (v 1.1.7-2; Smith, 2007).  

Goodness of fit tests were performed using sets of parameters sampled from the posterior 
distributions. Distributions of summary statistics (including polymorphism summary values used 
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as MIMAR input and estimates of θπ, FST, and Tajima’s D), were generated for the simulated 
samples. FST and Tajima’s D values were calculated using the PopGenome R package (v 2.1.6; 
Pfeifer et al., 2014). Here, FST was calculated as differentiation between the subspecies. The 
probability of obtaining the observed statistic given the simulated distribution of the statistic was 
quantified, and the goodness of fit test was rejected if the “P value” < 0.05.  

 



 60

Results 
Subspecies-level analyses 

Analysis of 6095 orthologous transcripts from RNA-seq and 10 resequenced loci from 
genomic DNA both indicated much higher levels of polymorphism for genotypes sampled from 
outcrossing umbellata than selfing breviflora (Table 3.2). Overall, 94.6% of transcripts contained 
at least one SNP among umbellata genotypes compared to only 27.5% for breviflora. Similarly, 
polymorphism was detected at all 10 resequenced loci for umbellata and only four of 10 for 
breviflora. We detected a mean of 18.4 SNPs per polymorphic transcript for umbellata and only 
6.7 for breviflora. The same pattern was evident for the resequenced loci (24.9 vs. 3.5 
SNPs/polymorphic locus for umbellata vs. breviflora, respectively). Overall nucleotide diversity 
within both transcripts and resequenced loci (θπ, Table 3.2) was ~ 7–10 times higher for 
umbellata than breviflora at both synonymous and nonsynonymous sites (t-tests: all P < 0.0001). 

Of 30 umbellata genotypes, 29 were heterozygous for at least one of 184 subspecies-wide 
SNPs (mean proportion SNPs heterozygous ± 1 SE = 0.107 ± 0.0099, range = 0.00 – 0.23). The 
only homozygous individual was from population CWR. Among the 17 breviflora genotypes 
(excluding the putative hybrid from CGB), only two exhibited any heterozygous sites (both from 
population CPR), one of which was heterozygous for an anomalously high number (8) of 10 
subspecies-wide SNPs (mean proportion heterozygous = 0.053 ± 0.047; excluding this genotype: 
mean = 0.0062 ± 0.0062, range = 0.00 – 0.10). Generalized linear mixed modeling revealed that 
the proportion of heterozygous SNPs differed between subspecies with the anomalous genotype 
included (χ2 = 6.57, df = 1, P = 0.010) or not (χ2 = 17.79, df = 1, P = 0.000025). 

The rate of recombination, estimated by ρ from resequenced loci, was higher for 
umbellata (mean = 0.014) than breviflora (mean = 0.0009), and frequently there were too few 
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polymorphic sites among breviflora genotypes to obtain a reliable estimate of ρ (Appendix L), 
thus the difference was not significant (P = 0.27). r2 decayed quickly with increasing distance in 
umbellata but not breviflora (Fig. 3.2). 

The dN/dS ratio for the transcripts was lowest for polymorphisms unique to umbellata 
(averaged across transcripts: ± 1 SE = 0.22 ± 0.01) and highest for those unique to breviflora 
(0.44 ± 0.10; t = 2.13, P = 0.046). Polymorphisms shared by both subspecies exhibited an 
intermediate dN/dS ratio (0.26 ± 0.03), as did those few polymorphisms that were fixed 
differences between subspecies (0.27 ± 0.08). dN/dS ratios were not calculated from the 
resequencing data as there were no polymorphisms unique to breviflora. 

Population-level analyses 
Synonymous within-population nucleotide diversity was almost 17-times higher in 

umbellata than breviflora (mean θπ ± 1 SE = 0.024 ± 0.0028 for umbellata; 0.0014 ± 0.00091 for 
breviflora; t = 7.71, P < 0.0001). Six of eight breviflora populations exhibited no synonymous 
variation at all, whereas diversity was detected within all umbellata populations. Within-
population genetic diversity correlated negatively with latitude across all populations (Fig. 3.3; r 
= –0.91, P < 0.0001) driven largely by the contrast in θπ between subspecies. The correlation 
remained significant among umbellata populations only (r = –0.83, P = 0.00014) because two 
populations (CWR and CMN) close to the boundary with breviflora exhibited exceptionally low 
diversity. The θπ values for CWR and CMN individuals were unlikely to have been sampled 
from the rest of the umbellata θπ distribution (1-sample t  = 6.62, P = 0.0070). In addition, three 
of four populations sampled in Baja California near the southern range limit exhibited very high 
diversity, significantly higher than those from California (excluding CMN and CWR, t = 12.43, 
P < 0.0001). Among breviflora populations, the correlation with latitude was also negative but 
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not quite significant (r = –0.63, P = 0.092). The only two breviflora populations with θπ  > 0 
were among the three closest to the range boundary with umbellata. Levels of nonsynonymous 
diversity were less than one-tenth of synonymous diversity, however, the contrast between 
subspecies was very similar (Fig. 3.3). 

Linear models evaluating the joint effect of population density and mating system on 
within-population nucleotide diversity (Fig. 3.4) detected a strongly significant effect of 
subspecies (F1,14 = 20.62, P = 0.00046) but not density (F1,14 = 0.63, P = 0.44) or any interaction 
between density and subspecies (F1,14 = 0.42, P = 0.52). Similar results were obtained from 
analysis of nonsynonymous variation (Fig. 3.4; subspecies F1,14 = 17.93, P = 0.00083; density 
F1,14 = 0.02, P = 0.90; interaction F1,14 = 0.11, P = 0.74). 

As predicted, genetic differentiation between populations measured by G’ST was higher 
among breviflora (G’ST averaged across resequenced loci ± 1 SE = 0.73 ± 0.14) than umbellata 
populations (0.45 ± 0.04) but not significantly so (t = 1.92, P = 0.18). However, adding 
geographic distance between populations into the analysis accentuated the difference between 
subspecies. G’ST generally increased with geographic distance between populations (Fig. 3.5; r = 
+0.35, Psim < 0.00001), was greater among breviflora populations (mean G’ST ± 1 SD = 0.803 ± 
0.193) than among umbellata populations (0.345 ± 0.112, Psim < 0.00001), but although the 
correlation between genetic and geographic distance seemed stronger for umbellata (r = +0.64) 
than breviflora (r = +0.22) the strength of isolation by distance did not differ between subspecies 
(Psim ~ 0.28). 
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Population structure analysis 
 Based on deviance information criterion (DIC) and Delta K, InStruct analysis detected 
three genetic clusters (K = 3; Fig. 3.6; Appendix M). At K = 3, breviflora genotypes clustered 
together along with those from the two most northerly umbellata populations (CWR and CMN). 
The remaining umbellata genotypes formed two clusters, with those from the four Baja 
California sites clustering distinctly from the southern California sites. Allowing K = 4 did not 
change this pattern of subdivision. At K = 2, the Baja California genotypes remain distinct from 
all other genotypes (both umbellata and breviflora), which cluster together. InStruct at K = 3 
provides the most relevant output for our study and thus, polymorphism analyses will be 
performed by grouping the breviflora sites separate from the umbellata sites, but also by 
grouping sites into the three clusters.  

Overall, 89% of 77263 synonymous SNPs in A. umbellata transcripts were unique to 
umbellata whereas 0.85% were unique to breviflora and only 0.25% involved fixed base-pair 
differences between subspecies (Table 3.3). 92% of the SNPs detected in breviflora were also 
detected in umbellata, whereas only 10% of the SNPs detected in umbellata were also detected in 
breviflora. Thus almost all of the variation in breviflora is a subset of the variation found in 
umbellata. The proportion of the SNPs that involved fixed differences between the subspecies 
was higher for nonsynonymous (0.333% of 30610) than for synonymous positions (0.213% of 
77263, χ2 = 12.24, df = 1, P = 0.00047). Results from resequenced loci were similar: 94% of the 
184 synonymous SNPs detected were unique to umbellata, none were unique to breviflora and 
none involved fixed differences. No fixed differences were detected at synonymous sites. 

The distribution of SNPs in resequenced loci also varied among InStruct groupings 
(Appendix N). As a group the four Baja California populations contained many more unique 
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SNPs than did populations in California (excluding CWR and CMN: 71 SNPs vs. 31 SNPs) even 
though the sample size was more than twice as large for the latter. However the largest 
proportion of SNPs was still the shared category (82 SNPs) and there were no fixed differences 
between the groups.  

Analysis of SNPs shared between individual umbellata populations and breviflora 
revealed that CWR and CMN shared a larger proportion of their SNPs with breviflora (average ± 
1 SE = 0.571 ± 0.071) than did the other umbellata populations in California (excluding Baja 
0.191 ± 0.018; t = 5.15, P = 0.10).  

Genetic differentiation (G’ST) between the three InStruct clusters was 0.405 ± 0.052, 
significantly higher than differentiation between the conventionally assigned subspecies (0.257 ± 
0.046; t = 2.13, P = 0.048). Pairwise comparisons of G’ST between the InStruct clusters showed 
that the greatest differentiation was between the breviflora cluster and California umbellata 
cluster (0.545 ± 0.056), followed by California umbellata and Baja umbellata (0.323 ± 0.055), 
while breviflora and California umbellata were the least differentiated from one another (0.260 ± 
0.057).  

Coalescent analysis 
Models with unconstrained ancestral population size (Ne(A)) were unable to converge on a 

population mutation rate for umbellata (θu). However, both models with Ne(A) constrained to 
equal Ne for umbellata converged, and the model with migration estimated larger effective 
population sizes for both lineages and a 4-fold greater time since divergence than the model 
without. This model also passed all goodness-of-fit tests, whereas the model without migration 
failed the test for FST. Regardless of whether migration was included, both models predicted that 
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Ne for breviflora is < 1% of that for umbellata (and the ancestral population). Both models also 
predicted a relatively recent divergence time of ~ 28,000 ybp if migration was included in the 
model and only 7000 ybp without migration, however the posterior distributions for both these 
estimates overlapped broadly. The model with migration predicted that there are almost 3-times 
as many individuals migrating from umbellata to breviflora than vice versa, although again the 
posterior distributions for the two migration rates overlapped extensively.    
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Discussion 
Subspecies-level analyses 

In Abronia umbellata, the transition to selfing reduced taxon-wide neutral genetic 
diversity by 90% (Table 3.2), a much greater reduction than the predicted 50% due to the genetic 
consequences of selfing alone (Hazzouri et al., 2013). Similar results have been observed in 
comparisons of related outcrossing and selfing taxa in Capsella (Foxe et al., 2009), Clarkia 
(Pettengill and Moeller, 2012), and Collinsia (Hazzouri et al., 2013), which displayed 87%,     
67% and 64% reductions in diversity, respectively (Appendix H). As in these other studies, 
diverse factors may be invoked to explain the higher than expected diversity loss in breviflora, 
including greater linkage disequilibrium in breviflora than umbellata (Fig. 3.2) leading to linked 
selection and reduced genome-wide diversity, or a potential population bottleneck leading to a 
drastic reduction in breviflora effective population size (Table 3.4).  

The parapatric distribution of the divergent subspecies suggests one transition from 
outcrossing to selfing in A. umbellata. Our genetic analysis supports this expectation as all of the 
breviflora populations form one genetic cluster (Fig. 3.6) that is distinct from the Californian and 
Mexican clusters of umbellata populations. This is unlike the co-distributed dune endemic 
Camissoniopsis cheiranthifolia, where there seems to have been multiple transitions to higher 
selfing, each involving a set of selfing populations geographically disjunct from other groups of 
selfing populations (Dart et al., 2012).  

A recent divergence between the subspecies is supported by a paucity of either unique 
polymorphisms in breviflora or fixed differences between subspecies (Table 3.3). These results 
suggest that there has been inadequate time for new mutations to accrue in breviflora and that 
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drift has not yet had time to fix ancestral polymorphisms. Demographic simulations based on the 
polymorphism data also suggest that divergence between the subspecies may have been as recent 
as 7000 years before present, although confidence intervals on our divergence estimates are large 
(Table 3.4).       

Population-level analyses 
Consistent with a transition to selfing, we observed a 94% reduction of within-population 

genetic diversity in breviflora compared with umbellata. Similar to at the taxon level, the 
reduction in diversity at the population level was much more dramatic than the 50% reduction 
predicted in selfers as a result of reduced Ne alone (Charlesworth and Wright, 2001). Thus, 
additional genetic and/or demographic factors are needed to explain the diversity loss. Breviflora 
populations did tend to be less dense than umbellata populations, although not significantly so. 
However, we detected no effect of density on within-population genetic diversity. Thus, lower 
diversity in breviflora populations could not be directly attributed to smaller contemporary 
population size. The same factors that cause excess diversity loss at the taxon level can also be 
invoked to explain extreme diversity loss at the population level; linked selection as a result of 
increased LD (Fig. 3.2) can lead to genome-wide diversity loss and selfing populations can be 
founded by one or a few individuals leading to sharp reductions in genetic diversity. 

We detected much greater genetic differentiation between breviflora populations than 
between umbellata populations, in line with a similar analysis of outcrossing and selfing 
subspecies in Clarkia xantiana which found pronounced differentiation among selfing 
populations, even over short distances (Pettengill and Moeller, 2012). Aside from the reduction 
in Ne caused by selfing, several mechanisms may potentially contribute to this. Self-fertilization 
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reduces the opportunity for gene flow via pollen because ovules are unavailable for outcrossing 
by pollen that has moved long distances. Smaller physical population size or more frequent 
population bottlenecks may cause selfing populations to drift apart in allele frequencies faster, 
although we have no evidence for a strong difference in contemporary population size between 
subspecies of A. umbellata. Selfing populations, especially when they occur towards the edge of 
a species range may be more sparsely distributed on the landscape thereby reducing 
opportunities for gene flow. The distance between populations does seem to be greater among 
breviflora than umbellata populations. Samis and Eckert (2007) sampled 124 dune sites across 
five 384-km lengths of coastline spanning the geographic range of A. umbellata. Three of these 
sections contain the range of umbellata and two the range of breviflora. Reanalysis of these data 
suggest that although the number of inhabitable dune sites was not lower for breviflora 
(0.0638/km) than umbellata (0.0547/km), the proportion of those sites inhabited by the species 
was substantially lower for breviflora (38.0% vs. 68.2%, 2x2 contingency table χ2 = 9.12, df = 1, 
P = 0.0025), hence the extent of spatial isolation is greater among breviflora populations than 
among umbellata populations, which should reduce gene flow. However, we found much higher 
differentiation among breviflora than umbellata populations even when controlling for the 
geographic distance between populations. Moreover, there was no difference in the distance 
between populations that we sampled between subspecies (mean ± 1 SE, breviflora =  28.75 ± 
1.21 km, umbellata = 27.29 ± 1.74 km, t = 0.15, P = 0.88). Nevertheless, the sparser spatial 
distribution of breviflora than umbellata populations may still reduce opportunities for gene flow 
because the lower density of breviflora populations along the coast means that the number of 
unsampled populations between sampled populations is lower, and these unsampled populations 
likely act as conduits for gene flow between sampled populations (Hamilton and Eckert, 2007). 
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Despite the predicted recent divergence time between the subspecies, we were able to 
detect a significant reduction in the efficacy of selection in breviflora compared with umbellata. 
This prediction has also been observed in comparisons of related outcrossers and selfers in 
Capsella (Brandvain et al., 2013), Collinsia (Hazzouri et al., 2013), and Eichhornia (Barrett et 
al., 2014), but not in Arabidopsis (Wright et al., 2002) or in species of Triticeae (Haudry et al., 
2008).  

Population structure analysis 
Our analysis of range-wide population substructure revealed two unexpected results. 

First, umbellata populations in Baja California clustered apart from umbellata in adjacent 
southern California, with very high levels of polymorphism (Fig. 3.6). Although the Baja 
populations possess many private polymorphisms, they have no fixed differences, which 
indicates that there is likely still gene flow or incomplete sorting between umbellata populations 
in Baja and elsewhere (Appendix N). A previous study of A. umbellata by Darling et al. (2008) 
found that umbellata populations toward the southern edge of the range, including those in Baja, 
tended to have smaller flowers and higher levels of self-compatibility than umbellata populations 
elsewhere. This provides further evidence of a divide between the most southerly populations 
and the rest of umbellata, although it would be unexpected that high levels of polymorphism 
would be associated with higher selfing. A more comprehensive genetic and demographic 
analysis will be required to understand the division between umbellata populations in Baja and 
elsewhere. Notably, co-distributed Camissoniopsis cheiranthifolia, also displays a shift to higher 
selfing and a pronounced genetic subdivision between populations in Baja California and 
southern California (Lopez-Villalobos and Eckert, unpublished data).   
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The second unexpected result was the clustering of the two most northerly umbellata 
populations (CWR and CMN) with subspecies breviflora. CWR and CMN also have 
significantly lower genetic diversity and indications of lower individual heterozygosity than the 
other umbellata populations. CWR and CMN are the geographically closest umbellata 
populations to breviflora, and thus may represent a transitional step in the evolutionary shift to 
high selfing. Previous studies of these sites have found higher levels of self-compatibility in 
CWR and CMN (Darling et al. 2008) and much higher seed set in CWR than in other umbellata 
populations, but no reduction in flower size (Doubleday et al., 2013). If CWR and CMN are 
transitional and self-compatible, this suggests that the loss of self-incompatibility increased 
selfing and a substantial loss of genomic diversity may have preceded the evolution of the full 
selfing syndrome in breviflora. This would also imply a gradient in ecological factors that 
influence the relative costs and/or benefits of selfing vs. outcrossing across this region. An 
alternative interpretation is that CWR and CMN are hybrid zones that have arisen from 
secondary contact involving gene flow between lineages diverged for the mating system. 
However, the plausibility of gene flow between the subspecies is unclear since little is known 
about the level of pre- or post-zygotic isolation between taxa.   

Evolution of selfing 
The extreme reduction in genetic diversity in breviflora suggests that the evolution of 

selfing may have been coincident with a population bottleneck, providing indirect support for the 
selection of selfing by reproductive assurance (Darwin, 1876; Schoen et al., 1996). However, 
Barrett et al. (2014) have shown using simulation models that linked selection can also quickly 
erode genome-wide diversity following a transition to selfing, producing a genetic signature 
similar to a population bottleneck, even in the absence of a reduced population size. Hence a 
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reduction in diversity per se, is consistent with any model for the evolution of selfing. A dramatic 
reduction in diversity via linked selection requires very high levels of selfing (s > 0.90). Previous 
studies of the floral biology and pollination ecology of A. umbellata (Darling et al., 2008; 
Doubleday et al., 2013) suggest that the subspecies are very strongly diverged in mating system. 
Umbellata flowers are usually very strongly self-incompatible, apparently adapted for moth 
pollination with pronounced herkogamy and heavy secretion of volatile attractants typical of 
moth-pollinated taxa. Seed set in umbellata is extremely low for an annual plant (< 10%) and 
strongly pollen-limited. In contrast, flowers of breviflora are fully self-compatible, 
spontaneously self-fertilizing, 50% smaller in all dimensions, aherkogamous, secrete almost no 
volatile attractants, and are rarely visited by insects yet set near 100% of seeds under natural 
conditions. Extremely high selfing in breviflora is further supported by our genetic analysis of 
individual heterozygosity. Breviflora individuals were near-completely homozygous, even at 
sites polymorphic within the subspecies, whereas heterozygosity was consistently much higher in 
umbellata. However, even if breviflora is highly selfing, such a dramatic diversity loss due to 
linked selection would require strong selective pressures impinging on the nascent selfing 
lineage as well as the time required for selective effects to be manifested. Our estimate of time 
since divergence between umbellata and breviflora suggests a relatively recent origin of selfing 
(7 000 – 28 000 ybp), making linked selection less likely. Moreover, there does not seem to be a 
dramatic ecological gradient over which the shift to selfing has occurred in A. umbellata which 
questions whether selection pressures were broad enough to cause a genome-wide reduction in 
diversity. However, Barrett et al. (2014) point out that the breakdown of SI and floral 
modifications can potentially involve alleles of large effect hastening the loss of variation 
through linkage disequilibrium. The strongest evidence for a bottleneck associated with the 
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evolution of selfing in A. umbellata is that breviflora populations contain only a limited subset of 
the variation found in umbellata, with very few private polymorphisms.  

Conclusion 
Overall, this study underscores the profound population genetic consequences of selfing, 

whether they be from demographic or genetic causes. Beyond this, our study has broader 
implications for the taxonomic classification of the A. umbellata subspecies. The subspecies in 
this taxon have been defined based solely on flower size, however our genetic analysis has 
uncovered cryptic variation at both ends of the geographic distribution. Here, we showed that 
populations in Baja form a group which is potentially distinct from the umbellata populations in 
southern California. Further, the possibility that breviflora includes some large-flowered 
populations suggests that the point at which the subspecies diverge from one another may be 
further south than previously believed. Interestingly the same is true of the co-occurring C. 
cheiranthifolia, where distinct small-flowered populations were found within the range of the 
large-flowered subspecies and there was a marked subdivision within the large-flowered 
subspecies due to hybridization (Lopez-Villalobos and Eckert, unpublished data). Other studies 
have also found discordance between conventional subspecies assignments based on phenotypic 
traits that vary with geographic distribution and the genetic substructure of a species assigned by 
neutral molecular markers (Kodandaramaiah et al., 2012; Zink et al., 2013; McCormack and 
Maley, 2015). As genetic technologies continue to improve, the genetic determination of 
subspecies ranges and assignment of individuals to those subspecies may soon become 
commonplace. 
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Table 3.1 Names and locations of the 24 Abronia umbellata populations (9 ssp. breviflora and 
15 ssp. umbellata) included in the resequencing analysis. Populations included in the RNA-seq 
study are marked with * and those with ** include the same individual. Abbreviations: CA = 
California, OR = Oregon, SB = State Beach, SR = State Reserve. 
 

Subspecies Site code Location Latitude 
(°N) 

Longitude 
(°W) 

Year of 
collection 

breviflora    OPO** Port of Port Orford, OR 42.7412 124.4989 2002 
    CCC* Carruther’s Cove, CA 41.4644 124.1492 2002 
    CGB** Gold Bluffs Beach, CA 41.3618 124.0748 2011 
    CLR Little River SP to Moonstone, CA 41.0274 124.1106 2011 
  CSM** Samoa/Fairhaven, CA 40.7751 124.2109 2011 
    CBR** Big River, CA 39.3047 123.7966 2002 
    CPR PRNS – Horseshoe Pond, CA 38.0309 122.9502 2002 
    CSD Seadrift Beach, CA 37.9070 122.6794 2002 
    CCF Crissy Field, Presidio, CA 37.8112 122.4877 2003 

umbellata    CWR* Wilder Ranch, CA 36.9541 122.0799 2011 
    CMN* Manresa SB, CA 36.9175 121.8528 2011 
    CSP Morro Bay Sand Spit, CA 35.3658 120.8623 2011 
    CGN Guadalupe-Nipomo, Coreopsis Hill, CA 35.0303 120.6337 2011 
    CCO* Coal Oil Point Reserve, CA 34.4120 119.8829 2011 
    CBV** San Buenaventura SB, CA 34.2679 119.2783 2011 
    CMG* McGrath SB, CA 34.2278 119.2614 2011 
    CPD* Point Dume SR, CA 34.0033 118.8093 2003 
    CDW Dockweiler SB, CA 33.9578 118.4504 2003 
           CCP* Camp Pendleton, CA 33.2351 117.4178 2003 
    CSS Silver Strand SP, CA 32.6408 117.1436 2003 
    BSA San Antonio Del Mar, CA 31.1068 116.3080 2003 
    BBF Bahia Falsa, CA 30.4843 115.9760 2003 
    BES El Soccorro, CA 30.3187 115.8257 2003 
    BBR Bocana El Rosario, CA 30.0478 115.7864 2003 
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Table 3.2 Comparison of DNA polymorphism between subspecies of Abronia umbellata for the transcriptome (n = 6095 loci) and 
resequenced loci (n =10 loci), partitioned into synonymous and nonsynonymous polymorphisms for outcrossing ssp. umbellata and 
selfing ssp. breviflora.  
  

Data Sub- 
species 

Number 
poly- 

morphic 
loci 

Number 
SNPs 

Number 
synon- 
ymous 
SNPs 

Number 
nonsynon- 

ymous 
SNPs 

θπ for synonymous  
sites 

θπ for 
nonsynonymous 

sites 

Transcriptome1 umbellata 5766 106,135 76,141 29,994 0.023 ± 0.00022 0.0027 ± 0.000034 
breviflora 1674 11,294 8240 3054 0.0028 ± 0.00010 0.00031 ± 0.000013 

Resequencing2 umbellata 10 249 184 65 0.035 ± 0.0047 0.0028 ± 0.00048 
breviflora 4 14 10 4 0.0036 ± 0.0031 0.00040 ± 0.00024 

1For the transcriptome data, θπ was estimated at each of 6095 transcripts and the value presented is the weighted mean ± 1 weighted 
SE (i.e. weighted by the length of the locus in base pairs). θπ was estimated within each subspecies; n = 7 for ssp. umbellata and n = 5 
for ssp. breviflora. 
2For the resequencing data, θπ was estimated at each of 10 loci and the value presented is the mean ± 1 SE; weighting was not 
necessary as all 10 loci were about the same length (n = 30 for ssp. umbellata, n = 17 for ssp. breviflora excluding one plant from 
population CGB).
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Table 3.3 The number of unique, shared, and fixed synonymous and nonsynonymous SNPs for the two subspecies, calculated from 
both the transcriptome and resequencing data for outcrossing Abronia umbellata ssp. umbellata and selfing A. umbellata ssp. 
breviflora. 
 

 
Data Variant type Unique to 

ssp. umbellata 
Unique to 

ssp. breviflora 
Shared by both 

subspecies 
Fixed 

differences 
between 

subspecies 
Transcriptome Synonymous 68,858 657 7,583 165 

Nonsynonymous 27,454 514 2,540 102 
Resequencing Synonymous 174 0 10 0 

Nonsynonymous 61 0 4 0 
 
 
 
 
 
 



 81

Table 3.4 Results of the MIMAR models comparing the demographic history of outcrossing Abronia umbellata ssp. umbellata and 
selfing A. umbellata ssp. breviflora. The values for each parameter are the modes with the 90% highest posterior density intervals in 
parentheses. Values are averaged for two runs of each model. The parameters are effective population size of ssp. umbellata (Ne(umb)), 
the effective population size of ssp. breviflora (Ne(brev)), the effective population size of the ancestral population (Ne(A)), the time since 
the split of the subspecies in years (Tgen), the migration rate from ssp. umbellata to ssp. breviflora (Mumb-brev), and in the reverse 
direction (Mbrev-umb). Goodness of fit (GOF) rejections are those parameters which failed the GOF tests, otherwise listed as ‘None’. 
Whether each model was able to converge on a posterior distribution for all the estimated parameters is also indicated (Y = yes, N = 
no). 
 
Model Ne(umb) Ne(brev) Ne(A) Tgen Mumb-brev Mbrev-umb GOF 

rejections Converged 
No migration, 
Ne(A) unconstrained 

708923 
(198716- 
714280) 

1537 
(91- 

7474) 
278135 

(217805- 
357777) 

8609 
(516- 

34101) 
na na Fst N 

No migration,  
Ne(A) constrained 

297440 
(247405- 
354533) 

1394 
(129- 
6580) 

297440 
(247405- 
354533) 

7007 
(676- 

29846) 
na na Fst Y 

With migration,  
Ne(A) constrained 

315315 
(249093- 
443196) 

3083 
(99- 

9757) 
315315 

(249093- 
443196) 

28428 
(4395- 

159662) 
14.2 

(0.0067- 
57.5) 

4.82 
(0.0067-
26.69) 

None Y 

With migration, 
Ne(A) unconstrained 

551266 
(192699- 
714266) 

2234 
(105- 
9980) 

288860 
(156255- 
489698) 

27027 
(4072- 

165649) 
16.23 

(0.0067- 
54.83) 

6.73 
(0.0067-
32.16) 

None N 
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Fig. 3.1 Geographic range of Abronia umbellata and location of sampled populations. The range 
of the species is demarcated by thick horizontal dashed lines and the division between subspecies 
is denoted by the horizontal dashed line. The circles indicate the 24 sampling locations for the 
plants included in the resequencing study, with ssp. breviflora populations in red and ssp. 
umbellata populations in blue. Abbreviations: OR=Oregon, CA=California, MX=Mexico 
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Fig. 3.2 Decay of linkage disequilibrium (estimated by r2) with distance in base pairs, for 
outcrossing Abronia umbellata ssp. umbellata (A) and selfing A. umbellata ssp. breviflora (B). 
The curved lines represent the estimated decay of LD using single coefficient (C) least squares 
nonlinear regression (equation (1) from Remington et al., 2001) for umbellata (C=0.030, 
P<0.0001) and breviflora (C=-0.002, P<0.0001).  
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Fig. 3.3 Variation in within-population nucleotide diversity between 15 populations of 
outcrossing Abronia umbellata ssp. umbellata and eight populations of selfing A. umbellata ssp. 
breviflora across the species geographic range. The top panel presents variation at synonymous 
nucleotide sites, the bottom panel nonsynonymous sites. Each population is represented by two 
plants. Points are population means and error bars are ± 1 SE calculated across loci. 
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Fig. 3.4 Covariation in within-population nucleotide diversity with population density and 
between subspecies for between 12 populations of outcrossing Abronia umbellata ssp. umbellata 
and six populations of selfing A. umbellata ssp. breviflora sampled across the species geographic 
range. The top panel presents variation at synonymous nucleotide sites, the bottom panel 
nonsynonymous sites. Each population is represented by two plants. Points are population means 
and error bars are ± 1 SE calculated across loci. 
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Fig. 3.5 Comparison of isolation by distance between outcrossing Abronia umbellata ssp. 
umbellata and selfing A. umbellata ssp. breviflora. Pairwise comparisons were restricted to the 
smaller range of distances characteristic of ssp. breviflora populations (≤ 575 km). 
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Fig. 3.6 Population genetic structure of outcrossing Abronia umbellata ssp. umbellata 
sampled at 15 populations and selfing A. umbellata ssp. breviflora sampled at nine 
populations estimated using InStruct with K = 2–4. Each vertical strip denotes one 
individual with its membership in the genetic clusters denoted by contrasting colours. 
Populations are separated by vertical black lines, and are ordered by decreasing latitude 
from left to right. Denoted by an asterisk (*), the optimal K value was determined to be K 
= 3, based on having the lowest DIC value. 

breviflora umbellata 

K=2 

K=3* 

K=4 
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Chapter 4 
General Discussion 

 In this study, we assembled the bud transcriptome of the non-model but ecologically 
interesting plant species Abronia umbellata. We then used the transcriptome, as well as derived 
resequenced loci, to address questions related to mating system transitions. In Chapter 2, we used 
RNA-seq to generate a reference bud transcriptome for A. umbellata, with high transcript lengths 
and high identity with plant sequences in public databases. Our A. umbellata bud transcriptome 
will be deposited in a public database for use by other researchers. In Chapter 3, we used the 
transcriptome data and resequenced genomic loci to calculate statistics regarding genetic 
diversity within and between populations, which we then integrated with demographic data.   
 Our analysis of genetic data from the outcrossing ssp. umbellata compared with selfing 
ssp. breviflora conformed to the theoretical predictions, and findings from previous studies of a 
transition to selfing: reduced genetic diversity within populations, increased diversity between 
populations, and reduced efficacy of selection. Notably, the loss of diversity we observed in the 
selfer, at both the taxon level and the population level, was among the most extreme observed to 
date. The demographic data helped us to decipher the extent to which population genetic 
diversity was affected by mating system versus ecological factors. The extreme reduction in 
genetic diversity found in ssp. breviflora also led us to entertain the hypothesis that reproductive 
assurance was the most likely selective pressure towards selfing. However, our results could also 
be consistent with a loss of reduction due to linked selection as a result of a transition to high 
selfing, and thus selection for selfing by automatic transmission could not be excluded. Although 
overall, loss of diversity due to a drastic population bottleneck is a more parsimonious 
explanation than the invocation of linked selection. Our study also yielded remarkable 
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observations with respect to the genetic clustering of populations: two ssp. umbellata populations 
clustered with ssp. breviflora and the Baja populations of ssp. umbellata formed a unique genetic 
cluster separate from either subspecies. It is possible that the two ssp. umbellata populations that 
group with ssp. breviflora represent transitional populations, which may facilitate future studies 
of the selective mechanisms involved in mating system divergence in A. umbellata. Taken 
together, these effects indicate that the mating system alone is not solely responsible for 
explaining the pattern of genetic diversity in Abronia umbellata.   

Our study may have broader implications for conservation efforts of Abronia umbellata. 
Subspecies breviflora is threatened and listed as endangered in Oregon, however the results of 
our genetic analysis calls into question the conservation value of this subspecies. Although our 
analysis of population structure showed that ssp. breviflora was distinct from ssp. umbellata, the 
distinctness was due mainly to an extreme paucity of genetic variation in breviflora. Our 
resequencing analysis revealed no unique polymorphisms in ssp. breviflora and <1% of 
polymorphisms detected in the transcriptome were unique to ssp. breviflora. Thus, based on 
DNA sequence data, one might surmise that ssp. breviflora does not house any unique genetic 
variation. However, ssp. breviflora is strongly diverged from umbellata in terms of self-
compatibility, floral morphology and floral chemistry, to the extent that it is identified as a 
separate subspecies (Tillett, 1967). Hence there is some conflict between neutral markers and 
genetically based trait variation when it comes to evaluating the conservation value of these 
populations at the species northern range limit. This conflict is significant because it is often 
debated whether populations at the range edge should be conserved (Hunter and Hutchinson, 
1994; Lesica and Allendorf, 1995). In Canada, for instance, 93% of our plant species at risk are 
represented in Canada by populations at the northern range limit of species with broader 
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geographic distributions to the south in the USA (Jackiw and Eckert, unpublished data). In fact 
there is a highly disjunct population of A. umbellata in Canada that is listed as endangered under 
the Canadian species at risk act (SARA). Notably, previous conservation genetics work on ssp. 
breviflora found considerable variation at inter-simple sequence repeat (ISSR) loci in 
reintroduced populations of breviflora (McGlaughlin et al., 2002). This is at odds with the 
resequencing data in this study, however ISSRs are prone to PCR error, which may inflate 
estimates of genetic variation. We can use the genomic resources developed in this study to 
determine the evolutionary history and, along with quantitative genetic assays of trait variation, 
the genetic distinctness of these imperiled populations of A. umbellata. 
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Appendix A Platform comparison: Comparison of sequencing metrics and cost across major 
sequencing platforms. 

 
 
 
 
 
  

 Illumina HiSeq 2000 454 GS FLX Sanger 3730xl 
Read length 100 bp paired-end 700 bp 400~900 bp 
Accuracy 98% 99.9% 99.999% 
Reads per run 3 G 1 M 1 
Time per run 3~10 days 24 hours 20 mins~3 hours 
Cost per million bases $0.07 $10 $2400 
Cost per run $6000 (per 30x 

human genome) $7000 ~$3 per reaction 
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Appendix B Locations of Abronia umbellata populations used for RNA sequencing. 
 

 
Abbreviations: CA=California, OR=Oregon, SB=State Beach, SR=State Reserve 

Subspecies Site code Location Latitude (°N) Longitude (°W) 
breviflora OPO Port of Port Orford, OR 42.7412 124.4989 
breviflora CCC Carruther’s Cove, CA 41.4644 124.1492 
breviflora CGB Gold Bluffs Beach, CA 41.3618 124.0748 
breviflora CSM Samoa/Fairhaven, CA 40.7751 124.2109 
breviflora CBR Big River, CA 39.3047 123.7966 
umbellata CWR Wilder Ranch, CA 36.9541 122.0799 
umbellata CMN Manresa SB, CA 36.9175 121.8528 
umbellata CCO Coal Oil Point Reserve, CA 34.4120 119.8829 
umbellata CBV San Buenaventura SB, CA 34.2679 119.2783 
umbellata CMG McGrath SB, CA 34.2278 119.2614 
umbellata CPD Point Dume SR, CA 34.0033 118.8093 
umbellata CCP Camp Pendleton, CA 33.2351 117.4178 
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Appendix C Sequencing metrics: Total number of reads sequenced, total number of bases sequenced, and mean read length, for each 
individual sequenced with Illumina RNAseq, before and after quality trimming. 

  

  Raw data Trimmed data 
Subspecies Population 

code Total reads Total bases Mean read 
length (bp) Total reads Total bases Mean read 

length (bp) 
% reads 
retained 

% bases 
retained 

umbellata 

CCP 39,957,174 3,995,717,400 100 30,615,310 2,863,346,370 93.5 76.6 71.7 
CPD 41,225,772 4,122,577,200 100 31,480,848 2,941,885,989 93.5 76.4 71.4 
CMG 35,341,816 3,534,181,600 100 27,253,944 2,551,370,791 93.6 77.1 72.2 
CBV 41,092,870 4,109,287,000 100 31,700,188 2,968,984,944 93.7 77.1 72.3 
CCO 38,162,684 3,816,268,400 100 29,178,656 2,730,549,556 93.6 76.5 71.6 
CMN 40,262,286 4,026,228,600 100 31,024,784 2,904,078,430 93.6 77.1 72.1 
CWR 35,820,798 3,582,079,800 100 27,627,026 2,586,217,014 93.6 77.1 72.2 

breviflora 

CBR 36,885,454 3,688,545,400 100 28,398,370 2,656,992,317 93.6 77.0 72.0 
CSM 43,095,464 4,309,546,400 100 33,204,388 3,107,715,352 93.6 77.1 72.1 
CGB 34,255,366 3,425,536,600 100 26,500,806 2,481,233,974 93.6 77.4 72.4 
CCC 34,412,256 3,441,225,600 100 26,446,746 2,475,186,104 93.6 76.9 71.9 
OPO 37,272,892 3,727,289,200 100 28,747,848 2,691,725,064 93.6 77.1 72.2 

 TOTAL 457,784,832 45,778,483,200 100 352,178,914 32,959,285,905 93.6 76.9 72.0 
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Appendix D Alignment metrics: The total number of reads for each individual sequenced with RNA-seq and the percent of the total 
reads that could be mapped to the consensus ssp. breviflora transcriptome. Also reported is the number of reads which were 
considered to be PCR duplicates rather than unique reads.  

 
Subspecies Population code Total reads % reads mapped % duplicate reads 

umbellata 

CCP 39,957,174 68.7 7.1 
CPD 41,225,772 68.4 9.4 
CMG 35,341,816 68.6 6 
CBV 41,092,870 68.1 5.7 
CCO 38,162,684 67.4 7.5 
CMN 40,262,286 70.9 6.9 
CWR 35,820,798 71.4 6.5 

breviflora 
CBR 36,885,454 70.7 8.3 
CSM 43,095,464 72.2 7.2 
CGB 34,255,366 69.9 6.2 
CCC 34,412,256 70.9 6.7 
OPO 37,272,892 71.2 6.4 

 TOTAL 457,784,832 69.9 7.0 
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Appendix E Coverage metrics: For each individual sequenced with RNA-seq, we report the amount of sequencing data that could be 
aligned to the reference transcriptome, the average haploid coverage of the reads across the reference transcriptome, the percent of the 
reference transcriptome that was covered by reads, and the percent of the ssp. breviflora reference trasnscriptome that was covered at a 
depth greater than 10X, 30X, and 50X.  

Subspecies umbellata breviflora 
Population 

code CCP CPD CMG CBV CCO CMN CWR CBR CSM CGB CCC OPO 
Mapped 
sequence 

(Gb) 
1.5 1.4 1.4 1.6 1.4 1.5 1.4 1.3 1.8 1.3 1.3 1.4 

Average 
haploid 

coverage 
61.58 59.10 55.61 64.92 56.23 62.43 56.06 54.30 71.79 54.46 54.16 58.75 

Coverage of 
transcriptome 

(%) 
96.2 93.2 95.8 96.5 94.7 97.0 96.4 96.7 98.2 97.7 97.8 98.2 

10X or 
greater 

sequence 
coverage (%) 

75.7 67.8 74.7 78.3 71.0 77.4 74.7 72.0 80.4 76.1 75.4 78.5 

30X or 
greater 

sequence 
coverage (%) 

48.9 42.5 47.2 53.2 45.0 50.4 47.1 41.8 53.9 45.7 44.7 49.0 

50X or 
greater 

sequence 
coverage (%) 

32.8 28.8 31.1 37.2 30.3 34.0 31.2 26.5 37.5 29.0 27.9 32.0 
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Appendix F Pipeline of steps used to filter the raw position calls from GATK to obtain high 
quality positions and variants for analysis.   
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Appendix G An overview of the factors that influence the effective population size of selfing taxa, broken down according to whether 
those factors operate within or between populations. Reproduced with permission from Charlesworth and Wright (2001), Figure 2.   
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Appendix H Literature review: Compilation of genetic diversity metrics from papers comparing related outcrossing and selfing taxa. 
NS = Not Stated, NA = Not Applicable 

Genus Comparison # of loci Sample size Taxon-wide  
genetic diversity 

Within-population  
genetic diversity 

Between-population genetic 
differentiation 

Selfer Outcrosser Selfer Outcrosser Selfer Outcrosser 
Collinsia 

(Hazzouri et al., 
2013)  

Sister species Selfer: Collinsia rattanii 
Outcrosser: Collinsia 

linearis 

17  
(10,158 bp) 

C. rattanii: 4 pops (2-
5 inds per pop); C. 

linearis: 4 pops (2-4 
inds per pop) 

θsyn Descriptive based on θsyn   (see Fig 3a of paper) FST 
0.0069 0.0190 Present in 

some pops 
but devoid in 

others 

Generally 
high and 

comparable 
to species-

level 
diversity 

0.57 0.14 

Capsella 
(Foxe et al., 

2009)  
Sister species Selfer: Capsella rubella 

Outcrosser: Capsella 
grandiflora 

39 
 

C. rubella: 4 natural 
localities; 3-4 inds 

per locality; 
C. grandiflora: 8 

natural localities (1-4 
individuals per 

locality) 
 

πsyn NS1 NS 
0.003 0.023 

Leavenworthia 
(Busch, Joly, & 
Schoen, 2011))  

 
 
 
 
 
 
 
 
 
 
 

Races  of Leavenworthia 
alabamica 

Selfer: race ‘a2’ and race 
‘a4’ 

Outcrosser: race ‘a1’  
 
 
 

 

8 Race ‘a4’: 3 pops 
Race ‘a2’: 1 pop;  
Race ‘a1’: 6 pops 
*# inds per pop 

unclear  

NS πsyn  (mean across pops  
when >1 pop) 

NS 

Race ‘a2’: 
0.014 

Race ‘a4’: 0 
0.020 – 
0.022 

(range for 
populations 
considered) 
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Genus Comparison # of loci Sample size Taxon-wide  
genetic diversity 

Within-population  
genetic diversity 

Between-population genetic 
differentiation 

Selfer Outcrosser Selfer Outcrosser Selfer Outcrosser 
Arabidopsis 

(Wright, Lauga, 
& 

Charlesworth, 
2003) 

Sister species Selfer: Arabidopsis 
thaliana (ssp. petraea and 

ssp. lyrata) 
Outcrosser: Arabidopsis 

lyrata 

5  A. lyrata: 2 
populations per 
subspecies (4-5 
individuals per 

population);  
A. thaliana: 1 

individual from each 
of 12 ecotypes 

θsyn θsyn (mean across pops) 
NS 

0.0114 
 

Ssp. petraea: 
0.0226; 

Ssp. lyrata: 
0.0047 

 

Ssp petraea: 
0.025; 

Ssp. lyrata: 
0.0036 

0.0018 

Eichhornia 
  Morphs  within Eichhornia 

paniculata 
Selfer: monomorphc 

Outcrosser: trimorphic 

10 25 populations; 7 
trimorphic, 7 
dimorphic, 11 
monomorphic  

(225 individuals in 
total) 

NS πsil  (mean across pops) Descriptive  (data not shown) 

0.00083 0.001719 Monomorophic populations 
exhibited significantly higher 
levels of differentiation than 

trimorphic populations 
Mimulus 

(Sweigart & 
Willis, 2003)  

Sister species Selfer: Mimulus nasutus 
Outcrosser: Mimulus 

guttatus 

1 
(mCYCA) 

21-39 populations per 
species (1-8 

individuals per 
population) 

θsil  AMOVA results  (% variation within pops) AMOVA results  (% variation among pops) 
0.0128 

 
0.0897 

 
0 63.07 100 36.93 

Lycopersicum  
(Baudry et al., 

2001) 
Sister species Selfer: Lycopersicum 
chmielewskii 
Outcrosser: Lycopersicum hirsutum 

5 1 population per 
species  

(3-5 plants per 
species) 

Only considered one population 
of each so NA2 θsil  

Only considered one population 
of each so NA 

0.0096 0.40 

Clarkia 
(Pettengill & 

Moeller, 2012)  
Sister subspecies  of Clarkia xantiana 

Selfer: ssp. parviflora 
Outcrosser: ssp. xantiana 

8 nuclear  
(+3 

chloroplast) 
31 populations 

(154 individuals) 
θw  (based on all sites because 

very similar to when considered 
only silent) 

θw FST 

0.005 0.015 0.0005 0.009 0.64 0.3 
Abronia 

(current study) 
Sister subspecies of 
Abronia umbellata 

SelferL ssp. breviflora 
Outcrosser: ssp umbellata 

10  24 populations 
(47 individuals) πsyn   πsyn   G’ST  

0.0036 0.035 0.0014 0.024 0.72 0.50 
6095 12 populations 

(12 individuals) πsyn   
NA NA NA NA 

0.0028 0.023 
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 Appendix I Forward (F) and reverse (R) primers for resequencing of 10 loci from genomic DNA. Primers were designed using 
transcripts from a de novo transcriptome assembly. For each locus, the top BLAST hit, the first and last positions of the region 
targeted in the best BLAST hit, and the annealing temperature for PCR are provided. PCR amplification was carried out on a 
GeneAmp PCR System 9700 (Applied Biosystems), with the following reaction protocol: initial denaturation at 95°C for 2 min; 
followed by 30 cycles of: denaturation at 95°C for 30 sec, annealing at a primer-optimized temperature for 40 sec, and extension at 
72°C for 60 sec; and a final extension of 10 min at 72°C. Sanger sequencing of the forward and reverse strands was performed using 
the same primers as for amplification. 

# Primer Sequence Top BLAST hit Targeted region 
of BLAST hit 

(bp) 
Anneal

-ing 
temp 
(°C) 

1F 5’-CAATGGGCTGTGCATTTAACC-3’ BAHD acyltransferase DCR-like 529-1226 56 
1R 5’-ATTGATTTCGGGTTCGGGTC-3’ 
2F 5’-CGGGCTACTCATGTCGATATTT-3’ Probable UDP-arabinopyranose mutase 

5-like 
305-924 55 

2R 5’-AGAAATGGGAAGGTGTGAAGAT-3’ 
3F 5’-TAGTCTTGCTCTTTGGGTTGG-3’ Glycoside hydrolase 2 family protein 1540-2054 56 
3R 5’-CTTTATGGAACTCCGACGGATT-3’ 
4F 5’-ATCAAGGGTGTTGGGAAATCTA-3’ 4071 Populus trichocarpa 

WGS:scaffold_1_contig_26 
117611-118186 56 

4R 5’-GATAAGAGGAGCCGTAAGCG-3’ 
5F 5’-ATTCCGGTGTCAATGCTAGG-3’ 4253 Arabdiposis thaliana 

Contig_1845_15, WGS sequence 
3450-4029 56 

5R 5’-TACATTCAGAGACCTTGGCATG-3’ 
6F 5’-CATCTCCAATCACCTTCCTCTC-3’ 4-coumarate:coA ligase 138-637 57 
6R 5’-AGAAATCCATCCAGATGATCCAG-3’ 
7F 5’-GAGGTACGAGGAAGAACAAACC-3’ Interactor of constitutive active ROPs 3-

like 
1284-1933 57 

7R 5’-TCTATGCTTTCTCCTGGGAGTA-3’ 
8F 5’-AAAGGAGGTTGAGAGCGTTAG-3’ Weak chloroplast movement under blue 

light 1-like 
864-1348 56 

8R 5’-GAAGAAGCTGAAATGGCAGAAG-3’ 
9F 5’-CCCGCCTTTATTATGCCAATG-3’ Probable purine permease 5-like 167-689 55 
9R 5’-TCTTTCCATGTTGTGCTGGA-3’ 
10F 5’-GCAACAAAGCTTCATCAGAGAC-3’ Inositol-tetrakiphosphate 1-kinase 1-like 192-714 56 
10R 5’-AAGGTGTACGTGATTGGTGAG-3’ 
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Appendix J The number of synonymous mutations in each individual included in the 
resequencing analysis. Individual CGB1 represented an extreme outlier with a very large number 
of mutations, possibly representing a hybrid with A. latifolia, and was excluded from the 
analysis.   

Individual Synonymous 
mutations 

Nonsynonymous  
mutations 

OPO22 0 0 
OPORNA 0 0 
CCC28 0 0 
CCC30 0 0 
CGB1 68 25 
CGB6 0 0 
CLR1 0 0 
CLR4 0 0 
CSMRNA 0 0 
CSM9 0 0 
CBR25 0 0 
CBRRNA 0 0 
CPR16 8 3 
CPR17 1 0 
CSD21 0 0 
CSD24 0 0 
CCF13 0 0 
CCF16 0 0 
CWR10 4 2 
CWR33 0 2 
CMN13 11 6 
CMN32 1 2 
CSP22 19 5 
CSP26 18 8 
CGN26 14 2 
CGN34 16 1 
CCO27 13 2 
CCO299 35 6 
CBV6 15 3 
CBVRNA 18 7 
CMG1 28 4 
CMGRNA 26 4 
CPD2 18 1 
CPDRNA 22 8 
CDW1 25 6 
CDW4 12 7 
CCP2 7 2 
CCP8 9 0 
CSS5 22 6 
CSS8 19 5 
BSA19 19 6 
BSA24 20 4 
BBF12 27 2 
BBF1 26 8 
BES2 29 6 
BES5 34 9 
BBR11 19 7 
BBR1 41 13 
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Appendix K The polymorphism data used as input for the coalescent simulation program MIMAR: the number of polymorphisms 
unique to each subspecies, and shared and fixed between subspecies, for each resequenced locus.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Resequenced 
locus 

Length Number 
polymorphisms 
unique to ssp. 

umbellata 

Number 
polymorphisms 
unique to ssp. 

breviflora 

Number 
polymorphisms 
shared between 

ssp 

Number 
polymorphisms 

fixed  
between ssp 

locus_38 626 30 0 1 0 
locus_1361 430 22 0 0 0 
locus_3646 468 13 0 0 0 
locus_4071 434 6 0 0 0 
locus_4253 549 23 0 0 0 
locus_4955 354 21 0 0 0 
locus_7175 603 16 0 0 0 
locus_9773 446 7 0 8 0 
locus_14785 493 17 0 0 0 
locus_26350 495 24 0 0 0 
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Appendix L Recombination parameters estimated for each of the 10 resequenced loci.  The 
statistic, ρ, is an estimate of the rate of recombination and Rmin is the minimum number of 
crossing over events in the locus.  
  

Resequenced 
locus 

ssp. umbellata  ssp. breviflora 
ρ Rmin  ρ Rmin 

locus_38  2  0.0018 0 
locus_1361 0 3   0 
locus_3646 0 0   0 
locus_4071 0.0073 1   0 
locus_4253 0.0985 2    
locus_4955 0 2    
locus_7175 0.0043 2   0 
locus_9773 0.0122 2  0 0 

locus_14785 0 0    
locus_26350 0.0002 2    
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Appendix M Plot of mean DIC (A) and Delta K (B) for each K value tested by InStruct. 
Better models have a lower DIC value and a higher Delta K value. 
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Appendix N Polymorphism analyses with populations clustered according to InStruct. For each cluster, we quantified the number of 
polymorphic loci and polymorphic sites, and the nucleotide diversity.  The number of fixed, shared and unique SNPs was determined 
between the two clusters which contained the most sites: mid-umbellata and breviflora + 2 umb. Note that all of these polymorphism 
analyses were performed using the data from resequenced loci. 
 

Cluster Number of 
polymorphic 

loci 
Number of 

polymorphic 
sites 

Number of 
synonymous 
substitutions 

Number of 
nonsynonymous 

substitutions 
Baja California 10 197 153 45 
Mid-umbellata 10 146 113 33 

breviflora + 2 umbellata 7 25 16 9 
 
 

 
 

Synonymous  Nonsynonymous 
Baja California Mid-umbellata breviflora + 2 umb  Baja California Mid-umbellata breviflora + 2 umb 

Nucleotide diversity (θπ) 0.043 ± 0.0057 0.028 ± 0.0051 0.0042 ± 0.0029  0.0033 ± 0.00080 0.0022 ± 0.00039 0.00052 ± 0.00021 
 
 

Group 1 Group 2 SNPs unique to 
group 1 

SNPs unique to 
group 2 

SNPs shared 
by groups 

SNPs fixed 
between groups 

umbellata breviflora 235 0 14 0 
Baja California Mid-umbellata 71 31 82 0 
Mid-umbellata breviflora + 2 umb 97 0 16 0 
Baja California breviflora + 2 umb 139 2 14 0 
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